\v
S %)

Master’s Thesis

Master’s degree in Biomedicine
May 2021

Establishment of a new quantitative method for in situ
detection of DNA breaks in human spermatozoa

Pia Skovholt Halvorsen
MABIO5900

60 ECTS

Faculty of Health Sciences

0OSLO METROPOLITAN UNIVERSITY
STORBYUNIVERSITETET



Establishment of a new quantitative method for in situ
detection of DNA breaks in human spermatozoa

by

Pia Skovholt Halvorsen

Main supervisor: Erwan Delbarre

Co-supervisors: Oliwia Witczak and Mette Haug Stensen

Master of Biomedicine

60 ECTS

Faculty of Health Science,
Department of Science and Health

OsloMet — Oslo Metropolitan University

0
N\
& %,

OSLO METROPOLITAN UNIVERSITY FERTILITETS &S ENTERET
STORBYUNIVERSITETET



Acknowledgements

The work presented in this thesis has been performed at the Faculty of Health
Sciences, Oslo Metropolitan University (OsloMet) from August 2020 to May 2021 for

the master’s degree in Biomedicine at OsloMet.

First, | would like to thank my main supervisor, Erwan Delbarre that proofread every
word and offered suggestions that really improved my thesis. Thank you for your
continuously patience over the last year and for pushing me to be more reflective. |
would also like to thank my other supervisors, Oliwia Witczak for her high scientific
and literary standards that lifted my thesis and to Mette Haug Stensen for valuable
suggestions and for her clinical point of view. | am so grateful to have such brilliant

and encouraging supervisors.

| would like to give special thanks to Eldri Undlien Due for her presence and
motivation, and to Mario lliceto for helping me with practical protocols and for giving
me several advices through this year.

Furthermore, | want to show gratitude to Trine Haugen and the rest of the research
group “Male Reproductive Health” for welcoming me into the group and helping me

out with solution storming when | was struggling.

Throughout this year, | have received enormously support from my family and

belongings. Thank you for always being there, | could not have done this without you.



Abstract

Background: There is increasing evidence that infertile men have higher levels of
DNA fragmentation compared to fertile men. It was also shown that spermatozoa with
highly fragmented DNA are less motile. Several tests are available to measure DNA
fragmentation in spermatozoa, but they all focus on different aspects of it and most of
them lack standardization. Sperm Chromatin Structure Assay (SCSA) is a
standardized method that relies on fluorescence detection by flow cytometry and
involve use of a licensed software. In 2020, a new method for measuring DNA
fragmentation was published: STRIDE (SensiTive Recognition of Individual DNA
Ends). The method is based on fluorescence microscopy and can detect single
(sSTRIDE) or double (dSTRIDE) strand breaks in individual cells. In addition to detect
DNA breaks in cell lines, STRIDE also showed a potential for measuring DNA

fragmentation in spermatozoa.

Aim: The main aim of this project was to establish and optimize sSTRIDE and
dSTRIDE protocols for measuring DNA fragmentation in spermatozoa. Before that, we
aimed to reproduce the STRIDE protocols in a somatic cell line as described in the
original publication. At last, we wanted to compare results from STRIDE analyses with
DNA fragmentation index values obtained earlier by SCSA in the same semen

samples.

Methods and materials: The MCF-7 cell line was used in attempts to reproduce
STRIDE in somatic cells. Semen samples for STRIDE establishment and optimization
were provided by Fertilitetssenteret in Oslo. In addition, some samples were obtained
from an ongoing method-developing project in the research group. Samples from a
biobank at OsloMet were used to compare DNA fragmentation analysed by dSTRIDE
and DNA fragmentation index by SCSA. Heparin and DTT was used to decondense
the chromatin structure in spermatozoa. Induction of DNA damage in the different cell
types was performed using different amounts of hydrogen peroxide and UVB-
irradiation. Immunofluorescence procedures to detect gamma-H2AX, a marker for
DNA double stranded breaks, were performed to confirm the induction of DNA breaks.
STRIDE signals were collected by 2-D and 3-D microscopy and analysed using the

software ImageJ.

Results: While we tried to make both dSTRIDE and sSTRIDE work in MCF-7 cells,
only the dSTRIDE method was reproducible. The sSTRIDE method was then not

further investigated. During the optimization of dSTRIDE in spermatozoa, coverslips
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were replaced with centrifuge tubes to minimize the un-specific background. A
facultative chromatin decondensation step was implemented in the final dSTRIDE
protocol and was shown to result in a larger number of positive signals. An increased
amount of dSTRIDE foci was observed in the nucleus of spermatozoa after hydrogen
peroxide exposure and UVB radiation compared to non-exposed cells. Motile
spermatozoa prepared by swim-up harboured less dSTRIDE foci compared to
spermatozoa from the whole ejaculate. Finally, no significant correlation was observed
between the values obtained by dSTRIDE those generated by previous SCSA

analyses in the same samples.

Conclusion: dSTRIDE was established in MCF-7 cells and optimized for a robust
protocol in spermatozoa. Unfortunately, the DNA-fragmentation results from dSTRIDE
and SCSA did not correlate. Further work is necessary to validate and standardize the
method so it can be used routinely.



Sammendrag

Bakgrunn: Det er holdepunkter for at infertile menn har hgyere andel spermier med
DNA-skade sammenlignet med fertile menn. Det er ogsa vist at spermier med hay
DNA-skade er mindre motile. Ulike tester brukes for & male andelen DNA-skade i
spermier, men de maler ulike aspekter ved DNA-skade og fleste er ikke standardiserte.
Sperm Chromatin Structure Assay (SCSA) er en standardisert metode som benytter
flowcytometri for & detektere fluorescens-signaler, og har en lisensbelagt programvare.
| 2020 ble det publisert en ny metode for DNA-fragmenteringsanalyse kalt STRIDE
(SensiTive Recognition of Individual DNA Ends). Metoden baseres pa
fluorescensmikroskopi og kan gjenkjenne bade enkelttrad-brudd (single; sSTRIDE) og
dobbelttrad-brudd (double; dSTRIDE) i DNA pa enkeltcelleniva. 1 tillegg til & detektere
DNA-skade i cellelinjer viste metoden ogséa potensiale til & male DNA-fragmentering i

spermier.

Formal: Hovedformalet med oppgaven var & etablere og optimalisere sSTRIDE og
dSTRIDE for a méale DNA fragmentering i spermier. Far dette forsgkte vi & reprodusere
STRIDE-protokollene i en cellelinje basert pa den originale artikkelen. Til sist gnsket vi
a analysere prgver hvor det allerede foreld DNA-fragmenteringsresultater analysert

ved hjelp av SCSA og sammenligne disse med resultatene fra STRIDE.

Metoder og materialer: Cellelinjen MCF-7 ble brukt for & reprodusere STRIDE-
metoden i somatiske celler. Seedprgvene for STRIDE etablering og optimalisering ble
hentet fra Fertilitetssenteret i Oslo. | tillegg ble det brukt praver samlet i forbindelse
med metodeutvikling i forskningsgruppen. Praver fra en biobank ved OsloMet ble brukt
for kunne sammenligne mengde DNA-skade analysert ved hjelp av dSTRIDE-metoden
med DNA-fragmenteringsindeks ved SCSA. Heparin og DTT ble benyttet for & apne
kromatinstrukturen. For & indusere DNA-skade ble celler eksponert for ulike mengder
hydrogenperoksid og UVB-straling. Immunofluorescens rettet mot gamma-H2AX, en
marker for dobletrad-brudd i DNA, ble utfgrt for & bekrefte DNA skade. Resultater ble
visualisert ved bruk av 2-D og 3-D fluorescens mikroskopi og analysert ved bruk av

programvaren ImageJ.

Resultater: Bade sSTRIDE og dSTRIDE ble forsgkt reprodusert i MCF-7 celler, men
det var bare dSTRIDE som lot seg reprodusere. Etter gjentatte forsgk ble det bestemt
at sSTRIDE skulle tas ut av prosjektet. Under etableringsprosessen av dSTRIDE-
metoden pa spermier, ble det funnet ut at deler av protokollen matte gjgres i
sentrifugerar for @ minimere uspesifikk bakgrunn ved dSTRIDE. Prosedyre for & apne
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kromatinstrukturen i spermier ble inkludert i dSTRIDE protokollen og resulterte i flere
dSTRIDE-signaler sammenlignet med resultater fra spermier med kondensert
kromatin. Det ble observert gkende dSTRIDE-signal i kjernen i spermiene etter
eksponering for hydrogenperoksid og UVB-straling sammenlignet med ikke-
eksponerte celler. | motile spermier isolert ved «swim-up» var det mindre dSTRIDE-
signal sammenlignet med spermier fra hele ssedprgven. Det var ingen sammenheng
mellom mengde DNA-skade detektert ved hjelp av dSTRIDE og DNA
fragmenteringsindeks ved hjelp av SCSA.

Konklusjon: dSTRIDE ble etablert i MCF-7 celler og i tillegg optimalisert for en robust
protokoll i spermier. Dessverre, var det ingen korrelasjon mellom DNA-
fragmenteringsresultatene fra dSTRIDE og SCSA. Videre arbeid er ngdvendig for a
validere og standardisere metoden slik at den kan bli brukt rutinemessig.
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1. Introduction

1.1 Background

The loss of ability to achieve a clinical pregnancy for individuals of fertile age can be
challenging for the couple as for the individual own self-esteem. From a societal
perspective, it is a matter of self-renewal of the population. Every year Statistics
Norway (SSB) publishes a total fertility rate for each woman of fertile age. This rate
has decreased since 2009 and reached 1.48 child per woman in 2020, the lowest
number ever recorded in Norway (1). The decline of number of children per woman is
primarily due to higher parental age, where the mothers age at birth of their first child
has increased from 24.3 years old in 1980 to 29.9 in 2020. Corresponding numbers for
the fathers are 27.1 and 32.1 years old, respectively (1). It has been known for a long
time that maternal age is an important factor for fertility, but the recent growing
research on male reproductive factors have shown that the age of the father is by no
means irrelevant. And at the same time, the percentage of men who lives alone and
stays childless at an age of 45 have increased in Norway from less than 15% in 1985
up to 23% in 2013 (2, 3).

According to the World Health Organization (WHO), infertility is “a disease of the
reproductive system defined by the failure to achieve a clinical pregnancy after 12
months or more of regular unprotected sexual intercourse” (4). In 2018, infertility has
been estimated to affect around 8-12% of all couples in reproductive age worldwide
(5). Male reproductive dysfunctions are estimated to be involved in around 50% of all
infertile couples and to be the sole cause of infertility in 30% of them (5). From the male
perspective, infertility is a dysfunction of the male reproductive system, which main
functions are to produce their reproductive cells, the spermatozoa and to transfer them
to the female reproductive tract to fertilize the female gamete, the oocyte. Underlying
causes of infertility are diverse and can be divided into congenital, acquired or
idiopathic factors (6) (or obstructive and non-obstructive factors), but as a result of the

condition, the male reproductive system is unable to fulfil its function.

1.2 Male reproduction

The functional male reproductive system contains seven components divided into
external and internal genital. External genital consist of the scrotum and the penis,
1



while internal genital consist of the testes, the epididymis, the vas deferens, the
seminal vesicles and the prostate (7) (Fig. 1).

Seminal vesicle ..... LN
Prostata gland ------- ) .
Bulbourethral gland - - - 8- -------&

|

Vas defereng-=-====«==-=-=- 1

Vas deferens

Figure 1 Male reproductive system with an enlarged sagittal section of a normal testis.

The system consists of testes, extra-testicular ducts (epididymis, vas deferens), accessory sex
glands (seminal vesicles, prostate and bulbourethral gland), urethra and the penis. The section
of seminiferous tubule is where the male gamete cells are produced. lllustration created by the

author using Biorender.com.

The scrotum is the pigmented, muscular sac behind the penis containing the testes
surrounded by the epididymis (7). The testes are the male gonads in humans and
produce spermatozoa and androgens throughout the reproductive period. The
spermatozoon is the male haploid gamete cell which provides the genetic material

generated in the testis by spermiogenesis.

1.2.1 Spermatogenesis

Spermatogenesis is the biological process by which fully differentiated spermatozoa
are generated from stem cells called spermatogonium. This process takes
approximately 74 days in total (8) and takes place in seminiferous tubules located
inside the testes (Fig. 1). The first cycle of spermatogenesis start at the beginning of
puberty, at the onset of sexual maturity (9). Meiotic spermatocytes are generated and
entails two rounds of meiosis. Spermiogenesis is the fulfilling part that maturate cells

to fully differentiated, motile spermatozoa (10).
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Figure 2 Spermatogenesis occurs in seminiferous tubules.

Spermatogonia stem cells, in contact with the basement membrane of the seminiferous tubule,
divide into spermatogonia type B. Spermatogenesis is fulfilled after spermiogenesis, when
mature spermatozoa are generated from spermatids in the lumen of the seminiferous tubule.

The figure is adapted from (11) and used with permission from Nature Reviews Urology.

Located on the basement membranes of the tubules, populations of spermatogonia
stem cells (SSCs) proliferate and differentiate. Every male is born with undifferentiated
stem cells, spermatogonia type A. The latter exist as reserve and renewing cells.
Renewing spermatogonia divide by mitosis and after numerous divisions a more
differentiated SSC type A can divide into differentiated SSCs type B.

Each SSC type B undergoes mitosis and differentiates into two primary spermatocytes
which further divide to four haploid spermatids by two rounds of meiosis. Meiosis |
separate homologous chromosomes, generating haploid secondary spermatocytes.
Meiosis Il generates four spermatids migrating towards the lumen of seminiferous
tubules (Fig. 2) and differentiating into mature spermatozoa during a process called

spermiogenesis (Fig. 3).
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Figure 3 Generation of mature spermatozoa through spermatogenesis.

The divisions and differentiation under spermatogenesis generate fully differentiated
spermatozoa from spermatogonium stem cells. Spermatogonium stem cells divide into
spermatogonia type B that further divide and differentiate into primary spermatocytes. Through
meiosis spermatids are generated and further mature into spermatozoa by spermiogenesis.

lllustration created by the author using Biorender.com.

Spermiogenesis is the final part of spermatogenesis. In this process, large and round-
shaped haploid spermatids differentiate into smaller and line-shaped spermatozoa
(Fig. 3). A differentiated spermatozoon consists of a head connected to a midpiece and
a tail (Fig. 4).
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Figure 4 Mature spermatozoon.

A simplified figure of a mature spermatozoon consisting of a head, a midpiece and a tail. The
head consists of the acrosome, located closely to the cell membrane, and the cell nucleus.
The centriole is part of the connecting piece between the head and the midpiece. The midpiece
contains mitochondria and the axoneme extending through the tail. lllustration created by the

author using Biorender.com.

During spermiogenesis, the spermatids change the organization of their cellular
compartments, forming the typical shape of a mature spermatozoon in addition to

obtaining proper characteristics to achieve fertilization.

The head undergoes several arrangements. The shape of the nucleus changes, giving
the typical oval-shaped head typically measuring between 4-5 um long and around 3
pm wide (12). The volume of the head is mainly filled with the cell nucleus, containing
the male haploid genome. The chromatin in the cell nucleus condensates during
spermiogenesis (see below) (13). This chromatin condensation causes genome
silencing and important processes for instance DNA repair in the cell are terminated
(14).



The acrosome forms during spermiogenesis by lysosome vesicles generated from
Golgi apparatus in the spermatid. These lysosome vesicles fuse and generate
granules that forms the anterior region of the nucleus of a mature spermatozoon (Fig.
4) (15). The mature acrosome is divided into the inner membrane, the lumen and the
outer membrane. The acrosome is important for the fertilization. First, the cell is
capacitated so the acrosome and plasma membrane are destabilized. Then, proteins
at the zona pellucida (oocyte) interacts with the outer membrane of the acrosome and
trigger the acrosome reaction, where enzymatic contents in the acrosome are released

to facilitate the penetration of the sperm into the oocyte (16).

Mitochondria in spermatids rearrange their organization, number and location during
spermiogenesis, ending as a sheath surrounding the axoneme in the midpiece (Fig.
4). Mitochondria produce the energy for the spermatozoa’s movements.

The tail of a mature spermatozoa is built up by a centriole, and an axoneme that
performs the physical movement of the cell (Fig. 4). The tail of a spermatozoon is
formed during spermiogenesis, by the elongate of the axoneme initiated by the
centriole (17). The axoneme structure in the middle of a spermatozoon’s tail contain
microtubules using dynein to perform movement. The motility is initiated first after

transport from seminiferous tubule to epididymis (18).

Mature spermatozoa exit the seminiferous tubules in the testes, and pass through the
epididymis where they gain motility and are stored until ejaculation. During coitus, right
before ejaculation, mature spermatozoa leave the testes though the contraction of
epididymis and further pass through vas deferens where they blend with proteins,
enzymes and fructose produced from the seminal vesicles. The mixture continues
through the prostatic urethra where it associates with the secretions from the prostate
gland before the resulting blending passes the bulbourethral gland to form the final

semen. At the end, the semen is ejaculated through the external urethral opening (7).

The chromatin organization within the nucleus changes during spermiogenesis as
mentioned above. This rearrangement provides spermatozoa with new characteristics

that are important for further functions.



1.2.1.1 Chromatin reorganization during spermiogenesis

The chromatin organization in a mature spermatozoon is fundamentally different
comparing to somatic cells. Before spermiogenesis, their deoxyribonucleic acid (DNA)
is wrapped around histone proteins, which also are the fundamental proteins that
wraps DNA in somatic cells as the first level of chromatin organization. Spermatozoa
undergo hyper-compaction during spermiogenesis that enables DNA to be packed in
a higher degree by using protamine proteins. A mature human spermatozoon has only
around 15% of its DNA packed around histones (19) and failure in the histone to
protamine replacement process may result in non-functional spermatozoa (20). The
condensed chromatin structure is thought to stabilize the nucleus and to be essential
to achieve normal fertilization (21). Protamines enables the DNA to be packed to a
higher degree than histones (22). This is mainly due to the fact that histones fold DNA
into coils containing approximately 100 bp nucleotides, while protamine proteins are
estimated to fold 600 bp of DNA, avoiding supercoiling and therefore increasing the

condensation of chromatin (23, 24).

When protamine proteins bind to DNA, intermolecular disulphide bridges are formed
linking the protamines together, which stabilizes the whole chromatin structure (20).
These bridges are formed by the withdraw of phosphor and the oxidation of cysteine

residues occuring when phosphorylated protamine proteins bind to DNA (25).

DNA bound to protamines is further organized in protamine toroids (Fig. 6 A). The
exact formation of this structure is unknown, but research indicates that protamine-
bound DNA is coiled and generates protamine loop domains (26-28). It is estimated
that one toroid can contain up to 60 kb of DNA and each spermatozoon contain up to
50 000 of these toroid’s (29).

Each protamine toroid is linked to the spermatozoon’s nuclear matrix by matrix
attachment regions (MARS) (Fig. 6 B). The specific sequence of DNA attached to MAR
is called toroid linker (Fig. 6 C). The knowledge on this linker is limited, but several
sequence-specific sites on DNA appears to be frequently attached to the nuclear
matrix, suggesting that the structural organization of DNA at these sites has an
important function (30, 31). These regions have also a higher sensitivity to nuclease

activity, indicating that DNA at these sites could be bound to histones (27).
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Figure 5 Different levels of chromatin organization in spermatozoa (27).

(A) Histone solenoid structures are present in the chromatin organization. The replacement of
histones generates an intermediate structure before protamine toroid is established. (B)
Potentially organization of protamine toroids and histone solenoid linked to nuclear matrix by
matrix attachment regions (MARs). (C) Toroid linker is a DNA sequence that links each
protamine toroid and histone solenoid together. Figure are used with permission from

Molecular Human Reproduction.

1.2.3 Semen analysis

Semen analysis is a laboratory test performed when evaluating male fertility status. In
some conditions, semen analysis can predict fertility, but in the majority of cases fertility
is also related to female fertility which are not examined by a semen analysis (32). The
standard evaluation of semen is done by examination of different parameters, including
the cell concentration, motility, morphology, and vitality. Semen analysis is broadly
used in fertility clinics and in research. All parameters are standardized by WHO
through their laboratory manual for the examination and processing of human semen
(12) (Table 1), making the results reliable, valid and useful for the functional status of

the male reproductive organs. The last edition was published in 2010, but the 6™ edition



was out for public review until the 9™ of April 2021 indicating that a new edition will be
published in the near future.

Table 1 Standard semen parameters from table Al.1.in WHO laboratory manual for the

examination and processing of human semen (12).

Variable Lower reference limits
Semen volume (mL) 1.5(1.4-1.7)

Total sperm count (108/ejaculate) 39 (33-46)

Sperm concentration (108/mL) 15 (12-16)

Sperm progressive motility (A + B) (%) 32 (31-34)

Sperm morphology (%) 4 (3-4)

Vitality (% alive) 58 (55-63)

Approximately 15% of infertile patients have semen analysis results within the
reference values from the 2010 WHO manual (33), questioning if more specific and

optimal predictors of fertility are needed.

Studies show that infertile men have higher levels of DNA fragmentation compared to
fertle men (34-38), however standard semen analysis does not include DNA
fragmentation tests or assessment of sperm chromatin quality of any kind. The WHO
laboratory manual edition from 2010 mention it as a paragraph under section of
research procedures, but neither recommend nor acknowledge its utility value. The
assessment of DNA fragmentation has been recommended by several profiled
research groups when infertile males are examined, especially when deciding which
fertility treatment should be proposed (6, 39-41). In that respect, the 2020 edition of
the European Association of Urology (EAU) guidelines on sexual and reproductive
health (42) recommends to assess the level of DNA fragmentation in sperm, for

couples with unexplained infertility and/or experienced repeated pregnancy losses.



1.2.4 Male Infertility

Male infertility is caused by factors divided into congenital, acquired, and idiopathic
factors. Congenital factors are genetic causes of male infertility, identified by
sequencing or karyotyping of genomic material. Acquired factors make up over 40%
(6) of the cases regarding infertility in men, with varicocele as the most recurrent factor
(43). Acquired factors also includes tumours, infections, and systemic diseases.
Idiopathic factors make up between 30-50% with no female factor involved. Male
infertility caused by oxidative stress is one recurrent idiopathic factor affecting 37

million men worldwide (44).

To examine male infertility, semen analysis in addition to physical examination and
reproductive and medical history search are performed. It has been notified that semen
parameters under WHO lower reference limit alone are not enough to predict infertility,
unless in men with highly impaired parameters such as azoospermia (no spermatozoa
in the ejaculate) (32). In clinics, an additional semen sample is analysed if some
parameters are under the lower reference limits (45, 46) due to natural within-man
variation in semen parameters (47, 48). There are also known limitations with the use
of WHO manual regarding different ethnic groups, biological variation and the

accountability of female factor (49).

1.2.5 Assisted reproductive technology

Despite the reported controversies regarding reduced semen quality, two meta-
analysis show a decline in total sperm count and sperm concentration (50, 51). Along
with higher maternal (52, 53) and paternal age (54) when attempting to conceive, the
demand and use of assisted reproduction technology (ART) have risen and are

expected to further grow in the coming years (55-58).

Conventional in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) are
among the most widely used ART procedures and both require the quality of the semen
to be evaluated. This is especially important when determining which procedure should

be performed, since ICSI will be favoured in case of low sperm quality (59).
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1.3 DNA fragmentation
1.3.1 DNA fragmentation in spermatozoa

DNA damage is any change in the structure of the DNA, continuously in every cell
every day. DNA damage can be induced by cellular or environmental factors (DNA
damaging agents) and several types of DNA damages exist, including DNA
fragmentation that contains single stranded breaks (SSBs) and double stranded
breaks (DSBs). In somatic cells, DNA damage is often repaired by different DNA repair
mechanisms. Such mechanisms are not present in differentiated spermatozoa leading
to permanent damage if the fragmentation occurs before spermiogenesis and is not
repaired, or after DNA replication prior spermiogenesis.

During spermiogenesis, topoisomerase induce nicks in the DNA when replacing
histones with protamine proteins (60). These are normally temporary, but if nicks
remain, permanent fragmentation will be present in the mature spermatozoa since the
repair-machinery is terminated after spermatogenesis when transcription and
translation stop. DNA fragmentation occurring after spermiogenesis are permanent
and present in the ejaculated spermatozoa, making genomic damage vulnerable. In
contrast, oocytes does not have this limitation, and can repair DNA damage in
spermatozoa during fertilization (61). It is worth mentioning, that since females of
advanced age has lower DNA repair capability in their oocytes, an injection of minimal

DNA damaged spermatozoon could be beneficial (62).

The amount of DNA fragmentation in spermatozoa variates through the reproductive
active lifespan, with higher incidence with advanced age (63). In spermatozoa, DNA
fragmentation can come from intrinsic factors such as protamination failure, oxidative
stress or cell apoptosis, extrinsic factors as lifestyle-related factors, varicocele,
infections, radiations, or exposure to toxins or caused by several diseases (64). While
SSBs are initiated mainly by oxidative damage DSBs are mainly generated from failure

during protamination (65).

11



1.3.2 Sperm DNA fragmentation related to reproductive outcomes and fertility

DNA fragmentation in spermatozoa has been studied for a long time and increased
amount of evidence from numerous studies shows that it influences reproductive
clinical outcomes (66-69). It has been observed that increased DNA fragmentation in
spermatozoa increase risk of prolonged time to pregnancy (34), spontaneous abortions
(67, 70-72) and significantly reduced success rates in in vivo and in vitro fertilizations
(35, 73-75). It is worth mentioning that DNA fragmentation is still a controversy, based
on articles indicating that DNA fragmentation is not linked to reproductive outcomes
(70, 76) — but overall, the connection between sperm DNA fragmentation and infertility
in men has been strengthened by extensive research over the years (33, 77).

A review by Ribas-Maynou and Benet presents different reproductive effects
depending on the type of sperm DNA fragmentation (65). While natural pregnancy
achievement is negatively correlated with extensive SSBs (78), DSBs are suggested
to generate lower implantation rates (79). This last study used a population of couples
with recurrent miscarriages without female factor and found that the lower implantation

rates were caused by delayed embryo development.

Sperm DNA fragmentation is also elevated in couples with unexplained infertility,
consisting of approximately 30% of couples struggling with fertility. Simon et al. (2013)
(80) reported that 84% of the men with unexplained infertility (n=147) had DNA
fragmentation above threshold value for the particular method used, Oleszczuk et. al
(2013) (38) reported 26% of the men with unexplained infertility (n=119) had higher

DNA fragmentation than threshold for another method.

Taken these factors in consideration, in addition to the plausible detrimental effect that
DNA fragmentation may have on fertilization, embryo development and success rates
in ART procedures, the assessment of DNA fragmentation could have valuable insight

on the male fertility.

1.3.3 Methods for assessing sperm DNA fragmentation

Several methods for detection of DNA fragmentation have been established in the past
40 years, since the first sperm DNA fragmentation method was published. These
methods aim to determine the amount of DNA fragmentation in spermatozoa,

presented as ratios, percentage, or events.

L



Three separate levels of chromatin organization can be detected by DNA
fragmentation methods:

)] DNA at the toroid linker region containing MAR.
i) Fibres of chromatin on the surface of protamines.

i) Chromatin fibres inside the toroid.

DNA at toroid linker region is not well understood, but studies have shown a positive
association between histone-bound DNA and nuclear matrix (31, 81). In animals, DNA
at this region is more sensitive to DNase | treatments than DNA bound to protamine
(26), supporting association mentioned above. DNA at the surface of protamine is
bound completely to the protein, making enzyme-binding difficult. DNA inside the toroid

will not be accessible as long the cell maintains a condensed chromatin structure.

The discrepancy in DNA damage results may be due to, at least partially, the use of
different methods developed to examine DNA fragmentation in sperm (82, 83). Since
several of them detect various regions of the chromatin structure, variation in the
results are expected. There is still no clear clinical threshold for several of these
methods, making data generated user dependent. Lack of strict standardization make

them unreliable for precise and reproductive diagnostics.

Four of the most used DNA fragmentation tests are Sperm Chromatin Structure Assay
(SCSA), Terminal deoxynucleotidyl transferase-mediated dUTP Nick End Labelling
(TUNEL) assay, COMET assay and Sperm Chromatin Dispersion (SCD) assay. The
methods differ in the way DNA damages are assessed (directly or indirectly), technique
and strength properties (Table 2). To date, only two methods, SCSA and the TUNEL

assay are fully standardized and widely used to assess DNA fragmentation in sperm.

Table 2 Descriptions of the most common used assays for DNA fragmentation in spermatozoa.

Assay Fragmentation Principle Advantages Disadvantages

assessment

13



SCSA Indirect Measure Standardized. Need a high
susceptibility to DNA ) number of cells (> 1
_ Established o
maturation when million).
_ thresholds.
exposed to acid by )
o i ) Expensive due also
acridine orange Time-effective. _
o to a licensed
staining. .
9 Sensitive. software.
Reproducible.
Accuracy.
TUNEL Direct Single and double Standardized (flow Not established
assay stranded DNA cytometer based). thresholds.
breaks are labelled ) ) )
) Commercially kits. Expensive (flow
with fluorescence
. ) cytometer based).
dUTPs. Time-effective.
Sensitive.
Reproducible.
Accuracy.
COMET | Direct Assay based on gel | Affordable instrument. | Measure 50-200
assay electrophoresis. . cells each sample.
Sensitive.
Damaged DNA )
) Lacks established
moves faster in the
) o protocols.
gel since the size is
lower. Inter-observer
variability.
SCD Indirect Assay based on | Inexpensive. Measure 50-200
assay agarose gel. Nucleus cells each sample.
spreads after | Simple performance.
denaturation, Inter-observer
resulting in halos. variability.

Abbreviations: SCSA — Sperm Chromatin Structure Assay. TUNEL - Terminal deoxynucleotidyl

transferase-mediated fluorescein-dUTP Nick End Labelling. SCD — Sperm Chromatin Dispersion.

1.3.3.1 SCSA

SCSA is the pioneer method in the field, established in 1980 (84). The method uses
flow cytometer and acridine orange staining to distinguish spermatozoa with DNA
fragmentation from normal spermatozoa. Only DNA with breaks can be pH- or heat-

denatured due to its bounding to protamine proteins. More fragmentation produces

14



stronger signal. SCSA presents results as DNA fragmentation index (DFI)
corresponding to the percentage of fragmented cells in the sample determined from a
dot-plot showing fluorescence intensities. This method detects DNA breaks in the
toroid linker regions, but research on mice indicates that also some DNA breaks in the
protamine toroid can be detected since acridine orange is a small molecule (85).

1.3.3.2 TUNEL

TUNEL assay is based on the incorporation of labelled deoxyuridine triphosphate
(dUTP) nucleotides by the DNA polymerase Terminal Deoxynucleotidyl Transferase
(TdT) enzyme, which identifies free 3’hydroxyl (OH) groups. In theory, several modified
dUTPs can be used, but 5-Bromo-2’-deoxyuridine 5’-Triphosphate (BrdUTP) is the
most widely used. When BrdU is used as a tag, the newly incorporated dUTPs are
further recognized by anti-BrdU antibody. The whole DNA is stained using Pl and the
results are presented by DFI, as in SCSA.

Compared to SCSA that is an indirect method, the TUNEL method labels directly the
DNA break sites in the chromatin of a spermatozoon and the results can be obtained
by using flow cytometer or fluorescence microscopy. Standard TUNEL assays do not
open the chromatin structure, and the accessible DNA is therefore limited to DNA in
the toroid linker region and regions accessible to TdT-enzyme. It is discussed that TdT
may bind DNA at the surface of the toroids since it adds to free 3’OH ends only, but
this is not determined (20). Discrepancies are found when comparing TUNEL with
SCSA. Research by Chohan et al. (2006) (86) has found a strong correlation between
these two methods, while Henkel et al. (2010) (87) argue that the methods reveal

different types of damage making them incomparable.

Several TUNEL protocols and kits are available, thus thresholds allowing the
separation between normal semen samples and samples with DNA damage correlated
to male infertility are fluctuating. The new 6™ edition of WHO manual for the
examination and processing of human semen recommends that each laboratory set

their own thresholds indicating that the inter-variability is high.
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1.3.3.3 A new possible DNA fragmentation test: SensiTive Recognition of
Individual DNA Ends (STRIDE)

Within male reproductive medicine, a more versatile method for direct, sensitive and
specific detection of DNA fragmentation is needed. A recent study published in Nucleic
Acids from Kordon et al. (2020) (88) present a new quantitively, in situ method which
detects DNA breaks in a highly specific and sensitive manner that potentially could be
optimized for assessment in spermatozoa: SensiTive Recognition of Individual DNA
Ends (STRIDE).

STRIDE is based on the incorporation of labelled nucleotides at DNA break sites (Fig.
6). Proximity ligation assay (PLA) are further used to enhance signals that are visible
under a fluorescence microscope. PLA yields a high sensitivity and specificity, and a

fluorescence microscope is cheaper than a flow cytometer.

PLA reaction uses two PLA probes (plus and minus) that binds labelled primary
antibodies that are specific for the incorporated nucleotides at break sites. As both
probes must bind nearby nucleotides to achieve further signals, unspecific background
is theoretically eliminated. The oligonucleotides from nearby probes are further ligated,
and hybridize, and PCR is performed to amplify circular DNA. Fluorescence-labelled
oligonucleotide probes binds to amplified circular DNA, resulting in clear bright spots

in microscope (89).

Depending on the type of DNA break site to detect, two different approaches are used.
Double strand breaks are detected by dSTRIDE using TdT enzyme like the TUNEL
assay but are assumed to have a higher sensitivity thanks to the PLA procedure (88).
dSTRIDE will detect free 3’'OH-ends suited for double-strand DNA breaks. Single
strand breaks are detected by sSTRIDE using the principle of in situ nick translation
(NT). Here, DNA polymerase | from E. coli incorporate biotinylated nucleotides for

detecting both 3’-5’ and 5’-3’ single stranded nicks on the DNA strand.

Overall, STRIDE aim to detect individual DNA breaks and visualize them with a
fluorescence microscope, yielding a high sensitivity. While other methods present
results by % of DNA fragmented cells, STRIDE has the possibility to evaluate individual

events single cells.
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Figure 6 Principle of dSTRIDE.

(1) Incorporation of BrdUTP into DSBs generated by TdT-enzyme. (2) Cells are incubated with
anti-BrdU antibodies from two different hosts, rabbit and mouse. (3) PLA probes, anti-rabbit
and anti-mouse with conjugated nucleotides are then added to cells. (4) PLA probes that bound
antibodies in near distance hybridize and ligate. (5) Amplification of the sequence are initiated
by DNA polymerase | and detection probes are added. Fluorescence signals are made by
detection probes and visualized in fluorescence microscopy. lllustration created by the author

using Biorender.com.
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1.4 Aim of study

The role of DNA fragmentation in male fertility is increasingly accepted but remains
source of controversy. This can, at least partially, be explained by a major lack of
standardisation in methods used for measuring DNA fragmentation in spermatozoa.
STRIDE is a microscopy-based method that was recently developed to detect double
strand (dSTRIDE) and single strand (SSTRIDE) DNA breaks in situ (88). Its high
sensitivity and specificity make STRIDE a promising, reliable, and powerful alternative
to the current methods to assess DNA fragmentation in spermatozoa. However, its
establishment and optimization for this cell type has not been achieved yet, and
therefore the overall aim is to establish dSTRIDE and sSTRIDE protocols suited for
the male gametes. The first goal is to reproduce sSTRIDE and dSTRIDE in a cell line.
Another aim of this project is to compare STRIDE results in semen samples with known
DNA fragmentation. It is expected that the new protocols emerging from this work will

be used to answer critical and yet unanswered questions about male fertility.

2. Methods and materials

Before establishing dSTRIDE and sSTRIDE protocols in spermatozoa, the method was
verified using a somatic cell line in preliminary experiments to test if results were similar
to what was published by Kordon et al. (2020) (88). The protocol where then tried out

in spermatozoa before optimization especially for these cells.

All instruments, reagents and solutions used in these methods are listed in appendix

A3. Materials and solutions.

2.1 MCF-7 cell line

Michigan Cancer Foundation-7 (MCF-7) human adenocarcinoma cells were cultured
in Nunc™ EasYFlask™ 75 cm? flasks (Thermo Scientific) as monolayers, in Dulbecco's
Modified Eagle Medium (DMEM) (Sigma-Aldrich) supplemented with 10% (v/v) fetal
bovine serum (FBS) (Sigma-Aldrich) and 1% (v/v) PenStrep containing penicillin and
streptomycin (Gibco) at 37°C in a humidified incubator with 5% CO». The medium was
changed every 2-3 days and cells were passaged when reaching approximately 90%

confluence. For each passage, cells were washed with 10 mL of room temperature
18



1XPhosphate Buffered Saline (PBS) (Sigma-Aldrich) before incubation with 1.5 mL of
pre-warmed 0.25% Trypsin-Ethylenediaminetetraacetic acid (EDTA) (Gibco) at 37°C
for 3-4 minutes until they detach. Detachment of the cells was monitored using an
inverted phase-contrast microscope (Motic AE31 with ELWD condenser N.A 0.30), and
the action of trypsin-EDTA was neutralized by adding 8.5 mL of complete growth media
prewarmed at 37°C. For regular maintenance, 2 mL (1/5) of the 10 mL cell suspension
was transferred into a new flask containing 11 mL of complete growth medium. Cell

maintenance was performed in laminar flow cabinet.

2.1.1 Cell counting and seeding

For STRIDE and immunofluorescence experiments, cells were counted using an
Invitrogen ™ Countess ™ Automated Cell Counter (Invitrogen). This automated cell
counter use cell-uptake of trypan blue to differentiate between live and dead cells (90).
Trypan blue diffuses through membranes of dead cells due to their permeability
showing a uniform blue colour, while alive cells do not take up the dye and is bright
with only dark edges in the outer circle of the cells. The instrument automatically counts

four (1 mm?, 0.1mm?3) squares in a manual haemocytometer (90).

For this, 15 pL of cell suspension after detachment by trypsinization was mixed with
the same volume of 0.4% trypan blue (Invitrogen) staining solution in a 1.5 mL tube.
10 uL of the resulting solution was loaded onto a Countess ™ cell counting chamber
slide (Invitrogen) before insertion in the instrument. As a result, the main screen
presents the total, live and dead concentration and viability (%). A volume equivalent
to 1x10° live cells were seeded onto 12 mm diameter, round glass coverslips (VWR)
placed in 24-well plates (Nunclon ™ Delta Surface, Thermo Fisher) with 500 pL culture
medium 24 hours before further experiments at 37°C in a cell culture incubator with
5% COs.

2.1.2 Cell thawing

MCF-7 cells were earlier cryopreserved at OsloMet and stored in nitrogen tank. The
thawing protocol was executed in laminar flow cabinet. MCF-7 cells were quickly
thawed in a 37°C water bath and transferred to a 15 mL tube (Sarstedt) with 8 mL pre-

warmed growth medium and centrifuged at 1000 rpm for 5 minutes (Rotofix 32, Hettich
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Zentrifugen). After centrifugation, the supernatant was removed, and 2 mL of growth
medium was added to resuspend the cell pellet. Resuspended solution was transferred
to a Nunc™ EasYFlask™ 25 cm? flask with additional 3 mL growth medium and placed

at 37°C in a cell culture incubator with 5% CO..

2.1.3 Cryopreservation

Cryopreservation of MCF-7 was performed after the cells had achieved a stable
phenotype and the procedure was executed in laminar flow cabinet. Growth medium
was removed from Nunc™ EasYFlask™ 75cm? flask (Thermo Scientific) and cells
were rinsed with 5 mL PBS. To detach cells, 1.5 mL of pre-warmed trypsin-EDTA was
added to the cells and placed in incubator at 37°C with 5% CO> for 3-4 minutes.
Detachment was observed under the inverted contrast-phase microscope. 5 mL of
growth medium was applied into the flask to stop trypsinization and the whole
suspension was transferred to a 15 mL tube (Sarstedt) and centrifugated at 1000 rpm
for 5 minutes. After centrifugation, supernatant was removed, and cell pellet
resuspended in 3.6 mL growth medium to achieve desired dilution, here approximately
2x10° cell/900 pL. Four cryo-tubes (VWR) were prepared and 900 pL of suspension
was added to each tube before 100 pL of dimethyl sulfoxide (DMSO) (Merck Life
Science) was added dropwise. Each cryotube was turned repeatedly upside down for
mixing before placing them into a Styrofoam box with ice. Cells were transferred to a
Cool Cell box and placed in freezer at -80°C. By placing cells in a Cool Cell box, cells
are frozen at a controlled rate. After two days, cells were transferred from the freezer

to a nitrogen tank at -196°C.

2.2 Semen sample collection

Approximately 30 semen samples obtained from FS were used for method
establishment and optimization. Semen samples were produced for semen analysis
after 3-5 days of sexual abstinence. Samples were stored at room temperature before
analysis and transported in 15 mL tubes (Falcon) within a few hours after ejaculation.
Results from the semen analysis were above and below the lower reference limit

defined by WHO. Severe oligozoospermia samples (0-5x10° cells/mL) were excluded.
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Two semen samples were submitted by anonymous participants after 3 days of sexual
abstinence in relation to an undergoing method developing project. The samples were

used for dSTRIDE and yH2AX immunofluorescence performance.

Semen samples were also obtained from biobank at OsloMet, related to an earlier
project (91). Samples with known DFI (%) by SCSA (N=11) were chosen by supervisor
and aliquots with cell concentration closely to 5x10° cells were thawed.

2.3 Sperm preparation

Sperm preparation was performed to isolate spermatozoa from seminal plasma.

Liquefaction of the collected semen samples were achieved before further
preparations by incubation for 30-60 minutes at 37°C (with and without rocker). This
proteolytic process transforms gel-like coagulum to liquefied semen by components
from seminal vesicle and prostatic fluid (92). Samples obtained from FS were usually
liquefied upon arrival to OsloMet. For samples with delayed liquefaction, the tube was
either repeatedly turned upside down or alternatively, an equal volume of room-
tempered Sperm Preparation Medium™ (Origio) or PBS was added to the sample
followed by pipetting to induce liquefying. For highly viscous samples, a 0.80 mm
needle attached to a syringe was used by gently drawing up and down the sample 6-
10 times as described in WHO laboratory manual under section 2.3.1.1 Delayed

liquefaction (12).

The quality of each ejaculate was roughly assed by estimating the cell density and
motility with a 40x objective (400x final magnification) mounted on a phase-contrast
microscope (OLYMPUS CX31), using 5 pL of the liquefied sample onto a microscope
slide. For semen samples with spermatozoa of high motility (swimming progressively

straight-forward) and high density, swim-up protocol was performed.

2.3.1 Measurement of semen concentration

By assessing quality of each ejaculate, dilution rate was determined to measure the
sperm concentration using an improved Neubauer haemocytometer. Dilution rate of

1:20 or 1:5 with trypan blue was in most cases sufficient.
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The semen sample was mixed by vortex before aspirated by a positive displacement
pipette and added into a 1.5 mL tube with trypan blue to achieve the appropriate
dilution. The tubes were mixed by vortex for 15 seconds before 10 yuL was applied
under cover glass on the haemocytometer. The chamber was placed in a petri dish
with a dampened filter paper functioning as a humidity chamber for 10 minutes before

counting (Fig. 7).
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Figure 7 Approach for cell concentration of spermatozoa in semen sample.

Density of spermatozoa in semen was first evaluated to indicate a dilution rate, before trypan
blue and semen were mixed by vortex for 15 seconds. 10 pyL of mix was placed under the
coverslip of each side in a haemocytometer for cell counting. lllustration created by the author

using Biorender.com.

Spermatozoa were analysed at 200x or 400x magnification using microscope
(OLYMPUS CX31). Counting procedure was performed following WHO Guidelines
(12). A minimum of 200 spermatozoa or five squares (one row) of the central grid in
the haemocytometer were counted in each slide for the calculation of concentration. If

the number of cells in the central grid was too low, a lower dilution rate was used.
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Alternatively, grid 4 and 6 could be counted. The differences between the two

counting’s shall not overcome 5% of the sum, if so, the counting was repeated.

To calculate the sperm concentration, the total number of cells counted on both sides
(N) was divided by the total number of rows (n) used for counting the cells and
multiplied with the dilution factor. The equation is listed below (1) and taken from
WHO'’s manual (12). The sperm concentration is presented as 10%/mL.

N 1 . .
C= TEe* dilution factor (1)

2.3.2 Thawing and cryopreservation of spermatozoa

Frozen semen samples with known concentration were removed from -80°C freezer
and thawed on ice for approximately 30 minutes before transferring volume

corresponding to approximately 5x10° cells to a 15 mL conical tube (Falcon).

Cryopreservation of spermatozoa from leftover aliquots in samples received from FS
was performed to preserve spermatozoa in cases cells were needed but could not be
received. Spermatozoa were stored in liquid nitrogen (N2) at -196°C. For this, a simple

protocol using Sperm Freezing Medium™ (Origio) was performed (93).

Sperm Freezing Medium™ was brought to room temperature and added 1:1 (v/v)
dropwise to a tube containing room-tempered semen sample. The tube was mixed
carefully by vortex at speed 0.5 on a scale of 10 units after each drop of medium added.
After the last drop, the tube was left on the bench for 20 minutes before aliquoted into
cryo-tubes (VWR). The tubes were placed approximately 5-10 cm above the surface
of liquid nitrogen inside a Styrofoam box with two reagent racks in it. After 30 minutes,

the tubes were placed into the nitrogen tank at -196°C for storage.

For samples related to ongoing method-development project, a volume corresponding
to 5x10° cells were placed in 1.5 mL tubes and immediately placed on ice before

transferring samples to freezer at -80°C for storage.

2.3.3 Swim-up method for accumulation of motile sperm

Swim-up was performed to isolate motile sperm from immature and dead
spermatozoa, non-sperm elements and seminal plasma in the ejaculate. Swim-up was

performed by adding 1 mL of semen sample to a 15 mL tube, before gently adding 2
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mL of Sperm Preparation Medium on top by holding the tube tilted. The tube was then
placed tilted in a humidified environment at 37°C for 1 hour. Sperm Preparation
medium contains bicarbonate and resemble in vivo conditions, suitable for stimulation
of motility. Motile spermatozoa swim up to the Sperm Preparation Medium, while
immotile and dead sperm cells were left at the bottom of the tube. After 1 hour, the
upper layer was pipetted from the tube hold with a ca. 45° angle and transferred into a
new tube. 15 pL was used for cell counting while the rest was centrifuged at 400 x g
for 10 minutes at 22°C. The supernatant was discarded, and the cell pellet
resuspended in PBS.

For separating spermatozoa not prepared by swim-up, volume equivalent to 5x10°
cells were placed in a 15 mL conical bottom tube (Falcon) and mixed with 500 pL PBS
(or Sperm Preparation Medium™). The tube was centrifuged using a swing-out rotor
centrifuge (Eppendorf Centrifuge 5810 R) to avoid the cell pellet to be spread over a
large area of the tube. Centrifugations were performed at 400 x g for 10 minutes, at
4°C. This was repeated two times as washing steps to remove seminal fluid. A low
centrifugation force is preferred so as less damage to the cells are generated (94),
while 10 minutes were used to achieve well-defined pellets and to minimize cell loss

from each centrifugation.

2.3.4 Decondensation of sperm chromatin

To get access to the highly condensed chromatin-structure in spermatozoa, cells were
treated to mimic decondensation as in fertilization. The decondensation protocol was
based on Antonucci, N et. al (2013) (95) with adjustment due to cell concentration and

timeframe. Decondensation was performed both in tubes and on coverslips.

Cells in tubes (following from 2.3.3) were washed once with 500 uL 0.5% bovine serum
albumin (BSA) (Sigma-Aldrich) in PBS at 400 x g for 10 minutes at 4°C. Pre-fixation
was achieved by resuspending the cell pellet with 500 pL 0.5% paraformaldehyde
(PFA) (Thermo Scientific) and placing the 15 mL Falcon tube on ice in the dark at
orbital shaker. After 10 minutes, 500 pL 0.5% BSA was added to the tube and
centrifuged. This was repeated once to remove all fixation reagent. A decondensation
solution for 4x108 cells were made containing 1182 pL 0.1% Tx-100 (Sigma-Aldrich) in
PBS, 12 pL of heparin (Merck Life Science) corresponding to 60 Units (10 000 U/mL)
and 6 pL of 1 M dithiothreitol (DTT) (Merck Life Science) to achieve 5 mM concentration
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in solution. Cell pellet was resuspended in 1200 pL of decondensation solution and
placed in a humidified environment at 25°C for 20 minutes in the dark. After incubation
with decondensation solution, tubes where centrifuged three times with 500 uL PBS to

remove all reagents.

Spermatozoa attached to coverslips were rinsed for 5 minutes with 1 mL 0.5% BSA in
PBS before decondensation treatment. For the experiment, spermatozoa were
stabilized with 400 pL 0.5% PFA in PBS on ice in the dark at orbital shaker, followed
by two washes with 1 mL 0.5 % BSA for 5 minutes each at orbital shaker. The
decondensation-solution was made of 197 pL 0.1% Tx-100, 2 pL heparin and 1 pL of
1 M DTT for each well and spermatozoa were incubated at 25 °C for 15 minutes in the

dark. Decondensed cells on coverslips were rinsed in 1 mL PBS for 2 minutes.

2.3.5 Fixation

After last wash with PBS, the pellet was resuspended well in 30% (v/v) PBS, before
adding 70% (v/v) of pure ethanol (-20°C) dropwise while the tube was placed on vortex
(Vortex Genie 2) at speed 0.5 on a scale of 10 units. This was done carefully since
possible agglutination of spermatozoa which is difficult to work with later, could occur.
The fixation was performed within minutes on ice or stored at -20°C for longer period

if feasible.

For spermatozoa attached to coverslips, 1 mL of 70% ethanol (-20°C) was added in

the wells and stored at -20°C freezer overnight.

2.4 Attachment of spermatozoa on poly-L-lysine coated coverslips

For analysis of DNA breaks in spermatozoa, sperm cells were attached to coverslips
pre-coated with poly-L-lysine. A variety of cell concentrations for applying cells on

coverslips were evaluated for optimization (see Table 3 in result section 3.2.1).

For pre-coating, a volume of 300 uL 0.1% (w/v) poly-L-lysine solution in H>O (Sigma-
Aldrich) was added to round coverslips in 24-well plates (Nunclon ™ Delta Surface,
Thermo Fisher). Right before applying spermatozoa, coverslips were sequentially

dipped in water and PBS for one second and placed on parafilm.
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For immunofluorescence experiments, 15 pL of spermatozoa (1x10°) resuspended in
PBS were applied onto pre-coated wet coverslips. For dSTRIDE experiments, after the
last rinse after BrdU-incorporation, cells were resuspended in 15 pL PBS, added onto

pre-coated wet coverslips and let to dry out completely.

2.5 Induction of DNA fragmentation in MCF-7 cells and spermatozoa

To induce DNA breaks, cells were exposed to ultraviolet (UV) light or hydrogen

peroxide (H202).

For MCF-7 cells, 1x10° cells were seeded 24 hours prior exposure to DNA-damaging
agents onto 12mm diameter, round glass coverslips (VWR) placed in a 24-well plate
with 500 pL growth medium at 37°C in a humidified environment with 5% CO..

2.5.1 Exposure to UV

MCF-7 cells growing on coverslips on 24-well plates were placed inside a laminar flow
cabinet. Right before UV exposure, the culture medium was replaced with 500 pL of
PBS and the lid from the plate was removed. Irradiation of the cells was performed in
the laminar flow cabinet using the UV lamp inside the latter. The plate containing the
cells was placed approximately 54 cm from the lamp, and the cells were irradiated for
one or three minutes. Cells were then fixated with fixative. For STRIDE, cells were
fixed with 70% ethanol at -20°C overnight. For immunofluorescence experiments, three
different fixatives were used: ethanol as for dSTRIDE, methanol at -20°C for

approximately six minutes or 3% PFA for 13 minutes at room temperature.

For spermatozoa, two approaches were used. First, spermatozoa applied onto pre-
coated coverslips were placed on top of a plate and exposed to UV for 2, 5 or 10
minutes in the same manner as for MCF-7 cells. The coverslips were then put on
parafim to dry before further treatment. In the second approach, a volume
corresponding to 5x10° cells were washed with PBS as described in section 2.3.3,
dissolved in PBS to a total volume of 1 mL and placed in a petri dish. The petri dish

was placed under the UV-lamp for 10 minutes before further preparation and fixation.

26



2.5.2 Incubation with H,O-

MCF-7 cells growing on coverslips in 24-well plates were placed inside a laminar flow
cabinet. Immediately before exposure to H202, cell media was removed and replaced
with DMEM without FBS and antibiotics for a quick wash. Cells were then incubated
30 or 60 minutes at 37C with DMEM supplied with 4 mM or 20 mM of H2O; diluted from
a 30% (v/v) solution (Apotektjenesten AS). After incubation, cells were quickly washed
with PBS before fixation with -20°C 70% ethanol overnight.

For spermatozoa, H>O: diluted in Sperm Preparation Medium™ in a total volume of 1
mL was added to the cell pellet containing 5x10° cells for 2 hours at 37°C in a
humidified environment. Concentrations of H2O> used in these experiments were 0,
10, 40, 100 and 200 mM diluted from the 30% (v/v) solution. After incubation, cells
were centrifuged at 400 x g for 10 minutes at 4°C before decondensation protocol and

further experiments.

2.6 Immunofluorescence

Immunofluorescence experiments to detect and visualize phosphorylated (Serl139)
H2AX in MCF-7 cells and spermatozoa were performed to confirm the presence of
DNA breaks. Nearby molecules of H2AX become phosphorylated at Ser139 when
DSBs occurs (96), making yYH2AX complex one of the first protein accumulating at DSB

sites during the DNA damage repair process in somatic cells.

For MCF-7 cells, 1x10° cells were seeded 24 hours prior experiment onto coverslips
placed in a 24-well plate with 500 pL growth medium at 37°C in a humidified
environment with 5% CO.. Right before fixation, the plate was taken out from the
incubator and placed in a laminar flow cabinet. Growth medium was replaced with 500
uL pre-warmed PBS (37°C) to remove reagents. Plate was immediately transferred on
bench, PBS removed and 1 mL of 70% ethanol (- 20°C) was added to the wells and
placed at - 20°C overnight. After fixation, cells on coverslips were washed three times

with 1 mL PBS for 5 minutes on orbital shaker.

For spermatozoa, cells were either attached to pre-coated poly-L-lysine coverslips
after isolating cells from seminal fluid (see section 2.3.3), after decondensation (see

section 2.3.4) or after washes following fixation (see section 2.3.5).
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Spermatozoa on coverslips were incubated in 1 mL of the blocking solution containing
2 % BSA, 0.01 % Tween 20 and 0.1 % Triton X-100 in PBS (PBST-BSA-Tx100) for 30
minutes. For immunodetection, cells were sequentially labelled with 35 pL anti-
phospho-histone (Ser139) H2AX (1:100, Millipore) as primary antibody and 35 pL Cy3-
conjugated AffiniPure Donkey Anti-Mouse 1gG (H+L) (1:200, Jackson
ImmunoResearch) as secondary antibody. Antibodies were diluted in PBS containing
2% BSA and 0.01% Tween 20 (PBST-BSA). For each antibody, coverslips with cells
were incubated upside-down on parafim for 45 minutes. Between antibody
incubations, cells were washed 3 times with PBST-BSA for 5 minutes. After incubation
with the secondary antibodies, cells were washed 3 times in PBS for 5 minutes each
before DNA was labelled for 5 minutes with 500 pL 4',6-Diamidino-2-Phenylindole
(DAPI) (50mg/mL) diluted in PBS. The coverslips were further mounted on glass slides
(Thermo Scientific) using a Mowiol 4-88 (Sigma-Aldrich) based mounting medium.

2.7 dSTRIDE

The dSTRIDE protocol is based on direct targeting at DSB sites and contains two major
parts: incorporation of nucleotides with immunodetection and PLA for enhancement of

signals.

Incorporation of nucleotides are initiated by TdT-enzyme, and nucleotides incorporated
are conjugated to 5-Bromo-2'-deoxyuridine (BrdU). The kit used for BrdUTP
incorporation are APO-BrdU™ TUNEL Assay Kit (Thermo Fisher). Since this initial

step is performed different by two approaches, they will be described separated.

2.7.1 BrdU incorporation into MCF-7 and spermatozoa growing on coverslips

Cells in 70% ethanol (kept at -20°C) were washed two times with 1 mL of PBS
containing 10 mM EDTA (PBS-EDTA), then once with 1 mL of washing buffer from the
same APO-BrdU™ TUNEL Assay Kit for 5 minutes at room temperature. BrdU was
incorporated at DSB sites by TdT enzyme for 1 hour at 37 °C in a humidified
environment following the manufacturer’s instructions. TdT was added to BrdU-
solution right before use. The volume of the reaction solution was adjusted to 35 pL for
each coverslip, placed upside-down on a parafilm for incubation. After two washes

under hard shaking on an orbital shaker with 1 mL of rinsing buffer from the kit, cells
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were incubated in 1 mL PBST-BSA for 30 minutes at room temperature for blocking.
Hard shaking was implemented to remove excess BrdU from the coverslips.

2.7.2 BrdU incorporation into spermatozoa in tubes

After fixation, 500 pL of PBS were added to the tubes containing spermatozoa in 70%
ethanol (kept at-20°C). The tubes were centrifuged at 800 x g for 5 min at 4°C and the
spermatozoa washed one time with 500 pL of PBS following the same centrifugation
procedure. Another wash was performed in the same way using 500 pL of washing
buffer from the kit.

Spermatozoa were resuspended in 50 pL of the BrdU-solution and incubated at 37°C
for 1 hour. The reaction solution was made following the manufacturer’s instructions.
After incubation, two washes with 500 L rinse buffer from the kit were performed using
centrifugations at 800 x g for 5 min, at 22°C. Following the last wash, cells were
resuspended in 15 pL PBS and transferred onto coverslips. Air-dried coverslips where
placed in a 24-well plate containing 1 mL PBST-BSA and incubated overnight at 4°C.

2.7.3 Immunodetection and signal amplification

For detection of BrdUTP, cells were first incubated with 35 pL of a primary antibody
solution containing anti-BrdU antibodies (Abcam) produced in mouse (ab8039, 1:500)
and rabbit (ab152095, 1:200) diluted in PBST-BSA, for 45 minutes at room

temperature. Coverslips were put upside-down on a parafilm for incubation.

Enhanced fluorescence labelling of BrdU was further achieved following a PLA
protocol, using Duolink™ In Situ Orange Starter Kit Mouse/Rabbit (Sigma-Aldrich)
containing anti-mouse and anti-rabbit, oligonucleotide-labelled secondary antibodies
(PLA probes). The procedure was performed according to the manufacturer’s
instructions. Specifically, all washes were performed at room temperature in 1 mL
volume, and incubations with PLA probes, ligation and amplification were performed
in 35 pL volume at 37°C in a humidified environment. Ligase and polymerase were
added to the ligation- and amplification-solutions right before use. At the end, DNA was
labelled with DAPI (50 mg/mL) diluted in washing buffer B from the kit for 5 minutes at
room temperature. Coverslips were then mounted on glass slides with Mowiol-488 as

for immunofluorescence (section 2.6).
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2.8 sSTRIDE

The sSTRIDE protocol from Kordon et al. (2020) (88) was tested and optimized for in
situ detection of SSBs in MCF-7 cells. sSTRIDE is based on incorporation of
nucleotides at SSB sites and is divided into two major parts: incorporation of
nucleotides conjugated to biotin with immunodetection and PLA. Incorporation is
generated by DNA polymase |, with both 3’-5’ and 5’-3’ exonuclease activity, which

enables nick-translation.

Briefly, after cell fixation with 70% ethanol (-20°C) cells were incubated sequentially
with streptavidin and biotin using Endogenous Biotin-Blocking Kit (Invitrogen) to block
biotin naturally present in cells. One drop of streptavidin was added on parafilm before
coverslips were placed upside down on top and incubated at 37°C in a humidified
environment for 30 minutes. Before incubation with biotin, cells were washed three
times with PBS-EDTA for 30 seconds each. After 30 minutes incubation with biotin,

cells were washed three times for 5 minutes each.

After three washes with PBS-EDTA, biotinylated and native nucleotides (Jena
Bioscience, N6-(6-amino)hexyl-2'-deoxyadenosine-5'-triphosphate — Biotin (Biotin-7-
dATP): NU-835BIO-S, Biotin-16-propargylamino-dCTP: NU-809-BIO16, biotin-16-5-
aminoallyl-dUTP: NU-803-BIO16, dGTP. NU-1003) were incorporated in SSB sites
using E. coli DNA polymerase | (BioLabs, M0209S) in NEBuffer (BioLabs, B7002S) for
15 minutes, at 37C. A total volume of 38 pL solution was made for each coverslip
(27.75 pL MQ H20, 4 pL reaction buffer, 2 pyL each nucleotide and 0.25 pL DNA
polymase I), and 35 L used. Cells were subsequently washed twice with 500 uL PBS
for 5 minutes, then placed in PBST-BSA and incubated for 30 minutes at room

temperature.

For immunodetection of biotinylated nucleotides, monoclonal and polyclonal anti-biotin
primary antibodies (abcam) from mouse (ab201341, 1:200) and rabbit (ab53494,
1:100) diluted in PBST-BSA were incubated with the cells at 37°C for 45 minutes in a

humidified environment.

Enhanced fluorescence labelling of biotin was further achieved following the same PLA
procedure as for dSTRIDE (section 2.7.3), with the same Kkit.
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2.9 Evaluation of DNA fragmentation by microscopy

Two microscopes were used for the purpose of this master thesis. For all experiments
related to method-development, a 2-D fluorescence microscope was used. Biased
characteristics by images obtained from 2-D fluorescence microscopy can be
fluorophores in out-of-focus planes that are registered at the detector plane, generating
false positives. The total lateral resolution is reduced in this microscopy. To obtain
reliable data for quantitative analyses, a 3-D fluorescence microscope with
deconvolution from Department of Molecular Medicine, University of Oslo was used.
By using this microscope, certain planes were extracted minimising false positives and

the deconvolution improves resolution of images obtained.

2.9.1 2-D microscopy

Images taken in method-developing experiments were acquired with a 100x objective
mounted on a widefield fluorescence microscope OLYMPUS BX40, equipped with a
CMOS DP74 (Olympus) camera driven by the CellSens software (Olympus).

Cells were located by using the coarse wheel and focused by the fine wheel. The first
image for each region was taken with DAPI filter (emits blue), then the same region
was pictured by A594 filter (emits red). Images were stored in grayscale, 8-bit with
pixel values from 0 — 255, where 0 is black and 255 is white. Every spot of the images

has a value representing brightness of the pixel.

2.9.2 3-D microscopy

Images for quantification of DSBs obtained by dSTRIDE were taken with a 100x
objective mounted on the widefield fluorescence microscope OLYMPUS IX71 fitted
with a DeltaVision imaging station (GE Healthcare) driven by the SoftWoRx 6.5.2

software (GE Healthcare). Immersol™ 518 F (Zeiss) was used as a mounting medium.

Within SoftWoRx 6.5.2, Resolve3D was used and parameters for acquisition were
made. Excitation and emission wavelengths for BrdU/yH2AX (A594) and DAPI were
selected. Percent of transmission was sat at 32% for A594 and 5 or 10% for DAPI.

Exposure time was determined as close to 0.100 seconds (fluorescence intensity 2000
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for A594 and 1000 for DAPI). Cell thickness (um) (Z plane) was sat by determining the
top (dX) and bottom (dY) of the cells.

Auxiliary magnification (1.6X) was used for some experiments to increase
magnification and decrease working distance but is not essential for obtaining useful
results. Since the field diameter for receiving images are highly decreased, auxiliary

magnification was not further used.

For imaging, excitation shutter was opened, and a joystick at slow or medium speed
was used to locate cells. Fine Z Focus wheel was used to move the objective to focus
cells. Images were acquired into a series of images along the Z axis set by cell
thickness and stored in grayscale at 16-bit with pixel values from 0 — 4096, where O is
black and 4096 is white. Every spot of the images has a value representing brightness
of the pixel.

2.10 Image processing program ImageJ

Image processing and analyses were performed using the free, open-source software

Image J (National Institutes of Health).

Image J was used for cropping images, drawing scale bars and measuring the number
of foci presenting DSBs in each nucleus. Number of DSBs in the nucleus of each cell
were obtained by using the plugin Object Counter3D downloaded from ImageJ.net

following the plugin’s instructions (97).

The Deltavision workstation generates 16-bit images, but since we only wanted to

detect a number of bright foci, images were transformed into 8-bit.

Z-projections were performed using maximum intensities across the z-stack to
generate so called MAX projections. The resulting projections are 2-D images made

from images originally obtained in 3-D (stacks).

For STRIDE analyses, we used hyperstacks allowing the visualisation of the z-stacks
for the different fluorophores in sperate channel. For our experiments, two channels
were chosen to visualise signals corresponding to BrdU and DAPI staining. Composite
images were made to see both fluorophores at the same time, with DAPI in blue and
BrdU in red. For each nucleus present in the hyperstack, cropped images
corresponding to the red channel were extracted as squares and Object Counter3D

was used to count the number of objects (foci). The intensity threshold was manually
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set to make each foci recognized as an object and was always around the same value
for all analysis (intensity level 135). After running the Object Counter3D a result table
with intensity and other parameters was presented in addition to a particle window
showing all objects counted presented as dots with numbers for quality check. The
composite images were used to determine if any counted objects were outside the
nucleus. The total number of objects in each nucleus was further written into an excel

sheet.

2.11 Statistical analysis using SPSS and Prism

Image analysis that included identification and counting the number of DSBs in
individual nuclei was performed using ImageJ '3D Objects Counter' plugin. Shapiro-
Wilk was used to assess the normality of the distribution. Since the distribution of
signals representing DSBs was skewed (= 2 x standard error and Shapiro-Wilk test, p
<.01) data were presented as median and quartiles, 1Qz and IQ1. Tukey’s

fence method was used for outlier detection, which are values below Q1 — 1.5xIQR or
above Qs + 1.5xIQR.

To visualize the distribution and the differences between experiments and treatments,
scatter dot plots were used. Due to the skewed data, nonparametric Mann-Whitney U
test was used to compare differences between treated and not treated cells, while
Kruskal Wallis test between more than two different treatments/exposures. The level
of statistical significance was set at .05. Simple regression analysis was performed to
observe any relation between results obtained by dSTRIDE and SCSA, with a
statistically significant level at .05. Statistical analyses were performed using I1BM
SPSS Statistics for Windows, version 26 (IBM Corp., Armonk, N.Y., USA) and
GraphPad Prism Version 9.0.1 for Windows (GraphPad Software, San Diego,
California USA).

2.12 Ethical considerations

This thesis was performed in compliance with all applicable laws relevant to this
project: The Health Research Act (98), the Biotechnology Act (99) and the Act on
ethics and integrity in Research (100). MCF-7 cells and spermatozoa were stored

according to the Act relating to Biobanks (101) .
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Guidelines from OsloMet — Oslo Metropolitan University (102), and the policy
statement by the World Medical Association (WMA), the Declaration from Helsinki

(103) were followed.

Semen samples for the establishment of the STRIDE method were anonymous and
obtained from FS or by the research group. No personal data were processed and
there was no risk, benefit, or consequences for the patients, hence there was no need
of reporting the project to Data Protection Officer at OsloMet nor approval from REK.

Semen samples used for the assessing DNA breaks by the STRIDE method and
comparing them with DNA fragmentation values obtained earlier by SCSA (91), were
from the biobank established for the project “Betydningen av lipidmetabolisme for
manlig reproduksjonsfunksjon” with REC no. 2010/2721 s-08220b. Data and samples
from this project were anonymized in December 2017. Approval from The Regional
Committees for Medical and Health Research Ethics (REC) and The Norwegian
Directorate of Health are submitted in appendix A4. (Fig. 33 and 34).

3. Results

The result section is divided in three main parts: 1) preliminary results performed in the
human breast cancer cell line MCF-7, 2) establishment and optimization of the STRIDE
method in spermatozoa and 3) comparison of results obtained from dSTRIDE as a

DNA fragmentation test.

STRIDE is a quantitative technique for in situ detection of DNA breaks. According to
the authors of the original article presenting this method, the latter should result in
“strong signal amplification and near-zero signal background in microscopy images
where even individual DNA breaks are represented by bright, readily detectable
fluorescence signals” (88). Before establishing the STRIDE method in male germ cells,
the protocol from (88) was first verified and optimized in MCF-7 cells. Method
descriptions was not precise nor reproducible and consequently, several experiments

had to be done to accomplice suitable results.
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3.1 Preliminary experiments with MCF-7 cells to verify STRIDE

In a first series of experiments, we wanted to test the STRIDE protocols as described
in the original publication (88). Cell cultures offer a continuous refill of cells with similar
characteristics over a long period of time (usually several weeks) so numerous
experiments can be performed. The MCF-7 cell line was available at OsloMet in
addition to be easy to work with, and is expected to contain DNA fragmentation,

considering that they are cancer cells (104).

When following the original protocol for dSTRIDE (88), the first experiments resulted
in unexpected background in MCF-7 cells (Fig 8). Speed on the orbital shaker was
increased by two-fold during washing steps and implemented in the protocol to reduce
background. The hard shaking led to less unspecific background around cell nuclei

and signals in the nucleus were bright with high intensity (Fig. 8).

DNA dSTRIDE Merge

Low

Shaking intensity

Figure 8 dSTRIDE experiments in MCF-7 cells with low or high intensity of speed on orbital
shaker during washing steps visualised by 2-D fluorescence microscopy.

Nuclear DNA was counterstained with DAPI. Scale bar, 10 pum.

Initial experiments showed sSTRIDE signals within the nucleus and low background
around the cell (Fig. 9 a). Signals were detected in close vicinity to but outside the
nucleus, possibly due to primary antibody binding to biotin and not related to DNA

breaks.

To evaluate the reliability of the method, an experiment with negative control, having
no biotinylated nucleotides nor nucleotides applied to the biotin-incorporation step, was
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performed. No difference between sSTRIDE signals in sample using biotinylated
nucleotides (control) and sample without was observed (Fig. 9 b), suggesting that biotin
naturally occurring in cells were detected, and that both blocking step and biotin-
incorporation in these experiments were inadequate. In an attempt to reduce the
unspecific binding of primary antibodies to biotin, we increased drop-size of
streptavidin and biotin applied from the blocking kit and decided to change the reagent
setup for biotin-incorporation. The incubation time was prolonged to 30 minutes,
instead of 15 minutes described in the original article (88). No differences were

observed (Fig. 9 c).
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Figure 9 Initial experiments of SSTRIDE in MCF-7 cells using 2-D fluorescence microscopy.
MCF-7 cells were incubated with biotin for 15 min as described in original publication (88) (a)
in the absence of biotinylated dNTPs (b) or 30 min (c) and single-stranded DNA breaks were
detected by sSTRIDE. Nuclear DNA was counterstained with DAPI. Scale bar, 10 um

3.1.1 UVB irradiation showed more DNA breaks by dSTRIDE

Experimental data collected after performing a new method must be compared with

acquainted, controlled and manipulated variable to evaluate its validity. In this context,
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we used UVB and H.O2 as DNA damaging agents to induce DNA lesions and verify,
indirectly, that the STRIDE signals detected in our previous experiments did actually
correspond to DNA breaks. We reasoned that if signals corresponding to DNA breaks
detected before treatment with DNA damaging agents, an increasing number of this
signals should be detected after treatment.

To confirm the presence of DNA fragmentation, immunofluorescence experiments
were performed using primary antibody against phosphorylated (Serl39) H2AX
(yYH2AX). yH2AX is an indirect biomarker for DSBs.

We observed more signals in MCF-7 cells exposed to UVB irradiation compared to
non-irradiated cells (controls) by dSTRIDE (Fig. 10 a). Experiments were performed in
triplicate with UVB irradiation for 1 minute or 3 minutes exposure time. Signals
increased in a time-dependent manner and were observed by 2-D fluorescence
microscopy. Each condition (1 or 3 minutes) had a waiting time before fixation of either
1 minute or 3 minutes and did not give differences in case of signals by visual

evaluation in the microscope.

It was not detected an increased number of signals in cells exposed to irradiation when
performing sSTRIDE experiment (Fig. 10 b). Signals were observed similar to control

cells and to earlier experiments (Fig. 9), with bright signals inside and around nucleus.

An increased number of yYH2AX signals were also observed in irradiated MCF-7 cells
by immunofluorescence (Fig. 11). Results were similar to dSTRIDE, as anticipated

since yH2AX and BrdU detect same type of DNA fragmentation.

DNA dSTRIDE Merge

Control
Control

UVB
uvB

Figure 10 DNA breaks induced by UVB irradiation of MCF-7 cells resulted in increased
dSTRIDE but not sSTRIDE signals.
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MCF-7 cells were irradiated for 3 min and DNA breaks were detected by dSTRIDE (a) or
SSTRIDE (b) using 2-D fluorescence microscopy. Non-irradiated cells were used as controls.
Nuclear DNA was counterstained with DAPI. Scale bar, 10 pm.

YH2A X Merge

Figure 11 Increased levels of yH2AX observed in MCF-7 cells by 2-D fluorescence microscopy

after exposure to irradiation.
MCF-7 cells were exposed to UVB irradiation for 3 minutes. Non-irradiated cells were used as

control. Nuclear DNA was counterstained with DAPI. Scale bar, 10 um.

Altogether, these results show that the protocol for dASTRIDE are valid and reliable for
performance in MCF-7 cells. On the other hand, when testing our sSSTRIDE protocol in
these cells after irradiation, it was not observed any differences compared to control
cells (Fig. 10 b), and the amount of alleged specific SSBs was not as anticipated. As a
conclusion, the sSTRIDE protocol we followed according to descriptions from original

article (88) did not work and it was decided to not continue with it.

3.1.2 Hydrogen peroxide induced DNA fragmentation in MCF-7 cells

To confirm the specificity of the dSTRIDE signals and evaluate the sensitivity of the
method, we induced DNA breaks in MCF-7 cells using H20>, reagent known to induce

DNA fragmentation by initiating oxidative stress (105).
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MCF-7 cells were incubated with 4 mM H20: for 30 minutes or 20 mM H20- for either
30 minutes or 60 minutes. The experiment was performed in triplicate but only one
obtained quantitative result with 3-D microscopy. Cells treated with H.O2 and control
cells were then submitted to immunofluorescence to detect yYH2AX and by optimized

dSTRIDE protocol.

As expected, H-O> treated cells showed an increased number of signals compared to
control cells (Fig. 12, Fig. 13 a). There was a clear difference between each condition.
The highest number of dSTRIDE and yH2AX foci was observed in cells treated with 20
mM H20> for 60 minutes and an intermediate level of signals was observed in cells
treated with 20 mM H20> for 30 minutes. An increased number of foci was roughly
observed in 4 mM H>O2 with some variations (Fig. 12, 13 a) compared to the lowest
number of dSTRIDE and yH2AX signals observed in control cells. For the cells treated
with 20 mM H20., a visible amount of cell loss was observed under the microscope,

indicating that cells detach after such damaging treatment.
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H202 treatment Control
20 mM 30 min 4 mM 30 min

20 mM 60 min

Figure 12 Increased levels of yH2AX observed in MCF-7 cells by 2-D fluorescence microscopy
after treatment with hydrogen peroxide.

Immunofluorescence of MCF-7 cells treated with 4 mM or 20 mM H2O. for 30 or 60 min and
stained for yH2AX to visualized double-stranded DNA breaks. Control cells were not exposed

to H20.. Nuclear DNA was counterstained with DAPI. Scale bar, 10 um.
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Figure 13 Hydrogen peroxide increased DNA fragmentation in MCF-7 cells detected by
dSTRIDE and 2-D fluorescence microscopy.

MCEF-7 cells were treated with 4 mM or 20 mM H20O- for 30 or 60 min and double-strand breaks
were detected by dSTRIDE. Control cells were not exposed to H».O, Nuclear DNA was
counterstained with DAPI. Scale bar, 10 um. b) Scatter dot plot showing distribution of foci
observed by dSTRIDE for each condition as in a). Plots are shown with median (bold horizontal
line) and whiskers representing lower and upper quartiles. Each dot represents number of
breaks in a single cell. * significant difference, p < .0001 obtained by Kruskal-Wallis test

between the different conditions.

For quantifications, dSTRIDE on MCF-7 cells treated with H.O> were repeated and
images of cells were obtained with 3-D microscope. The number of foci corresponding
to dSTRIDE signals, hence DSBs were measured using Object Counter3D plugin in

ImageJ.

A total number of 24 cells (N=24) from each treatment was used to perform non-
parametric statistics. Raw data are presented in table 8 in appendix (A2 Raw Data,
A2.1). Scatter dot plot (Fig. 12 b) was made to represent the number of signals counted
in each cell from every condition. All values were included in further tests. Most of the
values from each condition are located near the median and 1Q1-1Q3 (Control = 7 (5.0-
11.5), 4 mM 30 min = 23 (14.5-39.0), 20 mM 30 min = 84 (47.8-122.0), 20 mM 60 min
= 195 (145.0-242.0) (Table 3).
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To assess whether it was a significant difference between exposures, Kruskal-Wallis
non-parametric test was performed. The test compares the variations in the medians
for DNA fragmentation foci in the groups. A significant variation in the rank of
distributions for the treatments (p <.0001) were reported (Figure 13 b). Follow-up
Mann-Whitney U test was performed in addition to examine which treatment that
differed significantly from others. A statistically significant difference was found
between all treatments when compared to control value (p <.0001), and when
comparing exposures to each other (p <.0001) (Table 3).

Table 3 Comparison of different hydrogen peroxide exposures and the effect on DNA
fragmentation in MCF-7 cells.

H.O.exposure Cells counted in each DNA fragmentation Differences
concentration and H.0O, treatment foci between
time exposures
N Median 1Q1 —1Q3 p-value
0mM
(Control) 24 7 5.0-11.5
4 mM
30 min 24 23 14.5-39.0 <.0001 2
20 mM
30 min 24 85 47.8-122.0 <.0001°2°
20 mM
60 min 24 184 145.0-242.0 <.0001%

Mann-Whitney U test was performed to examine the differences between the exposures.
& compared to control

® compared to conditions 20 mM H0, for 30 or 60 min.

¢compared to condition 20 mM H0 for 60 min

Altogether, our data show that signals representing DSBs in MCF-7 cells increase both
in a dose-dependent and time-dependent manner after H>O, treatment (Fig. 13 b).
Results are consistent with UVB experiment data, where exposed cells had higher
number of DSBs. dSTRIDE are observed to be reliable, sensitive, and specific method

for performance in MCF-7.
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3.2 Setting up and optimization of dSTRIDE method in spermatozoa

Results of dSTRIDE in spermatozoa was published in the original article (88) but
precautions and critical steps were not described. The protocol for dASTRIDE had to be

tested and validated in spermatozoa.

To test the method, we used semen samples obtained from FS. The samples
contained a broad spectrum of concentrations spanning from 2 million to 200 million
cells/mL. In this process, all collected samples were used regardless of cell motility,
morphology, and vitality.

Three main challenges were faced during the setup of dSTRIDE method in

spermatozoa.

1. To make the spermatozoa attach on coverslips for dSTRIDE to be performed
and analysed

2. To make the dSTRIDE procedure work specifically in spermatozoa

3. To make the sperm chromatin accessible to the different components of the
dSTRIDE protocol

3.2.1 Attachment of spermatozoa onto poly-L-lysine coated coverslips

The dSTRIDE method, as for other immunofluorescence-based procedures, requires
the cells to be attached to a coverslip (88). Since spermatozoa are non-adherent cells,
coverslips had to be coated with an attachment factor so the cells could firmly stick to
it. In Kordon et al. (2020) (88) the authors used poly-L-lysine as a chemically
synthesized extracellular matrix to coat the coverslips for spermatozoa attachment.
Poly-L-lysine is a positively charged polymeric form of the amino acid L-lysine that link
efficiently to negative charged ions of the cell membrane (106). Coating coverslips with
poly-L-lysine is a cheap, easy to perform and fast procedure so we decided to use it in
our dSTRIDE protocol. However, as for the rest of the procedure, the conditions used
to make the coating and let the spermatozoa attached to the coverslips were not fully

described.

Different volumes of poly-L-lysine (300 puL — 1000 pL) and different incubation times
(from 10 minutes to 48 hours) were tested for attachment of spermatozoa. We found

that 10 minutes were enough for the coverslip to be coated efficiently and that an
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incubation in 300 pL of poly-L-lysine (enough to cover the entire surface of the
coverslip) into wells of 24-well plates was a practical and cost-effective procedure.

For attaching spermatozoa to the coated coverslips, different volumes of semen
samples, different incubation times and cell numbers were tested (Table 3). We found
that the most important factor was the incubation time, and that none of the incubation
times tried out (Table 3) were long enough for the spermatozoa to firmly attach to the
coverslips no matter the other parameters. The sample needed to dry out to prevent a
wash-out effect.

Table 3 Conditions tested for attachment of spermatozoa in semen to poly-L-lysine
coated coverslips.

Semen volume Time (min) Cells (total, in 1x10°) Attachment
(ML)
200 5, 10, 15, 20 Not counted No
150 10, 15 Not counted No
100 5,10 Not counted No
50 5,10, 15 Not counted No
35 5, 10, 15, 20 Not counted No
20 Until complete drying 1,2,35,5, 10 Yes
15 Until complete drying 35,575 Yes
5 Until complete drying 2 Yes

The way the semen sample is loaded onto the coverslip is also a parameter that we
found to be critical, especially for further investigations under a microscope. For
example, four spots of 5 uL spermatozoa diluted in PBS were added directly on an air-
dried coverslip and were totally dried out before further experiments, as in Du et al.
(2016) (107) with boar spermatozoa. This approach worked well, and the cells were
not lost undergoing further washing steps, immunofluorescence or dSTRIDE.
However, when looking at the coverslip under a microscope a heterogeneous cell
distribution was observed. As shown in figure 14, the cells at the centre of each spot

were observed to be spread, but the cell density at the edge of the spot was too high
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with aggregation of overlapping spermatozoa. This setup could not be used further for
analysing as it was difficult to isolate single nuclei for quantification of DNA breaks in

the nucleus of spermatozoa.

DNA

Centre

Figure 14 Cell density differences between the centre and the edge of spotted and attached
spermatozoa on air-dried coverslips.

Spermatozoa in semen samples were applied onto coverslips by drops of 5 pL, fixed and
washed three times before nuclear DNA was stained with DAPI to observe cell density and

cell loss by 2-D fluorescence and transmission light microscopy (Trans). Scale bar, 5 um.

Therefore, we aimed to optimize the loading of the semen sample on the coverslip to
obtain a greater spreading of the cells. We observed an overall more homogeneous
cell distribution when 15 pL of semen sample were added to the coated coverslips.
However, the drop did not spread much at the surface of the coverslip and the cell
density remained high. As we thought that the drop was too small to be able to cover
the entire surface of a dry coverslip, we tested the same approach on wet coverslips
by immersing coverslips in distilled H>O followed by PBS right before spermatozoa
were applied. This provided the opportunity to spread the drop over the whole surface,
as we also observed under a phase-contrast microscope. For further experiments, a
volume of 15 pL semen sample was applied onto wet pre-coated poly-L-lysine

coverslips to achieve spreading of cells on coverslips.
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3.2.2 Setting up a dSTRIDE protocol in human spermatozoa

After solving the problem with attachment of spermatozoa onto poly-L-lysine coated

coverslips, dSTRIDE could be verified in spermatozoa.

3.2.2.1 Performing the BrdU incorporation step in tubes instead of on coverslips
strongly reduces the background

We first tried to reproduce the original dSTRIDE protocol on spermatozoa on
coverslips, as indicated by Kordon et al. (2020) (88). For this, we attached
spermatozoa onto coverslips as described above, fixed them in ethanol overnight and
submitted them to the dSTRIDE procedure as for MCF-7 cells. To our surprise, a strong
background, was present all over the coverslip, making further analyses of specific
signals nearly impossible. Moreover, when a chromatin decondensation step was
performed before the dSTRIDE procedure (see below), we observed multiple
fluorescence signals along the tail of the spermatozoa, where there should not be any
detectable DNA in the first place (Fig. 15 a). Performing the cell fixation with ethanol in
tubes as in a regular flow-cytometry-based TUNEL assay decreased substantially the
overall background around the cells (Fig. 15 b). However, a large amount of discrete
fluorescence signals (foci) was still present outside the nucleus (same figure),

indicating that a significant part of the dSTRIDE signals may not be specific.
dSTRIDE er‘e

Figure 15 dSTRIDE experiment in spermatozoa on coverslips and in tubes.

Tube until fixation Coversl
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(a) STRIDE experiment in decondensed cells performed after applying spermatozoa onto
coverslip. Scalebar, 5 um. (b) dSTRIDE experiment in decondensed cells when spermatozoa
were applied onto coverslip right before fixation. Scalebar, 5 pm.

dSTRIDE were performed by excluding reagents and/or part(s) to get a clearer
overview of where the background was coming from during the performance of
dSTRIDE. Different conditions were set; without TdT and BrdUTP nucleotides during
BrdU-incorporation, dSTRIDE without BrdU-incorporation and dSTRIDE excluding
incubation with primary antibodies in addition to BrdU-incorporation (Table 4). Results
showed no signals nor background for the different conditions (Fig. 16, Table 4),
indicating that during the BrdU-incorporation step, non-incorporated BrdU stuck to the

coverslip due to the poly-L-lysine coating.

Table 4 dSTRIDE experiment with decondensed spermatozoa excluding reagents to detect

origin of background signals.

Excluding reagents and/or part(s) during dSTRIDE
TdT and incoEr)rO(I)tJa;tion
Coverslips BrdUTP in BrdU- P . dSTRIDE
. , and incubation :
BrdU- incorporation : . signals
. : with primary
incorporation S
antibodies
Positive control + + + Yes
Test1 - + + No
Test 2 - - + No
Test 3 - - - No
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Figure 16 dSTRIDE experiment on decondensed spermatozoa with different conditions

- TdT and BrdU

- Prmar| ab From bockn‘

visualized by 2-D fluorescence microscopy.

dSTRIDE was performed according to method-section with variated conditions excluding TdT
enzyme and BrdUTPs, BrdUTP-incorporation step or BrdUTP-incorporation step and without
incubation with primary antibodies. Nuclear DNA were counterstained with DAPI. Scale bar, 5

um.

To circumvent the background obstacle, we tested the possibility to perform all the
steps from semen sample preparation until BrdU-incorporation into tubes and to attach
the labelled spermatozoa afterwards. For this, we first used 1.5 mL tubes (PET) and a
fixed angle centrifuge to pellet the spermatozoa after each reaction and for the washing

steps (Fig. 17). In order to preserve the cell integrity and to not further damage the
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DNA, centrifugations were performed at 400 x g for 10 minutes before and 800 x g for
5 minutes after fixation. A centrifugation force at 800 x g reduces the time necessary
to pellet the cells and should not harm fixed cells. To minimize DNA damages caused
by oxidative stress, the centrifuge was set at until the BrdU-incorporation step. Since
the latter is performed at 37°C and to avoid a thermal shock, the final washing steps
were performed at 22°C. Unfortunately, the spermatozoa were spread alongside the
tubes after each centrifugation and were progressively lost during the procedure.
Therefore, we replaced the 1.5 mL tubes with 15 mL polystyrene (PS) or polypropylene
(PP) tubes and used a swing-out rotor centrifuge to ensure the formation of a strong
and compact cell pellet (Fig. 17). Spermatozoa successfully formed visible pellets after
each centrifugation steps and were further attached onto coverslips after the final
washing step, as described above. The rest of the dSTRIDE protocol was followed as
for the MCF-7 cells. As shown in figure 18, the overall background was strongly
reduced, and the vast majority of the signals was located within or at the edge of the
nucleus. This observation is consistent with the hypothesis that the background
observed in our previous "all on coverslip" protocol was due to unspecific binding of

BrdU to poly-L-lysine.

15 mL tubes
- -
24-well plate = = =
Slessscse 15mL = = =
1 Nk \ £ 3
Coverslip . |
PET PS PP

”,1' ~ H‘ § -
©Y |
2) m : = “ : 7‘
Orbital shaker Microcentrifuge _Centrifuge

Figure 17 Lab equipment tested to achieve minimal non-specific background by dSTRIDE in
spermatozoa.

Cells were either prepared onto coverslips placed in 24-well plates, in 1.5 mL tubes or in 15
mL tubes (1). The variation of 15 mL tubes tested are Sarstedt polyethylene terephthalate

(PET) tubes, Falcon polystyrene (PS) and Falcon polypropylene (PP) tubes. Associated
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instruments used were orbital shaker, fixed-angle microcentrifuge, and swing-out rotor
centrifuge (2). For established protocol, 15 mL PS or PP with swing-out rotor centrifuge were
preferred. lllustration created by author using Biorender.com.

dSTRIDE Merge

Figure 18 dSTRIDE experiment with and without decondensation where spermatozoa were

Decondensed Condensed

applied onto coverslips after BrdU-incorporation.

Nuclear DNA were counterstained with DAPI. Scalebar, 5 pm.

To confirm that the signal detected in the nucleus resulted from the TdT-enzyme
activity, we performed two experiments in parallel from the same sample with or without
TdT-enzyme during the BrdU-incorporation step. Our results showed no detectable
signals in the spermatozoa in absence of the TdT enzyme while several signals were
observed in the control cells (Fig. 19). These data strongly suggest that the signals

detected in spermatozoa after the optimized dSTRIDE procedure correspond to DSBs.
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Figure 19 dSTRIDE experiment performed on spermatozoa with and without TdT in the BrdU-

Negative control Positve control

incorporation step visualized by 2-D fluorescence microscopy.
dSTRIDE was performed according to method-section with TdT (positive control) or without

(negative control). Nuclear DNA was counterstained with DAPI. Scale bar, 5 pm.

From our results, we can conclude that dSTRIDE in spermatozoa has to be performed
in tubes to reduce unspecific background observed when performing dSTRIDE on
coverslips. Centrifugations lead to cell loss, and to preserve a majority of cells, swing-
out rotor centrifuges were preferred compared to fixed-angle centrifuges. Tubes of 15

mL composed of PS or PP were preferred compared to 1.5 mL PET tubes.

3.2.2.2 Performing dSTRIDE protocol in human spermatozoa

Initial experiments of dSTRIDE in human spermatozoa resulted in loss of cells and lot
of background. The loss of cells was improved by solving the attachment difficulties
(section 3.2.1), while the background was determined to be due to BrdU incorporation
at unspecific sites on poly-L-lysine coated coverslips and was solved by replacing

coverslips with tubes until after this step (section 3.2.2.1).

The important optimization by dSTRIDE in spermatozoa was to change the
instruments used, replacing coverslip-based methodology to implement the protocol

for performance in tubes (Fig. 17). Protocol is illustrated in figure 20.
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Figure 20 Sperm preparation in tubes for dSTRIDE performance in spermatozoa.

Spermatozoa were placed in 15 mL tubes and washed three times with PBS with centrifugation
in a swing-out rotor centrifuge at 400 x g for 10 minutes at 4°C (1) before fixated in 70% ethanol
and placed at -20°C (2). The day after, cells were washed twice with PBS and once with
Washing Buffer from the kit used for BrdU-incorporation with centrifugation at 800 x g for 5
minutes at 4°C (3). BrdU-solution was applied to the cells and placed in a humidified
environment for 60 minutes at 37°C (4). Cells were then washed twice with Rinse Buffer from
the kit, temperature adjusted to 22°C (5). Cells were applied onto pre-coated coverslips, let
dried and further dSTRIDE protocol were followed with cells attached onto coverslips.

lllustration was made by author using Biorender.com.

3.2.3 Additional steps to decondense the chromatin to facilitate the

incorporation of BrdU at double strand break sites

The decondensation solution contains 0.1% Tx-100 in PBS (permeabilise cell
membrane (108)), 100 U/mL heparin (deplete protamines from chromatin (109)) and 5
mM DTT (reduce disulphide bonds (110)) and was performed after stabilization of the
cells with 0.5% PFA in PBS. Opening chromatin could be damaging for the cell, and
they are therefore stabilized in advance. Several decondensation protocols are
published (111-114), but the protocol by Antonucci et al. (2013) (95) includes washing
steps, pre-fixation and incubation. The protocol is carefully examined and optimized,
S0 every step has a specific function to access DNA content. It is also mentioned the

opportunity the protocol provides to improve TUNEL assay (95).

Results from the sperm chromatin decondensation were a visible enlargement in size
of the nucleus while intact nuclear morphology (115) in addition to their reduced light
refractivity compared to untreated cells (Fig. 21). As dSTRIDE was performed on
coverslips, time of incubation in decondensation solution was evaluated and optimized.
Cells were observed under an inverted phase-contrast microscope each 5 minutes

until 30 minutes of incubation. Swelling of the nuclei was observed after incubation for
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10 minutes (most cells), but some samples needed 15 minutes before all cells received
same physical swelling and therefore, 15 minutes incubation was favoured. Cells
stained with DAPI after 10 and 30 minutes of incubation with decondensation solution
are shown below and have same physical appearance (Fig. 21).

Merge

Figure 21 Optimization of decondensation for spermatozoa applied onto coverslips.

Spermatozoa from the same semen sample were subjected to chromatin decondensation
(decondensation procedure) or not (control) before ethanol fixation and further DNA staining
with DAPI. Two incubation times (10 min and 30 min) are shown and the size of the nuclei for
each experiment was compared between the different conditions by 2-D fluorescence

microscopy. Scale bar, 5 ym.

When decondensed cells followed dSTRIDE procedure on coverslips, strong
background signals were observed in addition to signals in the tails for some of the
cells. Background was not removed regardless multiplied washing steps (Fig. 15 a),
and dSTRIDE procedure was optimized for use in tubes. Decondensation procedure
was then performed accordingly to the use of tubes, customized to fit cell concentration

used in dSTRIDE experiments.
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While published protocol uses 30 minutes incubation at 25°C in the dark, we observed
some altered cell nucleus in some samples using this incubation time (Fig. 22), and
therefore, protocol was altered to 20 minutes prior 10 minutes centrifugation to pellet

the cells.

In total, decondensation with Tx-100, heparin and DTT increases the volume of the
nuclei, open chromatin structure and entail more signals when performing dSTRIDE

protocol, as anticipated (Fig. 22).
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Figure 22 dSTRIDE experiment with and without chromatin decondensation visualized by 2-
D fluorescence microscopy.

Spermatozoa were subjected to chromatin decondensation for either 20 minutes or 30
minutes, or not (untreated) before fixation and further dASTRIDE procedure. Nuclear DNA was
counterstained with DAPI. Nuclear shape was compared between the conditions of

decondensed spermatozoa. Arrows indicate deformed nuclear shape. Scale bar, 5 pym.
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3.2.3.1 Performing dSTRIDE protocol in human spermatozoa with opened

chromatin structure

Human spermatozoa have a higher degree of chromatin compaction than somatic cells
due to the packaging of their DNA by protamines. The use of TdT to incorporate BrdU
at DSB sites supposes that these sites are accessible to the enzyme. The high degree
of chromatin compaction and the resulting inaccessibility of the DNA is often discussed
in studies focusing on DNA fragmentation and several of them recommend opening
the chromatin (95, 114). For this, disulphide bridges between protamines must be
disrupted and protamines depleted.

In our dSTRIDE protocol, an addition step can be implemented to decondense
chromatin structure. Below is optimized protocol for dSTRIDE with decondensation
protocol that results in low-to-none background and bright, individual dSTRIDE signals

observed in fluorescence microscopes.
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Figure 23 Sperm preparation for dSTRIDE including BrdU-incorporation step in Falcon tubes.
Spermatozoa were placed in 15 mL tubes and washed three times with PBS (1) before one
additional wash with 500 uL 0.5% BSA with centrifugation in a swing-out rotor centrifuge at
400 x g for 10 minutes at 4°C (2). Cells were added 500 pL 0.5% PFA for 10 minutes on ice
for pre-fixation (3), then washed twice with 500 pyL 0.5% BSA with centrifugation (4). A
decondensation solution was added and cells were incubated at 25°C in the dark for 20

minutes (5). Cells were then washed three times with PBS by centrifugation (6), before fixated
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in 70% ethanol and placed at -20°C (7). The day after, cells were washed twice with PBS and
once with Washing Buffer from the kit used for BrdU-incorporation with centrifugation at 800 x
g for 5 minutes at 4°C (8). BrdU-solution was applied to the cells and placed in a humidified
environment for 60 minutes at 37°C (9). Cells were then washed twice with Rinse Buffer from
the kit, temperature adjusted to 22°C (10), diluted in PBS (11), and applied onto pre-coated
coverslips, let dried and further dSTRIDE protocol were followed with cells attached onto
coverslips (12). lllustration was made by author using Biorender.com.

3.2.3.2 Spermatozoa with decondensed chromatin detected more dSTRIDE
signals

To evaluate if decondensation procedure decondense chromatin in spermatozoa and
increases the access of TdT enzyme to DSB sites in the DNA for incorporation of
BrdU, dSTRIDE with and without decondensation was performed. For this, we
divided a fresh semen sample in two fractions, one of which was subjected to our
chromatin decondensation using our optimized protocol. Control fraction containing
spermatozoa with condensed chromatin was fixated after three washes with PBS by
centrifugation. dSTRIDE was performed the day after fixation as described in method
section 2.7.2 and 2.7.3.

After the first wash following decondensation protocol, decondensed fraction was
assessed with a light microscope to observe an increased size of nucleus and

reduced light refractivity.

Spermatozoa from the two fractions were observed by 3-D fluorescence microscopy
and more dSTRIDE signals were seen in nucleus of spermatozoa with decondensed
chromatin structure compared to spermatozoa with condensed chromatin (Fig. 24 a).
This difference was visualized by scatter dot plot and confirmed by Mann-Whitney U
test (p <.0001) (Fig 24 b). Number of cells with decondensed chromatin counted
were lower due to fewer attached sperm on the coverslip (Fig 24 c). Raw data are
listed in table 9 in appendix (A2 Raw Data, Section A2.2).

Altogether, this indicates that the protocol functioned as intended.
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Figure 24 Spermatozoa with decondensed chromatin structure had more dSTRIDE signals
than spermatozoa with condensed chromatin structure.

(a) dSTRIDE was performed in control, untreated spermatozoa with condensed chromatin
structure and in spermatozoa from same sample with decondensed chromatin structure by
decondensation procedure. Images are MAX projections obtained from 3-D images. Nuclear
DNA was counterstained with DAPI. Scale, 5 um. (b) Scatter dot plot showing distribution of
foci observed by dSTRIDE in spermatozoa from both fractions, with and without
decondensed chromatin structure. Bold horizontal line present median, while whiskers shows
the lower and upper quatrtiles. * significant difference, p < .0001 obtained by Mann-Whitney U
test between spermatozoa from the two fractions. (c)Table containing cells counted (n) for

each fraction of sample, median and 1Q1-1Q:s.

When chromatin in spermatozoa decondenses, disulphide bonds are reduced and
protamines depleted. TdT enzyme will allegedly get better access to the chromatin in
spermatozoa and a higher number of DNA breaks can be detected (95, 116). It is
therefore expected to observe an increased number of detected DSBs in
spermatozoa with decondensed chromatin structure. In this experiment, a
significantly higher number of dSTRIDE signals, hence DSBs were detected in these

spermatozoa compared to cells with condensed chromatin structure.
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3.2.4 DNA damaging agents increase number of dSTRIDE signals in

spermatozoa

Spermatozoa were exposed to DNA damaging agents (UVB or H2O2) to further
evaluate dSTRIDE procedure.

In a first series of experiments, cells were exposed to UVB irradiation for 2, 5 and 10
minutes, then compared to signals from non-irradiated cells. Irradiation for 10 minutes
was the only condition that resulted in an increased number of signals in irradiated
cells compared to non-irradiated cells when assessed by 2-D fluorescence
microscopy. The experiment with UVB irradiation for 10 minutes where repeated and
compared to non-irradiated cells by evaluation with 3-D microscopy. A visible
difference between irradiated and non-irradiated where confirmed (Fig. 25).

dSTRIDE Merge

Figure 25 More dSTRIDE signals in spermatozoa after irradiation with UVB visualised by 3-D
microscopy.

Spermatozoa was exposed for 10 minutes to UVB irradiation or not prior dSTRIDE. Nuclear
DNA was counterstained with DAPI. Images are MAX projections from 3-D images. Of note,
not all irradiated spermatozoa harboured as much dSTRIDE signals as those showed in this

figure. Scale bar, 5 um.

In a second series of experiments, spermatozoa from the same semen sample were
incubated with 0 mM (control),10 mM, 40 mM, 100 mM, or 200 mM H2O: diluted in

Sperm Preparation Medium™ for 2 hours at 37°C prior dSTRIDE. Untreated
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spermatozoa showed fewer dSTRIDE signals than those incubated with H2O», with
some variations, when evaluating by 2-D fluorescence microscope. The experiment
was repeated to perform quantifications, and images were obtained for 0 mM, 40 mM
and 200 mM by 3D-fluorescence microscopy. A higher number of foci was observed
with an increased concentration of H2O2, consistent with a higher level of DNA
fragmentation induced by H20: in spermatozoa (Fig. 26 a).
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Figure 26 Hydrogen peroxide increased DNA fragmentation in spermatozoa detected by
dSTRIDE and visualized by 3-D fluorescence microscopy.

a) Spermatozoa were treated with 40 mM or 200 mM H,O- for 2 hours and DSBs were detected
by dSTRIDE. Control cells were not exposed to H.O.. Nuclear DNA was counterstained with
DAPI. Images are MAX projections. Scale bar, 5 um. b) Scatter plot showing distribution of foci
observed by dSTRIDE for each condition as in a). Plots show median (bold horizontal line) and
whiskers representing lower and upper quartiles. Each dot represents number of breaks in a
single cell. * significant difference, p < .0001 obtained by Kruskal-Wallis test between the

different conditions.

To assess whether it was a significant difference between treatments with H2O»,
Kruskal-Wallis non-parametric test was performed. A significant variation in the
number of foci after the different treatments (* = p <.0001) were reported (Figure 26
b). Follow-up Mann-Whitney U test was performed in addition to examine which

treatment that differed significantly from others. A statistically significant difference was
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found between treatments when compared to control value (p <.0001), and when
comparing 40 mM H20: treatment to 200 mM H20O- treatment (p <.0001) (Table 5).
Raw data are presented in table 10 in appendix (A2 Raw Data, A2.2).

Table 5 Comparison of different hydrogen peroxide exposures and the effect on DNA
fragmentation in spermatozoa.

H.O.exposure  Cells counted in DNA fragmentation Differences between
concentration each H,O, treatment foci exposures
n Median 1Q1—1Q3 p-value
0mM
43 4 0.0-8.0
(Control)
40 mM 36 11 8.3-15.8 <.00012
200 mM 36 26 13.0-36.0 <.0001 2

Mann-Whitney U test was performed to examine the differences between the exposures.
& compared to control
b compared to conditions 40mM H0..

Overall, our data show that signals representing DSBs in spermatozoa increases in a
dose-dependent manner after H.O» treatment (Fig. 26). dSTRIDE is observed to be

reliable, sensitive, and specific method for performance in spermatozoa.

3.3 dSTRIDE used as a DNA fragmentation test

Once optimized, our dSTRIDE protocol was used to measure sperm DNA
fragmentation under different conditions. The protocol was tested in experiments
where expectations for the results were established. In this chapter, dSTRIDE protocol
was first performed to compare different parameters of the preparation in the same
semen samples by swim-up and decondensation, before the dSTRIDE protocol was
performed in semen samples with known DNA fragmentation earlier obtained by SCSA
(92).

3.3.1 Spermatozoa prepared by swim-up show less dSTRIDE signals than non-

prepared spermatozoa from the whole ejaculate

The swim-up technique is used to isolate progressive motile spermatozoa from seminal
fluid without using centrifugation steps. It functions by incubating semen with a layer
of medium with nutrition, so motile spermatozoa can be aspirated and further used.

Experiment was performed to test dSTRIDE protocol in progressive motile
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spermatozoa and compare to the corresponding spermatozoa from the whole semen
sample. To do that, the semen sample was divided in two fractions, control (whole
sample) and swim-up. Spermatozoa in control fraction was washed three times by
centrifugation with PBS to isolate cells from seminal fluid. Spermatozoa with
progressive motility have less DNA fragmentation (117) and therefore, this fraction is

expected to have less dSTRIDE signals compared to spermatozoa in control fraction.

The quality of each portion was before fixation assessed with a light microscope and
observed that samples with swim-up spermatozoa had an increased motility rate and

no occurrence of excess cells compared to control fraction.

After dSTRIDE, cells were observed by 2-D microscopy and both fractions had few
dSTRIDE signals in the nuclei, making it difficult to observe an immediate difference
(Fig. 27 a). Some cells from the whole sample showed a higher number of dSTRIDE
signals (Fig. 27 b), indicating that there could be a difference. Images of cells were
later obtained by 3-D fluorescence microscopy for quantitative analysis, and Mann-
Whitney U test showed significant difference between the number of dSTRIDE signals
counted in the two fractions of the sample (p <.0001) (Fig. 27 b). The number of
counted foci is listed in table 11 in appendix (A2 Raw Data, Section A2.2).
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Figure 27 dSTRIDE experiment with spermatozoa prepared by swim-up or non-prepared
spermatozoa from the whole ejaculate.

(a) dSTRIDE was performed in semen sample divided in two fractions, one containing
progressive motile spermatozoa isolated by swim-up and one containing sperm from the

whole ejaculate. Nuclear DNA was counterstained with DAPI. Images are MAX projections.
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Scale bar, 5 um. (b) Scatter dot plot presents the distribution of dSTRIDE foci in
spermatozoa present in control (blue) and swim-up (orange) fractions. * significant
difference, p < .0001 obtained by Mann-Whitney U test between number of foci in
spermatozoa from the two fractions. (c) Table containing cells counted (N) for each fraction,
median and 1Q1-1Q:s.

The use of our dSTRIDE protocol showed more signals in spermatozoa from control
fraction, compared to spermatozoa from swim-up preparation from the same semen
sample (Fig. 27 b). This was expected due to the observed strong correlation between
progressive motility and DNA fragmentation in spermatozoa (117). This result is
consistent with earlier experiments with expected outcomes (section 2.3.4) and
indicate and strengthen that dSTRIDE presents a sensitive method for detection of

DSBs in human spermatozoa.

3.3.2 Measuring double strand breaks in semen samples by dSTRIDE and

immunofluorescence with yH2AX

We wanted to briefly compare signals detected by dSTRIDE to signals obtained
using YH2AX immunofluorescence in two different samples. The dSTRIDE and
yH2AX immunofluorescence were performed in parallel in samples related to an
ongoing method-development project. Spermatozoa in the samples were treated with
decondensation solution prior to dSTRIDE and yH2AX staining, respectively. Cells
were evaluated and signals were compared using a 3-D fluorescence microscopy

with deconvolution.

For yH2AX immunofluorescence, no quantification of the number of yH2AX signals
was performed. By visual evaluation a difference was seen between the two
samples, where sample 1 presented a higher number of bright signals (Fig. 28)
Evaluation was primary focused on bright signals, since many diffuse signals were

observed in most cells in both samples and was difficult to state as yH2AX signals.
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Figure 28 Immunofluorescence showing yH2AX in spermatozoa from two different samples

with decondensed chromatin structure visualised by 3-D fluorescence microscopy with
auxiliary magnification.

Immunofluorescence was performed in parallel to dSTRIDE (Fig. 29) on spermatozoa with
decondensed chromatin structure from two semen samples (1 and 2). DNA was

counterstained with DAPI. Images are MAX projections. Scale bar, 5 um.

For dSTRIDE cells were evaluated by microscope and quantifications from the
obtained images showed a higher number of dSTRIDE signals in sample 1 compared
to sample 2 seen by median and 1Q1-1Qs (Fig. 29). This result confirms the previous

observation (Fig. 28) where more yH2AX-signals were observed in sample 1.

From this preliminary experiment on two different semen samples, similar DNA
fragmentation results were observed using our dSTRIDE protocol and yH2AX

immunofluorescence.
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by 3-D fluorescence microscopy with auxiliary magnification.

(a) dSTRIDE was performed in two semen samples with decondensation procedure before
visualised using 3-D fluorescence microscopy. Nuclear DNA was counterstained with DAPI.
Images are MAX projections. Scale bar, 5 um. (b) Scatter plot show distribution of counted
dSTRIDE signals in spermatozoa from the two samples. Median with interquartiles are
presented as bold horizontal line and whiskers. Each dot represents number of breaks in a
single cell. (¢) Number of cells counted (N) in each sample with median for dSTRIDE signals

and lower and upper quartiles.

3.3.3 Testing our new protocol against a well-established method: dSTRIDE vs
SCSA

Results obtained from experiments comparing different sample parameters have
indicated that dSTRIDE is a sensitive and specific method for detection of DSBs in
human spermatozoa. To empower and confirm our dSTRIDE protocol as a
competitive and alternative method for detection of DNA fragmentation in human
spermatozoa, a controlled experiment has to be conducted. The purpose of this
experiment was to evaluate if AISTRIDE and SCSA obtained results with same trend

across samples.

For this, frozen samples from a biobank containing spermatozoa form a previous
project evaluating the relationship between different biological factors and several

sperm parameters including DNA fragmentation assessed by SCSA were used. A
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total of 11 samples were thawed and further used for dSTRIDE with performance of

decondensation in advance.

For all samples, the semen volume and sperm concentration were previously

assessed (91) (Table 6).

Table 6 Semen volume and concentration in samples used to compare STRIDE results with

known DNA fragmentation index (DFI).

Semen sample 1 2 3 4 8 10 11
Semen Volume

42 84 44 58 64 57 5.6 4.5 6.0
(mL)
Concentration

106 134 52 89 104 120 122 119 119 106
(10%/mL)

All samples were evaluated by a 3-D fluorescence microscope and differences

between the samples were observed. Images of cells were obtained for

guantifications. Number of foci counted in each cell from the samples are listed in

table 12 in appendix (A2 Raw Data, Section A2.2). Table 7 shows descriptive

statistics obtained from dSTRIDE experiment in addition to SCSA obtained DFI from

related in previous project (91).

Table 7 Table of number of cells (N), median with lower and upper quartiles, minimum and

maximum values from dSTRIDE experiment and DFI (%) obtained to earlier project (91) for

each sample.

Samples 1 2 3 4 5 6 7 8 9 10 11
N 205 206 190 202 204 197 204 204 204 201 204
Median 5 3 1 2 1 0 2 10 1 2 2
1Q1-1Q3 2-8 16 03 1-3 1-3 0-1 1-4 5-16 0-3 1-4 1-5
Minimum 0 0 0 0 0 0 0 0 0 0 0
Maximum 17 13 7 6 6 2 8 32 7 8 11
DFI (%) 58 25 42 80 9 8 9 8 12 39 16
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The distribution of number of foci counted in each cell nuclei from the different
samples are presented as a scatter dot plot (Fig. 30 a) and presents differences in
dSTRIDE signals between samples. Results obtained from the two DNA
fragmentation tests showed apparently different results when comparing median of
detected dSTRIDE signals with DFI (%) by SCSA. Especially two samples showed
high discrepancy between the tests (sample 4 and 8). Simple regression analysis
was performed to assess a possible relation between the two methods. The results
showed no relation (r = .36, p = .274), and are also illustrated as a near-horizontal
slope in figure 28 b. Interestingly, when the two samples with high discrepancy were
removed, a positive relation was found (r = .686, p = .042) between the two methods
(shown in Appendix, A2.3, Figure 32).

Overall results indicated a disparity between the two methods when using the median
dSTRIDE foci values obtained from all 11 samples.
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Figure 30 Number of dSTRIDE foci detected in semen samples and compared with known

DNA fragmentation index (DFI).

(a) Scatter dot plot presenting distribution of dSTRIDE foci across samples. Number of foci in

each cell are presented as individual dots. Median with lower and upper quartiles are presented

in the scatterplot as horizontal bars in black for all samples. The upper line in each sample

indicates the maximum value as defined by Tukey’s fences. (b) Simple regression analysis
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presenting DNA fragmentation index obtained from SCSA (91) with dSTRIDE signals as

median values in the same semen samples. DFI values are written right to each sample.

4. Discussion

In this project, we established and optimized a new protocol for in situ detection and
guantification of DSBs specifically in spermatozoa. In primary tests, we successfully
reproduced and challenged the dSTRIDE method in somatic cells using DNA
damaging agents. Afterwards, the dSTRIDE protocol had to be modified to overcome
the challenges arising from the sperm cell’'s characteristics, which include their non
adherent nature and a highly compact chromatin structure. In this process, sensitivity
and specificity of dSTRIDE were assessed by inducing DSBs and by comparing
different sperm preparation methods. Finally, we performed experiments to compare
dSTRIDE results with those obtained using other well-established methods to detect

DNA fragmentation in spermatozoa, SCSA and yH2AX detection.

4.1 Reproducing and testing the original STRIDE protocols in somatic

cells: a challenge

The original s- and dSTRIDE protocols were mainly developed for somatic cells (88).
Therefore, in the first series of experiments we aimed to reproduce and test them in
the breast cancer cell line MCF-7 since, as the majority of cancer cells, they were
expected to harbour a significant level of DNA damage (104, 118). Unfortunately,
even though the theory behind each of the two methods was clearly described by the

authors, several details were missing in the published protocols.

For the dSTRIDE method, it was unclear how the washes were performed after each
reaction and we obtained high levels of background in our first attempts to detect
DSBs in MCF-7 (Fig. 8). Preliminary results obtained by Dr. Erwan Delbarre in our
lab clearly established a link between the BrdU incorporation step of the protocol and
the unspecific signals observed all over the coverslips. Indeed, no fluorescence
signals were observed when dSTRIDE was performed without BrdU, indicating that
the background was not associated to the PLA procedure (data obtained before the
beginning of my project and not shown in this thesis). However, the foci-like
appearance of the signals across the coverslips suggested that the remaining, non-
68



incorporated molecules of BrdU were close enough to each other to be detected
during the PLA procedure (119). We drastically reduced the signals outside the
nuclei by increasing the intensity of the shaking during the washes following the BrdU
incorporation step (Fig. 8). When such hard shaking was applied, the background
around the cells were reduced to almost zero in most of our experiments. These
results are consistent with the hypothesis that with mild washes, a large amount of
BrdU can remain on the coverslip after the labelling of DSBs in the dSTRIDE
procedure. The need for reducing the background (also called noise) to a minimal
level is a recurrent problem in quantitative analyses relying on fluorescence
microscopy (discussed for example in (120)). In methods based on PLA such as
STRIDE, the noise may prevent the accuracy of the measurements. Indeed, the
guantification of the PLA signals in cells often requires the acquisition of images
allowing the visualisation of all of them across the region of interest (for ex. the
nucleus). Random foci near this region may be difficult to identify as such and some
would undoubtedly be counted as positive signals, potentially distorting the analyses.
In our case, it would be difficult to exclude foci located above the nucleus, as the
space between the top of the latter and the outer surface of the plasma membrane is

very thin when the cells are growing on coverslips (Fig. 31).

Figure 31 Schematic representation of an MCF-7 cell showing dSTRIDE signals and a high
level of unspecific background.

The drawing shows a cross section of an MCF-7 cell growing on a glass coverslip,
harbouring positive signals of dSTRIDE (red dots) in the nucleus (N). Unspecific signals
corresponding to un-incorporated BrdU are represented with black dots when outside the cell
and by blue dots inside the cytoplasm (C). While the cytoplasmic signals are easy to
recognize on images taken with a fluorescence microscope and hence to remove in
guantitative analyses, the unspecific signals right above the nucleus (between the dotted
lines) are sometimes difficult to identify as such and may be considered as positive dSTRIDE

signals. lllustration created by author using Biorender.com.
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Once optimized, we successfully tested the dSTRIDE protocol using UVB exposure
and different concentrations of H2O> to induce DNA breaks in MCF-7 cells. For each
condition, we observed an increase of the overall amount of dSTRIDE signals in the
nucleus of treated cells compared to their respective control cells (Fig. 10 a and Fig.
13). Moreover, the response was dose- and incubation time-dependent with H20»,
consistent with the high sensitivity of the dSTRIDE method claimed by the authors
(88). These increases were paralleled with higher levels of H2AX phosphorylation
(yH2AX) (Fig. 11 and Fig. 12), an early event of the DNA damage response in case
of DSBs (121). These data confirm the induction of DSBs in our experiments and
strongly suggest that the dSTRIDE signals observed in the cells do specifically
correspond to DSB sites. To firmly conclude that dSTRIDE and yH2AX signals are
associated with the same DNA structures, an additional experiment could be to
incorporate BrdU with the TdT enzyme as in dSTRIDE and to further perform a PLA
using primary antibodies against BrdU and yH2AX. Unfortunately, we could not test

this within the time frame of this project.

For the sSTRIDE method, the concentrations and/or volumes of the different reagents
needed to incorporate labelled nucleotides at SSB sites were not indicated in the
original publication (88). In contrast to dSTRIDE, this step was not performed using a
commercial kit. Even though we followed the recommendations provided with the
Endogenous Biotin-Blocking Kit (Molecular Probes, revised 22.04.2002) and further
tested different conditions to block the access to endogenous biotin, we failed to reduce
the cytoplasmic background generated by the sSTRIDE procedure in MCF-7 cells.
Moreover, sSSTRIDE gave similar results when performed with or without labelled
dNTPs (Fig. 9 b) and the induction of DNA damage by UVB irradiation did not increase
significantly the sSTRIDE signals within the nucleus compared to untreated cells (Fig.
10 b).

These observations strongly suggest that (i) our sSTRIDE procedure failed to label
SSBs and (ii) the fluorescence signals detected in our experiments most likely
correspond to biotin naturally present in the cell nucleus, mitochondria and cytosol
(122). A possible way to confirm this hypothesis, at least partially, would be to stain
mitochondria using a mitotracker in addition to the sSTRIDE protocol. It is well known
that cells with endogenous biotin should be treated with a blocking solution before any
experiment relying on biotin labelling and that this step is critical for quantitative
analyses. For further attempts, the blocking step could be performed without the

washing steps between streptavidin and biotin incubations, as described in a previous
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study (123) mentioned on Thermo Fisher website. On the contrary, another approach
could be to wash even more thoroughly between and after incubation with streptavidin
and biotin. The protocol we followed included 3 x 30 seconds washing between and 3
x 5 minutes of washing after biotin incubation, while another suggestion from Thermo
Fisher (2009) (124) was to use 3 x 10 minutes of washing between and after biotin-
incubation. Another group used washes of 3 x 5 minutes both in between and after
biotin-incubation (125), indicating that the washing step after streptavidin-incubation
could at least be prolonged. However, reducing the overall background in our
experiments would not be of any use if we cannot address the dNTPs incorporation
issues. And for this, much more work has to be done to test different conditions since
we did not find any published studies relying on the incorporation, in fixed cells, of
dNTPs by DNA polymerase | (E. coli).

4.2 Establishing and optimising dSTRIDE for spermatozoa
4.2.1 Dealing with the non-adherent nature of spermatozoa

Spermatozoa are non-adherent cells and their attachment onto glass coverslips relies
commonly on the coating of the latter by poly-L-lysine (106). We found only few
publications where the method used for attachment of spermatozoa to coverslips was
fully described and it seemed that each lab had their own protocol. Therefore, we
performed several tests to optimize the coating conditions and the number of
spermatozoa, as well as the volume of sperm preparation to be used in this process.
The two major challenges we had to face were (i) the loss of spermatozoa after the
attachment procedure, and (ii) the heterogeneity of the cell distribution across the
coverslip with very dense area making measurements in these regions nearly

impossible.

The volume of semen as well as how it was added to each coverslip was appeared
rapidly to be critical parameters. When coverslips were immersed in semen in 24-well
plates (Table 3), a drastic cell loss was observed in every experiment. Adding the
semen sample to a coverslip placed on a parafilm at room temperature and let it totally
dry successfully minimized the cell loss during the following procedures. This idea was
inspired from a study were immunofluorescence on boar semen was performed using
spots of only 5 pl of semen suspension onto the coverslips (107). However, when using

the same volume (5 pl) of sperm suspension, we noticed an important accumulation of
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cells at the edges of the coverslips, with only few in the centre (Fig. 14). This pitfall was
circumvented by adding a single, larger drop of semen sample to the centre of a still-
wet coated coverslip to spread cells homogeneously, instead of making several small
spots across the surface. After this procedure, it was essential to let the coverslip dry
completely. Indeed, spermatozoa’s primary binding structures are their heads and their
tail remain motile for a while if immersed in a buffer such as PBS (126). We observed
that the midpiece and tail were ripped off and washed away during the fixation step if
the spermatozoa were not dried out before the procedure.

In conclusion, we recommend the following procedure to attach spermatozoa on
coverslips in experiments where it is needed: First, add 300 pL of 0.1% poly-L-lysine
on top of a coverslip in a 24-well plate. Then, right before applying spermatozoa, use
a tweezer and place the coverslip into distilled H>O then PBS for a second each and
place on parafilm. Last, add 15 pyL of semen to the wet coverslip and wait to it is totally
dried.

4.2.2 Trying to implement the dSTRIDE protocol in spermatozoa brings the

background issue to another, more complex level

When trying to optimize the dSTRIDE protocol to make it suitable to detect DSBs in
spermatozoa, we used a considerable amount of time to overcome the background
obstacle associated to the use of both poly-L-lysin and BrdU. This could have been
avoided if the authors of the original article had provided proper descriptions of their
protocols and/or if they answered our questions. Nevertheless, while the original
protocol assessed DSBs in spermatozoa prepared by density gradient centrifugation
(88), wanted to examine cells from the whole ejaculate since the evaluation of DNA

fragmentation should mirror the whole semen sample.

When dSTRIDE was performed in spermatozoa attached on coverslips using the same
procedure as in MCF-7 cells it resulted in high amounts of unspecific signals all over
the coverslips, even with intense shaking during the washing steps (Fig. 15 a). We
identified the background to be due to the poly-L-lysine coating of the coverslips, to
which BrdU can attach in a non-specific manner. Having spermatozoa on coverslips
before starting the dSTRIDE procedure appears then to be something to avoid and we
resolved this issue by doing the BrdU incorporation step in Falcon tubes and attaching

the sperm cells to the coverslips after that. However, this experimental setup requires
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several centrifugations before fixation and since we wanted to measure DNA
fragmentation, it was essential to prevent as much as possible additional DNA
damage, as well as non-physiological alterations of the sperm cells. To ensure that,
the centrifugations were performed at low speed (400 x g) and at 4°C to minimize the
generation of DNA fragmentation by ROS (127-129). Unexpectedly, we figured out that
the type of tubes and centrifuges used in this optimized protocol played a critical role.
Indeed, using 1.5 mL Eppendorf tubes together with a fixed angle centrifuge or PET
15mL tubes led to a gradual and critical loss of cells across the procedure. When the
aforementioned steps were performed in PP/PS 15 mL tubes combined with a swing-
out rotor centrifuge, a strong cell pellet remained visible until the final wash before cell
attachment on coverslip and enough spermatozoa were present to be further
processed. We also tried to use 1% BSA in PBS during the washing steps instead of
replacing the material of the tubes used, but clusters of cells were generated, and this
option was not further investigated. For further optimization, centrifugations with a
higher force than 400 x g but shorter time than 10 minutes could also be tested as the
centrifugation time is of more importance than centrifugation force in the formation of
ROS (130).

In conclusion, we recommend performing the initial steps of the dSTRIDE procedure
until the final washes after BrdU incorporation in tubes as we observed minimal
background (Fig. 15 b).

4.2.3 Accessing the highly compacted sperm DNA

A mature spermatozoon has its genetic material condensed by protamines, making the
DNA highly compacted compared to a somatic cell (27). So, when the access to DNA
is required to address specific questions in sperm cells, procedures allowing to open
their chromatin are often included in the experimental setup (131, 132). In the dSTRIDE
method, the TdT enzyme must get access to dsDNA breaks to incorporate BrdU at
these sites. In this thesis, we worked out a chromatin decondensation protocol to be
performed prior to dSTRIDE, based on Antonucci et. al (2013) (95). The article stated
that DTT alone does not decondense chromatin optimally and showed that the addition
of heparin into the decondensation solution greatly increased the accessibility to DNA
(95). These reagents are analogues of heparan sulphate (133) and glutathione (134)

promoting decondensation of sperm chromatin at time of fertilization.
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We obtained more dSTRIDE signals in decondensed spermatozoa than in non-treated
ones from the same semen sample, consistent with the higher accessibility to discrete
DNA sites after chromatin decompaction (Fig 24). The physical appearance of
spermatozoa was also altered after the decondensation procedure with a slight, but
obvious swelling of the nucleus, making it easier to evaluate and analyse only the
spermatozoa successfully decondensed. It is known that the achievement of
decondensed chromatin in spermatozoa can vary based on plasma membrane
integrity, and spermatozoa with lower plasma membrane integrity achieve chromatin
decondensation faster (135). The observed altered nuclear shape of some
spermatozoa after incubation with the decondensation solution (Fig. 22), could
therefore be a sign of lower plasma membrane integrity. Since the population of
spermatozoa in the whole ejaculate are heterogenous, some differences in the degree
of decondensation are likely. Either way, by using this protocol, the shape of nucleus
is maintained and successfully decondensed in most of spermatozoa regardless

sample used.

The presence of dSTRIDE signals in the tail decondensed spermatozoa in some
experiments made us question whether our procedure damages DNA or initiates DNA
leakage? A study investigating the plausible increase of sperm DNA fragmentation of
5 mM DTT (136) showed no statistical increase between samples with and without
DTT. After implementing addition washes, these signals were substantially decreased
but still present in spermatozoa from samples with high DNA fragmentations or in cells
from fractions exposed to UVB-irradiation. It did not compromise the counted dSTRIDE

foci in the cell nuclei and we determined that is was not a problem in the end.

The issue of the highly compacted structure of sperm chromatin is a recurrent topic in
the research field focusing on sperm DNA fragmentation and the approaches used in
the different DNA fragmentation tests to detect DNA damage in spermatozoa remain
source of intense discussions. These tests measure different aspects of DNA
fragmentation and differ remarkably from one to the other. SCSA open chromatin
directly at the site of breaks (137), Comet assay denatures the chromatin and relaxes
DNA loops domain for a better access to DNA breaks (138) while the original TUNEL
assay does not decondense chromatin. This was reported by Mitchell et al. (2011)
(116) when they stated that TUNEL consistently underestimates DNA damage and
further suggest a decondensation procedure using DTT prior to TUNEL assay. In the

temporary 6" edition of the WHO laboratory manual for the examination and
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processing of human semen, chromatin decondensation is listed as the part of the
modified TUNEL assay protocol.

Decondensation of chromatin is not performed in most studies published using TUNEL
assay or dSTRIDE, but since we wanted to obtain the number of signals as closely
related to the cell’s whole amount of DSBs, decondensation was implemented. The
decondensation procedure contains a mild fixation step with PFA (0.5%) followed by
the opening of chromatin using Tx-100, DTT and heparin. At last, we added three

washes to remove all reagents before fixation.

4.3 Evaluation of the dSTRIDE sensitivity
4.3.1 In response to DNA damaging agents

By exposing spermatozoa to different DNA damaging agents with several experimental
setups we seek to measure the sensitivity and accuracy of our new method while it
was obvious in MCF-7 cells, the effect of UVB irradiation on sperm nucleus was difficult
to evaluate by dSTRIDE. Our observations suggested a difference between the levels
of dSTRIDE signals in spermatozoa exposed to UVB for 10 minutes and those from
non-irradiated spermatozoa. These results were consist with Mallidis et al. (2011) (139)
who observed an increased DNA damage in cells irradiated by UVB for 10 minutes.
Study from Amaral et. al (2013) (140) also indicated that UVB irradiation generated
ROS in the mitochondria found in the midpiece of a spermatozoon, with a significant
accumulated number after 60 seconds of radiation. In conclusion, we observed an

expected increase of dSTRIDE signals in spermatozoa exposed to UVB radiation.

To test our protocol further, we wanted to incubate cells with different H2O:
concentrations. A significant increase of dSTRIDE signals was however observed in
spermatozoa incubated with different concentrations of H2O, (Fig. 26 b, Table 5). We
based our approach on the article from Kemal Duru et al. (2000) (141). In their
experiment, spermatozoa were incubated with different concentrations of H.O, and
DNA fragmentation assessed using a TUNNEL assay. Their results showed a
significantly higher DNA fragmentation value when spermatozoa were treated with 200
UM for 2 hours at 37°C compared to control (O uM) cells. In addition, a minimum
concentration of 100 uM was necessary to observe a significant difference in DNA
fragmentation between treated and control cells. Strikingly, not only we observed a

dose-response effect in our experiments, but we also measured a significantly higher
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number of dSTRIDE signals in spermatozoa exposed to H-O> with a concentration as
low as 40 uM compared to control cells. These data argue for a higher sensitivity of
dSTRIDE compared to the classical TUNNEL assay used by Kemal Duru et al. in their
study and confirm the quantitative aspect of the method. Of note, we did not observe
visible increases of dSTRIDE signals when we used 10 uM H2O2, consistent with the
results obtained for this concentration in the study mentioned above (141). To further
confirm our results and better assess the sensitivity of the dSTRIDE method, it could
be interesting to repeat the same type of experiment with more conditions, for example
using 10 different H.O> concentrations spanning from 10 puM to 200 uM. Of course, the
reproducibility of the results would have to be confirmed in several semen samples.

4.3.2 Spermatozoa isolated by swim-up vs spermatozoa from whole ejaculate:
dSTRIDE can detect the difference

Swim-up is usually performed to isolate motile spermatozoa, used for fertilization since
spermatozoa with poor motility most likely won’t reach and penetrate the oocyte (142).
Spermatozoa isolated by preparation of swim-up also contain less DNA fragmentation

(143) and we used this property to test our protocol.

Using dSTRIDE, we detected significantly less DSBs in swim-up spermatozoa
compared to control cells, as expected (Fig. 27). These results are consistent with
other studies comparing DNA fragmentation in control and swim-up fractions from
semen samples using SCD assay (144, 145) or TUNEL (143). Results published using
TUNEL (obtained by fluorescence microscope) show more variability than studies
using SCD assay, resulting in contradicting results, with and without significantly less
DNA fragmentation in the swim-up fraction (143, 146). It is worth mentioning that swim-
up was performed with some variations and that the number of spermatozoa counted

varied across the studies.

To conclude, even though the experiments were performed on spermatozoa from only
one semen sample, our results show similar trends compared to earlier studies and
suggest a functional, sensitive dSTRIDE method that can detect differences in DNA
fragmentation between motile spermatozoa and spermatozoa from the whole

ejaculate.
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4.4 Can dSTRIDE be a new reliable DNA fragmentation test?

The experiments referred to in this section are preliminary and were performed only

once.

4.4.1 Comparison of dSTRIDE with yH2AX-detection

Although spermatozoa do not have an active DNA repair machinery, protein-kinases
that phosphorylates histone H2AX on Serl39 are present in the nucleus of human
spermatozoa (147). When DSBs occur in sperm cells, H2AX are phosphorylated
(yH2AX) and accumulates at the site of DNA damage (148, 149). Since DNA repair is
terminated in mature spermatozoa, the phosphorylated state remains in the cells (150),
and yH2AX can be detected. This characteristic makes yH2AX to a valid biomarker for
indirect detection of DSBs in human spermatozoa.

To compare DSBs results between dSTRIDE and yH2AX immunofluorescence we
performed the two methods in parallel. We used two different semen samples and
expected to have different DNA fragmentation levels. Our results showed similarities
between the relative number of signals detected by each method. However, the
guantification of the yH2AX signals should have been conducted in the same way as
for dSTRIDE to firmly conclude the correlation between dSTRIDE and yH2AX signals

obtained by the two methods.

A very interesting study published by Garolla et al. from 2015 (151) compared DSBs
obtained by yH2AX immunostaining and TUNEL assay in spermatozoa from infertile
men. Methods were flow cytometer based. The authors observed a significantly higher
percentage of yH2AX positive spermatozoa from males from non-pregnant couples
compared to pregnant couples. In addition, the quantification of yH2AX levels was
shown to be a more sensitive method to measure the DFI (%) than the TUNEL assay.
When evaluating the yH2AX signals in our two samples by microscopy, the signals
were diffuse in each nucleus (Fig. 28) compared to the dSTRIDE foci (Fig. 29),
consistent with previous studies (150). We based our preliminary conclusions on the
evaluation of the bright signals in each cell when comparing samples and methods. If
the experiment was quantified, we could compare the levels of yH2AX by measuring
the fluorescence intensity corresponding to yH2AX signals in the whole nucleus.
However, this way to analyse signals could not allow the comparison between yH2AX

immunofluorescence and dSTRIDE but could show the possible difference of yH2AX
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signals between the samples analysed by yH2AX immunofluorescence. Another
experiment could be to implement PLA protocol after yH2AX primary antibody
incubation to obtain signal enhancement and then compare. If the same amount of
yH2AX signals were detected but with brighter spots, we could confirm that this method
detects a remarkable higher number of DSBs compared to dSTRIDE, and therefore
confirm one of the results from Garolla et al.

4.4.2 dSTRIDE vs SCSA

In this project, we had access to semen samples previously analysed by SCSA, as
well as the DFI measured for each of them. We took this opportunity to test whether
we could observe the same differences between 11 samples in terms of amount of
DNA damage when using dSTRIDE or SCSA approaches. Indeed, even though we
succeeded in optimizing a dSTRIDE protocol for DSBs detection in individual human
spermatozoa, how to interpret the results in the context of a cell population remains an
open question. On the other hand, SCSA is a standardized, reliable and highly
accurate method for measuring sperm DNA fragmentation in a large number of cells
(64). As mentioned earlier, comparison between methods is challenging essentially
because of differences in performance between the instruments used and in the sperm

preparation prior to analysing.

From the dSTRIDE experiments, resulted presented a broad range of foci numbers
(Fig. 30 a) between samples. However, and to our disappointment, no relation was
found between results of the two methods by simple regression analysis for all
samples. When having a closer look at the results, two samples appeared to negatively
affect the correlation between the two sets of data. In one of them (sample 8), the
number of dSTRIDE foci per cell was clearly in contrast with the other samples, with a
median value of 10 (Fig. 30 c). In the other one (sample 4), a low median value (2) was
measured with dSTRIDE while the DFI-value was 80% with SCSA. When these two
samples were excluded from the statistical analysis, a positive correlation was
observed. We hypothesize that something went wrong with the samples during the
dSTRIDE experiment rather than in the SCSA analyses, since the latter were
performed in triplicate, with a good reproducibility (91). Nevertheless, to be able to

draw any conclusions, the experiment must be repeated.
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The use of the median may not be the optimal method to assess DNA fragmentation
in dSTRIDE experiments. We did use it in this thesis as it is easily obtained, but it is
not necessary the best fit. We tried express the DNA fragmentation level by the
percentage of sperm with fragmented DNA in each sample, and different definitions of
what a positive cell was were tested, ranging from 0 — 5 dSTRIDE foci (this are shown
in Appendix, A2.3, Table 13). Despite our expectations, none of these led to a better

correlation between the two methods compared to the use of median.

SCSA use acridine orange (AO) that stains low pH- and/or heat-denatured fragmented
DNA in red or intact DNA in green after spermatozoa are exposed to acid (34). In flow
cytometers, the threshold level of intensity must be determined so low intensity
coloured cells are accounted for or evaluated as negative. The distribution of
fluorescence intensities could overlap with autofluorescence, presenting false positive
or negatives, depending on the threshold settings. Thresholding is also used for
counting signals generated by the dSTRIDE procedure using ImageJ. The threshold
for determining a signal as a dSTRIDE foci is set manually and must be low enough to
detect all bright signals as positives foci and ignore what is thought to be negative.
These two methods can cause conflicting results due to the specific differences
between the instruments. While microscopy can be affected by subjectivity, settings
on the microscope and observation time of the specimen (resulting in fluorescence
bleaching), flow cytometers can be affected by threshold settings presenting false
positives or negatives (for example if non-sperm elements are recognised) (152, 153).
Results from TUNEL assay experiments using fluorescence microscope and flow
cytometry have also reported % of TUNEL-positive sperm with conflicting results (154-
156). Statistical analysis also favours large sample sizes, a time-exhausting mission if

images and counting are obtained manually and semi-automatic as by dSTRIDE.

The experiment itself also had several limitations. First, dASTRIDE was only performed
once in each of the 11 samples. On a regular basis, similar experiments are performed
in triplicate to validate the results. In addition, only few samples were analysed.
Optimally, all semen samples with known DFI measured by SCSA stored at biobank,
OsloMet should be analysed. Another aspect that may account for the differences
observed in the results of the two methods is that SCSA is supposed to detect both
SSBs and DSBs, compared to dSTRIDE which only detect DSBs. The discrepancies
between our results may come from the detection of different types of DNA damage.
A higher DFI may be due to high level of SSBs, which will not be detected by dSTRIDE.

We did not find any study comparing the SSB and DSB ratio, correlation or relationship
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in human spermatozoa, but this aspect could bias the basis of comparison between
the methods. Also, sperm chromatin was decondensed when dSTRIDE was performed
in these samples, suggesting, that the accessibility to DNA in these samples could be
higher for dSTRIDE than by SCSA. An interesting experiment would be to re-do the
dSTRIDE procedure in these samples without the chromatin decondensation step and
to compare again the results with the SCSA data.

4.5 Future possibilities for dSTRIDE

The two standardized methods for measuring DNA fragmentation in spermatozoa are
SCSA and TUNEL assay, both assessed by flow cytometry. They remain expensive
requiring access to a flow cytometer alongside highly qualified and dedicated
personnel. If measuring sperm DNA fragmentation are going to be implemented as a
test in regular semen analysis or broader used, a more accessible and clinically useful
method with a high degree of sensitivity is needed. In this thesis, dSTRIDE have been
optimized for use in spermatozoa, with and without decondensed chromatin. By
measuring DNA fragmentation with dSTRIDE, individual events can be detected in a
single cell, each corresponding to a DSB. The advantage of this in the context of semen
analysis per se unknown, but future experiments can investigate if such benefits exist.
It however offers the possibility to visualise where, in the sperm nucleus, DSBs are
occurring, something that the other methods cannot do. This will maybe allow to define
different types of spermatozoa, based on the distribution of the DSBs within their

nucleus.

Compared to other methods listed in table 2 (1.3.3), dSTRIDE is a direct method when
measuring DNA fragmentation. It incorporates BrdU-conjugated nucleotides at the site
of a DSB and uses PLA to enhance signals for visualising foci in fluorescence
microscopy. Today, dSTRIDE remain a method in the preliminary phase without any
standardized protocols nor established thresholds. The time for an experiment is long
compared to the other methods, especially if swim-up preparation and decondensation
are performed prior to cell fixation. The possibility to increase centrifugation force and
decrease time of each wash could help the protocol to make it less time-consuming.
dSTRIDE procedure itself takes about 7.5 hours but further time using for analysing
could be optimized with additional tools. For example, by using automated microscope

platforms allowing to take 3-D images of many fields followed by automated analysis
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of the signals relying on the development of algorithms allowing the recognition of the
nucleus followed by the counting of foci for each cell.

Even though our results comparing dSTRIDE with SCSA showed no correlation
between the two methods, our and others data (88) suggest that dSTRIDE is a
sensitive method for detecting DSBs, hence DNA fragmentation. Further experiments
will be needed to determine sensitivity and specificity by ROC-analyses. The
interobserver variability (reproducibility, between-subject variance) and intraobserver
variability (repeatability, within-subject variance) should also be determined by the
mean coefficient of variation because it is important that these values are low to
compare across laboratories and to obtain a reliable result for each sample. The
parameters are also evaluated to be important when comparing different DNA

fragmentation tests in spermatozoa.

Limitation for dSTRIDE as well as other DNA fragmentation methods in sperm, is that
they use cells that cannot be further used. Indeed, the spermatozoa processed by
dSTRIDE cannot be further used to fertilise the oocyte, so the direct benefit of such a
method for the fertility lab is limited. However, if a high number of DSBs are found
within the semen samples, then several known solutions are suggested for helping to
reduce the number of breaks. Approaches using spermatozoa from second ejaculates
for ART techniques suggest that sperm has lower DNA fragmentation and thus
increases the chance for an embryologist to select a morphological normal
spermatozoon with intact DNA (157, 158). Another possibility is to use ascorbic acid
during swim-up, which was shown to reduce ROS-positive spermatozoa that can swim
up to the media (159) and is especially of importance in men with DNA fragmentation

due to oxidative stress.

Today, new industrial technologies including robotics and artificial intelligence (Al)
emerge. Image analysis for dSTRIDE is time consuming and if such technology could
be implemented in this method, it would be highly beneficial. Especially if this
technology could detect and count foci with high precision while observing under the
microscope. In the future, we hope that DNA fragmentation can be evaluated by
looking at live spermatozoa from a camera attached to a microscope, so a cell with
known low DNA damage can directly be used in for example ART. This type of
research is on a rise and a recent study developed an Al-based method to identify live

spermatozoa with high levels of DNA fragmentation based on their morphology (160).
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Several interesting articles have also been recently published, focusing on other
conventional semen parameters as concentration and motility (161, 162), and perhaps
results from dSTRIDE testing could one day participate to the development of such

tools.

5. Conclusion

We reproduced dSTRIDE method for performance in MCF-7 cells and tested the
protocol by inducing DNA damaging agents. dSTRIDE emerged as a very promising
method to visualize and quantify DSBs at the single cell level both in MCF-7 cells and

in spermatozoa.

A reproductible protocol for performing sSTRIDE was not obtained in this project. It
turned out that an important lack of information made the original protocols difficult to

reproduce, especially in spermatozoa.

When compared dSTRIDE to DFI by SCSA in spermatozoa, no relation was seen
between the results obtained by these two methods. The discrepancies between the
results may come from the fact that the detection of DNA damage is different in these

two methods.

Altogether, the dSTRIDE protocol that we develop will undoubtedly be of interest for
all the research teams working with immunofluorescence and detection of DNA breaks

in spermatozoa.
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Appendix

Al. Marco Commands, ImageJ

Al.1 Counting number of foci in MCF-7 after incubation with hydrogen
peroxide

/Irun("Brightness/Contrast...");
resetMinAndMax();
run("8-bit");
resetMinAndMax();

run("Stack to Hyperstack...", "order=xyzct channels=2 slices=31 frames=1
display=Composite");

run("Duplicate...”, "duplicate channels=1");

run("Object Counter3D", "threshold=80 slice=31 min=10 max=1290065 new_results

particles dot=3 numbers font=12 summary");

A1.2 Counting number of foci in spermatozoa
resetMinAndMax();

run("8-bit");

resetMinAndMax();

run("Stack to Hyperstack...", "order=xyzct channels=2 slices=31 frames=1

display=Composite");
Stack.setChannel(2);

run("'Blue");

run("Duplicate...", "duplicate channels=1");

run("Object Counter3D", "threshold=135 slice=31 min=10 max=1157728 new_results

particles dot=3 numbers font=12 summary");



A2. Raw data

A2.1 Number of signals in MCF-7 cells from hydrogen peroxide experiment

Table 8 Number of signals detected in MCF-7 cells exposed to hydrogen peroxide.

NT 4mM 20mM 20 mM 10 22 100 190 2 44 97 95

30’ 30’ 60’ 6 11 110 198 3 16 66 227
7 40 200 239 25 8 76 144 7 22 126 201
13 36 148 283 13 117 66 194 4 29 91 195
10 7 36 299 12 54 78 148 3 43 189 200
9 9 106 260 5 64 30 135 3 27 222 192
14 2 144 410 8 21 50 172 8 14 72 195
6 16 106 314 5 19 33 141 7 30 47 243
12 33 45 104 7 24 35 112

A2.2 Number of signals in spermatozoa
Table 9 Number of signals in spermatozoa with open chromatin structure by decondensation

(D) and control cells with condensed chromatin.
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Table 10 dSTRIDE signals in spermatozoa treated with different concentrations of hydrogen
peroxide.
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Table 11 Number of signals in spermatozoa after swim-up (SU).

SuU

Table 12 Number of signals detected in spermatozoa from samples with known DNA

fragmentation.

503 612 617 1009 1010 1012 1014 1015 1018 1019

301
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A2.3 Different tests for comparing dSTRIDE and SCSA results

dSTRIDE foci

0 20 40 60 80
DFI (%)

Figure 32 Simple regression analysis between DFI (%) by SCSA and dSTRIDE foci median
by dSTRIDE.

Table 13 dSTRIDE foci converted to DFI (%) with variated definitions for a fragmented cell:
min. 0, 1, 2, 3, 4 or 5 foci in each cell.

0 1 2 3 4 5
301 99 % 86 % 71% 61 % 51% 43 %
503 88 % 81% 54 % 39% 34 % 29%
612 75% 46 % 28% 18 % 13% 8%
617 87 % 51% 34 % 20% 15% 12 %
1009 76 % 44 % 26 % 13 % 8% 7%
1010 44 % 20% 5% 4% 2% 0%
1012 86 % 57 % 45 % 30 % 25% 19%
1014 99 % 95 % 90 % 84 % 28 % 72 %
1015 72% 75% 28% 21% 15% 13%
1018 77% 55% 40 % 27 % 17 % 12 %
1019 86 % 65 % 46 % 38 % 30 % 23 %




A3. Materials and solutions

A3.1 Reagents and instruments

Table 14 Reagents used in this master thesis, listed in alphabetical order.

Reagents

Reagents used

Producer

Number

APO-BrdU™ TUNEL Assay Kit
Biotin-7-dATP

Biotin-16-dCTP
Biotin-16-dUTP

Bovin Serum Albumin
dGTP-solution

DMSO

DNA polymerase | from E. coli

DTT

Dulbecco's Modified Eagle Medium
Dulbecco’s Phosphate buffered saline
Duolink™ In Situ Detection Reagents

Orange
Duolink In Situ Wash Buffers

Endogenous Biotin-Blocking Kit
Fetal Bovine Serum

Heparin sodium salt from porcine
intestinal mucosa

Hydrogenii peroxidum 30 per centum
(Hydrogen peroxide)

Immersol™ 518 F
NEBuffer™ 2

Paraformaldehyde 4%
Penicillin-Streptomycin (5000 U/mL)
Phosphate buffered saline tablets
Poly-L-Lysine 0.01%

Rektifisert sprit ren 1000 ml 96%
Sperm Preparation Medium 60 mL
Sperm Freeze Medium

Tween-20

Invitrogen

Jena Bioscience
Jena Bioscience
Jena Bioscience
Sigma-Aldrich
Jena Bioscience
Merc Life Science
New England
Biolabs

Merck Life Science
Gibco

Gibco

Sigma-Aldrich

Sigma-Aldrich

Invitrogen
Sigma-Aldrich

Merck Life Science

Apoteksproduksjon
AS

Zeiss

New England
Biolabs

Thermo Scientific
Gibco
Sigma-Aldrich
Sigma-Aldrich
Antibac

Origio

Origio
Sigma-Aldrich

Cat. A23210
Cat. NU-835-BIO-S

Cat. NU-809-BIO16-S
Cat. NU-803-BIO16-S

Prod. A4503-50G
Cat. NU-1003L
Cat. D2650-100ML

Cat. M0209S

Cat. 10197777001
Cat. 41965039
Cat.14190250
Prod. DUO92007-
100RXN

Prod. DUO82049-
100RXN

Cat. E21390
Prod. A4503-50G

Prod. H3149-10KU

Prod. 09N052/4

Prod. 10539438

Cat. B7002S

Cat. AAJ19943K2
Cat. 15070063
Prod. 97382

Prod. P8920

Cat. 600051

Cat. 10690060A
Cat. 10670010A
Prod. P9416-100ML




Triton® Tx-100

Sigma-Aldrich

Prod. T8787-250ML

Table 15 Lab equipment and instruments used in this master thesis, listed in alphabetical

order.

Equipment and instruments

Equipment and instrument Producer Number
Countess™ Automated cell counter Invitrogen C10227
Countess™ cell counting chamber slides (includes 0.4% _
trypan blue) Invitrogen C10228
Coverslips (12mm) VWR 631-1577
Eppendorf Centrifuge 5415 R Eppendorf 2262140-8
Eppendorf Centrifuge 5810 R Eppendorf 5810000320
ESCO Class Il Biological Safety Cabinet Nordic Safe NC2-6L8
Falcon® 15 mL Polypropylene Centrifuge Tube Falcon 352196
Falcon® 15 mL Polystyrene Centrifuge Tube Falcon 352095
In-VitroCell Direct Heat CO2 Incubator Nuaire NU-5710E
Low Temperature Freezer Vials VWR 479-1220
Microscope slides (Menzel) Thermo Scientific  1SO8037/1
Nunc™ Cell-Culture MultiDishes Thermo Scientific 142475
Nunc™ EasYFlask™ Cell Culture Flasks Thermo Scientific 156367
Nunc™ EasYFlask™ Cell Culture Flasks Thermo Scientific 156499
Olympus BX40 Olympus DP74
Olympus IX71 Olympus
Olympus CX31 Olympus
Pipetboy 2 Integra
Rotofix 32A Hettl(‘jh 1000766
Zentrifugen
Sarstedt 15 mL Sarstedt 62.554.502
Sarstedt 1.5 mL Sarstedt 72.690.301
Vortex Genie 2 Sclentific S10256
Industries

A3.2 Solutions
1x Phosphate Buffered Saline (PBS):

— One tablet dissolved in ddH20O for a total volume of 200 mL

— Sterilized by autoclaving at 121 °C




PBST-BSA (0.01% Tween-20 and 2% BSA):
-1.0g BSA
— 5 ul Tween-20

— Dissolved in PBS for a total volume of 50 mL

PBST-BSA with Tx-100 (0.1%):
-1.0 g BSA

- 50 pl Tx-100

— 5 pl Tween-20

— Dissolved in PBS for a total volume of 50 mL

0.5% PFA
-1 mL 3% PFA

-5 mL PBS

0.5% BSA in PBS:
- 0.25 g BSA

- Dissolved in PBS for a total volume of 50 mL

Tx100 (0.1) in PBS:
- 50 pl Tx100

- Dissolved in PBS for a total volume of 50 mL



A3.3 Primary and secondary antibodies

Table 16 Table of primary antibodies used in relevant methods with detailed information.

Method  Antigen Antibody Dilution Producer Product Lot. Number
host and factor Number
clonality
IF Anti- Mouse, 1:100 Millipore  05-636 #2310355
phospho-  monoclonal
Histone antibody
H2AX
dSTRIDE Anti-BrdU  Mouse, 1:500 Abcam ab8039 #GR301685-
monoclonal 32
antibody
dSTRIDE Anti-BrdU Rabbit, 1:200 Abcam ab152095 #GR3308602-
monoclonal 8
antibody
sSTRIDE Anti-Biotin Mouse, 1:200 Abcam Ab201341 #GR3213949-
monoclonal 3
antibody
sSTRIDE Anti-Biotin  Rabbit, 1:100 Abcam Ab53494  #GR3262411-
polyclonal 10
antibody

Table 17 Table of secondary antibodies applied in relevant methods, with detailed

information.
Ab host  Dilutio
Product
Label Ab and n Producer Lot Number
_ Number
clonality factor
anti- Donkey Jackson
Cy2 mous  polyclona 1:200 ImmunoResearc  115-225-166 146498
e I h
anti- Donkey Jackson
AB_ 234081
Cy3 mous  polyclona 1:200 ImmunoResearc  715-165-150
e I h




Alexa
Fluor-
594

Duolink
™ |n Situ
PLA®
Probe
Anti-
Mouse
MINUS

Duolink
™ |n Situ
PLA®
Probe
Anti-
Rabbit
PLUS

anti-

mous

anti-

mous

anti-
rabbit

Goat

polyclona 1:500

Donkey
anti-

mouse

Donkey
anti-
rabbit

1:500

1:200

Thermo Fisher

Sigma-Aldrich

Sigma-Aldrich

A11005 #1696463
DUO092004-

#SLCD9034
100RXN
DU092002

#SLCF4321
—100RXN




A4. REC and biobank approval for project 2010/2721 s-08220b
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Figure 34 Approval for creation of biobank at OsloMet related to the project "Betydningen av

lipidmetabolisme for mannlig reproduksjonsfunksjon”.



