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Abstract

DNA double-strand breaks (DSBs) are induced by exogenous and endogenous factors. Non-
homologous end-joining (NHEJ) pathway is a repair system that deals with DSBs all over the
cell cycle. NHEJ is required for VV(D)J recombination in developing B and T cells, and for class
switch recombination (CSR) in mature B lymphocyte. NHEJ core factors Ku70/80 form a
heterodimer complex that associates with DSB and facilitates the recruitment of downstream
core factors such as X-ray repair cross-complementing group 4 (XRCC4), XRCC4-like factor
(XLF) and DNA ligase 4 (Lig4). Assembly of Ku heterodimer also recruits the accessory
factors (e.g., PAXX, Mri/Cyren and DNA-PKcs) as well.

Deficiency of core NHEJ elements results in lack of mature B and T cells in spleen and thymus
due to V(D)J recombination failure. On the other hand, mutation in the genes encoding for the
accessory factors like Paxx and Mri, leads to normal phenotype or only have a minor effect.
Combined inactivation of XIf and Paxx genes results in late embryonic lethality in mice.
Inactivation of one or both alleles of Trp53 rescues the embryonic lethality of XIf"“Paxx” mice
and allows postnatal survival. XIf'"Paxx”Trp53*" mice possess no mature B cells and very few

mature T cells in the lymphoid organs.

V(D)J recombination insufficiency results in accumulation of pro-B cells in the bone marrow
of mice lacking XLF, PAXX and p53 proteins. Observed data allowed me to conclude that
deficient B cell development in XIf"Paxx” Trp53*" mice, originates from the bone marrow.
Following, genetic interaction study revealed that Mri and Dna-pkcs have overlapping

functions. Contrary, there is no genetic interaction between Mri and Paxx genes in mice.
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Preface

Studying the profound biological pathways in the cell will open the gates into more precise
diagnosis/therapy as a consequence. Delayed diagnosis and insufficient therapies,

accompanying side effects, are the results of the current approach for numerous diseases.

NHEJ machinery as an example of a molecular pathway, fixes DSBs and keeps the homeostasis
of the cell. Although, the NHEJ process is not fully understood. Further research is required to
identify all proteins involved in the pathway, as well as other elements that can influence DNA

repair efficiency.

Here, in Oksenych lab at IKOM, NTNU, we put our efforts to elucidate the roles of molecules
involved in NHEJ DNA repair system in the cell. We are challenged by the need for better
diagnostics and therapies for the disorders related to inefficient DNA repair, which include

immunodeficiency, as well as specific malignancies.

During recent years, discoveries in DNA repair and immunology were recognized by the Nobel
committee and several other prestigious international awards. For me, it indicates that our
research is in line with the needs of our society. It is my honor to perform research and discover
new biological aspects of DNA repair during my MSc project. | believe that my results will

add to the existing knowledge of biomedicine and will be valuable for society.



1. Introduction

All of the living organisms are exposed to DNA double-strand breaks (DSBs), caused by
exogenous genotoxic stresses (such as Ultraviolet radiation, UV) or endogenous biological
processes such as V(D)J recombination. DNA DSBs are described as the most toxic type of
DNA lesion and need to be fixed to allow the continuation of cellular life. Henceforth,
Homologous recombination (HR) and Non-homologous end joining (NHEJ) repair systems are

two major molecular pathways that deal with DSBs [1-3].

However, there are other DNA repair machinery, such as Single-strand annealing (SSA), to fix
DSBs. SSA repairs DSBs by annealing the tandem repeat sequences around DSB which results

in the elimination of one of the repeat sequences [4].

While NHEJ can be activated at any phase of the cell cycle, HR functions only in S/G2
(Synthesis phase/ Gap 2 phase) phases [3]. Thereby, NHEJ is the major repair system in
mammalian cells. NHEJ pathway involves various proteins. Some that are necessary for all
DNA repair procedures are called core NHEJ factors, and some that are required for specific

DSBs and more complex stabilization are called accessory factors [5].

DSBs activates NHEJ pathway, subsequently. Core elements Ku70 and Ku80 form a
heterodimer structure and associate with DSBs location. Attachment of Ku70/80 facilitates the
recruitment of downstream core factors including X-ray repair cross-complementing 4
(XRCC4), DNA ligase 4 (Lig4) and XRCC4-like factor (XLF) [3, 6-8].

Lig4 joins single-strand breaks (SSBs) in a double-stranded polydeoxynucleotide in an ATP-
dependent reaction. To enhance the joining activity of Ligd, XRCC4 form the XRCC4-Lig4
complex by binding to DNA and Lig4. Meanwhile, XLF serves as a bridge between XRCC4
and other NHEJ elements located at DNA ends [3, 6-8].

On the other hand, a number of accessory NHEJ factors are required for the particular DNA
end processing. Paralogue of XRCC4 and XLF (PAXX), Modulator of retroviral infection
(Mri/Cyren), DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and Artemis are
examples of the accessory factors. PAXX functions as a scaffold to stabilize the KU
heterodimer and promotes the assembly of NHEJ machinery [9, 10]. Mri is a regulator of DNA
repair system by inhibition of NHEJ during S and G2 phases [5, 11].

Among NHEJ accessory factors, DNA-dependent protein kinase catalytic subunit (DNA-PKcs)
assembles a holoenzyme with Ku heterodimer and phosphorylates most NHEJ elements [9,



12]. Phosphorylated Artemis process the joining DNA before end ligation. Artemis by its
endo/exonuclease activity opens hairpin-sealed ends and prepares DNA ends for further DNA

repair procedure (Figure 1) [3, 13].

To accomplish a proper DNA repair, the DNA damage response (DDR) pathway operates in
parallel with NHEJ. MRN complex plays a key role in DDR pathway and is involved in the
initial processing of DSBs. MRN that is constructed by Mrell, Rad50 and NBS-1 subunits,
binds to the DNA lesion site. Furthermore, NBS-1 subunit creates a bridge among DNA and
nuclear protein kinase, ATM. Concomitantly with ATM activation, a series of involved repair

proteins adhere to DSB sites.

DDR network continues with phosphorylation of histone protein H2AX (histone family
member X), Brcal (Breast cancer type 1 susceptibility protein), Chk2 (Checkpoint kinase 2),
and p53. Activated H2AX arranges the chromatin structure to provide the following DDR
events. Thenceforth, Chk2 arrests the cell cycle at G2 phase and phosphorylates p53. Activated
p53 acts with DNA motif that results in the expression of required repair proteins (Figure 2)
[14, 15].
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Figure 1 DSB induction
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Figure 1. Schematic assembly of NHEJ machinery. Ku heterodimer (1) recognizes and binds to DNA
breakage. DNA-PKcs (2) phosphorylates downstream elements. Artemis (3) cut the overhangs and
supply DNA end ligation by Lig4 (4). XRCC4 (5) functions as the bridge between DNA and Lig4. The
cooperation among XLF (6) and PAXX (7), stabilizes the complex. Mri functions as the cell cycle
regulator (8).
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Figure 2
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Figure 2. Functional links between the elements of the DDR repair network leads to the expression of
repair proteins.
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1.1 V(D)J recombination

The immune system functions against pathogens through innate and adaptive immunity
approaches. The innate immunity deals with different pathogens (antigens) via a constant
procedure. On the contrary, adaptive immunity differs from various antigens and develops
throughout life. B and T lymphocytes are the two major functional elements of adaptive

immunity.

Hematopoietic stem cells (HSCs) of bone marrow differentiate and generate B and T
lymphocytes. B cell development remains in bone marrow, however, progenitor-T cells
migrate to thymus for further development. Pre-pro-B cell is the first set of B cells in the B cell
development process. Following, early pro-B cell is generated from pre-pro-B cell and
differentiate to the late pro-B cell and then pre-B cell. Completed V(D)J recombination of
antibody (BCR) heavy and light chain produce immature B cell from pre-B cell. In case of any

association of immature B cell with stimuli, CSR performs different antibodies (Figure 3) [16].

Figure 3

B cell development

Bone marrow
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Figure 3. B cell development in the bone marrow. B cells have specific antigens at each stage of
development [17].
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B cells supply immunity by generating antibodies. Accordingly, produced antibodies locate
within the B lymphocyte membrane and form B cell receptors (BCRs). An antibody composed
of two immunoglobulin heavy chains (IgH) and two immunoglobulin light chains (IgL).
Development of antibodies includes the rearrangement of V, D and J gene segments of heavy

chain locus and V and J gene segments of light chain locus [16, 18].

HSCs in bone marrow produce progenitor T cells and then they migrate to the thymus to
complete T cell development. In the thymus, progenitor T cells undergo a developmental
process to maturate and express T cell receptors (TCRs) to function. TCRs are divided into aff
and yd T cell receptors and each one has a constant and a variable region. The majority of T
cells acquire aff TCR and less 3 type. V, D and J gene segments of B and 6 chains and V and
J gene segments of a and y chains, experience V(D)J recombination through T lymphocyte

development [16] (Figure 4).

Figure 4
T cell development
Thymus
CD44+
DN 1 T cells (early thymic progenitors) Egi_s'
| cps-
CD44+
DN 2 T cells (T lineage commitment) ggf*
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CD44-
TCR beta DN 3 T cells CD25+
rearrangment CD4-
| cps-
CD44-
DN 4T cells - ¢P25-
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TCR alpha CD8+
«—— DPTcells CD4+
rearrangment : D3+
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CD4+ . CD8+
T helper {c D34 T cytotoxic {ctm

Figure 4. T cell development procedure. Generated progenitor T lymphocytes in bone marrow migrate
to the thymus to finalize T cell development. T cell has specific antigens at every particular level of T
cell development [17].
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Distinct assembly and expression of V, D and J gene segments of B and T lymphocytes result
in diverse BCR and TCR production that makes lymphocytes function specifically against
various pathogens. V(D)J recombination is the event required to rearrange the gene segments.
An antibody consists of heavy and light chains that each of them has constant (C) and variable
regions (V). The gene that generates the heavy chain is located on chromosome 14 in humans
and chromosome 12 in mice. While the responsible gene for light chain expression is placed
on chromosome 22 (in case of kappa chain selection) or chromosome 2 (in case of lambda

chain selection) in humans and on chromosome 16 in mice [19].

Antibody heavy chain gene includes V (variable), D (diversity), J (joining), and C (constant)
gene segments (ordered respectively) (Figure 5). Moreover, the light chain gene consists of V
(variable), J (joining), and C (constant) sections (ordered respectively) (Figure 7). V(D)J
recombination assembles a different VV gene segment with a distinct D and J gene segments that
results in antibodies (BCRs) and TCRs with new heavy and light chains, for B and T
lymphocytes [20].

Figure 5

Heavy chain gene (Chromosome 14)

Vel  Vu2  Vin D 1-n Jul-n cu

5 3

I Heptamer I 12 I Nonamer I | Heptamer | 12 | Nonamer |

| Heptamer | 23 | Nonamer I

| Heptamer | 23 | Nonamer I

Figure 5. The organization of V, D, and, J gene segments in human IGH locus on chromosome 14.

There are signal sequences around the gene segments (V, D, and, J) called Recombination
Signal Sequence (RSS). RSS is essential for initiating V(D)J recombination. RSS guides
participating factors to assemble the proper and diverse gene segments. RSS composed of a
Heptamer (conserved 7 nucleotides) in addition to a spacer region of 12 or 23 base pairs, plus

a Nonamer (conserved 9 nucleotides) respectively (Figure 5) [21].

RSS is identified by a complex called recombination activating genes 1 and 2 (RAG1 and

RAG2) proteins. RAG1/2 complexes rejoin the gene segments in a new order by generating

15



and then cleavage of DNA loops. New V.D.J sequence then binds to C region (Figure 6).
Generated DNA nick between selected gene segments, repairs by NHEJ system that opens the
hairpin-sealed DNA ends and ligates separated DNA strands. The same pathway is selected for
the antibody light chain gene, while, there is no D gene segment and light chain is either kappa
(if recombination occurs in chromosome 22) or lambda (if recombination occurs in

chromosome 2) (Figure 7) [22].

TCR consists of alpha and beta chains, each contains Variable (V) and Constant (C) sections.
T cells bear the same mechanism for TCR assembly to generate diversity. TCR alpha and beta
chain gene segments carry out an orientation that is broadly homologous to the BCR gene
segments that is V> D > J for beta chain and V > J for alpha chain [19].

TCR beta gene segments are located on chromosome 6 in mice and on chromosome 7 in
humans. Notably, chromosome 14 consists of TCR alpha chain gene segments in both humans
and mice [23, 24].

16



Figure 6
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Figure 6. V(D)J recombination, followed by NHEJ repair machinery. RAG 1/2 protein recognizes RSS
in various segments and connects the selected segments by introducing DNA loops. The gene segment
Jto D and DJ to V is the orientation of the VV(D)J recombination in the heavy chain of the BCR and
beta chain of the TCR.
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Figure 7
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Figure 7. V(D)J recombination in the BCR light chain on B cells and TCR alpha chain on T cell has
the same process.

18



1.2 Class switch recombination

A specific physiological mechanism in B cells is class switch recombination (CSR). CSR
makes B cells capable to establish diverse isotypes of immunoglobins with high affinity by
switching the C sections of different antibody heavy chain regions. Interaction of B cell with
T helper cell or cytokines triggers CSR that results in B cell maturation [19].

B cell maturation followed by the activation of transcription factors (TFs). Activated TFs attach
to Switch regions (S). Switch regions are Guanin/Cytosine rich tandem repeats at upstream of
C gene segments (chromosome 14 in humans and chromosome 12 in mice). The position of C
gene segments in mice is: 5°- (Su) Cu - C6 - (Sy3) Cy3 - (Syl) Cyl- (Sy2b) Cy2b - (Sy2a) Cy2a
- (S¢) Ce - (So) Ca - 3’ and in humans is: 5°- (Sp) Cu-Co-(Sy3) Cy3-(Syl) Cyl-(Sye) Cye -
(Sal) Cal - (Syy) Cyy - (Sy2) Cy2 - (Sy4) Cy4 — (Se) Ce - (Sa2) Ca2 - 3° [25].

Interaction of TFs and S regions recruits RNA Pol Il and this enzyme opens DNA strands.
Meanwhile, Activation-induced cytosine deaminase (AID) enzyme starts deamination of
cytosines and converts them into uracil. Then, Apurinic/apyrimidinic endonuclease 1 (APE1)
and Uracil-DNA glycosylase (UNG or UDG) generate DNA breaks within or nearby S regions
[19].

The space sequences among the introduced breaks will remove and then NHEJ machinery joins

DNA ends that results in switched isotype of the antibody with the same affinity (Figure 8).
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Figure 8
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Figure 8. The maturation of B cell is followed by the activation of transcription factors.
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The interconnection of a TF to a specific S region, determines that IgM or IgD would be
switched to which isotype of immunoglobulin. For instance, in the case of IgM to IgG switch
recombination, TFs bind to Si and Sy. CSR mechanism starts and after generating DNA DSBs,
NHEJ factors meet Su and Sy ends. The new oriented gene would be ready to express IgG
(Figure 9) [19].

Figure 9
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Fig 9. RNA pol Il opens S regions at the upstream of the selected C gene segments. CSR followed by
AID, UNG, and APEZ1 functions. NHEJ joins DNA ends.
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1.3B and T cell development associated diseases in humans

There are examples of disorders related to B and T cell development in humans (Table 1).
Noticeably, mutations in NHEJ repair system cause ablated V(D)J recombination that leads to
failure in B and T cell development. RAG1/2 protein insufficiency in humans leads to Omenn
syndrome (OS) which is characterized by a lack of circulating B cells [26]. Also, mutation in
genes encoding ARTEMIS and Lig4 proteins in humans cause severe combined
immunodeficiency (SCID) [27-29]. On the other hand, the autosomal recessive form of Hyper-
IgM syndrome in humans is an example of CSR associate disease that cause by defects in AID
[30].

There are different diagnosis/treatment methods to increase the life expectancy of the patients
dealing with the mentioned abnormalities and immunodeficiencies in general. For instance,
flow cytometry analysis of lymphocytes in peripheral blood is a diagnostic method and bone
marrow transplantation is a possible treatment [31, 32]. Although, the current approaches are
incomplete to deal with immunodeficiencies. Early-life infection-related mortalities in the
patients decline that we need more precise diagnosis to anticipate immunodeficiencies.
Following, identifying the genetic etiology of immune dysfunction diseases will make us

eligible for target therapies [33].

Thus, studying NHEJ core and accessory factors in mice, help us to understand the profound
mechanisms in B and T cell development-related diseases. Mice lacking XIf possess normal or
only have modest immunodeficiency [34-37]. While, inactivation of other NHEJ factors such
as Ku70, Ku80, Artemis and Dna-pkcs cause blockage of B and T cell development in mice

[38-41]. Notably, Ligd™ and Xrcc4™ single knock out mice are embryonically lethal [42, 43].

On the other hand, mice lacking Paxx or Mri have normal B and T cell development [9, 34-36,
44-47]. It was explained that XLF deficiency in mice is compensated by other DNA repair
factors [6, 35, 46, 48]. Importantly, some factors of DNA repair have overlapping roles that
makes it more challenging to study. Genetic interaction (GI) is a useful approach to identify
more factors involved in DNA repair and B and T cell development. Gl reveals that it is
possible to observe a surprising phenotype caused by the mutation in two genes, which is
different from each mutation's result. Studying the outcome phenotype after applying the

mutations, portraits the connection among different genes [49, 50].
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Noticeably, XIfPaxx” double deficient mice are lethal that shows functional redundancy

between XIf and Paxx in mice [35, 36, 51]. Inactivation of single or both alleles of Trp53

rescues embryonic lethality and allows postnatal survival [35, 46]. XIf'Paxx”Trp53*" mice

have severe immunodeficiency with lack of mature B and T cells in spleen and thymus [35].

Although, it is not clear whether B lymphocytes maturate normally via V(D)J recombination

in bone marrow and die before migration to the periphery, or V(D)J recombination is blocked

at the primary stage of B cell development in bone marrow of XIf"Paxx” Trp53*" mice.

While mice lacking Mri or Paxx possess normal lymphocyte development, Dna-pkcs™ mice
are live-born and have SCID phenotype [5, 9, 34-36, 41, 44, 47, 51]. Studying the genetic

interaction between Mri and Dna-pkcs in addition to Mri and Paxx can reveal whether they

interact genetically or not, in aspects of B and T cell and general development in mice.

Deficiency Symptoms Reason
RAG1/2 Lack of circulating B cells V(D)J recombination blockage
Ligd Severe combined No ligation during NHEJ
immunodeficiency (SCID)
ARTEMIS Severe combined Abnormal NHEJ
immunodeficiency (SCID)
AID Hyper level of IgM Ablated CSR

Table 1. Example of diseases related to deficient B and T cell development in humans.
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2. Hypotheses and research aims

My hypotheses are:

1) Lack of B and T cells in XIf""Paxx’ Trp53*" mice is rooted in bone marrow and thymus

caused by NHEJ blockage at the early stage of lymphocyte development.

2) Mri and Dna-pkcs genes have overlapping functions and interact genetically, including

aspects of B and T cell development and general mouse phenotype.

3) Mri and Paxx genes are functionally redundant and interact genetically regarding B and T

cell development and general mouse phenotype.
To verify my hypotheses experimentally, | developed the following aims:

1) Analysis of the lymphoid organs of XIf"Paxx’ Trp53*" mice to certify the previous

observations.

2) Examination of the bone marrow of XIf""Paxx” Trp53*" mice to notice the early-stage B cell

development of the deficient mice.

3) Generation of Mri”"Dna-pkcs™ mice and then, analysis of B and T lymphocyte development

in the deficient mice.

4) Generation of Mri”"Paxx” mice and then, analysis of B and T lymphocyte development in

the deficient mice.
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3. Material and Methods

3.1 Mouse models

All the experiments involving mice were performed according to the protocols approved by
the Norwegian University of Science and Technology (NTNU). XIf*~ [37], Paxx™~ [9], Mri*"
[5] (Appendix A), Dna-pkcs™ [41], Trp53™~ [52] mice were described previously. Primer
sequences for genotyping and expected amplicons are provided in Appendix B. Breeding of
different genotypes is mentioned in the results section.

3.2 Genotyping
3.2.1 DNA extraction and Polymerase Chain Reaction (PCR)

To extract DNA from mice ear samples, 2% Proteinase K (20 mg/ml) (Cat#AM2546,
Ambion™, Waltham, Massachusetts, United States) and 98% DNA lysis buffer (10mM Tris
pH 9.0, 1M KClI, 0.4% NP-40, 0.1% Tween20) were added to the samples and then incubated
overnight at 56°C, 450rpm in Thermoblot mixer device (No. 5355 26163, Eppendorf AG,
Hamburg, Germany). Furthermore, the samples were incubated at 95°C for 30 minutes and
centrifuged at 15 000 rpm for 15 minutes.

The concentration of the extracted DNA was measured by the Nanodrop® ND-1000
Spectrophotometer (Thermo Scientific, Waltham, Massachusetts, United States). Samples
were diluted to get the final DNA concentration that is approximately 50ng/uL. The PCRs were
run with 50ng DNA in a reaction volume of 25uL, utilizing the GoTaq® G2 Green Master Mix
(Cat#M7823, Promega, Madison, USA) and performed in the 2720 Thermal Cycler (Applied
Biosystems™, Foster City, California, United States). PCR programs are provided in Appendix
C.

3.2.2 Electrophoresis

Agarose gels were prepared to separate amplified DNA sequences according to the size and
composed, GelRed™ Nucleic Acid Gel Stain (Cat# 41003, 10 000x in water, Biotium,
Fermont, California, USA), 0.8% SeaKem® LE Agarose (Cat#50000, Lonza, USA), and Tris-
Borate-EDTA (TBE) buffer (pH 8.4; 89mM Tris; 89mM Boric Acid; 2mM EDTA). The
sample volume loaded on the gels was 10uL and for reliability, WT (wildtype allele), mutant
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(allele), and ddH20 (double distilled water) controls were considered in all assays. Then, gel

electrophoresis was run in TBE buffer chamber at 124V for 75 minutes (100ml gels).

To supply DNA ladder and tracking dye in the gel, Quick-Load® 100bp DNA Ladder
(Cat#N0467S New England Biolabs® Inc, Massachusetts 1938 United States) and Orange G
5x ~50bp (15% glycerol; 0.2% Orange G dye, ddH20) were used respectively. Then gels were
visualized and pictured by the Gel Logic 200 Imaging System (KODAK, United States).

3.3. Count of cells isolated from the lymphoid organs

All the analyzed mice were 5 to 8 weeks old, females and males pooled together. In the
beginning, spleens, thymi and femora were isolated from mice. Spleens and thymi were
weighed on a Mettler Toledo AG240 DeltaRange weight (Mettler-Toledo GmbH, Laboratory
& Weighing Technologies, CH-8606 Greifensee, Switzerland). Isolated organs were placed in
petri dishes containing 10mL of 1X Phosphate-buffered saline (PBS) (Cat#BR0014G Oxiod,
Hampshire, England). Needles with syringes were utilized to extract bone marrow from the
femora. A plunger of a syringe was applied to mash the spleens, thymui and bone marrow
tissue to release the cells into PBS. Cell suspensions were filtered through 40um Fisherbrand™
Sterile Cell Strainers (Cat#22-363-547, Fisher Scientific, Hampton, New Hampshire, United
States) into 50ml conical centrifuge tubes and then centrifuged at 2000rpm for 5 minutes at
4°C.

Supernatants were out and pellets were resuspended in 1ml of Red Blood Cell (RBC) Lysis
Buffer Hybri-Max™ (Cat#R7757, Sigma-Aldrich, St. Louis, Missouri, United States) gently
and incubated for 5 minutes at RT to lyse erythrocytes. Thereafter, cells were diluted with 1X
PBS to supply the optimal counting range for the cell counter (1 x 10* — 1 x 107 cells/mL).
Cells were then diluted in Trypan Blue Stain 0.4% (Cat#T10282 Invitrogen™ Carlsbad,
California, United States) and added into Countess™ Cell Counting Chamber Slides
(Cat#C10228, Invitrogen™, Waltham, Massachusetts, United States) and counted through
Countess 1l FL Automated Cell Counter (Cat#AMQAF1000, Invitrogen™, Waltham,
Massachusetts, United States).
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3.4. Cell staining for Flow Cytometry analysis

After cell counting, to get a final concentration of 2.5x10° cells/mL for each sample, a certain
amount of cells were added into 1.5ml tubes. Hereafter, cell suspensions were spun down
(2000rpm for 5 minutes at 4°C) and diluted with 100ul cold 1X PBS-5% Fetal bovine serum
(FBS) (Cat#F7524, Sigma Life Science, St. Louis, Missouri, United States). The process is
followed by adding 1pl fluorochrome-conjugated antibodies (applied antibodies for flow
cytometry are described in Table 2) into each 1.5ml tube and gently mixing. After 30 minutes
of incubation in darkness at 4°C, cells were washed with 500ul cold 1X PBS-5%FBS and
centrifuged at 2000rpm for 5 minutes at 4°C. Supernatants (500ul from each 1.5 ml tube) were
discarded and cell pellets were resuspended in 500ul cold 1X PBS-5%FBS.

The concluding cell suspensions were transferred into intro Falcon™ Round-bottom
polystyrene tubes (Cat#352054, Corning™, NewY ork, United States) and were ready for flow
cytometery analysis acquired on a BD FACSCanto™ Cytometer (Cat#951312350, BD
Biosciences, Qume Drive, San Jose, United States). Single stained splenocytes/thymocytes
(CD3+/CD19+/CD4+/CD8+/B220+/IgM+/CD43+) were employed as compensation controls

to correct the data.

Obtained data was further analyzed performing the FlowJo® V10 software (FlowJo LLC, New
Jersey, USA).
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Antibody Fluorochrome Dilution Catalog# Supplier

Conjugate

BD Pharmingen™

Hamster Anti-Mouse CD3e FITC 1:100 561827
Anti-Mouse CD19 PE/Cy7 1:100 115520 Biolegend
Rat Anti-Mouse CD4 PE-Cy7 1:100 552775 | BD Pharmingen™
Rat Anti-Mouse CD8a PE-Cy™5 1:100 553034 | BD Pharmingen™
Rat Anti-Mouse CD45R/B220 APC 1:100 553002 | BD Pharmingen™
Rat Anti-Mouse IgM PE-Cy™7 1100 552867 BD Pharmingen™
Rat Anti-Mouse CD43 FITC 1:100 561856 | BD Pharmingen™

Table 2. Antibodies used for flow cytometry analysis. The given dilutions were used for 2,5 x 10°
cells.

3.5 Statistics

GraphPad Prism 8 (La Jolla, California, USA) was utilized according to statistical analysis of
body weight, spleen weight, thymus weight, cell counts and proportions of B and T
lymphocytes for the various genotypes. Besides, the one-way analysis of variance (ANOVA)

formula was applied to all groups of variables.
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4. Results
4.1 Genotyping

All mice selected for breeding, organ isolation, cell counting and flow cytometry analysis were
identified by genotyping PCR and gel electrophoresis. DNA was extracted from ear samples.
Examples of all PCR experiments run during this project are illustrated in Figure 10. For
accuracy, WT (allele), mutant (allele) and ddH20O controls were performed in all PCR assays.

Examples of XIf"Paxx’ Trp53*" and Mri”"Paxx” mice characterized by PCR are shown in

Figure 11.
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Figure 10
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Figure 10. Hlustration of genotyping PCR to detect WT and mutant Mri, Trp53, XIf and Paxx genes,
including WT (allele), mutant (allele) and ddH20 controls. A) Mri 428-414bp. Bands with 428bp length
represent WT allele and bands at 414bp are null mutations (single band at 428bs: Mri*"*, one band at
428bp and one at 414bp: Mri*", single band at 414bp: Mri”). B) Mri 234bp. PCR was run and resulted
band at 234bp represents that WT allele is present (Mri** or Mri*"), and no band shows that only null
mutation alleles are present (Mri™). Since the distance between the bands at 428bp and 414bp is only
14bp and 234bp PCR does not differentiate between WT and heterozygote Mri; both PCRs are applied
to certify the genotyping result. C) Trp53 WT. Bands correspond to Trp53 WT allele (321bp). D) Trp53
mutant. Bands correspond to Trp53 mutant allele (110bp). E) XIf WT. Bands represent the XIf WT allele
(650bp). F) XIf mutant. Bands represent the mutant allele (950bp). G) Paxx WT and mutant. The upper
bands serve the WT allele (965bp) and the lower bands portray the mutant allele (either 329bp, 312bp

or 295bp bands. The reason is that three independent Paxx knock out sub-lines were used).
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Figure 11
A) Example of XIf Paxx” Trp53" mouse
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Figure 11. Example of XIf""Paxx” Trp53*" and Mri”"Paxx” mice. A) Sample number 10, highlighted in
Figure 11-A, represents XIfPaxx”Trp53"" genotype (mutant allele band for XIf and Paxx genes and
both WT and mutant allele bands for Trp53 gene are marked). B) Sample number 37, signified in Figure
11-B, corresponds to Mri”"Paxx” genotype (only one band in 414bp (mutant allele) and no band in
234bp in Mri gene and only lower band (mutant allele) in Paxx gene).
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4.2 Immune system development in XIf"Paxx’ Trp53*- mice

According to the previous studies, inactivation of one or both alleles of Trp53 gene rescues
embryonic lethality, caused by XIf”-Paxx”- double knock out [5, 35]. Analyzed mice were
generated from the crossbreeding of XIf"-Paxx* Trp53*- mice. To perform my first and second
research aims, | investigated 54 mice in total. The dispersal of the expected and analyzed mice
is outlined in Table 3. Analyzed mice were generated from XIfPaxx* Trp53*" parents.
Considering the embryonic lethality of XIf"Paxx’- double knock out, no XIf’"Paxx’Trp53**
mouse was observed that is marked in red color in Table 3.

Genotype Number of Expected
offspring, P30 1:2:1:2:4:2:1:2:1
XIfF-Paxx**Trp53+* 5 3.37
XIf-Paxx** Trp53+- 6 6.74
XIf-Paxx**Trp53" 2 3.37
XIfPaxx*-Trp53** 7 6.74
XIf-Paxx* Trp53*- 21 13.48
XIf-Paxx*-Trp53" 5 6.74
XIf-PaxxTrp53** 0 3.37
XIf-Paxx - Trp53*- 6 6.74
XIf-Paxx”Trp53" 2 3.37
Total 54 54

Table 3. Inactivation of Trp53 rescues embryonic lethality of XIf”Paxx” mice. The number of thirty-
day-old mice (P30) of the indicated genotypes is reported. Expected mendelian distribution is provided
in the third column. Both parents had XIf"Paxx*"Trp53*" genotype.

As discussed before, XLF has redundant functions with PAXX and upon inactivation of both
genes, the mice die embryonically due to impairment in NHEJ pathway [5, 34-36, 44].
Embryonic lethality caused by XIf'-Paxx”- deficiency is rescued by the mutation in one or both
alleles of Trp53 gene [5, 35, 46]. This allows us to study the overlapping functions of XLF and
PAXX proteins. V(D)J recombination are blocked in XIf""Paxx”-Trp53*" mice that results in
immune system defects [35]. The further research question was to identify the reason for low
B cell count in XIf"Paxx”Trp53*- mice. One option was the V(D)J recombination block and

thus blockage at pro-B cell stage of development.
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To answer this question and to verify the previous observation in XIf-Paxx”Trp53* mice, |
analyzed 9 XIf"Paxx’Trp53*", 4 XIf"-and 7 WT mice. XIf’- mice were used as the single knock
out control. Paxx” mouse was not available at the time of the experiment. However, PAXX-
deficient mice possess WT phenotype [9, 34-36, 44, 51]. The weight of body, spleens and thymi
were measured. Likewise, the number of splenocytes, thymocytes and bone marrow cells was
recorded.

XIf-PaxxTrp53*" mice were significantly lighter than age-matched controls (Figure 12, A).
Also, the weights of spleen and thymus were reduced in XIf""Paxx’Trp53*" mice (Figures 12,
B and C). Similarly, there was a noteworthy lower number of splenocyte, thymocyte and bone

marrow cells in XIf-Paxx”-Trp53*mice when compared to XIf”- and WT mice (Figure 12, D).
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Figure 12
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Figure 12. B and T cell development in XIf"Paxx”Trp53*" mice. A.1) Comparison in body size of XIf
FPaxx’ Trp53*" and WT mice. A.2) Total body weight (g) of WT, XIf"-and XIf"Paxx” Trp53*" mice.
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B.1) Spleens, isolated from XIf"" Paxx™ Trp53*" and WT mice. B.2) Weight (mg) of spleens from WT,
XIf"and XIfPaxx”Trp53* mice. B.3) The number of (x10°) splenocytes of WT, XIf" and XIf Paxx™
Trp53* mice. C.1) Thymi, isolated from WT and XIf*Paxx”Trp53*" mice. C.2) Weight (mg) of thymi
from WT, XIf"and XIf"Paxx * Trp53*" mice. C.3) The number of (x10°) thymocytes of WT, XIf" and
XIf"Paxx” Trp53*" mice. D) The number (x10°) of bone marrow cells of WT, XIf" and XIf"Paxx™
Trp53*" mice. Erythrocytes were lysed during the sample preparation and not counted. Not significant
n.s., p>0,005, *p<0,05, **p<0,01, ***p<0,001, ****p<0,0001.
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4.3 B and T cell development in XIf""Paxx’Trp53*- mice

Splenocytes, thymocytes and bone marrow cells of XIf"Paxx”Trp53*-, XIf"-and WT mice
were stained with specific antibodies to examine the proportion and distribution of

lymphocytes by flow cytometry analysis.

Splenocytes were marked with anti-CD19 (B cell marker) and anti-CD3 (T cell marker) to
portray B and T cell proportion in the spleen of XIf"Paxx’Trp53*-, XIf"-and WT mice. Also,
splenocytes and thymocytes of the mentioned mice were immunostained with anti-CD4 (T
helper cell marker) and anti-CD8 (T cytotoxic cell marker) antibodies to specify T cell subsets
frequency in the spleen and thymus. Lastly, anti-CD45R/B220 (B cell marker), anti-CD43 (pro-
B cell marker) and anti-IgM (B cells that crossed V(D)J recombination) were applied to

demonstrate B cell development in the bone marrow.

There was an extreme reduction in the proportion of splenic B and T lymphocyte of XIf-Paxx-
"Trp53*-mice when compared to XIf"-and WT controls (Figure 13). Similarly, the number of
splenic B and T cells of XIf-Paxx’Trp53*- mice were considerably reduced in comparison to
XIf"-and WT controls (Figure 13).

Consonantly, T helper (CD4+) and T cytotoxic (CD8+) of spleen had a lower percentage and
number in XIf""Paxx’Trp53*-mice when compared to XIf"-and WT (Figure 14). Likewise, the
proportion and number of thymic CD4+, CD8+ and CD4+CD8+ T cells were reduced in XIf”-

Paxx’ Trp53*" mice, compared to control mice (Figure 15).

Flow cytometry analysis of B220+ (B cell), CD43+ (pro-B cell) and IgM+ (B cells that crossed
V(D)J recombination) cells of bone marrow demonstrated that the proportion of B220+ cells
is not considerably changed, comparing XIf-Paxx’-Trp53* mice to the controls. While, the
frequency of CD43+ cells is increased and proportion of IgM+ cells is decreased in bone
marrow of XIf-Paxx’Trp53*" mice (Figure 16).

To conclude, B cell development is arrested at pro-B cell stage in bone marrow of XIf""Paxx”

Trp53*" mice.
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Figure 13
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Mice Cell frequencies (%), Spleen | Number of cells (x108), Spleen
Cell CD3+ CD19+ CD3+ CD19+
WT 31.23 42.84 27.13 37.29
X1 42.30 30.47 38.27 32.65
XIf-Paxx’Trp53*- 4.18 1.59 0.20 0.71

Figure 13. The frequency of splenic B and T cells in XIf"Paxx” Trp53* mice. A) Portray of flow
cytometry analysis of CD19+ (B cell) and CD3+ (T cell) splenocytes, frequencies (%) are indicated.
B.1) Comparison in splenic CD19+ cells (%) B.2) The number (x10°) of splenic CD19+ cells C.1)
Comparison in splenic CD3+ cells (%) C.2) The number of (x10°) splenic CD3+ cells D) The average
statistic of splenic B and T lymphocytes of WT, XIf" and XIf Paxx”Trp53* mice. Erythrocytes were
lysed during the sample preparation and not counted. Not significant n.s., p>0,005, *p<0,05, **p<0,01,

***p<0,001, ****p<0,0001.
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Figure 14
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XIf-Paxx’Trp53*- 1.94 2.98 0.30 0.43

Figure 14. The frequency of splenic T cell subsets (CD4+ and CD8+) in XIfPaxx’ Trp53* mice. A)

Illustration of flow cytometry analysis of CD8+ (T cytotoxic) and CD4+ (T helper) splenocytes,

frequencies (%) are indicated. B.1) Comparison in splenic CD4+ cells (%). B.2) The number (x10°) of
splenic CD4+ cells. C.1) Comparison in splenic CD8+ cells (%). C.2) The number (x10°) of splenic
CD8+ cells. D) The average statistics of splenic T lymphocyte subsets of XIf"Paxx” Trp53*, XIf" and
WT mice. Erythrocytes were lysed during the sample preparation and not counted. Not significant n.s.,
p>0,005, *p<0,05, **p<0,01, ***p<0,001, ****p<0,0001.
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Figure 15
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E)

Mice Cell frequencies (%), Thymus Number of cells (x10%), Thymus
Cell CD4+ CD8+ | CD4+CD8+ | CDA4+ CD8+ CD4+CD8+
WT 6.53 5.03 85.62 9.67 11.05 163.5
XIfF 6.87 4.21 87.33 12.16 7.55 188.2
XIf-Paxx’Trp53*- 1.76 1.63 66.21 0.77 0.73 9.2

Figure 15. The frequency of thymic T cell subsets (CD4+, CD8+ and CD4+CD8+) in XIf"Paxx”
Trp53*" mice. A) Example of flow cytometry analysis of CD8+ (T cytotoxic), CD4+ (T helper) and
CD4+CD8+ (double-positive T cell) thymocytes, frequencies (%) are indicated. B.1) Comparison in
thymic CD4+ cells (%) B.2) The number (x10°) of thymic CD4+ cells C.1) Comparison in thymic
CD8+ cells (%) C.2) The number (x10°) of thymic CD8+ cells D.1) Comparison in CD4+CD8+ cells
(%) D.2) The number (x10° of CD4+CD8+ cells E) The average statistics of thymic T lymphocyte
subsets of XIf"Paxx”Trp53*, XIf~ and WT mice. Erythrocytes were lysed during the sample
preparation and not counted. Not significant n.s., p>0,005, *p<0,05, **p<0,01, ***p<0,001, ****p<

0,0001.
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Figure 16
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Mice Cell frequencies (%), Bone marrow | Number of cells (x10°), Bone marrow
Cell B220+ CD43+ IgM+ B220+ CD43+ IgM+
WT 25.81 7.49 11.59 10.49 2.98 4.67
XIf" 20.21 9.17 10.74 7.96 3.89 3.47
XIfPaxx’ Trp53*" 9.19 25.27 3.08 1.93 4.97 0.63

Figure 16. The frequency of B220+, pro-B and IgM+ cells in the bone marrow of XIf’"Paxx’Trp53*"
mice. A) Demonstration of flow cytometry analysis of WT, XIf"- and XIf"Paxx’ Trp53*" mice. Bone
marrow cells were distinguished by anti-B220, anti-CD43 and anti-lgM antibodies. Figures at the left
side show the proportion of B220+ cells (B cells) in bone marrow of WT, XIf"- and XIf"-Paxx” Trp53*"
mice. Figures at the right side represent the sub-population of B220+ cells including pro-B (CD43+IgM-
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) and IgM+ (CD43-IgM+) cells for the mentioned genotypes. Distribution frequencies (%) are indicated.
B.1) Proportion B220+ cells in bone marrow (%). B.2) The number (x10°) of B220+ cells in bone
marrow. C.1) Proportion of IgM+ cells in bone marrow (%). C.2) The number (x10°) of IgM+ cells in
bone marrow. D.1) Proportion of pro-B cells in bone marrow (%). D.2) The number (x10°) of pro-B
cells in bone marrow. E) Average statistics of B220+, CD43+ and IgM+ cells in bone marrow of WT,
XIf" and XIf""Paxx”Trp53*" mice. Erythrocytes were lysed during the sample preparation and not
counted. Not significant n.s., p>0,005, *p<0,05, **p<0,01, ***p<0,001, ****p<0,0001.
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4.4 Genetic interaction between Mri and Dna-pkcs genes in mice

In order to perform my third research aim, | genotyped 66 mice in total. All the examined mice
were from Mri*"Dna-pkcs* parents. Mendelian distribution of expected and the number of
obtained offspring are mentioned in Table 4. According to the mendelian distribution I should
have found 4 Mri”"Dna-pkcs” mice. Noticeably, no Mri”-Dna-pkcs”™ mice were observed. It
may suggest that combined inactivation of Mri and Dna-pkcs genes leads to embryonic
lethality. Wile 5 Mri*"Dna-pkcs”™ mice were detected, no DNA-PKcs-deficient mice were
identified, suggesting that the number of mice analyzed may be too low to make a solid
conclusion, and total 100-400 mice need to be analyzed in the future.

Genotype Number of offspring, P30 Expected
1:2:1:2:4:2:1:2:1
Mri**Dna-pkcs** 5 4.12
Mri**Dna-pkcs*" 4 8.24
Mri**Dna-pkcs™” 0 4.12
Mri* Dna-pkcs** 9 8.24
Mri*-Dna-pkcs* 19 16.48
Mri* Dna-pkcs™ 5 8.24
Mri”-Dna-pkcs** 12 4.12
Mri”-Dna-pkcs*" 12 8.24
Mri”-Dna-pkcs” 0 4.12
Total 66 66

Table 4. The number of thirty-day-old mice (P30) of the indicated genotypes. Mendelian distribution
is provided in the third column. Both parents were Mri*"Dna-pkcs™". In total, 66 mice were analyzed.

Although, my co-supervisor Sergio Castaneda and | planned to assess the phenotype of
Mri.Dnapkcs embryos. We examined embryos at embryonic day E14.5, isolated from Mri*"
Dna-pkes*” female (both parents were Mri*"Dna-pkcs*). Noticeably, two embryos were

smaller and lighter in comparison to the others (Figure 17). Genotyping PCR confirmed that
the smaller embryos were Mri”"Dna-pkcs™.
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Figure 17

A) B)
Embryos Genotype Weight (g)
1 Mri”-Dna-pkcs™ 0.0630
2 Mri”-Dna-pkcs™ 0.0633
3 Mri”-Dna-pkcs*" 0.1082
4 Mri”-Dna-pkcs*" 0.1010

Figure 17. Comparison of Mri”Dna-pkcs” double knock out with Mri”Dna-pkes*” embryos. A) As
can be observed, the size of Mri”"Dna-pkcs” deficient embryo is smaller than Mri”"Dna-pkcs™ embryo.
B) Two Mri”"Dna-pkcs”- embryos and two Mri”"Dna-pkcs™ embryos were weighted. Embryos lacking
Mri and DNA-PKcs had lower weight (g) when compared to Mri”Dna-pkcs* embryos.
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4.5 No genetic interaction between Mri and Paxx genes in mice

To perform my fourth research aim, | genotyped 60 mice in total. The distribution of the
expected and analyzed mice is indicated in Table 5. All the analyzed mice were generated from
Mri*Paxx* parents.

Genotype Number of offspring, Expected
P30 1:2:1:2:4:2:1:2:1
Mrit*tPaxx** 8 3.75
Mri**Paxx*- 8 75
Mrit*Paxx’- 2 3.75
Mri*-Paxx*’* 17 7.5
Mri* -Paxx*- 6 15
Mri*-Paxx’ 4 7.5
Mri7-Paxx*’* 7 3.75
Mri7-Paxx*" 1 75
Mri’-Paxx’ 7 3.75
Total 60 60

Table 5. The first column indicates the genotypes. The number of thirty-day-old mice (P30) is
mentioned in the second column. The third column provides the mendelian distribution. Both parents
had Mri*"Paxx*" genotype.

To elucidate the genetic interaction between the NHEJ accessory factors Mri and Paxx in mice,
| examined 16 mice, including five Mri”- Paxx™, four Mri”- and seven WT mice. Mri”" mice
were used as single knock out control. The Paxx”" mice were not available at the time of
experiments. However, lack of PAXX does not affect the lymphocyte development in mice [9,
34-36, 44, 51]. To investigate the phenotypic impact of Mri’-Paxx’ double deficiency on
immune system development in mice, the weights of the whole body, spleen and thymus were
measured. Furthermore, the number of splenocytes, thymocytes and bone marrow cells was
recorded.

There was no significant difference between controls and Mri”-Paxx”- mice in the body weight
(Figure 18, A). Moreover, there were no notable changes in the spleen weight and the number
of splenocytes between WT, Mri”- and Mri’- Paxx/- mice (Figure 18, B). Likewise, no
consequential variations were detected in the thymus weight and the number of thymocytes of
Mri”-Paxx”- mice when compared to Mri”- and WT controls (Figure 18, C). The number of

bone marrow cells of WT, Mri”- and Mri’-Paxx’- mice was similar as well (Figure 18, D).
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Therefore, the mentioned results suggest that there is no genetic interaction between Mri and

Paxx genes in mice.
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Figure 18
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Figure 18. Immune system development in Mri”Paxx” mice. A.1) Comparison of Mri”Paxx” and WT
mice in body size. B.1) Spleens, isolated from WT and Mri”"Paxx” mice. B.2) Weight (mg) of spleens
from WT, Mri”" and Mri”Paxx” mice. B.3) The number of (x10°) splenocytes of WT, Mri”- and Mri”"
Paxx” mice. C.1) Thymi, isolated from WT and Mri ” Paxx ~ mice. C.2) Weight (mg) of thymi from
WT, Mri” and Mri”Paxx™ mice. C.3) The number of (x10°) thymocytes of WT, Mri”" and Mri”Paxx
" mice. D) The number (x10°) of bone marrow cells from WT, Mri” and Mri”Paxx” mice. Erythrocytes
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were lysed during the sample preparation and not counted. Not significant n.s., p>0,005, *p<0,05, **p
<0,01, ***p<0,001, ****p<0,0001.
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4.6 Proportions of B and T lymphocytes in spleens, thymi and bone marrow of Mri”-
Paxx’ mice

To examine the impact of Mri”-Paxx”- double deficiency on B and T cell development in mice,
splenocytes, thymocytes and bone marrow cells were isolated from WT (n=7), Mri”- (n=4) and
Mri-Paxx’ (n=5) mice. Mri-deficient mice were used as control. The Paxx’" control was not
available at the time of the experiments. However, PAXX-deficient mice possess normal B and
T cell development [9, 34-36, 44, 51]. Hence, isolated cells were immunostained and analyzed

by flow cytometry experiment. All analyzed mice were 5 to 8 weeks old.

To determine the proportion of B and T cells in the spleen, anti-CD19 (B cell marker) and anti-
CD3 (T cell marker) were used to stain splenocytes. Furthermore, splenocytes and thymocytes
were stained with anti-CD4 (T helper marker) and anti-CD8 (T cytotoxic marker) to portray T
cell subsets in spleen and thymus. Finally, bone marrow cells were stained with anti-
CD45R/B220 (B cell marker), anti-CD43 (pro-B cell marker) and anti-lgM (the marker of B
cells that completed V(D)J recombination) to characterize the proportion of B cells in different
stages of development in the bone marrow.

The result of B and T cell examination in the spleen is presented in Figure 19. No significant
differences between Mri"Paxx’- knock out mice were observed when compared to control
mice. The proportion of splenic T cell subsets (T helper and T cytotoxic) was similar among
Mri”-Paxx” mice and controls (Figure 20). Thymic T cell subsets were similar between WT,

Mri” and Mri”"Paxx’- double knock out mice (Figure 21).

Observation of B cell proportion in different stages of development in the bone marrow is
displayed in Figure 22. The percentage of B220+ cells (B cell marker), pro-B cells
(CD43+IgM-), and IgM+ cells (CD43-IgM+) were similar between examined controls and
Mri’-Paxx” knock out mice. The reported outcomes reveal that there is no difference in
lymphocyte development, comparing Mri”-Paxx”" double knock out mice to Mri”- and WT
controls. To sum up, there is no genetic interaction between Mri and Paxx. Mri”-Paxx”- mice

do not have any deficits in B and T cell development.
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Figure 19
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Mice Cell frequencies (%), Spleen Number of cells (x108), Spleen
Cell type CD3+ CD19+ CD3+ CD19+
WT 29.23 49.84 32.13 51.29
Mri- 26.1 43.4 36.22 63.62
Mri-Paxx’- 23.74 38.66 20.88 37.40

Figure 19. Splenic B and T cell frequencies in Mri”"Paxx” mice. A) Flow cytometry analysis of WT,
Mri”- and Mri”Paxx” mice. Splenocytes were distinguished by anti-CD3 (T cell marker) and anti-CD19
(B cell marker) markers. Distribution frequencies (%) are demonstrated. B.1) Comparison in splenic
CD19+ cells (%) B.2) The number (x10°) of CD19+ cells C.1) Comparison in CD3+ cells (%) C.2) The
number (x10°) of CD3+ cells D) Average number (x10°) and frequencies (%) of splenic B and T cell in
Mri”Paxx™ and control mice. Erythrocytes were lysed during the sample preparation and not counted.
Not significant n.s., p>0,005, *p<0,05, **p<0,01, ***p<0,001, ****p<0,0001.
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Figure 20
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Mice Cell frequencies (%), Spleen Number of cells (x10°), Spleen
Cell type CD4+ CD8+ CD4+ CD8+
WT 16.29 13.83 1431 12.95
Mri- 14.80 11.3 16.93 14.48
Mri-Paxx’- 16.4 12.83 13.19 9.32

Figure 20. Splenic CD4* (T helper) and CD8* (T cytotoxic) cell frequencies in Mri”Paxx” mice

A) Flow cytometry analysis of WT, Mri” and Mri”Paxx” mice. Splenocytes were immunostained by
anti-CD4 and anti-CD8 markers. Distribution frequencies (%) are demonstrated. B.1) Comparison in
splenic CD4+ (%) B.2) The number (x10°) of splenic CD4+ cells C.1) Comparison in splenic CD8+
cells (%) C.2) The number (x10°) of splenic CD8+ cells D) Average statistics of splenic CD4+ and
CD8+ cells in Mri”Paxx” and control mice. Erythrocytes were lysed during the sample preparation
and not counted. Not significant n.s., p>0,005, *p<0,05, **p<0,01, ***p<0,001, ****p<0,0001.
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Figure 21
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E)

Mice Cell frequencies (%), Thymus Number of cells (x10°), thymus
Cell type CD4+ CD8+ | CD4+CD8+ | CD4+ CD8+ | CD4+CD8+
WT 7.24 7.03 84.7 9.67 6.55 127.3
Mri” 8.04 6.78 81.98 12.54 10.49 162.23

Mri”Paxx” 7.67 8.86 83.11 5.76 11.38 93.67

Figure 21. The proportion of thymic CD4+ (T helper), CD8+ (T cytotoxic) and CD4+CD8+ (double-
positive T cell) in Mri”"Paxx™ mice. A) Portray of flow cytometry analysis of Mri”Paxx” and control
mice. Isolated thymocytes were examined by anti-CD4 and anti-CD8 markers. Distribution frequencies
(%) are demonstrated. B.1) Comparison in thymic CD4+ cells (%) B.2) The number (x10°) of thymic
CD4+ cells C.1) Comparison in thymic CD8+ cells (%) C.2) The number (x10°) of thymic CD8+ cells
D.1) Comparison in CD4+CD8+cells (%) D.2) The number (x10°) of CD4+CD8+ cells E) Average
statistics of thymic CD4+, CD8+ and CD4+CD8+ cells in WT, Mri” and Mri”Paxx” mice.
Erythrocytes were lysed during the sample preparation and not counted. Not significant n.s., p>0,005,

*p<0,05, **p<0,01, ***p<0,001, ****p<0,0001.
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Figure 22
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Mice Cell frequencies (%), Bone marrow | Number of cells (x10°), Bone marrow
Cell type B220+ CD43+ IgM+ B220+ CD43+ IgM+
WT 26.81 9.17 12.95 10.49 2.89 4.67
Mri” 22.12 9.45 16.85 9.06 3.72 6.69
Mri-Paxx’- 25.65 13.04 13.18 12.07 4.69 5.66

Figure 22. Frequency of B220+, pro-B and IgM+ cells in the bone marrow of Mri”Paxx” mice A)
Example of flow cytometry analysis of B220+, pro-B and IgM+ cells in the bone marrow of Mri”Paxx-
- Mri”- and WT mice. The bone marrow cells were distinguished, utilizing anti-B220, anti-CD43 and
anti-lgM markers. Figures at the left side show the proportion of B220+ cells (B cells) of the bone
marrow of WT, Mri”- and Mri”-Paxx” mice. Figures at the right side represent the sub-population of
B220+ cells including pro-B (CD43+IgM-) and IgM+ cells (CD43-IgM+) for the mentioned mice.
Distribution frequencies (%) are demonstrated. B.1) Comparison in B220+ cells in bone marrow (%).
B.2) The number (x10°) of B220+ cells in bone marrow. C.1) Comparison in IgM+ cells in bone marrow
(%). C.2) The number (x10°) of IgM+ cells in bone marrow. D.1) Comparison in pro-B cells (%). D.2)
The number (x10°) of pro-B cells. E) Average statistics of B220+, CD43+ and IgM+ cells in Mri”"Paxx”
"mice and tested controls. Erythrocytes were lysed during the sample preparation and not counted. Not
significant n.s., p>0,005, *p<0,05, **p<0,01, ***p<0,001, ****p<0,0001.
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5. Discussion

5.1 XIf"Paxx’Trp53*- deficiency leads to deficient B and T cell development

It is suggested that XLF acts as a bridge between XRCC4 and other recruited factors located at
DNA ends [29, 35, 51]. PAXX, on the other hand, is a scaffold to stabilize the Ku heterodimer
[10, 35, 51]. Noticeably, single knock out of XIf or Paxx genes results in no or modest defects
in lymphocyte development in mice [9, 34-37, 44, 53, 54]. However, single inactivation of
other NHEJ factors results in blockage of lymphocyte development in mice, e.g. Dna-pkcs™

mouse model [35, 41].

Moreover, combined inactivation of XIf and Paxx genes results in embryonic lethality in mice
[5, 34-36, 44]. Knock out or haploinsufficiency for Trp53 rescues embryonic lethality of XIf-
Paxx’-mice and allows postnatal survival [5, 35, 46]. XIf"Paxx”Trp53*" mice have lower body
weight in comparison to the control mice. Besides, there are abnormalities in lymphocyte
development of triple deficient mice, such as dramatic reduction of single-positive thymic and
splenic T cells (CD4+ and CD8+). Also, the proportion of splenic B cells in XIf"Paxx”Trp53*"

mice is markedly lower than the examined controls.

Nevertheless, it was unclear whether B lymphocytes maturate normally via V(D)J
recombination in bone marrow and die before migration to the periphery, or V(D)J
recombination are blocked at early stage of B cell development in bone marrow of XIf"Paxx”
Trp53*" mice. Here, by bone marrow analysis of XIf"-Paxx”Trp53*"- mice, | demonstrated that
observed phenotypes are rooted in the bone marrow. Low proportion of B220+ cells, increased
proportion of pro-B cells and reduced proportion of 1lgM+ cells in bone marrow of XIf""Paxx
"Trp53*" mice, suggest that XIf""Paxx” double deficiency results in a block in the V(D)J
recombination at pro-B cell stage of B cell development in the bone marrow [35]. In
conclusion, XIf"Paxx”Trp53*" mice possess immunodeficient phenotypes, observed in Ku70®
- Ku80™, Artemis” and Dna-pkcs”™ mouse models [35, 38-41] and reported observations

proved my hypothesis.
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5.2 Mri’-Dna-pkcs’- double deficiency leads to embryonic lethality

The Mri”-mice have normal lymphocyte development [35, 45, 47]. However, the mice lacking
NHEJ accessory factor DNA-PKcs, are live-born and possess SCID phenotype [35, 41]. To
study the genetic interaction between Mri and Dna-pkcs, several breeding cages were made as
presented in Table 4. According to the mendelian distribution, | should have observed 4 Mri”-

Dna-pkes” mice but notably, no Mri”"Dna-pkcs” mice were observed.

For further assessment, | examined embryos at embryonic day E14.5, isolated from Mri* Dna-
pkcs*- female (both parents were Mri*" Dna-pkcs*). Two embryos were smaller and lighter
when compared to the others. Genotyping PCR confirmed that these two smaller embryos were
Mri”"Dna-pkcs™. Reported assessments may suggest that Mri and Dna-pkcs, genes interact
genetically and Mri”"Dna-pkcs” mice are embryonically lethal. However, more mice need to

be genotyped (totally 100-400 mice) in the future.
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5.3 There is no genetic interaction between Mri and Paxx genes in mice

Mri and PAXX are NHEJ accessory factors. Mri is a regulator of NHEJ repair system during
S and G2 phases [11, 35, 45]. While, PAXX is a scaffold to stabilize the Ku heterodimer [9,
10, 51]. Noticeably, single deficient Mri”~ and Paxx” mice have normal lymphocyte
development [34-36, 44, 45, 47, 51]. | hypothesized that Mri and Paxx interact genetically and

have overlapping functions in general and lymphocyte development in mice.

Following, various Mri.Paxx breeding cages were made (Table 5) to obtain Mri”Paxx” mice.
Markedly, mice with combined inactivation of Mri and Paxx were live-born and showed
normal B and T lymphocyte development. The mentioned data in results part highlighting that
Mri”Paxx” mice show a similar phenotype as Mri”- and Paxx” single knock out controls [35].

Reported observations show that Mri and Paxx genes are not functionally redundant which

disproved my third hypothesis.

59



6. Conclusion

1. XIf"Paxx”"Trp53*" mice possess deficient B and T cell development. B cell development is

arrested at the pro-B stage of development in bone marrow of XIf""Paxx” Trp53*" mice.

2. Mri’-Dna-pkcs” mice are embryonically lethal. Mri and Dna-pkcs genes interact genetically.

3. Mri and Paxx do not interact genetically. Mri”"Paxx”’" mice have normal lymphocyte

development.
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7. Future directions

Unhesitatingly, more mice need to be analyzed to determine the genetic interaction between
Mri and Dna-pkcs genes in mice, up to 100 to 400 pups. | hypothesized that the massive
apoptosis in the central nervous system (CNS) is the cause of the observed phenotype of tested
Mri/Dna-pkcs double-deficient embryos, as it was shown earlier for other NHEJ deficient mice
such as Lig4™’ [35, 43], Xrccd™” [35, 42], XIf"Mri’- [35] or XIf"- Paxx™ [35, 51] mice.

H&E staining method, using hematoxylin and eosin stains, can be used for brain samples to
screen apoptotic bodies and necrotic infractions in the brain as described earlier for other
genotypes [55]. Moreover, the genomic instability using T-FISH assay [6, 9, 48, 50, 54, 56]
can be studied in Mri”"Dna-pkcs” model as well. | hypothesized that genomic instability is

increased in Mri”"Dna-pkcs™ mice when compared to WT and single knock out controls.
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9. Supplementary information

9.1 Appendix A. Scientific article (co-author) published in 2019.
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Abstract: Classical non-homologous end joining (NHEJ) is a molecular pathway that detects, processes,
and ligates DNA double-strand breaks (DSBs) throughout the cell cycle. Mutations in several NHE]
genes result in neurological abnormalities and immunodeficiency both in humans and mice. The
NHE] pathway is required for V(D)] recombination in developing B and T lymphocytes, and for
class switch recombination in mature B cells. The Ku heterodimer formed by Ku70 and Ku80
recognizes DSBs and facilitates the recruitment of accessory factors (e.g., DNA-PKcs, Artemis, Paxx
and Mri/Cyren) and downstream core factor subunits X-ray repair cross-complementing group 4
(XRCC4), XRCC4 like factor (XLF), and DNA ligase 4 (Lig4). Accessory factors might be dispensable
for the process, depending on the genetic background and DNA lesion type. To determine the
physioclogical role of Mri in DNA repair and development, we introduced a frame-shift mutation
in the Mri gene in mice. We then analyzed the development of Mri-deficient mice as well as wild
type and immunodeficient controls. Mice lacking Mri possessed reduced levels of class switch
recombination in B lymphocytes and slow proliferation of neuronal progenitors when compared to
wild type littermates. Human cell lines lacking Mri were as sensitive to DSBs as the wild type contrals.
Overall, we concluded that Mri/Cyren is largely dispensable for DNA repair and mouse development.



9.2 Appendix B

PCR Programs

DNA-PKcs (wt) DNA-PKcs (mut) XLF (wt&mut)
Time | Degrees Cycles | Time | Degrees Cycles | Time | Degrees Cycles
Denaturation | 3 M 94 3m 94 3m 95
Denaturation | 45's 94 45s 94 30s 95 40
Annealing | 45s 66 30 45s 59.5 40 Tm 62
Elongation | 1m 72 1m 72 5m 68
Elongation | 5m 72 5m 72 4
4 4
MRI (428 bp) MRI (238 bp) Trp53 (wt&mut) PAXX (wt&mut)
Time | Degrees | Cycles | Time | Degrees | Cycles | Time | Degrees | Cycles | Time | Degrees | Cycles
Denaturation | 5m 95 5m 95 2m 95 2m 94 =
Denaturation | 30 s 95 30s 95 30s 95 30s 94
Annealing | 30's 60 35 30s 57 35 |30s 67 30 45s 68 30
Elongation | 40's 68 40s 68 20s 72 1m 72
Elongation | 5m 68 5m 68 5m 72 5m 7 =
4 4 - 4 -
9.3 Appendix C
Primers information
Primer Sequence Amplicon
Paxx-1-fw ACAGAGGGTGGTGACTCAGACAATGG WE-050 // mut-300.
Paxx-2-rev GGAAATGCTATTAGAACCACTGCCACG 312, 298

Dna-pkes-1-wt

GAAAAAGTCTATGAGCTCCTGGGAG

Dna-pkes-2-common

CCCTCCAGACAGCCAGCTAAGACAGG

wit-250 /f mut-427

Dna-pkes-3-mut ACGTAACTCCTCTTCAGACCT
Trp53-common TGGATGGTGGTATACTCAGAGC

Trp53-mut CAGCCTCTGTTCCACATACACT wi-321 /1 mut-150
Trp53-wt AGGCTTAGAGGTGCAAGCTG

Xlf-common GAGCTCGGATATGAGCGCTCAG

wt-650 // mut-950

XIf-wt CATGTTGGCTCTGCGAATAGA
XIf-mut CTGICTTGTGGGCATAGTAGGC
MRI-F TCAGGTCTGCCCTACACTGA
MRI-R-428bp-wt GTGGTGGTGCTTCTCTGTGA
MRI-R-234-wt AGAGGGGAGGACCC
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