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T lymphocytes make up an important line of defense against invading pathogens
and tumors, where the success of the immune response depends on the range of threats
that can be identified properly. The diversity required for the antigen-specific T cell
receptors (TCRs) is achieved through a biological mechanism called somatic V(D)J
recombination, where double-stranded DNA breaks naturally occur as a result of gene
rearrangements in the TCR gene loci during T cell development. The process is tightly
regulated by the tumour suppressor p53 through the activation of several DNA damage

checkpoints.

To investigate how p53 controls T lymphocyte developmental checkpoints we
studied its interaction with transcription factors known to be expressed in developing T
cells. Using computer-stimulated computer modeling backed up by co-
immunoprecipitation studies, we showed that PatzZ1/ MAZR interacts with the basic C-
terminal domain of p53 through an isoform 001-specific binding pocket generated by
the 6™ and the 7" C,H,-type zinc finger motifs that is not present in other alternatively

spliced Patz1/MAZR isoforms. Furthermore, we demonstrated that residues Asp521

v



and Asp527 located in the binding pocket play a critical role for the interaction of p53
by site-directed mutagenesis. Cell survival assays performed in the immortalized
human cell line HEK293T and DP mouse lymphoma cell lines AKR1 and VL3 showed
that the Patz1/p53 interaction confers protection against cell death and inhibits p53-

induced apoptosis.



T HUCRESI GELISiMIi SIRASINDA

BTB/ZiNC FINGER TRANSKRIiPSiYON FAKTORU PATZ1/MAZR'IN

P53 REGULASYONLU DNA HASARINA TEPKi

MEKANIZMASINDAKI ROLU

Manolya Un
Yiiksek Lisans Tezi 2011

Tez Danmismani: Assoc. Prof. Batu Erman

OZET

Anahtar Kelimeler: T Hiicresi, Timosit Gelisimi, Somatik V(D)J
rekombinasyonu, DNA hasarina tepki, Patzl/MAZR, p53, Immiin ¢oktiirme, Homoloji
Modellenmesi, Apoptoz

T lenfositler, patojenlere ve kanserli hiicrelere karsi olusturulan savunma
hattinin 6nemli parcalaridir. Bu gibi tehditlere karsi verilen immiin tepkinin basarisi,
dogru olarak tanimlanabilen tehdit sayisiyla orantili oldugundan antijen-spesifik T
hiicresi algaclar1 genis bir ¢esitlilik araligina sahip olmalidir. Gereken gesitlilik somatik
V(D)J rekombinasyonu olarak bilinen siire¢ sonunda ¢ift zincirli DNA'nin kirilmasi ve
T hiicresi reseptoriinii kodlayan genomik bdlgenin yeniden diizenlenmesi ile saglanir.
Somatik V(D)J rekombinasyonunun tiimor baskilayict p53 tarafindan aktive edilen

DNA hasar-kontrol noktalarinca regiile edildigi bilinmektedir.

Bu calismada BTB-POZ/Zinc Finger bolgeli bir transkripsiyon faktorii olan
Patz1/MAZR'in somatik rekombinasyon tarafindan tetiklenen p53 regiilasyonlu DNA
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hasarina tepki yolaginda etkili oldugunu gosterdik. Arastirmamizda bilgisayar
ortaminda simule edilmis homoloji modellerinden ve immiin ¢okeltme deneylerinden
yararlanarak Patzl/MAZR''n p53'e C-terminal bolgesinden baglandigini ve bu
etkilesimin MAZROO1 protein isoformuna spesifik bir baglanma cebi tarafindan
kuruldugunu gosterdik. Homoloji modeli baglanma cebinin 6. ve 7. zinc finger
bolgelerinin arasinda bulundugunu ve diger isoformlarda bdyle bir yapiya
rastlanmadigini ortaya koydu. Bunun yanisira baglanma cebinde bulunan Asp521 ve
Asp527 amino asitlerinin Patz/MAZR-p53 etkilesiminde kritik bir rol iistlendigini
proteinde kontrollii nokta mutasyonlar1 yaparak gdsterdik. insan hiicre hattt HEK293T
ve ¢ifte pozitif fare lenfoma hatlar1 AKR1 ve VL3 {izerinde yapilan hayatta kalma
deneyleri, bu etkilesimin p53 tarafindan indiiklenen apoptozu baskilayarak hiicreleri

oliimden korudugunu ortaya ¢ikardi.
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1 INTRODUCTION

1.1 T Cell Development in the Thymus

T cells are a type of white blood cells (lymphocytes) that are involved in the
mediation of adaptive immunity in response to an antigen. The “T” in the name
originates from “thymus”, where bone marrow-derived precursors migrate to in the
later phases of thymocyte maturation'. These stages of development have been
characterized by the coordinated expression of T cell-specific surface markers such as

the T cell receptor (TCR) complex and the co-receptors CD4 and CDS8 (Figure 1.1):

Extracelluiar Matmx

TCR

ChDa:
-Recognizes MHC
Class|l
-Found on double
positive and CD4
single posttive
(helper) T-cells

CDa-
-Recognizes MHC
Class |
-Found on double
positive and CD8
single positive
(cytotoxic) T-cells

g-chain
Uieya-g

Transmembrane region

cytoplasm

Figure 1.1: The major surface markers characterizing the stages of T-cell
development in the thymus. The T cell receptor (TCR) complex consists of an a- (the
green boxes) and a B-chain (lavender boxes). Its main function is to recognize
antigenic peptide:MHC (major histocompatibility complex) complexes found on
antigen-presenting cells and to activate mature T cells. The co-receptors CD4 (blue
boxes) and CD8 (purple boxes), on the other hand, are expressed in a mutually-
exclusive fashion on mature T cells. They participate in ligand binding and
determine the sub-type of MHCs (major histocompatibility complexes) a given TCR
can associate with.



T cell development in the thymus is a tightly regulated multi-step process,
where several checkpoints exist to minimalize the maturation of cells with
dysfunctional or self-reactive TCRs. In the initial stages, early thymocyte progenitors
(ETPs) of hematopoietic stem cell origin leave the bone-marrow and home in the
cortical regions of the thymus to differentiate into CD4(-)CD8(-) double-negative (DN)
thymocytes that lack the said signature markers®. Such cells are devoid of a functional
TCR complex, but begin to express the surrogate pre-TCRalpha chain along with the
adhesion molecules CD44 and CD25 shortly after seeding the thymus’. The expression
of pre-TCRalpha is followed by the recombinase activating gene (RAG)1/2-mediated
rearrangement of the genomic TCRp locus. This phenomenon is known as “somatic
V(D)J recombination” and results in the production of a clone-specific TCR B-chain®.
Among all DN thymocytes, only the ones that have successfully produced a functional
B-chain can assemble a pre-TCR complex, proliferate and progress to the next stage of

maturation.

The clones that have gone through a productive rearrangement migrate deeper
into the cortical zones of the thymus and begin to differentiate into CD4 CD8 double-
positive (DP) by simultaneously up-regulating the expression of the co-receptors. These
cells subsequently undergo a second round of somatic recombination to rearrange the
genomic TCRa locus. A productive rearrangement results in the generation of a clone-

specific mature TCR complex containing both chains’.

The success of somatic recombination, however, doesn't only depend on the
proper assembly of a TCR. Since the process involves introducing double-stranded
DNA breaks (dsDBs) and nucleotide additions/excisions to the target genomic loci, the
introduction of mutations, deletions and insertions may prevent a fully-assembled TCR
from associating with peptide:MHC (Major Histocompatibility Complex) conjugates or
render it self-reactive’. In order to deal with this problem two powerful selection

mechanisms are put to use:

During the first round of selection, also known as “positive selection”, DP T cell
clones in the thymus are trained by cortical epithelial cells that present self peptides in

conjunction with MHCs. DP thymocytes with sufficiently active TCR complexes can



engage their ligands successfully and receive survival signals, whereas clones with
nonfunctional TCRs die by apoptosis’. In the next step, positively-selected DP
thymocytes are exposed to medullary epithelial cells or dendritic cells presenting self-
peptide:MHC complexes. If the TCR:ligand association is too strong, implying an auto-
reactive potential, the said clones are eliminated by apoptosis. This phenomenon is

called “negative selection™.

Having survived the selective pressures in the thymus, DP thymocytes
differentiate into a CD4(hi)CD8(lo) intermediate stage by down-regulating surface
CDS8 expression. This transient form has the potential to differentiate into either CD4 or
CDS8 single positive (SP) T cells’. Lineage commitment is thought to be orchestrated by
the MHC specificity of the TCR complex: Canonically thymocytes with MHC-Class-1-
specific TCRs turn into CD8 SP (cytotoxic) T cells, whereas those with MHC-Class-II-
specific TCRs differentiate into CD4 SP (helper) T cells (Figure 1.2). Current models
propose multiple mechanisms that might be involved in the determination of cell fate

and several transcription factors are shown to regulate the process'.

CcDh4 - + + + -
cDs - + + - +
Il @ [0
. DP CD4~ CcD8
CcDge Sp
\ I
cD4
SP

Figure 1.2: The stages of T cell development in the thymus in terms of TCR and co-
receptor expression.

DN: Double negative, DP: Double positive, CD4(hi)CD8(lo): Intermediate, SP: Single
positive. The TCR complex is indicated by the green-lavender boxes, CD4 by blue
boxes and CD8 by purple boxes.



1.2 Somatic V(D)J Recombination: Mechanism

The goal of adaptive immunity is to recognize and eliminate foreign threats with
the help of T and B lymphocytes during the later courses of infection. Since the
induction of an efficient response is highly dependent on the range of threats that can
be properly identified, the immune system must generate a vast repertoire of
lymphocytes with unique receptors. To maintain such a level of diversity, T cells utilize
combinations of a limited number of genomic segments to create countless numbers
of clone-specific TCRs through a phenomenon called “V(D)J somatic recombination™".
The tightly regulated process introduces variations to the antigen-binding pockets of
TCRs by randomly matching variable (V), diversity (D), and joining (J) gene segments
and creating a joint V(D)J region flanking the constant region fragment to encode a

TCR chain (Figure 1.3). Such a convoluted mechanism is required because an

unlimited number of antigen-specific receptors can't be encoded by the genome'.

TCRa Gene Locus

V D J

WDJ Recombination

. Constant Region j=—

VDJ

Figure 1.3: The rearrangement of the TCRa locus by V(D)J recombination in
DP thymocytes. The V-segments are indicated by the purple boxes, D-segments
by blue boxes, J-segments by red boxes and the constant region by the orange
box. The diagram doesn't portray the number of the V-, D- or J-segments
accurately.



The reaction begins with the generation of dsDBs in the recombination signal
sites (RSS) (a conserved nonamer and heptamer sequence separated by a 12- or 23
base-pairs-long spacer) flanking the segments to be joined by the RAG1/2 complex.
During the later stages, the regions lying between the rearranged fragments are
removed from the genome and the ends of the target segments are stuck together to
generate “coding joints” (Cjs)"*'. The joining is mediated by the members of non-
homologous end-joining repair (NHEJR) pathway such as DNA-PKs, Ku70/Ku80,
Artemis, XRCC4, and DNA ligase IV. However, since the mode of action for the
NHEJR pathway is far from being precise, CJs are hotspots for mutations, deletions and

insertions'.

1.3 The Induction of the DNA Damage Response (DDR) Pathway

During Somatic Recombination

Although it's unlikely for a physiological event to induce significant DNA
damage under normal conditions, the progression of V(D)J somatic recombination is,
still, stringently regulated due to the risk of generating unrepaired dsDBs in highly
proliferative DN and DP thymocytes (Figure 1.4).

DMA Damage DNA Damage
————- DP
TCRp Gene Locus TCRa Gene Locus
Rearrangement Rearrangement

Figure 1.4: The rearrangement of the genomic TCR loci through
V(D)J recombination generates dsDBs and induces DDR in DN and
DP thymocytes during differentiation.

The TCR complex, the CD4- and the CD8 co-receptors on the DP
thymocyte are depicted by the green-lavender, blue and purple boxes,
respectively.



Control is exerted by restricting the recombinase activity of RAG1/2 to the non-
cycling (GO/G1) stages of the cell cycle. Furthermore, RAG?2 is swiftly phosphorylated

and degraded before progression to the S phase occurs'.

In addition to the coordinated regulation of somatic recombination and the cell
cycle, the involvement of DDR pathway proteins in the larger picture has become
another focus of interest. Recent studies report that ATM kinase deficiency leads to the
persistence of dsDBs through the cell cycle in developing thymocytes'* and the over-
expression of p21 during G1 prevents the accumulation of RAG2*. In comparison to
the other DDR pathway family members, however, the role of the tumor suppressor
pS3 in the progression of TCR loci rearrangement is probably the best documented,
since it's one of the most rigorously studied in the fields of cell cycle control, cell death

and cancer biology.

1.3.1 p53: Structure, Function and Regulation

The human gene TP53 is located at chromosome 17p13.1 and encodes the 393 amino-

acids-long transcription factor p53 (Figure 1.5):

p33 TAD1 TAD2 - DBD - C-terminus

Figure 1.5: The structure of the full length human p53 protein. The protein is 393
amino-acids long, 53 kDa in size and consists of two conserved transactivation
domains (TADs), a proline rich domain (prD), a DNA-binding domain (DBD), a
nuclear localization signal (NLS) and a basic C-terminal domain.

The trans-activation domains (TADs) located at the N-terminus are responsible
from mediating transcriptional activity and ubiquitination via Mdm2 binding, whereas
the DNA-binding domain (DBD) in the center enables interactions with DNA in a
sequence-specific manner. The proline-rich domain (pRD) spanning the region between
the TADs and the DBD is reportedly required to support physical interactions with
SH3-domain proteins®. Although its function is vastly unclear, the C-terminus of

region of p53 flanking the nuclear localization signals (NLS) is thought to contain



ubiquitination sites for proteosomal degradation and may negatively regulate

transcriptional activity by binding to unidentified repressors®.

p53 exerts transcriptional activity in the form of a tetrameric body and is
capable of both activating and repressing a large set of target genes**. Cellular stress is
a potent inducer of the tumor suppressor function promoting either cell cycle arrest at
Gland G2 phases or apoptosis according to the type and the intensity of the stressor. In
the case of DNA damage, arrest is preferred and the expression of DNA-damage repair
genes is up-regulated. If the damage is too grave and can't be salvaged, apoptosis is
triggered to prevent further amplification of the genomic abnormalities. Mutations in
pS3 or other deficiencies in the down-stream apoptotic pathways are often the culprits

for uncontrolled cell growth and carcinogenesis®~’.

One of the most thoroughly-studied transcriptional targets of p53 is the cyclin-
dependent kinase inhibitor p21 that is responsible from the induction of G1/G2 phase
cell cycle arrest®™. Other targets include the members of intrinsic and extrinsic apoptotic
pathways such as Bax, PUMA, Caspase-6 and pS3AIP1*, DNA damage sensors XP-C
and DDB2%, and finally ubiquitin ligases MDM2 and Pirh2 that regulate p53
stabilization and degradation® *'. In addition to its transcriptional activity, pS3 is also
shown to form inhibitory complexes with anti-apoptotic proteins Bcl2 and BelXL in the
mitochondria through the DNA-binding domain and promote the release of cytochrome

c into the cytoplasm during apoptosis®.

In the absence of cellular stress, p53 levels in a cell are undetectable or low
owing to a half-life of 10-20 minutes depending on the cell type”. The rapid
proteasomal degradation is a result of ubiquitination by Mdm2, Pirh2 and p300 at the
TADs or DBD of p53*-*'. Exposure to stressors, on the other hand, tend to stabilize p53
by inducing a number of kinases such as ATM, ATR, Chk2 and DNA-PK that
phosphorylate the tumor suppressor at a number of Ser/Thr residues®*. It has been
reported that phosphorylation patterns are stressor-specific and may influence the
outcome of the cell fate decision differentially by modifying transcriptional target
selectivity. As an example, exposure to genotoxic drugs cisplatin and camptothecin

favors the phosphorylation of Serl5 alone, whereas ionizing radiation tends to increase



phosphorylation at Ser6 and Ser9 as well***",

1.3.2 The Role of p53 in Somatic V(D)J Recombination

Induced upon genotoxic stress, p53 is an ideal candidate to regulate the
progression of developing thymocytes through DNA damage checkpoints during
somatic recombination. The critical role of p53 in this regard was first demonstrated in
RAG2-/- mice that showed a severe-combined-immune-deficient-(SCID)-like
phenotype. The thymocytes from RAG2-/- mice are arrested at the early DN stage of
development since they can't undergo a successful rearrangement of the TCRB GENE
locus. The existing under-developed thymocytes are also reported to have a short
lifespan due to the lack of surface TCRbeta signaling, which is thought to suppress the
dominant apoptotic pathway regulating the recombination process®. A critical study in
the field has shown that sublethal doses of y-irradiation could relieve the SCID-like
phenotype and allow DN cells to progress to the DP stage of development without the
requirement for productive TCRp locus rearrangement or surface TCR expression. The
radiation-induced mutations responsible for the TCR(-) DP thymocyte phenotype were
mapped to the p53 gene locus implying the loss of p53 function is sufficient for the
progression from the DN to the DP stage®.

Interestingly, researchers working with p53-/- mice have failed to report any
significant developmental abnormalities of the immune system, when the mice are
grown under stress-free conditions. However, a previous study demonstrated that in
(DNA ligase IV-/-)/(p53-/- ) double knockout mice that have defective a NHEJR
mechanism and lack the surface expression of a pre-TCRalpha complex due to failed
genomic rearrangement, are more prone to generating spontaneous lymphomas, after
exposure to UV-irradiation, in comparison to their DNA ligase IV-/- brethren®.
Furthermore, it has recently been shown that dsDBs generated by somatic
recombination tend to persist through the cell cycle in p53-/- and ATM-/- mice”. The
fact that phosphorylated p53 has also been identified at actively rearranged V(D)J loci
in complex with ATM implies that p53 might be one of the key regulators of somatic

recombination (Figure 1.6)*":



DNA Damage

Figure 1.6: The co-localization of phosphorylated p53 at the dsDBs
of actively rearranged TCR loci with the ATM:ATR complex during
V(D)J recombination. The phosphorylated form of p53
(phosphorylation is indicated by the green “P” mark) is active and
can induce apoptosis in response to genotoxic stress, if productive
rearrangement can't be achieved.

1.4 The BTB/Zinc Finger Family of Transcription Factors

Transcription factors are the key mediators of tissue-specific and temporally-
regulated gene expression. Owing to the modularity of their structural organization,
such proteins can be classified based on the types of domains responsible for binding to
DNA or interacting with other proteins or co-factors. According to these criteria, the
BTB/zinc finger (BTB/ZF) family of transcription repressors can be characterized by
the presence of a N-terminal POZ/Broad Complex, Tramtrack, and Bric a brac (BTB)
domain and a varying number of C,H.-type zinc fingers located at the C-terminal. The
evolutionarily conserved POZ/BTB domain enables homo- and heterodimerization, as
well as protein—protein interactions, resulting in the recruitment of co-repressor
complexes, whereas the zinc fingers are responsible for sequence-specific binding to

DNA®.

The physiological functions of BTB/ZF family proteins depend on the protein-
protein interactions established through the BTB domain. Among such co-mediators,
the co-repressors SIN3A, SMRT and NcoR1 are the most notable, which recruit
HDAC:s (histone deacetylases) to the complex to induce deacetylation of histones in the

local chromatin and keep the targeted genomic loci transcriptionally “silent”. This
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mechanism is thought to be the mode of action for BTB/ZF family-mediated gene

repression (Figure 1.7):

Co-repressor
Repression

Heterochromatin

Figure 1.7: The induction of epigenetic silencing at a target genomic locus by a
BTB/ZF family repressor. The transcription factor binds to the response element (RE)
in the DNA via the zinc finger domain (ZF) and recruits a co-repressor with the help of
the BTB domain. Finally a HDAC joins the repressor complex and induces the
formation of transcriptionally silent heterochromatin through the deacetylation of local
histones.

1.4.1 The Role of BTB/ZF Family in T Cell Development and Oncogenesis

Since BTB/ZF proteins serve as transcriptional switches that are able to open or
close the target chromatin and epigenetically regulate gene expression from the
afflicted locus, they are intensively studied in the context of cancer, stem cell and
developmental biology*. Among the family members, 5 repressors with a highly
conserved BTB domain have been shown to play a crucial role in T cell development

and function. Some of these key players were also identified as proto-oncogenes®.

The “T helper-inducing POZ-Kriippel factor” ThPOK, also known as c-Krox, is
encoded by the human Zbtb7b gene and is expressed in CD4(hi)CD8(lo) intermediate
and CD4 SP thymocytes*. Previous studies have shown that c-Krox promotes the
generation of CD4 SP cells by preventing the Runx-dependent down-regulation of CD4
and repressing CD8 expression by blocking to the E81 CDS8 enhancer?. It has been
reported that a recessive mutation in gene is responsible for the generation of the
“helper-deficient” phenotype in mice, where the differentiation of DP thymocytes to
CD4 SP helper T cells is blocked. The diseased phenotype was rescued by
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reconstituting the hematopoietic stem cell (HSC) pool with c-Krox*#.

ROG/PLZP is encoded by the human Zbtb32 gene and is expressed in the
thymus, spleen, lymph nodes and naive T cells. The expression in CD4 and CDS,
however, is stimulated by TCR signaling®. PLZP is a negative regulator of interleukin-
4 (IL-4) expression in CD8 SP T cells and mediates repression through the recruitment
of HDAC complexes to the IL-4 promoter: *2. The knockdown of the gene is reported
to disrupt the homeostasis between quiescent and cycling subsets of HSCs and

progenitor cells®.

BCL6 is encoded by the human Bcl6 gene and the protein product was first
characterized in a non-Hodgkin B cell lymphoma at a chromosomal break-point
implying a role in oncogenesis*. The disruption of BCL expression in mice showed that
the protein might be a key regulator of the adaptive immune response, since mutant
mice failed to develop germinal centers required for B cells undergoing clonal
expansion®. Recent studies also report that Bcl6 may be a negative regulator of B cell
differentiation and prevent apoptosis in germinal centers. The protein has since been
used as a common prognostic marker in patients with malignant forms of diffuse large

cell lymphoma, where it's over-expressed®* .

Although canonically considered as a culprit behind solid tumors such as
melanomas and cervical tumors, BTB/ZF member PLZF was shown to interact with
Bcl6 in vitro. The physical association is thought to mediate the recruitment of nuclear
complexes involved in transcriptional silencing. Current studies focus on whether the
PLZF/BCL6 interaction can be confirmed between endogenous proteins in non-

Hodgkin lymphoma cell lines to determine the functional relevance™.

Pokemon, encoded by the human gene Zbtb7 was first identified as a PLZP
homologue that can bind to Bcl6 to increase its oncogenic potential and was used as
another prognostic marker for lymphoma®. The disruption of Pokemon expression
reportedly causes embryonic lethality due to anemia and dysregulation of cellular
differentiation in various tissue types®. Additionally, Pokemon -/- mouse embryonic

fibroblasts were shown to be resistant to oncogenic transformation, whereas transgenic
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mouse models that over-expressed the gene in immature T and B cells developed

spontaneous tumors through the down-regulation of p53¢'.

1.4.2 Patz1/ MAZR

The MAZ-related factor Patzl/MAZR, encoded by the human gene Zfp278, is
a BTB/ZF family transcription factor that is predominantly expressed in the brain, skin,
testicular tissues and thymus. It was first identified as a novel zinc finger gene fused to
EWS in Ewing sarcoma®” and was later shown to interact with RNF4 to mediate the

transcriptional repression of androgen receptor®.

Patz1/MAZR has 4 known isoforms that are generated by alternative splicing.
The widely-studied full length isoform MAZRO001 has an N-terminal BTB domain that
mediates protein-protein interactions and a C-terminal zinc finger domain consisting of
7 C.H,-type zinc fingers. The other isoforms share the BTB domain but differ in the

number of individual zinc finger located in the C-terminus (Figure 1.8):

1 23 4 5 6 7
MAZRO001
ok 28 | HAHNEENE N |
MAZR002 1 2 3 4 5 B Ga 7
7a0a .88 [HEHEENE B B |

MAZRO03

12 3 4
sakpa LB | EEN |

MAZRO012

1234 5 6
sskpa B8 | I N N

Figure 1.8: The protein structures of the alternatively-
spliced Patz1/MAZR isoforms 001, 002, 003 and 012.
Green box: BTB domain, Yellow box: Zinc finger domain
Blue boxes: C.H.-type zinc fingers. Each zinc finger in a
given isoform is assigned a number indicated above the
blue boxes

The expression pattern of Patzl/MAZR is tightly regulated in developing T
cells: The full length isoform MAZROO1 is progressively down-regulated during the
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transition from the DN to the DP stage, and is terminated once the assembly of a

functional TCR is complete (Figure 1.9)*:

—

MAZR Expression

Figure 1.9: The expression pattern of Patzl/MAZR in
developing T cells. MAZR is expressed in the double negative
(DN) and to a lesser degree double positive (DP) stages of T
cell maturation (phases marked by the red circles). Expression
is terminated following the generation of a functional TCR in
single positive (SP) stage.

In DN thymocytes MAZRO0OO1 is shown to interact with several CD8 cis-
regulatory elements and induces epigenetic silencing of the locus by recruiting the
nuclear co-repressor NcoR*. A recent study has demonstrated that the over-expression
of MAZRO001 induces variegated expression of CD8 in DP thymocytes highlighting a

critical role in the CD4 vs. CDS8 cell fate decision®.

In addition to its involvement in the T-cell lineage commitment process,
Patzl/MAZR over-expression has been identified as an underlying cause for colorectal®
and testicular cancers”, where the oncogenic effects are thought to be exerted by the
upregulation of the proto-oncogene c-Myec.* The down-regulation of MAZR expression
by RNA-interference (RNAI) is also reported to enhance the vulnerability of glioma

cells to apoptotic stimuli highlighting a potential role in the regulation of cell cycle.®

During T cell development MAZR and the cell cycle regulator p53 are co-
expressed in DN and DP thymocytes, when dsDBs physiologically occur as a result of

somatic V(D)J recombination. The pair is, again, down-regulated following the
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generation of a fully-assembled functional TCR (Figure 1.10)":

VD)W Recombination

*l'__

MAZR Expression

[ e——

p53 Expression

Figure 1.10: The coordinated expression pattern of
Patz/MAZR and p53 during T cell development. Both
proteins are expressed at double negative (DN) and double
positive (DP) stages, where DNA damage (indicated by
the lightning sign) occurs due to somatic recombination.
Once the rearrangement of the TCR locus is completed in
single positive (SP) cells, the genes are progressively
down-regulated.

The coordinated expression patterns with p53 may imply that MAZR, like other
proto-oncogenic BTB/ZF family members, may participate in the p53-mediated

regulation of DNA damage response during somatic recombination.

14



2 AIM OF THE STUDY

BTB/Zinc finger (BTB/ZF) transcription factor family proteins are critical
mediators of T cell development and function. In addition to their role in T cell lineage
commitment, some are reported to act as proto-oncogenes. The over-expression of
these BTB/ZF family members have been observed in leukemias and lymphomas,
where the oncogenic effects were shown to be exerted through the inhibition of p53-

induced apoptotic pathways.

Our protein of interest, Patz1/ MAZR, is a BTB/ZF repressor that is a negative
regulator of surface co-receptor CD8 expression in double negative thymocytes. Aside
from its involvement in cell fate decision, Patzl/MAZR was also identified as a
putative proto-oncogene in colon cancer. The full length isoform MAZRO0OI and the
master cell cycle regulator p53 are co-expressed in DN and double positive thymocytes,
when double-stranded DNA breaks naturally occur as a result of somatic V(D)J
recombination. The pair is, again, progressively down-regulated with the generation of
a functional T cell receptor. The coordinated expression patterns with p53 and a
possible role in oncogenesis lead us to investigate, whether Patz/ MAZR might be
involved in the the regulation of the p53-induced DNA damage checkpoints during

somatic V(D)J recombination.

The aim of this project was to investigate, whether Patzl/MAZR has a novel
function in the p53-mediated steps of the DNA damage response during T cell
development. By computational modeling and performing co-immunoprecipitation
assays in the mammalian cell line HEK293T, we demonstrated that MAZRO001 binds to
the C-terminus of p53 through an isoform-specific binding pocket located in its zinc
finger domain. We also identified Asp521 and Asp527 as the critical residues of the
putative binding pocket responsible for the interaction through site-directed
mutagenesis. Finally, cell survival assays performed in AKR1 and VL3 lymphoma cell
lines demonstrated that the binding inhibited p53-induced apoptosis and implied that
Patz1/ MAZR is a potential proto-oncegene. Further elucidation of the mechanics
behind this interaction can enhance our current understanding of the link between T cell

development and lymphomagenesis.
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3 MATERIALS AND METHODS

3.1 Materials

3.1.1 Antibodies, Chemicals and Media Components

The chemicals used in this study are listed below:
2-Mercaptoethanol (Sigma, Germany)

Acetic Acid (Merck, Germany)

Acrylamide/Bis-acrylamide (Sigma, Germany)

Adriamycin (Sigma, Germany)

Agarose (peQLab, Germany)

Ammonium Persulfate (Sigma, Germany)

Ampicillin Sodium Salt (Sigma, Germany)

Anti-c-Myc Agarose Affinity Gel Antibody (Sigma, Germany)
Anti-c-Myc Peroxidase, High Affinity (Roche, Germany)
Anti-FLAG Antibody (Sigma, Germany)

Anti-HA Agarose Affinity Gel Antibody (Sigma, Germany)
Anti-HA Peroxidase, High Affinity (Roche, Germany)
Anti-Histone H4K20monomethyl antibody (Abcam, England)
Anti-Histone H4K20dimethyl antibody (Abcam, England)
Anti-Histone H4K20trimethyl antibody (Abcam, England)
Anti-p53 Antibody (Cell Signaling Technology, USA)
Boric Acid (Molekula, UK)

Bradford Reagent (Biorad, USA)

Calcium Chloride (Merck, Germany)

Cisplatin (Kocak Farma Ilac, Turkey)

DDT (Fermentas, USA)

DMEM (Invitrogen, USA)

DMSO (Sigma, Germany)

DNA Loading Dye (Quality Biological Inc., USA)

EDTA (Applichem, Germany)
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Ethanol (Sigma, Germany)

Ethidium Bromide (Merck, Germany)

Fetal Bovine Serum (FBS) (Biological Industries, Israel)
Glycerol (Riedel-de Haen, Germany)

HEPES (AppliChem, Germany)

Hydrochloric Acid (Merck, Germany)

Isopropanol (Riedel-de Haen, Germany)

L-glutamine (Hyclone, Germany)

Liquid Nitrogen (Karbogaz, Turkey)

Lumi-Film Chemiluminescent Detection Film (Roche, Germany)
Luria agar (Difco, USA)

Luria Broth (Difco, USA)

Magnesium Chloride (Promega, USA)

Methanol (Sigma, Germany)

Penicillin-Streptomycin (Biological Industries, Israel)
Phenol-Chloroform-Isoamylalcohol (Amersco, USA)
PIPES (Sigma, Germany)

Potassium Chloride (Fluka,Switzerland)

Potassium Hydroxide (Merck, Germany)

Protease Inhibitor Tablets (EDTA-free) (Roche, Germany)
ProteinA-HRP (Sigma, Germany)

ProteinA Sepharose Beads (Amersco, USA)

ProteinG Sepharose Beads (Amersco, USA)
ProteinG-HRP (Sigma, Germany)

PVDF Membrane (Millipore, USA)

RNAse A (Roche, Germany)

RPMI (without L-Glutamine) (Invitrogen, USA)
Sodium Dodecyl-Sulfate (Applichem, Germany)

SDS Protein Loading Dye (Fermentas, USA)

Sodium Chloride (AppliChem,Germany

Sodium Hydroxide (Merck, Germany)

Skim Milk Powder (Fluka, Germany)

Sodium Azide (Amersco, USA)
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Sodium Chloride (Applichem, Germany)

TEMED (Applichem, Germany)

Tris Base (Amersco, USA)

Tris Hydrochloride (Amersco, USA)

Triton-X 100 (Promega, USA)

Tween20 (Sigma, Germany)

Supersignal West Pico Chemiluminescent Substrate (Thermoscientific, USA)
Trypan Blue (Sigma, Germany)

Trypsin-EDTA (Biological Industries, Israel)

3.1.2 Equipment

The equipments used in this study are listed below:

Autoclave (Hirayama, Hiclave HV-110, Japan)

Bacterial Incubator (Memmert, Model 300, Germany,; Memmert Model 600,
Germany)

Cell Counter (Cole Parmer, USA)

Centrifuge (Eppendorf, 5415D, Germany; Hitachi, Sorvall RC5C Plus, USA)
CO:Incubator (Binder, Germany)

Deepfreeze (Forma, Thermo ElectronCorp., -80 degrees C, USA; Bosch, -20
degrees C, Turkey)

Distillator (Millipore, Elix-S, USA)

Electroporator (Invitrogen, Neon Transfection Systems, USA)

Electrophoresis Apparatus (Biogen Inc., USA; Biorad Inc., USA)

Filter Membranes (Millipore, USA)

Flow Cytometer (BDFACS Canto, USA)

Gel Documentation (Biorad, UV-Transilluminator 2000, USA)

Heater (Eppendorf, Thermomixer Comfort, Germany)

Hematocytometer (Hausser Scientific, Bluebell Pa., USA)

Ice Machine (Scotsman Inc., AF20, USA)

Laminar Flow (Heraeus, HeraSafe HS12, Germany)

Liquid Nitrogen Tank (Taylor-Wharton, 3000RS, USA)
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Magnetic Stirrer (VELP Scientifica, ARE Heating Magnetic Stirrer, Italy)
Micropipettes (Gilson, Pipetman, France)

Microwave Oven (Bosch, Turkey)

pH meter (WTW, pH540 GLP MultiCal, Germany)

Power Supply (Biorad, PowerPac 300, USA)

Refrigerator (Bosch, Turkey)

Shaker (New Brunswick Sci., Innova 4330, USA)

PCR Thermocycler (Eppendorf, Mastercycler Gradient, Germany)

Vortex (Velp Scientifica, Italy)

3.1.3 Buffers and Solutions

Standard buffers and solutions used in this study were prepared according to the

protocols in Sambrook et al., 20017".

Tris-Borate-EDTA (TBE) Buffer (1L, 10X):
104 g Tris-base

55 g Boric acid
40 ml EDTA (0.5 M, pH 8.0)

The solution is filtered and kept at room temeperature.

Agarose Gel (100 ml, 1% w/v):

1 g Agarose powder
100 ml TBE buffer (0.5 X)
The solution is boiled until clumps disappear. 0.01% (v/v) of ethidium bromide is

added into the mix after cool-down.

Blocking Buffer (10 ml, 5% w/v):
0.5 g skim milk powder is dissolved in 10 ml 1X PBS.
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Calcium Chloride Solution:
CaCl, (60 mM)

Glycerol (15% v/v)

PIPES (10 mM, pH 7)

The solution is autoclaved at 121 °C for 15 minutes and stored at 4 degrees C for

competent cell preparation.

FACS Buffer (500 ml, 1X):
2.5 g Bovine serum albumine (BSA) (0.5% w/v)
0.5 g Sodium azide (0.1% w/v)

The solution is prepared in 500 ml of 1X PBS and stored at 4 degrees C.

Glycerol (200 ml, 90%):
180 ml of 100% Glycerol

The solution is autoclaved at 121 degrees C for 15 minutes and kept at room

temperature under sterile conditions.

HEPES-buffered Saline (HBS) (100 ml, 2X, pH 7.05):
0.8 g NaCl

0.027 g Na,HPO,2H.O

1.2 g HEPES

The solution is filter-sterilized.

Phosphate-buffered Saline (PBS) (200 ml, 1X, pH 7.4):
1 tablet of PBS (P4417) is dissolved in 200 ml of deionized water to give 0.01 M
phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride. The

solution should be filter-sterilized to be used in cell culture and is kept at room

temperature.

PBS-Tween20 (PBST) (1L, 1X):
100 ml 10X PBS
2 ml Tween20
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SDS Separating Gel (10 ml, 13%):
2.5 ml Tris 1.5M pH 8.8

4.34 ml Acryl:Bisacryl (30%)
100 ul 10% SDS

100 ul 10% APS

10 ul TEMED

SDS Stacking Gel (5 ml, 4%):
1.25 ml Tris 0.5M pH 6.8

1 ml Acryl:Bisacryl (30%)
50 ul 10% SDS
15 ul 10% APS
7.5 ul TEMED

SDS Running Buffer (1L, 10X):
30.3 g Tris-base

144 g Glycine
10 g SDS

Transfer Buffer (SL, 10X, pH 8.3):
1440 g Glycine
300 g Tris-base

Transfer Buffer (800 ml, 1X):
80 ml 10X Transfer buffer
160 ml Methanol

Tryvpan-Blue Dyve (0.4% w/v):

40 g trypan-blue powder
10 ml PBS (1X)

The solution is stored at room temperature.
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Triton-X 100 Lysis Buffer (10 ml):
0.5 ml 20% Triton-X 100

0.5 ml 1M Tris (pH 7.4)

0.3 ml 5M NaCl

1 tablet EDTA-free protease inhibitor

3.1.4 Growth Media

Luria Broth (LLB) (1 L):
20 g LB powder

The solution is autoclaved at 121 °C for 15 minutes. Ampicillin is added to a final

concentration of 100 ug/ml after cool-down for selection.

LB-Agar (1L):
20 g LB powder

15 g bacterial agar

The solution is autoclaved at 90 degrees C for 15 min. Ampicillin is added to a final
concentration of 100 ug/ml after cool-down to ~40 degrees C for selection. The
medium is then poured into sterile petri dishes, left to solidify at room temperature and

subsequently kept at 4 degrees C.

Dulbecco’s Modified Eagle’s Medium (DMEM)
500 ml of commercial DMEM (without L-Glutamine)
Fetal bovine serum (FBS) (10% v/v)

L-Glutamine (2 mM)

Penicillin-Streptomycin (100 unit/ml each)
The medium is kept at 4 degrees C under sterile conditions and used to cultivate

attached cell lines.
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Roswell Park Memorial Institute Medium (RPMI):
500 ml of commercial RPMI (without L-Glutamine)
Fetal bovine serum (FBS) (10% v/v)

L-Glutamine (2 mM)

Penicillin-Streptomycin (100 unit/ml each)
2-mercaptoethanol (50 mM)
The medium is kept at 4 degrees C under sterile conditions and used to cultivate

lymphoma cell lines.

3.1.5 Freezing and Storage Media:

Freezing Medium for Mammalian Cell Culture (50 ml, FBS: DMSO 9:1 v/v):

5 ml DMSO (sterile)
45 ml FBS (heat-inactivated)

The medium is kept at -20 degrees C under sterile condtions and warmed up to 4

degrees C prior to use.

Bacterial Glvcerol Stocks (15% glvcerol v/v):

834 ul of overnight-grown (16 hours, 270 rmp at 37 degrees C) bacterial LB culture
166 ul of 90% glycerol (15%, sterile)

The mixture is vortexed and stored at -80 degrees C in screw-cap tubes.

3.1.6 Molecular Biology Kits

Plasmid Midi Kit (QIAGEN)

Plasmid Maxi Kit (QIAGEN)

Phusion Site-directed Mutagenesis Kit (Finnzymes, Cat. No: F-541)
Qiaquick Gel Extraction Kit (QIAGEN)
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3.1.7 Enzymes and Corresponding Reaction Buffers

The enzymes and their corresponding buffers used in this study are listed in

Table 3.1 below:

Enzyme Buffer Source
CIAP CIAP (10X) Fermentas
EcoRI EcoRI (10X) Fermentas
Phusion Hot Start DNA Polymerase |Phusion HF (5X) Finnzymes
PNK Buffer A (10X) Fermentas
T4 DNA Ligase T4 (10X) Fermentas
Quick T4 DNA Ligase Quick Ligation Buffer (2X) |[NEB

Table 3.1: The list of the enzymes and corresponding reaction buffers used in this study

3.1.8 Bacterial Strains and Mammalian Cell Lines

E. coli DHS5-alpha (F- endA1 gInV44 thi-1 recAl relAl gyrA96 deoR nupG !/
80dlacZ"™15 "(lacZYA-argF)U169, hsdR17(rK- mK+)) competent cells are used for
plasmid amplification. Immortalized human cell line HEK293T and mouse lymphoma

cell lines AKR1 and VL3 are used for transient protein expression.
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3.1.9 Vectors and Primers

The vectors and primers used in this study are listed in Tables 3.2 and 3.3 below.

The vector maps are provided in Appendix A.

Plasmid Selection Marker Purpose Source
pCMV-HA Ampicillin Cloning Clontech
pCMV-HA-MAZR Ampicillin Expression |Lab construct
pCMV-HA-MAZRAspS521Tyr | Ampicillin Expression |Lab construct
pCMV-HA- Ampicillin Expression |Lab construct
MAZRAsp521/527Tyr
pCMV-Myc Ampicillin Cloning Clontech
pCMV-Myc-BTB Ampicillin Expression |Lab construct
pCMV-Myc-MAZR Ampicillin Expression |Lab construct
pFlag-CMV4 Ampicillin Expression |Clontech
pFlag-CMV4-p53 Ampicillin Expression |From  Ozoren

Lab, Bogazici
University
SV40-p53 Ampicillin Expression |From Bourdon
Lab, Dundee
University
SV40-p53 Ampicillin Expression |From Bourdon
Lab, Dundee
University

Table 3.2: The list of the vectors used in this study
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Primer Sequence
MAZRAsp521Tyr (FWD) 5-GACTCCTACGGTTACCTCTCCGACG-3'
MAZRAsp521Tyr (REV) 5'-GGAGCTCTCAATCAGATCCTGATGTG-3'
MAZRAsp521/527Tyr (FWD) | 5'-TCCGACGCCAGCTACCTGAAGACG-3'
MAZRAsp521/527Tyr (REV) |5'-GAGGTAACCGTAGGAGTCGGAGCTCAC-3'

Table 3.3: The list of the primers used in this study and their sequences

3.1.10 DNA and Protein Molecular Weight Markers

DNA and protein molecular weight markers used in this study are listed in

Appendix B.

3.1.11 DNA Sequencing

DNA sequencing was commercially performed by McLab, USA.

3.1.12 Software, Computer-based Programs and Websites

The software and online programs used in this project are listed below:

FinchTV http://www.mclab.com

NCBI BLAST Server http:/ncbi.nlm.nih.gov/blast.cgi
Immgen http:/ www.immgen.org

Prosite http://prosite.expasy.org
Ensembl Genome Browser http://www.ensembl.org
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3.2 Methods

3.2.1 Vector Construction

Restriction Enzvme Digestion:

1 pg of target DNA was incubated with the restriction enzyme of choice and the
corresponding buffer at 37 degrees C for 2 hours in a final volume of 20 pl. The

products were either used for cloning or diagnostics.

Agarose Gel Electrophoresis and Gel Extraction of DNA:

1 g of agarose powder was dissolved in 100 ml of 0.5X TBE and the mixture
was heated for 5 minutes in a microwave to yield a 1% (w:v) gel. Following cool-down
to room temperature ethidium bromide was added to a final concentration of 0.001
(viv). The gel was subsequently poured in the gel apparatus and left to polymerize.
DNA samples (varying from 1 pl to 25 pl in volume) were mixed with 6X loading dye
prior to loading.

Gels were run at 100 Volts for 90-110 minutes in 0.5X TBE and resulting band patterns
were detected under UV light. Gel extraction of the bands was performed according to

the guidelines provided with the QIAGEN Gel Extraction Kit.

Dephosphoryvlation of Vector Ends:

Digested vector ends were dephosphorylated by calf intestinal alkaline
phosphotase (CIAP) at 37 degrees for 1 hour in the corresponding reaction buffer to
prevent self-circularization of the empty vector during ligation. CIAP-treated samples

were always gel-purified in advance of further processing.

Ligation:
The ligation of a DNA-insert to a vector backbone was carried out using a 1:3
vector:insert ratio. Reactions were performed at 4 degrees C overnight (16 hours) in a
final volume of 20 pl using T4 DNA ligase and the corresponding buffer. The ligation
products were either stored at -20 degrees C or used to transform chemically competent

E. coli.
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3.2.2 Bacterial Cell Culture

Culture Growth and Preparation of Glvcerol Stocks:

Liquid cultures were grown in appropriate amounts of LB (antibiotics optional)
at 37 degrees C overnight (16 hours) shaking at a rate of 270 rpm. To obtain single
colonies, cells were spread LB agar dishes and grown at 37 degrees C overnight. To
prepare glycerol stocks for long-term storage, 90% glycerol was mixed with sufficient
amounts of overnight liquid cultures to give a final concentration of 15% in ~ 1 ml.

Glycerol stocks were stored in screw-cap tubes and kept at -80 degrees C.

Competent Cell Preparation:

A single colony from previously prepared competent E. coli DH5-alpha was
picked from the surface of an LB-agar medium without selective antibiotics to serve as
the starter. The starter colony was grown in a volume of 50 ml LB without antibiotics at
37 degrees C overnight at 270 rpm. On the following day, 4 ml from the overnight
culture transferred into 400 ml of fresh LB and inoculated under the same growth
conditions until the optical density of the medium at 590 nm (ODs,) was 0.375. In later
steps, the bacterial cells were isolated and treated with CaCl2 solution multiple times to
induce competency. Cells prepared this way were aliquoted in volumes of 100-200 pl
and immediately frozen in liquid nitrogen to be stored at -80 degrees C for long-term
use. The competency of the cells was affirmed by test transformations with varying

concentrations of the plasmid pUC19 prior to use.

Transformation of Competent Cells:

Competent bacterial cells from -80 degrees C were thawed and incubated with
10-100 pg of target DNA for 30 minutes on ice. Following a heat-shock at 42 degrees C
for 90 seconds, they were placed back on the ice to cool-down for 1 minute and
subsequently incubated with fresh LB in a total volume of 1 ml for 45 minutes at 37
degrees C for recovery. Once transformed, the cells were streaked onto LB agar plates
containing the appropriate antibiotics and grown at 37 degrees C overnight until single

colonies become visible.
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Plasmid Isolation:

Plasmid DNA isolation was carried out either by alkaline lysis for cloning
purposes or according to the guidelines provided with the Midi- and Maxi-Prep Kits
from QIAGEN to yield transfection-gradient DNA to use in mammalian cell culture.
The starter cultures for both procedures were obtained from single colonies grown on

LB agar dishes. The DNA-yield from the kits was quantified by Nanodrop.

3.2.3 Mammalian Cell Culture

Culture Growth and Preparation of Frozen Stocks:

The adherent cell line HEK293T was grown in sterile DMEM supplemented
with heat-inactivated FBS (10%), L-Glutamine (2 mM), penicillin (100 unit/ml) and
streptomycin (100 unit/ml). The suspension cell lines AKR1 and VL3 were kept in
sterile RPMI supplemented with heat-inactivated FBS (10%), L-Glutamine (2 mM),
beta-mercaptoethanol (50 mM), penicillin (100 unit/ml) and streptomycin (100
unit/ml). All cultures were maintained in a humidified incubator supplied with CO,
(5%) at 37 degrees C and passaged into sub-cultures by 1:10 dilutions, once the cells

reached ~80% confluency.

To prepare frozen stocks, cells at exponential growth phase were resuspended in
freezing medium cooled to 4 degrees C and subsequently stored at -80 degrees C for 1
day to be transferred into the liquid nitrogen tank for long-term use. Freshly-thawed
cells were washed with growth medium once to discard residual DMSO prior to the
start of a new culture. Cells were frequently checked for abnormalities in morphology
and growth rates under a light microscope. Cultures with high passage numbers were

discarded.

Transfection:

A day prior to transfection, 5-10x10° HEK293T cells were seeded in 10-cm
tissue culture plates and maintained under the standard tissue culture conditions
described above. On the day of transfection, the growth medium of the target cells was

refreshed 1 hour before the beginning of the procedure. 10 pg of plasmid DNA (in a
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solution of 120 ul 1 M CaCl, and 500 ul of 2X HBS adjusted to 1 ml) was incubated at
room temeperature for 10 minutes and delivered onto the cells via the “calcium-
phosphate” (CaP) method. The medium containing the residual DNA:CaP complexes
that weren't uptaken was removed and replaced by fresh media after 16 hours.

2x10° AKR1 cells were transfected with 10 pg of plasmid DNA in 100 ul of 1X
HBS using a Neon Transfection Systems electroporator. DNA was delivered into the
cells at 1400 V with a single pulse that lasted for 20 miliseconds.

10x10° VL3 cells were transfected with 10 pg of plasmid DNA in 100 ul of 1X
HBS using a Neon Transfection Systems electroporator. DNA was delivered into the

cells at 1500 V with a single pulse in 20 miliseconds.

Induction of DNA Damage Response:

HEK293T cells were treated with 30 uM of cisplatin for 24 hours, whereas
AKRI1 and VL3 lymphomas were treated with 1 uM of adriamycin for different time

durations to induce DNA damage response.

Tryvpan-blue Exclusion:

HEK293T cells were washed with fresh culture medium and detached from the
culture plate by vigorous pipetting. AKR1 and VL3 suspension cells were directly
obtained from culture flasks. The cell suspension was diluted 1:1 in trypan-blue dye
and 10 pl of the mixture was loaded on a hematocytometer. Live cell count was
obtained by determining the number of unstained cells per compartment under a light

microscope on 3 separate occasions and taking the average.

7AAD Staining and Flow Cvtometry:

10¢ live (determined by trypan-blue exclusion) AKRI or VL3 cells were
precipitated by centrifugation at 1000 rpm for 5 minutes and washed three times with
1X FACS buffer. The suspensions were incubated with 1 pl of 7AAD (stock
concentration 1 mg/ml) for 5 minutes at 4 degrees C in dark and analyzed by flow

cytometry. The readings were obtained in the FIT-C channel.
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Preparation of Whole Cell Lysates (WCLs):
36-48 hours after transfection, HEK293T cells were washed with ice-cold 1X

PBS 3 times, transferred into a tube and lysed in 500-1000 pl of Triton-X 100 lysis
buffer for 30 minutes on ice. The cell debris was precipitated by centrifugation at 4
degrees C for 15 minutes and the supernatant containing soluble proteins was
transferred to a clean tube. The protein concentration of the WCL was determined by
Bradford assay. The WCLs were either stored at -80 degrees for further analysis with

Western blotting or immediately put to use for co-immunoprecipitation studies.

3.2.4. Protein-Protein Interaction Analysis

Co-Immunoprecipitation (Co-IP):
Co-IPs from HEK293T WCLs were performed with commercial anti-c-HA- or

anti-Myc-antibody-conjugated agarose beads, anti-Flag (mouse monoclonal, Sigma),
anti-Histone H4K20mel/2/3 (rabbit monoclonal, Abcam) and anti-p53 (rabbit
polyclonal, Cell Signaling Technology) antibodies.

To prepare anti-Flag or anti-p53 beads, the corresponding antibodies were
incubated with 30 pl of pre-washed agarose bead slurry at 4 degrees C overnight on a
rotator (anti-Flag 1:200, anti-p53 1:500). The volume of the slurry is adjusted to 1 ml
with 1X PBS to enable proper mixing. After washing 3 times with ice-cold PBS to get
rid of the unbound antibodies, 1500 pg of WCL expressing the tagged proteins was
mixed with the beads. The conjugation step was by-passed for the commercial anti-HA

and anti-Myc beads.

After another round of incubation at 4 degrees C overnight on a rotator (in a
volume of 1 ml adjusted with the lysis buffer), the beads were harvested by
centrifugation at 12000 rpm for 30 seconds and washed 3 times with ice-cold lysis
buffer. The resulting immuno-complexes were either kept at -80 degrees C or boiled in
5X protein loading dye (final concentration 2X in 30 pl) at 95 degrees C for 7 minutes

for immediate analysis.
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Western Blotting:

For protein gel electrophoresis, separating and stacking gels were prepared as
described in “3.1 Materials". Prior to analysis 10-50 pg of WCL was boiled in 5X
protein loading dye (final concentration 2X in 30 pl) at 95 degrees C for 7 minutes. 20-
25 ul of the mixture was loaded per well in comparison to 5 pl of pre-stained protein

marker (Fermentas) as molecular ladder.

Protein gels were run at 150-180V at room temperature in 1X running buffer
prepared as described in “3.1 Materials”. In contrast, the semi-dry transfer of proteins
to a PVDF membrane was performed at 4 degrees C for at least 80 minutes at 100V.

Coomassie-Blue staining was performed to affirm the success of transfer.

To detect the proteins of interest, the PVDF membrane was initially blocked in
5% milk-PBS for 1-2 hours at room temperature, washed 3 times with 1X PBST and
later incubated at 4 degrees C overnight with the primary antibody of interest (anti-Flag
1:1000, anti-p53 1:2500) in 1% milk-PBS. In the case of anti-HA- and anti-c-Myc
peroxidase incubation was performed at room temperature for 1 hour in 5% milk-PBS
(each 1:1000). Following blotting with the relevant antibodies, the membrane was
washed 3 times with 1X PBST and incubated with either proteinA-HRP (for anti-p53)
or proteinG-HRP (for anti-Flag) each diluted by 1:10000 at room temeperature for 1
hour in 5% milk-PBS. This step was by-passed for anti-HA- and anti-c-Myc-HRP blots.
After a final round of 3 washes with 1X PBST, the proteins of interest were visualized

in the dark room with the application of a chemiluminescent substrate.

3.2.5 Site-directed Mutagenesis of Wild-type MAZR001

Introduction of Mutations by PCR:

A forward primer carrying the desired point mutation in the middle was
designed to span the target site within MAZRO001. The 5' end of the nonmutagenic
reverse primer was chosen to complement the 5' end of the forward primer. The whole
plasmid, pCMV-HA-MAZR, was used as the PCR template and the primer pair was

used to generate a 5.8 kb-long linear product harboring the desired mutation. The
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optimized PCR conditions are listed in Table 3.4 below:

Reagent Volume Final Concentration
pCMV-HA-MAZR (10 pg/ul) |5 ul 1 pg/ul
Phire Polymerase Buffer (10X) |10 pl 1X
dNTP Mix (10 mM) Il 0.2 mM
Forward Primer (10 puM) 2.5l 0.5 uM
Reverse Primer (10 pM) 2.5 ul 0.5 uM
Phusion Polymerase (2 u/ul) 0.5 ul 0.02 uw/ul
ddH,O 28.5 ul
Total 50 pl

Table 3.4: The optimized PCR conditions for the
site-directed mutagenesis of wild-type MAZR001

The optimal thermal cycling conditions for PCR are as follows: Initial
denaturation at 98 degrees C for 30 seconds, denaturation at 98 degrees C for 10
seconds, annealing at 60 degrees C for 20 seconds, extension at 72 degrees C for 5

minutes and final extension at 72 degrees for 5 minutes.

Phosphorylation of the PCR Products:

10 pg of isopropanol-precipitated PCR products were dissolved in 15 pl of
ddH>O and subjected to 5' end phosphorylation by polynucleotide kinase (PNK). The
reaction was performed in a final volume of 20 ul in the corresponding buffer A
supplemented with ATP (2 mM) at 37 degrees C for 30 minutes. The phosphorylated
PCR products were agarose gel-purified according to the instructions provided with the

QIAGEN Gel Extraction Kit.

Re-circularization of the PCR Products with Quick Ligation:

50 ng of phosphorylated PCR products were re-circularized by quick ligation in
the corresponding quick ligase buffer in a final volume of 10 pl at room temperature for

5 minutes. The ligation products were immediately used to transform competent E. coli.
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Selection of Point Mutants:

Competent E. coli transformed with the re-circularized plasmids were streaked
on ampicillin-containing LB agar plates and grown overnight to obtain single colonies.
Plasmid DNAs isolated from each single colony were sequenced to identify correct

point mutants of MAZRO001.
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4 RESULTS

BTB/Zinc finger (BTB/ZF) transcription factor family proteins are critical
mediators of T cell development and function®. Aside from their role in T cell lineage
commitment, some may reportedly act as potential proto-oncogenes. The over-
expression of these BTB/ZF family members have been observed in acute
promyelocytic leukemias and non-Hogkin lymphomas® ** ® and the oncogenic effects

were shown to be related to the inhibition of p53-induced apoptotic pathways®"".

Patz1/MAZR, is a BTB/ZF transcriptional repressor that is a negative regulator
of surface co-receptor CDS8 expression in double negative (DN) thymocytes®. Aside
from its involvement in cell fate decision, MAZR was also identified as a putative
proto-oncogene in colon® and testicular cancer®. Interestingly, the full length isoform
MAZRO0O01 and the master cell cycle regulator p53 are co-expressed in DN and double
positive (DP) thymocytes, when double-stranded DNA breaks (dsDBs) naturally occur
as a result of somatic V(D)J recombination. The pair is, again, progressively down-
regulated with the generation of a fully functional T cell receptor (TCR)™. The
coordinated expression patterns with p53 and a possible role in oncogenesis lead us to
investigate, whether Patz/MAZR might have a novel function in the p53-regulated
steps of the DNA damage response (DDR) during T cell maturation.

4.1 MAZRO001 Interacts with DNA-damage-induced and
ectopically-expressed p53 in HEK293T Cells

Recent studies report that some BTB/ZF family proto-oncogens can disrupt cell
cycle by physically interacting with p53™7. To test whether PatzZ1/MAZR has a similar
property, we transfected HEK293T cells with either a Myc-BTB (the BTB domain of c-
Krox, another member of the BTB/ZF family) or a Myc-MAZR (full length) expression
vector. Following transfection, the cells were treated with 30 uM cisplatin for 24 hours
to mount DDR and induce the expression of endogenous p53. Co-immunoprecipitation
(co-IP) analysis showed that only full-length PatzZ1/MAZR, but not the BTB domain
interacts with DNA-damage-induced p53 (Figure 4.1):
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+ cisplatin (30 uM) - cisplatin
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Figure 4.1: The co-IP of Myc-MAZR with cisplatin-induced endogenous p53 in
HEK293T cells. On the left, whole cell lysates prepared from pCMV-Myc-, Myc-
BTB- and Myc-MAZR-transfected and cisplatin-treated (30 pM, 24 hours)
HEK293T cells were immunoprecipitated using anti-Myc antibodies. The immuno-
complexes were analyzed by Western blotting using anti-p53 antibodies. On the
right the whole cell lysates from untreated cells were immunoprecipitated using
anti-Myc antibodies and blotted with anti-p53 antibodies to serve as a negative
control.

The concentration of cisplatin used in the experiment above was taken from
literature, whereas the duration of treatment was determined by a time-course study to
obtain a significant rise in the levels of genotoxic-stress-induced p53 in HEK293T cells

(Figure 4.2):

+ cisplatin (30 pM)
0 12h 24h 36h 48h

p53
- _-_—‘_[53&&[:3]

WE: anti-p53

Figure 4.2: The time-course study conducted to find the optimal duration of
cisplatin treatment for the wupregulation of endogenous p53 expression in
HEK293T cells. Whole cell lysates prepared from 30 uM cisplatin treated cells
(for 12, 24, 36 and 48 hours respectively) were blotted with anti-p53 antibodies to
detect the levels of stress-induced p53. Since p53 upregulation was sufficiently
high after 24 hours in comparison to that of the untreated sample (0), the duration
of treatment was restricted to a day. Each lane contains 10 pg of whole cell lysate.
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In agreement with the data above, ectopically-expressed Flag-p53 could also be
co-IPed with HA-MAZR from untreated HEK293T cell lysates. The physical

interaction was demonstrated both ways (Figure 4.3):

HA-MAZR HA-MAZR pCNWV-HA  pCNIV-HA
Flag-ph3 CMW4-Flag Flagphd CAhV4Flag

IP: anti-Flag | s ‘_(;Tét]
-— —
Lysate (74 kDa)
WE: anti-HA

HA-MAZR HA-MAZR pCMV-HA pCMV-HA
Flag-p53 CMV4-Flag Flag-ph3 CMVW4-Flag

IP: anti-HA | .._Isapi% ]
a

Lysate e a — P53

(53 kDa)

WB: anti-Flag

Figure 4.3: The co-IPs of ectopically-expressed HA-MAZR with Flag-
p53 in HEK293T cells. On the upper panel whole cell lysates were
immunoprecipitated  using anti-Flag antibodies and  the
immunocomplexes were analyzed by Western blotting using anti-HA
antibodies. On the lower panel whole cell lysates were
immunoprecipitated  using  anti-HA antibodies and  the
immunocomplexes were analyzed by Western blotting using anti-Flag
antibodies. 15 pg of whole cell lysate per lane (in the sub-panels
captioned “Lysate”) was used as input control.
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The expression plasmid pCMV-HA-MAZR used in the co-IP assay above was

constructed according to the following strategy (Figure 4.4).

AmpR

EcoRI EcoRI
Digestion Digestion

Figure 4.4: The cloning strategy for the construction of the mammalian
expression plasmid pCMV-HA-MAZR. The cDNA fragment encoding mouse
MAZRO001 (~2000 bps-long, indicated by the pink arrow) was removed from
the mammalian expression plasmid pCMV-Myc-MAZR by EcoRI digestion
and ligated into the EcoRI-digested empty plasmid pCMV-HA (~3800 bps) to
generate pPCMV-HA-MAZR. The construct, which is 5.8 kb in size, contains a
CMYV promoter, an N-terminal HA-tag (HA indicated by the yellow box) and
an ampicillin-resistance gene (AmpR indicated by the green arrow) as a
bacterial selection marker.
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Proper construction of the vector was confirmed by BamHI, EcoRI and Xbal

diagnostic digests (Figure 4.5).

EcoRI Xbal
Uncut HA 3 4 5 10 HA 3 4 5 10

e 3800 bps
w3300 bps

w7500 bps

e 2000 bps

BamHI|

Uncut HA 3 4 E 10

43600 bps
2000 bps

+— 109 bps
w78 bps

Figure 4.5: The diagnostic digests of pCMV-HA-MAZR with EcoRI, Xbal and
BamHI. Upper Panel: The expected band lengths for the EcoRI digestion are 3000 and
2000 bps. For Xbal, they are 3300 and 2500 bps. Bottom Panel: The expected band
lengths for the BamHI digestion are 3600, 2000, 109 and 78 bps. The numbering on top
of the wells correspond to the identification number of the bacterial colony, from which
the given plasmid has been isolated, whereas HA stands for the empty vector pCM V-
HA run alongside the digestion products for control. Uncut denotes the undigested
pCMV-HA expression plasmid. Each well contains 10 pl of the relevant digestion mix.



4.2 MAZR001 Interacts with the C-terminal Domain of p53

Having confirmed the physical association between Patzl/MAZR and p53, we
set out to determine, which domains of p53 are necessary to support the interaction.
The full-length protein isoform, known as p53-a, consists of 2 transactivation domains
(TADs), a proline rich domain (prD), a DNA-binding domain (DBD), a nuclear
localization signal (NLS) and a basic C-terminal domain, whereas a truncated isoform,
called p53-B, lacks the latter (Figure 4.6)”. Although its function is widely unknown,
current works imply that the C-terminus might be responsible from the regulation of
pS3 activity due to the presence of hotspots for post-translational modifications

(PTMs)>.
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=
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I
TADI1 | TAD2 prD DBD C-terminus
I
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Figure 4.6: The protein structures of the human p53 isoforms, p53-a and p53-
. Both share conserved transactivation domains (TADs), a proline rich domain
(prD), a DNA-binding domain (DBD) and a nuclear localization signal (NLS).
The basic C-terminal domain, however, can only be found in the full-length
isoform.

To determine, whether the basic C-terminus is involved in the physical
interaction, we performed co-1Ps using HEK293T whole cell lysates co-expressing HA-
MAZR along with either p53-a or p53-B. Western blot analysis showed that
Patz1/MAZR fails to interact with the truncated isoform p53-f suggesting the presence

of the C-terminal domain is necessary to mediate binding (Figure 4.7):
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Figure 4.7: The co-IPs of ectopically-expressed HA-MAZR with p53-
a and p53-B in HEK293T cells. On the upper panel whole cell lysates
prepared from cells were immunoprecipitated using anti-HA antibodies
and the immunocomplexes were analyzed by Western blotting using
anti-p53 antibodies. On the lower panel whole cell lysates prepared
from HEK293T cells were immunoprecipitated using anti-p53
antibodies and the immunocomplexes were analyzed by Western
blotting using anti-HA antibodies. 15 pg of whole cell lysate per lane
(in the sub-panels captioned as “Lysate’) was used as input control.
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4.3 MAZRO001 Interacts with differentially-methylated
Forms of Histone H4K20

The C-terminal domain of p53 and the N-terminal tail of Histone H4 are
reported to share a conserved “RHR/HK*”” motif that is methylated at the lysine residue
(K*) in response to DNA damage (Figure 4.8)™. The targeted lysine corresponds to K20
in Histone H4 and K382 in p53.

¥

H4 1-24: SGRGKGGKGLGKGGAKRHRK*VL-R- - - -
po3 367-389: S - HLKS KKG - - -QSTSRHKK*'LMFKTEG

Figure 4.8: The protein sequence alignment of Histone H4 N-
terminus (between amino acids 1 and 24) and p53 C-terminus
(between amino acids 367 and 389). The homology region
“RHR/HK” is indicated by the red frame. The asterix sign marking
the last lysine residue in the motif (K*) indicates the location of
methylation (also highlighted by the vertical red arrow). The
methylation target corresponds to K20 in Histone H4 and K382 in
pS3.

The K20 residue of Histone H4 is a target of progressive methylation, where
mono- and tri-methylation serve as hallmarks of epigenetic silencing, in contrast to di-
methylation, which signals the mounting of DDR”. The K382 residue of p53, on the
other hand, is reported to get mono-methylated, which results in the suppression of
apoptotic activity” or di-methylated, which stabilizes p53 and increases the rate of

accumulation upon DNA damage™.

Since Patz/MAZR can act as a repressor of the CD8 locus during T-cell
development and might be a putative epigenetic regulator of gene expression®, we
wanted to test whether this region of homology has a role in the establishment of
Patz1/MAZR-mediated protein-protein interactions. We performed a co-IP against all
three differentially methylated forms of Histone H4K20 using HEK293T whole cell
lysates over-expressing either Myc-BTB or Myc-MAZR. Western blot analysis showed
that full length Patzl/MAZR but not the BTB domain of c-Krox can interact with
mono-, di- or tri-methylated Histone H4K20 (Figure 4.9):
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Figure 4.9: The co-IP of Myc-MAZR with differentially methylated froms of Histone
H4K20 in HEK293T cells. Whole cell lysates prepared from cells over-expressing
either Myc-MAZR or Myc-BTB were immunoprecipitated using antibodies against
the mono-(H4K20mel), di-(H4K20me2) and tri-methylated (H4K20me3) forms of
Histone H4K20. The immunocomplexes were analyzed by Western blotting using
anti-Myc antibodies. Full-length MAZR successfully binds to all methylated forms of
H4K20 (upper panel ), whereas the BTB domain of c-Krox fails to associate with
them (lower panel). 20 pug of whole cell lysate per lane (in the sub-panels captioned
“Lysate”) was used as input control.

This finding not only confirms the sequence-specificity of the PatzZ1/ MAZR-p53
interaction but also suggests that such physical associations might be subjected to

epigenetic regulation.
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4.4 Computational Modeling of MAZR001 Reveals

the Presence of a putative Binding Pocket in the Zinc Finger Domain

In contrast to the common belief that the conserved N-terminal BTB domain is
crucial for the establishment of protein-protein interactions for the BTB/ZF family*,
our findings so far have revealed no significant role for this region regarding

Patz1/MAZR-p53 binding.

In the light of this information, we turned our focus on the second major domain
of MAZRO001 and decided to investigate, whether it's the C-terminal zinc fingers that
are contributing to the physical association of Patzl/MAZR with p53. To have a better
understanding of the binding mechanics, a former member of the our lab, Jitka
Eryilmaz, prepared a computational homology model of the mouse MAZRO001 zinc
finger domain, which consists of 7 individual C,H.-type zinc fingers separated by short

linker regions (Figure 4.10):

Figure 4.10: The computational homolgy model depicting the zinc finger domain of
mouse MAZRO001 in complex with double-stranded DNA. The positively-charged
residues (shown in blue) of the individual zinc fingers bind to the negatively-charged
DNA (yellow strands) via charge-mediated interactions, whereas negatively charged
clusters (shown in red) tend to face away from DNA.
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Upon closer inspection the model hinted at the presence of a cavity-like
structure constituted by the linker region connecting the 6™ and the 7™ zinc fingers of
MAZROO1. The formation was predicted to be 9 A in diameter and has a highly

negative surface-charge density (Figure 4.11):

1234 5 8 7
MAZR001

/-
/ -
< Linker
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Figure 4.11: The computational homology model of the
linker connecting the 6™ and the 7" zinc fingers of MAZRO001.
The folding pattern of the region resembles that of a pocket.
The diagram above the model represents the protein structure
of MAZR isoform 001 (Green box: BTB domain, Blue boxes:
Zinc fingers, Yellow boxes: Linker regions).

The structure of the negatively-charged cavity resembled that of a binding
pocket, where a favorable environment to mediate BTB-domain-independent protein-
protein interactions can be created. To test this prediction, Jitka performed virtual
docking studies using the N-terminal tail of Histone H4 and the C-terminal tail of p53
as ligands for the putative binding pocket (Figure 4.12). Her predictions were in
accordance with the experimental data, showing that the last lysine residue K* of the
conserved “RHR/KK*” motif in both peptides can fit into the pocket and serve as a

tethering site.
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Figure 4.12: The virtual docking of Histone H4K20 and p53K382 to the
putative binding pocket found within in the zinc finger domain of
MAZROOI. On the left, the N-terminal tail of Histone H4 (yellow
molecule) containing H4K20 is fitted into the putative binding pocket
depicted in red. On the left, docking is performed with the C-terminus of
p53 (green molecule) containing p53K382. In both cases the lysine
residues are predicted to interact favorably with the negatively-charged
residues of the cavity.

4.5 Point Mutations at the Asp521 and Asp527 Residues of
MAZR001 Weaken the Patzl/MAZR-p53 Interaction

The homology model of the negatively-charged linker region between the 6™
and the 7" zinc fingers of MAZRO001 implied that Asp521 and Asp527 in the putative
binding pocket might be two of the critical residues that have important roles in the
mediation of the Patz1/MAZR-p53 interaction. In order to verify these predictions, we
generated the point mutant MAZRAsp521Tyr and the double mutant
MAZRAsp521/527Tyr, changing the negatively-charged Asp residues into non-
charged bulky Tyr residues, which should disrupt the binding (Figures 4.13 and 4.14)
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Figure 4.13: The strategy for generating the point mutant HA-MAZRAsp521Tyr (on
the left) and double mutant HA-MAZRAsp521/527Tyr (on the right) by site-directed
mutagenesis. In step 1, the plasmid carrying wild type MAZRO001 is amplified using a
mutagenic forward primer (primer denoted by the red arrow F, locations of the desired
mutations are marked with an “X” on the primer) and a nonmutagenic reverse primer
(denoted by the blue arrow R). In step 2, the linear PCR products harboring the
mutation(s) of interest, are phosphorylated at their 5' ends by PNK and re-circularized
by ligation.
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Figure 4.14: The gel photos of the mutant PCR products pCMV-HA-
MAZRAspS521Tyr and pCMV-HA-MAZR521/527Tyr  resulting from  the
amplification of pCMV-HA-MAZR (wild type) with mutagenic primers and control
PCRs. Upper panel: PCR reactions described in “3.2 Methods” were carried out at
annealing temperatures 55, 60 and 65 degrees C. 5 ul from each PCR mix was
loaded per well to visualize the bands. Although mutant products of correct length
were observed at 5.8 kb under all conditions, 60 degrees C was picked for long-term
use. Bottom Panel: Control PCRs were carried out at an annealing temeperature of
60 degrees C either without the template DNA, wild type pCMV-HA-MAZR, (-T) or
without the reverse primer (-R). The specificity of the reactions were confirmed
since no bands were observed at 5.8 kb. The PCR products were subsequently
phosphorylated at their 5' ends by PNK, re-circularized by ligation and transformed
to E.coli. Plasmid DNA was isolated from single colony cultures and sent to
sequencing to determine the colonies carrying the desired mutations.
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In accordance with the model, a co-IP analysis in HEK293T whole cell lysates
co-expressing HA-tagged Patzl/MAZR mutants and Flag-p53 revealed that the point
mutation Asp521Tyr weakened the physical interaction, whereas the double mutation
Asp521/527Tyr abolished the association altogether compared to the wild type (Figure
4.15):

pCAMVHA HA-MAZR HAMAZR D521Y  D521/62TY
- - Flag-p53 Flagp53 Flagpsd

IP: anti-Fla e — +«— MAZR
g (74 kDa)
WB: anti-HA
Lysate G —— et gy |— AZR
(74 kDa)
Lysate e e — | — [53 WB: anti-Flag
(53 kDa)

Figure 4.15: The co-IPs of ectopically-expressed wild type HA-MAZR, point mutant
HA-MAZRAsp521Tyr (D521Y) and double mutant HA-MAZRAsp521/527Tyr
(D521/527Y) with Flag-p53 in HEK293T cells. Whole cell lysates prepared from cells
were immunoprecipitated using anti-Flag antibodies and the immunocomplexes were
analyzed by Western blotting using anti-HA antibodies. 15 ug of whole cell lysate per
lane (in the sub-panels captioned “Lysate”) was used as input control.

4.6 Overexpression of MAZRO001 Rescues HEK293T Cells from
p53-induced Cell Death but Has no significant Effects on
Cell Proliferation Rate

Although our findings have revealed a lot about the binding mechanics of
Patz1/MAZR to p53, the physiological implications of the interaction were, yet, to be
determined. Since a previous study identified Patzl/MAZR as a putative proto-
oncogene in colorectal® and testicular cancers”, we hypothesized that the binding may
negatively regulate p53-induced apoptotic activity. To test this prediction, we
transfected HEK293T cells with HA-MAZR, p53 or a combination of the two and
performed trypan-blue exclusion assays at different time points following transfection

to determine the live cell count over a period of 2 days. Our results showed that
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MAZRO01 alone has no significant effect on cell proliferation, but when co-expressed
with p53, rescues cells from p53-induced cell death (Figure 4.16). The rescue, however,
was incomplete, since the live cell counts remained stable over 48 hours and failed to
catch up with the count of those that over-express the empty vector pPCMV-HA or HA-
MAZR alone starting from 16 hours post-transfection.

10000000

9000000

8000000

7000000
6000000 Coh
8 5000000 H16h
o M 24h
= 4000000 B36h
* 3000000 Wash

2000000

1000000 H:L

0
pCMV-HA  MAZR p53  MAZRp53

Figure 4.16: The live cell counts of HEK293T cells
expressing empty vector pCMV-HA, HA-MAZR, SV40-
p53 or a combination of the latter two. The number of live
cells was determined 16, 24, 36 and 48 hours after
transfection by trypan-blue exclusion assay.

4.7 Overexpression of MAZR001 Inhibits
DNA-damage-induced Apoptosis in DP AKR1 and VL3 Cells

To see, if the anti-apoptotic effects of the binding are cell-type-specific, we
treated DP mouse lymphoma cell lines AKR1 and VL3 with 1 uM adriamycin (ADR)
over a period of 12 hours to induce genotoxic stress and investigated, whether enforced
expression of Patz/MAZR can rescue the cells from p53-induced apoptosis. The
dosage of the drug and the time intervals of treatment were previously determined with
a time-course study by lab member Emre Deniz. The flow-cytometric analysis of
7AAD staining showed that the over-expression of MAZR decreased the sensitivity of

the lymphoma cell lines to genotoxic stimuli and conferred significant protection
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against apoptosis for up to 6 hours of ADR treatment (Figure 4.17). The protective

effect, however, was abolished for both cell lines when the duration of treatment was

prolonged to 12 hours.
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Figure 4.17: The cell survival rates analyzed by 7AAD staining in AKR1 and VL3
cells over-expressing either the empty vector pCMV-HA or HA-MAZR in response to
ADR- treatment. The forced expression of MAZR confers protection against apoptosis
for up to 6 hours in both cell lines.
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5 DISCUSSION AND CONCLUSION

T lymphocytes constitute an important line of defense against invading
pathogens and carcinogenic formations. The activation of a naive T cell in the
periphery requires the engagement of the clone-specific TCR complex by a
corresponding antigenic ligand. Once activated, mature T cells can proliferate rapidly
and mediate the later stages of immune response, known as “adaptive immunity”, by
secreting regulatory cytokines or killing the afflicted host cells to prevent further
propagation of the threat’.

Since the success of adaptive immunity relies on the range of threats that can be
properly identified, the immune system must generate effector cells with a diverse set
of antigen-specific receptors. Such a level of diversity is maintained by combining a
finite number of genomic segments to create a large repertoire of unique TCRs during
maturation through a phenomenon called V(D)J somatic recombination. The process
has to be tightly regulated due to the risk of generating dsDBs and disrupting genomic
integrity in highly proliferative DN and DP thymocytes, which is reported to give rise
to lymphomas®* *'. The activation of DNA damage checkpoints and the involvement of
the p53-mediated DDR pathway in the regulation of somatic recombination have been

previously documented®-*.

Patz1/MAZR, also known as Zfp278, is a BTB/ZF family transcription factor
that is expressed in the brain, skin and thymus. In T cells the expression is
progressively down-regulated during the transition from the DN to the DP stage, and is
terminated once maturation is complete®. The widely-studied full length isoform
MAZROO0O1 has an N-terminal BTB domain that mediates protein-protein interactions
and a C-terminal zinc finger domain consisting of 7 C,H,-type zinc fingers. In DN
thymocytes Patzl/MAZR is shown to interact with several CDS8 cis-regulatory elements
and induces epigenetic silencing of the locus by recruiting the nuclear co-repressor
NcoR*. A study has revealed that the over-expression of MAZR induces variegated
expression of CD8 in DP thymocytes implying a critical role in the CD4 vs. CD8 cell

fate decision®.
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In addition to its involvement in the T-cell lineage commitment process,
Patz1/ MAZR has been identified as a culprit in colorectal® and testicular cancers”,
where oncogenic effects are thought to be mediated by the induction of the proto-
oncogene c-Myc®. The down-regulation of MAZR expression by RNAI is also reported
to increase the vulnerability of glioma cells to apoptotic stimuli highlighting a potential

role in the regulation of cell cycle®.

During T cell development Patz1/MAZR and the master cell cycle regulator p53
are co-expressed in DN and DP thymocytes, when dsDBs physiologically occur as a
result of somatic V(D)J recombination. The pair is, again, down-regulated following
the generation of a fully-assembled TCR™. The coordinated expression patterns with
p53 and an implied effect on oncogenesis lead us to the question, whether Patzl/MAZR
participates in the p53-mediated regulation of DNA damage response during somatic

recombination.

Our aim in this study was to verify, whether Patz/MAZR has a novel function
in the p53-regulated steps of the DDR during T cell development. Previous studies have
shown that other proto-oncogenic BTB/ZF family members, such as ZBTB2 and
ZBTBS5 can promote cell proliferation by binding to p53 and inhibiting its pro-
apoptotic activity”™ 7. To investigate this possibility, we performed several co-IPs in
mammalian HEK293T cells and showed that over-expressed full length MAZR can
interact with both ectopically-expressed- and DNA-damage-induced (by cisplatin)
endogenous p53. In contrast, a conserved BTB domain obtained from another BTB/ZF
member, c-Krox, failed to associate with cisplatin-induced p53, when over-expressed in
HEK293T cells. The finding suggested that the BTB domain is not required for
binding.

Having confirmed the occurrence of a physical association, our next goal was to
determine, which domain or domains of p53 are necessary to support the interaction.
The full-length protein isoform, known as p53-0, consists of 2 trans-activation
domains, a proline rich domain, a DNA-binding domain, a nuclear localization signal
and a basic C-terminal domain®. Although its function remains relatively unknown,

current studies suggest that the C-terminus might be responsible from the regulation of
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p53 activity®. To test whether the C-terminal is involved in the establishment of the
interaction, we co-expressed MAZR and the truncated p53 isoform p53-f, which lacks
the basic C-terminus of full length p53 in HEK293T cells. Co-IP results showed that
only full length p53, but not p53-p, is able to bind to MAZR. This suggested that the

presence of the basic C-terminus is required to enable binding.

The C-terminal domain of p53 and and the N-terminal tail of Histone H4
reportedly share a conserved “RHR/HK*” motif that is methylated at K* in response to
DNA damage™. The target lysine K* is K20 in Histone H4 and K382 in p53. The K20
residue of Histone H4 can be subjected to progressive methylation, where mono- and
tri-methylation are hallmarks of epigenetic silencing. Di-methylation, on the other
hand, signals the mounting of DDR and inhibits transcription from the targeted loci”. In
contrast, only the mono-methylated form from of p53K382 is reported, which is

thought to result in the suppression of p53-mediated apoptotic activity™.

Since Patz1/MAZR can act as an epigenetic repressor of the CD8 locus in DN
thymocytes®, we wanted to test, whether this region of homology can interact with
MAZR. Co-IP against all three differentially methylated forms of Histone H4K20 in
HEK?293T cells showed that only ectopically- expressed full length MAZR, but not the
BTB domain, can bind to the modified residues. Our results not only confirmed the
sequence-specificity of the Patzl/MAZR-p53 interaction, but also implied that the
binding might be epigenetically regulated by methylation. Furthermore, we identified
an epigenetic regulation mechanism underlying the transcriptional repressor activity of
MAZR. It is highly probable that Patz1/MAZR is recruited to transcriptionally inactive
heterochromatin by interacting with the methylated forms of Histone H4. The question,
whether it is directly involved in the methylation process, however, is yet to be

answered.

Although it is assumed that the conserved N-terminal BTB domain is crucial for
the establishment of protein-protein interactions for the BTB/ZF family*, our findings
have revealed no significant role for this region regarding Patzl/MAZR-p53 binding. In
light of this information, we turned our attention on the zinc finger domain of

MAZROO1 and decided to investigate whether the C-terminal zinc fingers are
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responsible from the establishment of the physical interaction between Patzl/MAZR
and p53. Using computer-simulated homology modeling, we predicted the presence of
an isoform 001-specific putative binding pocket generated by the linker region that
connects the 6™ and the 7" C2H2 zinc finger motifs in the protein. In accordance with
our experimental data, virtual docking studies using the N-terminal tail of Histone H4
and the C-terminal tail of p53 as ligands showed that Histone H4K*20 and p53K*382
of the conserved “RHR/KK*”” motif in both peptides can fit into the pocket and serve as
a tethering site. Methylation of the lysine residues was predicted to increase the affinity

of binding.

Taking the homology model as a reference point, we identified Asp495, Asp521,
Asp527 and Gly538 in the putative binding pocket as critical amino acids required for
the proper establishment of the Patzl/MAZR-p53 interaction. To test whether the
binding pocket within the zinc finger domain is responsible from the mediation of
Patz1/MAZR-p53 binding, we mutated these residues to bulky Tyr residues (confirmed
by DNA sequencing) to destroy the accumulation of negative surface charges and
potentially disrupt the folding pattern. Co-IPs performed with the point mutant
MAZRAsp521Tyr and double mutant MAZRAsp521/527Tyr in HEK293T cells
revealed that the interaction between ectopically-expressed pS3 and MAZRAsp521 is
weaker in comparison to that of the wild type MAZR. The double mutant
MAZRAsp521/527Tyr, on the other hand, totally fails to bind to p53. Our experiments
confirm the specificity of the computational model and show that several amino acids
in the binding pocket in the zinc finger domain of MAZROO1 is required for
Patz1/MAZR-p53 binding.

In addition to deciphering the binding mechanics, we also investigated the
physiological significance of the interaction. Since previous studies identified
Patz1/MAZR as a putative proto-oncogene® “, we hypothesized that the binding may
negatively regulate p53-induced apoptotic activity. To test this prediction, we co-
expressed Patzl/MAZR with p53 in HEK293T cells and performed trypan-blue
exclusion assays at different time intervals to determine the live cell counts. Our results
showed that PatzZ1/MAZR, alone, has no significant effect on cell proliferation, but

when co-expressed with p53, rescues cells from p53-induced cell death. Interestingly,
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however, the live cell counts remained stable over 48 hours and failed to catch up with
the count of those that express the empty vector or PatzZ1/MAZR alone starting from 16
hours post-transfection. This effect could have been achieved by the induction of
cellular senescence, hinting at a role of Patz1/MAZR in the regulation of cell cycle in

HEK?293T cells.

To see, if the senescence-inducing effects of the binding are cell-type-specific,
we triggered p53-mediated DDR in DP mouse lymphoma cell lines AKR1 and VL3
using the genotoxic drug adriamycine and investigated, whether enforced expression of
Patz/MAZR can rescue the cells from apoptosis. We chose to use these cell lines
because the DP stage of T cell development is one of the phases, where V(D)J-
recombination-mediated DNA damage naturally occurs. Such a setting bears
physiological relevance to our current model, where endogenous Patz1/MAZR binds to
p53 and inhibits its apoptotic activity, as the developing thymocyte progresses through
the DNA damage checkpoint. FACS analysis of 7AAD staining showed that the over-
expression of Patzl/MAZR decreased the sensitivity of the lymphoma cell lines to
apoptotic stimuli and conferred significant protection against cell death for 6 hours of
adriamycine treatment. Although not included within the scope of this thesis,
unpublished data from luciferase reporter assays performed in HEK293, HEK293T and
Hela cell lines (by Emre Deniz) show that the binding of Patzl/MAZR inhibits the
transcriptional activity of p53. All these results indicate that the physical interaction
between Patzl/MAZR and p53 negatively regulates the pro-apoptotic effects of p53,
and explain why Patz1/MAZR might act as a proto-oncogene.

In conclusion we have demonstrated that the BTB/ZF family member
Patz1/MAZR binds to the C-terminal “RHKK*” motif of p53 through an isoform 001-
specific binding pocket lying between the 6™ and the 7" zinc fingers. Through
computational modeling and co-IPs we have identified MAZRAsp521, MAZRAsp527
and p53Lys382 as critical amino acids that support the interaction and predicted that the
interaction might be epigenetically regulated by the methylation of p53Lys382. We also
showed that the binding inhibits p53-induced apoptosis in HEK293T, AKR1 and VL3
cell lines. According to our current model, this interaction occurs in DN and DP

thymocytes that have undergone productive V(D)J somatic recombination and allows
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them to progress through DNA damage checkpoints by suppressing p53-induced
apoptosis. As DNA damage persisting through aberrant V(D)J recombination is one of
the underlying causes of carcinogenesis, Patz/MAZR appears to be a promising target

for the development of new strategies in cancer therapy.
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6 FUTURE WORK

In this study we identified the BTB/ZF family member Patzl/MAZR as a
potential co-mediator of the p53-regulated DDR induced by somatic V(D)J
recombination during T cell development. The full length isoform MAZRO01 was
experimentally shown to interact with the C-terminal tail of p53 in a sequence-specific
manner through a binding pocket located between the 6™ and the 7™ C-terminal zinc

fingers that was identified by computational modeling.

The putative binding pocket in the zinc finger domain was found to be exclusive
to the mouse isoform 001 and couldn't be identified in the homology models of the
other alternatively spliced Patz/MAZR isoforms such as 003 or 012, which lack the
signature linker region. To test the validity of the model, isoform MAZRO003 was
constructed by fusion PCR, but hasn't been tested in tissue culture, yet. The co-IP of
the truncated isoform with p53 in HEK293T cells will reveal, whether the binding
pocket, as a whole, is necessary to establish the physical interaction and supply further
proof that the computational model is reliable. It would also be interesting to see,
whether similar pocket-like formations exist in the zinc finger domains of
Patz1/MAZR-homologs from other species or in other BTB/ZF family members. The
presence of a structure responsible for protein-protein interactions in a zinc finger
domain, which is classically associated with DNA binding is an unexpected, but an
exciting finding. We think computational models might serve as efficient preliminary

assessment tools for such purposes.

The computer-simulated model predicted the presence of several residues such
as Asp495, Asp521, Asp527 and Gly538 that might be critical for the proper folding of
the putative binding pocket. Although point mutants MAZRAsp495Tyr and
MAZRGIly538Tyr with hypothetically “dysfunctional” binding pockets were
constructed, they haven't been tested in tissue culture, yet. The co-IPs of these point
mutants with p53 can be carried out in HEK293T cells to further test the validity of the

homology model.

Another prediction of the computational model was that the K382 residue of
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p53 acts as a tethering point and is critical for the Patz1/MAZR-p53 binding. To test
this prediction, p5S3K382 can be mutated to a bulky residue that doesn't fit into the
binding pocket of MAZR and co-IPs in mammalian cell lines can be performed. Ideally
such a mutant shouldn't be able to interact with MAZR. Furthermore, the interactions
with the differentially methylated forms of Histone H4K20 suggest that the “RHR/KK”
motif-specific binding might be a target for epigenetic regulation. p5S3K382 is shown to
get both methylated and acetylated, but the presence of these post-translational
modifications (PTMs) is mutually exclusive. Acetylation of this residue is associated
with p53 activation, whereas the effects of mono-methylation hasn't been as widely
studied except for a report that implies it might be responsible for suppressing p53
activity. Using PTM-specific antibodies against pS3K382, co-IPs can be performed to
understand, whether any of these p53 forms preferentially bind to Patz1/MAZR.

Currently our lab has undertaken efforts to investigate the biological
significance of the Patzl/MAZR-p53 interaction using the CD4 SP lymphoma cell line
ELA4. This suspension cell line is known to form solid tumors, when injected into wild
type mice and is frequently used as a model in cancer research®. We plan to test the
proto-oncogenic properties of Patzl/MAZR by transfecting EL4 cells with the full
length isoform and transplanting them into mice to see, whether the oncogenic potential
of these cells are greater in comparison to those that don't express MAZR. Tumor size,
growth rate and aggressiveness can be used as criteria to assess the validity of our
hypothesis that PatzZ1/MAZR is a putative proto-oncogene. Additionally, the correlation
between Patzl/MAZR expression and the frequency of aberrant V(D)J recombination
can be investigated in various types of lymphomas to gain a better understanding of the
nature of the interaction. According to our predictions, the over-expression of
Patz1/MAZR might help cells survive through p53-mediated DNA damage checkpoints
despite the unproductive rearrangement of the TCR gene locus. Such cells are likely to
retain genomic instabilities and accumulate more in time to eventually transform into

lymphomas.
The mechanisms governing p53 suppression by Patzl/MAZR are, still,

relatively unclear. One possibility is that Patz1/MAZR exports p53 from the nucleus to
repress its transcriptional activity. In order to address this, pS3 and Patz1/MAZR can be
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fused to fluorescent proteins and their sub-cellular locations can be tracked by co-
localization studies in mammalian cell culture. Alternatively, PatzI/MAZR might be
competing with another partner of p53 or preventing the generation of a PTM that is
required for p53-mediated apoptotic activity. The former issue can be addressed by in
vitro competition assays performed with purified proteins and co-IPs with the candidate
proteins in mammalian cell culture. For the latter possibility, the inducers of the
relevant PTMs can be co-transfected to mammalian cells along with Patzl/MAZR and
p53 to determine, whether the modification occurs, and, if there are any notable effects

of the process on p53-induced apoptotic activity.

Lastly, evidence from current literature implies that the dominant apoptotic
mechanism regulating somatic recombination is inherently linked with TCR signaling.
As discussed previously, the SCID-like phenotype of RAG2-/- mice can be rescued by
knocking down p53, which alleviates the blockage at the DN to DP transition phase.* *
It would be interesting to investigate, whether Patzl/MAZR is a part of the TCR-

dependent survival signaling pathway
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APPENDIX

APPENDIX A- VECTOR MAP

_—— Xbal62)

SV40 SD/SA

My (o
pCMV-Myc 3V MCs
Ampr 3.8 kh S‘\MG

poly A

| pUC ori ’

==h - Forward sequencing
primer

Xba
(1134)

Location of features:
» Immediate early cytomegalovirus promoter (P_,,, )

Enhancer region: 27—-431
TATA Box: 520-526
Transcription start point: 549

Intron (SV40 splice donor/splice acceptor):
SV40 late 19s mRNA intron: 672—702
Modified SV40 late 16s mRNA intron: 672—768
+ Myc epitope tag with start codon (ATG): 829-867
Multiple Cloning Site: 881-921
SV40 polyadenylation signal:
Polyadenylation signal: 1053—1058
mRNA 3' end: 1072
» pUC plasmid replication region: 1545—2188
« Ampicillin resistance (p-lactamase) gene:
Promoter:
-35 region: 3266—3261
-10 region: 3243-3238
Transcription start point: 3231
Ribosome binding site: 3208—-3204
p-lactamase coding sequences:
Start codon (ATG): 3196—3194
Stop codon (TAA): 2338-2336

.

.

.
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Xba | (625)

SV40 SD/SA

pCMV-HA [\ ===mcS

Location of features:
« Immediate early cytomegalovirus promoter (P,

CMV IE}:
Enhancer region: 27—431

TATA Box: 520-526

Transcription start point: 549

Intron (SV40 splice donor/splice acceptor):
SV40 late 19s mRNA intron: 672—702
Modified SV40 late 16s mRBNA intron: 672—768

HA epitope tag with start codon (ATG): 829-858

Multiple Cloning Site: 872—-912

SV40 polyadenylation signal:

Polyadenylation signal: 1044—1049
mRNA 3' end:1063

» pUC plasmid replication region: 15362179

Ampicillin resistance (p-lactamase) gene:
Promoter:

-35 region: 3257-3252

-10 region: 3234—-3229
Transcription start point: 3222
Ribosome binding site: 3199-3195

L]

L]

L]
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APPENDIX B-DNA AND PROTEIN

MOLECULAR WEIGHT MARKERS

DNA Molecular Weight Marker

GeneRuler™ DNA Ladder Mix
0’GeneRuler™ DNA Ladder Mix,
ready-to-use
bpng0spy %
10000 180 3.6
[ Boo0 180 36
jj 000 180 36
! / R0 180 36
f/qgcm 180 26
i 3500 180 36
3000 600 120
7 /00 160 32
Ao00 160 32
o /1500 160 32
Z /1200 160 32
= / 1000 600 120
i 4900 170 34
p 2 800 170 34
8 2700 170 34
5 — 600 170 34
— 500 €0.0 120
= — 400 200 40
a 00 200 40
3 — 200 200 40
s 100 200 40
=
g
E
0.5 pg'lane, & om kngth gel,
1XTAE, 7 Wem, 45 min

GeneRuler DNA Ladder Mix
Fermentas, Germany
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Protein Molecular Weight Marker

PageRuler™ Prestained
Protein Ladder
[ ] kDa
s | 170
e - ~130 -
w— —~100
- - ~T0 -
- - ~55 -
a—— — ~40 —
- - ~35
- - ~25

P AR |

- - 15 -

e - ~10 |
g 2

4-20% Tris-glycine SDS-PAGE

PageRuler Prestained Protein Ladder
Fermentas, Germany

71



