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Abstract

Inherited mutations in predisposing genes significantly contribute to the development of
various cancers. Current genetic testing via panel sequencing efficiently identifies pathogenic
germline mutations in the TP53 gene, which can cause hereditary Li-Fraumeni syndrome (LFS)
associated with greatly increased risk of tumor development. However, variants of uncertain
significance (VUS) can complicate clinical interpretation. This thesis aims to evaluate the
functional significance of selected variants in the TP53 gene, identified by genetic screening
particularly in the Czech population. TP53 is crucial for cell cycle regulation, induction of

apoptosis, DNA repair and other functions and its dysregulation is associated with cancer.

Using CRISPR/Cas9 technology, we generated a cellular model with inactivated TP53 gene.
Further work included preparing expression plasmids carrying coding sequences for
fluorescent markers, cDNA of selected TP53 variants, and selection cassettes. The function of
the mutated versus the wild-type gene forms was compared after transfection and generation
of stable cell lines. Eventually, the expression of CDKN1IA and MDM?2 genes among the cell
lines after nutlin-3a treatment was assessed. Additionally, the role of selected TP53 variants in

the p53 tetramer formation and colony formation assay was analysed.

This work contributes to a deeper understanding of the cellular functions of several TP53
mutations. The findings provide insights into their roles in the cell cycle regulation, which will
assist in evaluating cancer risk for mutation carriers in collaboration with clinical genetics.
Overall, out of 35 analysed mutations we defined 14 as loss-of-function, 20 as benign and one
of them (R267W) as functionally intermediate. Finally, we found that the E339del3 variant
recently identified in a Czech cancer patient is a loss-of-function mutation and can promote

LFS.
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Abstrakt

Dédi¢né mutace v predispozi¢nich genech vyznamné pfispivaji ke vzniku rlznych druht
rakoviny. Soucasné genetické testovani pomoci panelového sekvenovani ucinné identifikuje
patogenni zdrode¢né mutace v genu TP53, které mohou zpUsobit Li-Fraumeni syndrom (LFS)
spojeny s vyrazné vyssim rizikem vzniku nadoru. Varianty nejasného vyznamu (VUS) mohou
viak klinickou interpretaci komplikovat. Cilem této prace je zhodnotit funkéni vyznam
vybranych variant genu TP53 identifikovanych genetickym screeningem zejména ceské
populace. Gen TP53 je kli¢ovy pro regulaci bunécného cyklu, indukci apoptdzy, opravu DNA a

dalsi funkce a jeho dysregulace je spojovana s nddorovymi onemocnénimi.

Pomoci technologie CRISPR/Cas9 jsme vytvorili bunéény model s inaktivovanym genem TP53.
Dalsi prace zahrnovala pfipravu expresnich plazmidl nesoucich kdédujici sekvence pro
fluorescenéni markery, cDNA vybranych TP53 variant a selekéni kazety. Po transfekci a
vytvoreni stabilnich bunécnych linii byla porovndna funkce mutovanych a wild-type forem
genu. Nakonec byla napfi¢ bunéénymi liniemi vyhodnocena exprese geni CDKN1A a MDM?2
po pouziti nutlinu-3a. Kromé toho byla analyzovana role vybranych variant TP53 pfi tvorbé p53

tetrameru a testu tvorby kolonii.

Tato prace prispiva k hlubSimu pochopeni bunéénych funkci nékterych mutaci TP53. Vysledky
prinaseji poznatky o jejich uloze v regulaci bunééného cyklu, coz ve spolupraci s klinickymi
genetiky pomUZe pfi hodnoceni rizika vzniku rakoviny u nositelll mutaci. Celkové jsme z 35
analyzovanych mutaci urcili 14 jako ,,loss-of-function” (LOF), 20 jako benigni, a jedinou z nich
(R267W) jako mutaci vykazujici fenotypy mezi témito dvéma kategoriemi. Dale jsme zjistili, Ze
varianta E339del3, ktera byla nedavno identifikovana u ¢eského pacienta s rakovinou, je LOF

mutaci a maze zpUsobit LFS.

Kli¢ova slova: TP53, varianty nejasného vyznamu, rakovina, COKN1A, MDM?2
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Abbreviations
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A adenine
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BCL-xL BCL-extra large

BCL2L1 BCL2 like 1

BER base excision repair

BH3 BCL-2 homology domain 3

C cytosine

cAMP cyclic adenosine monophosphate

CBP CREB binding protein

CDC25 cell division cycle 25 phosphatase

CD95 cluster of differentiation 95

CDK cyclin dependent kinase

CDKN1A/WAF1 CDK inhibitor 1A

Chk1 checkpoint kinase 1

Chk2 checkpoint kinase 2

CK1 casein kinase 1

CREB cAMP responsive element binding protein
CRISPR clustered regularly interspaced short palindromic repeats
CTD/REG carboxy-terminal domain

DBD DNA-binding domain

DEN diethylnitrosamine

DNA-PK DNA-activated protein kinase

Dox doxycycline

DPP4 dipeptidyl peptidase-4



DRAM DNA damage regulated autophagy modulator

El24 etoposide induced 2.4

G guanine

G6PD glucose-6-phosphate dehydrogenase
GADDA45 growth arrest and DNA damage inducible protein
GLS2 glutaminase 2

GLUT1/GLUT4 glucose transporter 1/4

GOF gain of function

GPX4 GSH peroxidase 4

GSH glutathione

HAT histone acetyltransferase

HR homologous recombination

iASPP inhibitor of apoptosis-stimulating protein p53
IF immunofluorescence

IGFBP-3 insulin like growth factor binding protein 3
ISG20L1 interferon stimulated exonuclease gene 20kDa-like 1
KAT5 lysine acetyltransferase 5

KO knockout

LFL LFS-like syndrome

LFS Li-Fraumeni syndrome

LOF loss-of-function

LR linker region

MAPK mitogen-activated protein kinase

MDM2 mouse double minute 2

MDM4 double minute 4 human homolog

MGST3 microsomal glutathione S-transferase 3
miRNA microRNA

MMR mismatch repair

MOF males absent on the first

Mono monoclonal

MOZ monocytic leukemia zinc finger

Ms mouse

MSH2 MutS homolog 2

NADPH nicotinamide adenine dinucleotide phosphate
NAT10 N-acetyltransferase 10

NES nuclear export signal

NER nucleotide excision repair
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p53 upregulated modulator of apoptosis
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red fluorescent protein

reactive oxygen species
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1 Introduction

1.1 History of p53

Since it was discovered that protein p53 plays a major role in tumor suppression and in the
cellular response to DNA damage, it has been intensively studied by the research community.
However, this protein was first identified in 1979 as a 53 kDa large cell protein able to form
complex with large T antigen of simian virus 40 (SV 40) (Lane & Lionel V. Crawford, 1979).
Furthermore, it came to acknowledgement that transformed cells tended to possess more p53
than cells which did not undergo transformation (Kress et al., 1979). While p53 ordinarily
functioned as a short-lived protein, transformed cells kept higher amount of this protein by its
stabilization (Chandrasekaran et al., 1982). Later, scientists came up with a suggestion that p53
is involved in the cell cycle regulation. They believed that increased stability of this protein
detected in G1 phase was responsible for the induction of DNA synthesis. Furthermore,
constant steady-state level of p53 would prevent cells to entry GO phase and therefore could

contribute to their actively dividing state (Reich NC & Levine AJ, 1984).

Latter scientific experiments suggested that gene TP53, which encodes protein p53, might be
an oncogene. They revealed that mutation of this gene enhanced its transformation efficiency
(Jenkins JR et al., 1985). Other findings supported this oncogene theory by showing that
expression of this gene seemed to be important for malignant transformation of cells.
However, opposite to another oncogene c-myc, p53 was not detected in all malignant cells. On
that account, c-myc and p53 were thought to be controlled by different cellular mechanism

during tumor development (Stewart et al., 1986; Van Den Berg et al., 1989).

On the other hand, other scientific results were in contrary to the idea of TP53 being an
oncogene. Surprisingly, no detectable level of p53 protein was found in cell lines transformed
by Friend leukaemia virus. Additionally, the authors proved that p53 was not essential for
tumor formation in vivo. Hence, they believed that TP53 gene inactivation could be important
for malignant processes (Mowat M et al.,, 1985). Eventually, it was confirmed that p53
employed in the former experiments was not wild-type. In fact, there were dominant negative
missense mutations located in the conserved region of p53 cDNAs from the studies. Those

mutations were most likely responsible for alteration of the biological activity and



conformation of the protein (May & May, 1999). Further experiments showed that cells which
were transfected with the wild-type p53 failed to grow or died. Nevertheless, TP53 was

thought of as a recessive oncogene on the grounds of that (Hinds et al., 1989).

In 1990, it was proved that transfection of the wild-type p53 into neoplastic cells with no
detectable level of p53 expression led to suppression of their tumor phenotype. Even though
cancer cells expressed mutated version of the protein, the wild-type p53 transfection caused
identical results (P-L. Chen et al.,, 1990). Other data suggested that in a two-allele
configuration, the wild-type p53 has a dominant role over the mutant variant. As a result, the
oncogenic effect could be induced by loss of the both wild-type p53 alleles or by deletion of
the single wild-type allele when the other one is mutated (Nigro JM et al., 1989). During the
following years, thousands of p53 mutations had been discovered in human tumors. At that
time, the status of TP53 changed from an oncogene to a tumor suppressor gene (Hollstein et

al., 1996).

1.2 Structure of p53

In human karyotype, TP53 gene is located on the short arm of chromosome 17, exactly in
17p13 (Mcbride et al., 1986). The gene covers 19.14 kB of genomic DNA in this region. Its
coding sequence is composed of 10 exons, but overall, the gene possesses four more, the first
one being non-coding and the others being alternatively spliced. As there are more than
twelve p53 protein isoforms, these three exons give rise to the transcripts encoding them

(Marcel et al., 2010; Hainaut & Pfeifer, 2016).

Since human p53 is a polypeptide containing 393 amino acids, its theoretical molecular weight
is ~ 44 kDa. However, it was estimated that the major form of p53 is a bit more than 170 kDa.
On behalf of that, protein p53 was identified to work as a tetramer. Eventually, a tetramer
composed of p53 monomers or even multiples of tetramers together could generate a DNA-
binding unit (Friedman et al., 1993). The full-length protein consists of multiple functional
domains (Fig. 1). The N-terminus begins with two transactivation domains followed by a
proline-rich region (Walker & Levine, 1996; Candau et al., 1997). Further in the protein length
there is an important DNA-binding domain and a tetramerisation domain is to be found closer
to the C-terminus. In addition, amino acids 357 — 393 comprise the carboxy terminal domain

located at the very end of the C-terminal region (Pavletich et al., 1993).
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Figure 1. The p53 architecture. (A) Domain architecture of p53. TAD = transactivation domains; PRD =
proline-rich domain; DBD = DNA-binding domain; TD = tetramerisation domain; CTD = carboxy-terminal
domain. (B) Structure model of monomeric full-length p53 (adapted from Chillemi et al., 2013).

1.2.1 Transactivation domains

The first transactivation domain (TAD 1) is placed between amino acids 1-40 of protein p53.
The second one (TAD 2) follows TAD 1 and comprises a region between residues 41-61 (Duffy
et al., 2022). Together, TAD 1 and TAD 2 are capable of transcriptional regulation of several
common genes, but each of them can as well provide transactivation of some genes on its own
(Brady et al., 2011). Additionally, the domains bind p300/cAMP responsive element binding
protein (CREB)-binding protein (CBP) that enhances the ability of p53 to activate expression of

its targets (Scolnick et al., 1997). Hydrophobic amino acids leucine 22 and tryptophan 23



present in TAD 1 are important for the transcriptional activation function of the protein. Even
though a double mutant in these two residues is still capable of binding p53-responsive DNA
elements, it is unable to interact with the transcriptional machinery of the cell. Together with
leucine 14 and phenylalanine 19, these four residues are essential for binding of the E3
ubiquitin ligase mouse double minute 2 (MDM2) (Lin et al., 1994). When this protein is bound
to p53, it can inhibit eventual transcriptional activation (Momand et al., 1992). As the TADs not
only bind MDM2, which is responsible for ubiquitination and subsequent degradation of p53,
but also CBP, they may have impact on the stability of p53, depending on the binding partner
(Scolnick et al., 1997; Fuchs et al., 1998). At the N-terminus, p53 can be phosphorylated at the
residue serine 15. This posttranslational modification ought to activate and stabilize p53 upon
a stress signal. Next, functional analysis showed that p53 phosphorylated at residue serine 46
binds several apoptotic proteins including B-cell lymphoma 2 (BCL2) binding component 3
(BBC3), BCL2 associated X protein (BAX), BCL2 like 1 (BCL2L1), tumor necrosis factor receptor
superfamily member 6 (TNFRSF6) and TP53 regulated inhibitor of apoptosis 1 (TRIAP1) leading

to apoptosis induction (Smeenk et al., 2011).

1.2.2 Proline-rich domain

The proline-rich domain is situated between residues 62 and 94. This domain is rich in PXXP
motif repetitions, where P stands for proline and X for any amino acid (Duffy et al., 2022). Src
homology 3 (SH3) protein domains can distinguish such motifs and bind to them (H. Yu et al.,
1994). The indispensability of the proline-rich domain consists in its capability of suppressing
cell growth. Overall, this domain is responsible for mediating tumor suppression by

downstream antiproliferative signals (Walker & Levine, 1996).

1.2.3 DNA-binding domain

The largest and probably the most well-known domain expands from the amino acid residue
95 up to 292 (Duffy et al., 2022). The DNA-binding domain (DBD) forms a B sandwich
comprised of two antiparallel B sheets, one with four B strands and the other with five. Besides
the B sandwich, the domain also contains a loop-sheet-helix motif and two large loops, which
are partially stabilized by a zinc atom (Fig. 2A). This atom is tetrahedrally coordinated by three
cysteines (Cys176, Cys238 and Cys242) and histidine (His179). The structure accountable for

DNA-binding in the major groove is the loop-sheet-helix motif. Especially arginine residues at

4



positions 248, 273 and 282 are known to make close contact with the DNA double-helix. The
minor groove is occupied by arginine (Arg248) from one of the large loops. Both binding
structures have residues that also contact DNA backbone between major and minor grooves
(Cho et al., 1994). Within DNA, there are specific motifs recognizable by the p53 binding
elements. These consensus sequences are two copies of a 10 bp long segment (Fig. 2B). Up to
13 base pairs divide the copies (El-Deiry et al., 1992). Several p53 amino acids, such as Argl75,
Gly245, and Arg249, are essential for the stabilization of the whole protein structure, although
they are not in the proximity to DNA. Apart from being key structural parts, the six mentioned
amino acid residues were proved to be hot spots for mutations in cancer cells (Cho et al., 1994;

Levine et al., 1994).

B 5°-RRRC(A/T)(A/T)GYYYRRRC(A/T)(A/T)GYYY-3'

Figure 2. DNA-binding by p53. (A) Structure of the DNA-binding domain of p53 bound to consensus
DNA. The two strands of bound consensus DNA are shown in blue and magenta. The bound zinc ion is
displayed as a golden sphere (adapted from Joerger et al., 2006). (B) The consensus DNA sequence
recognized by p53 (R = purine; C = cytosine; A = adenine; T = thymine; G = guanine; Y = pyrimidine).



1.2.4 Tetramerisation domain

Amino acids 293 — 325 encompass a linker region, which is followed by a tetramerisation
domain (TD) situated between amino acids 326 — 356 (Duffy et al., 2022). The role of this
domain is to mediate the correct conformation of protein p53. As p53 binds DNA in the form
of tetramer, the TD also contributes to the DNA-binding function (Chéne, 2001). Surprisingly
though, even mutants with no TD are able to bind DNA (Bargonetti et al., 1993). The domain’s
function most probably results in an increased affinity of binding and moreover, in bending
and twisting DNA with significant differences (Balagurumoorthy et al., 1995; Nagaich et al.,
1999). In addition, the oligomerization domain includes a highly conserved leucine-rich
nuclear export signal (NES). When p53 monomers form a tetrameric structure, NES is no longer
accessible. As a result, oligomerization state of p53 could determine the result of its shuttle
between the nucleus and the cytoplasm (Stommel et al., 1999). Next, the TD can interact with
several proteins, such as Ca?*-dependent protein kinase C or adenovirus E4orf6 protein
(Dobner T et al., 1996; Delphin et al., 1997). Additionally, this domain has influence on binding
other proteins (for example MDM2), which do not interact with the TD directly, but bind p53

as a tetramer (Lomax et al., 1998).

1.2.5 Carboxy-terminal domain

The carboxy-terminal domain (CTD) stretches from the amino acid residue 357 to 393 (Duffy
et al.,, 2022). This region contains a few lysine residues that can be post-translationally
modified. In detail, when Lys370 and Lys382 become methylated, p53 transcriptional activity
is repressed (Zhu et al., 2016). Greater stability and nuclear retention of p53 can be achieved
by methylation of Lys372 (Chuikov et al., 2004). On the other hand, if Lys373 and Lys382
receive acetylation marks, the DNA-binding activity of p53 increases significantly (Gu & Roeder,
1997). Besides, acetylated Lys382, together with acetylated Lys320 from the tetramerisation
domain, inhibit non-specific DNA-binding. Moreover, these acetylation modifications set by
p300 and p300/CBP-associated factor (PCAF), respectively, are promoted by DNA damaged-
induced phosphorylation of Ser33 and Ser37 (Sakaguchi et al., 1998).



1.3 Regulatory network of p53

Modifications of p53 are very extensive (Fig. 3) and their enumeration exceeds the purpose of

this thesis, therefore only the most important ones will be described.
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Figure 3. Sites of post-translational modifications on p53. Schematic representation of the 393 amino
acid domain structure of human p53 showing the sites of post-translational modification including
phosphorylation, acetylation, ubiquitination, methylation, neddylation, and sumoylation.
Abbreviations: N-terminal transactivation domain (TAD); proline-rich domain (PRD); tetramerisation
domain (TET); C-terminal regulatory domain (REG); arginine (R); lysine (K); serine (S); threonine (T)
(adapted from Maclaine & Hupp, 2009).

Following genotoxic stress, p53 acquires multiple posttranslational modifications (Appella &
Anderson, 2000). One of the most common modifications along p53 residues is
phosphorylation, occurring at serine and threonine. As for the N-terminal part of the protein,
phosphorylation marks mostly appear at Ser6, Ser9, Serl5, Ser20, Ser33, Ser37, Ser46 and at
Thr18, Thr55 and Thr81. The phosphorylation process was identified to take place mainly after
exposure to UV light or ionizing radiation. The DNA-binding domain gains significantly fewer
phosphorylation modifications. They affect Ser149, Ser215, Thr150 and Thr155. Even residues
situated within the linker region between the DBD and the TD get phosphorylated — Ser313,
Ser314 and Ser315. Phosphorylation at the C-terminal part of p53 may arise after DNA
damage. This modification then localizes to Ser392. Besides, Lys305 and Lys320 can get
acetylated. Furthermore, acetyl groups can be found at Lys370, Lys372, Lys373, Lys381 and
Lys382. In addition, sumoylation can also be found within the protein residues of p53,
specifically at Lys386 of stressed cells (Appella & Anderson, 2001; Maclaine & Hupp, 2009).
Transcription activation efficacy by p53 can be changed by both conformational change and
DNA-binding affinity of the protein. Therefore, the numerous modifications affecting its

conformation and binding regulate its function (Knights et al., 2006).



Phosphorylation mark at Ser15 can be induced by more than one kinase. This modification is
often mediated by ataxia-telangiectasia mutated kinase (ATM), DNA-activated protein kinase
(DNA-PK) or ataxia-telangiectasia and Rad3-related protein kinase (ATR) (Lees-Miller et al.,
1992; Banin et al., 1998; Tibbetts et al., 1999). Depending on the distinct source of stress, also
Ser20 might be phosphorylated by various kinases. The function can be again attributed to
ATM, although its effect is indirect in this case. Additionally, other proteins that transfer
phosphoryl group to this serine are casein kinase 1 (CK1), 5' adenosine monophosphate-
activated protein kinase (AMPK), checkpoint kinase 1 (Chk1) and checkpoint kinase 2 (Chk2)
(Craig et al., 2007; Maclaine & Hupp, 2009). Together, these two p53 modifications help
stabilize the protein under stressful conditions, and hence, support its transactivation function

(Chehab et al., 1999; Dumaz & Meek, 1999).

Acetylation of some p53 residues is generally performed by p300/CBP acetylase. Besides,
some lysine residues are modified due to acetylases such as PCAF, lysine acetyltransferase 5
(KATS5, also known as Tip60), monocytic leukemia zinc finger protein (MOZ), males absent on
the first (MOF) and N-acetyltransferase 10 (NAT10) (Gu & Roeder, 1997; Nagasaka et al., 2022).
At the C-terminus of p53, acetylation stimulates greater interaction with its coactivators. One
of them is histone acetyltransferase (HAT) that induces transcription through histone
acetylation. In summary, acetylation of p53 is not necessary for increasing the DNA binding
affinity, but for binding of specific transcription coactivators (Barlev et al., 2001). Especially
acetylation of Lys320 and Lys373 is of great importance. Acetyl group at Lys320 contributes to
the overall survival of the cell by transactivating numerous genes and hence, suppressing the
apoptotic pathway. Acetylated Lys373 is important for p53 being able to bind low-affinity
promoters of proapoptotic genes (Knights et al., 2006). Next, acetylated Lys382 enhances

transactivation function of p53 by inhibiting non-specific DNA binding (Sakaguchi et al., 1998).

Apart from being phosphorylated and acetylated, p53 can acquire methylation, sumoylation,
and neddylation at specific sites. Methyltransferase Set9 sets methylation mark at Lys372 in
response to DNA damage. This modification leads to p53 nuclear retention and hence,
supports transactivation of its target genes (Chuikov et al., 2004). Another methyltransferase
is Set8, which is responsible for methylation of Lys382, thereby suppressing p53 functions and

blocking acetylation of the residue (Shi et al., 2007). Methylation at Lys370 results in the same



process — downregulation of p53-responsive genes. An enzyme essential for this step is Smyd2

(J. Huang et al., 2006).

So far, not much information has been gathered about sumoylation and neddylation of p53.
Tripartite motif family-like 2 (TRIML2) causes sumoylation of the protein resulting in enhanced
transcription of apoptotic genes (Kung et al., 2015). On the contrary, sumoylation by protein
inhibitor of activated signal transducer and activator of transcription (STAT) y (PIASy)
contributes to the cytoplasmic localization of p53, making it impossible to transactivate its
targets (Carter et al., 2007). In general, neddylation works against transactivation function of

p53, although this modification is certainly worth of further examination (Abida et al., 2007).

Transcription factor p53 induces expression of MDM2, which, in turn, significantly reduces p53
levels. This regulatory feedback loop is maintained via direct p53-MDM2 association and
eventual targeting of p53 for ubiquitin-mediated degradation (Haupt et al., 1997). Thus, the
p53 protein levels are generally low due to this mechanism but rise after DNA damage events
(Kastan et al., 1991). First, it was believed that phosphorylation of certain residues at the N-
terminal of p53 might serve as an inhibition for MDM2 binding (Shieh et al., 1997). However,
latter studies indicated that phosphorylation has little or no effect on disrupting interaction
with MDM2 (Schon et al., 2002). Moreover, MDM2 can be negatively regulated, as well, by
pl4 alternative reading frame protein (ARF). ARF removes MDM2 from the nucleus to the
nucleolus, providing that it can no longer bind nuclear p53 and block its activation (Weber et
al., 1999). Double minute 4 human homolog (MDM4) also blocks the transactivation domain
of p53, but, unlike MDM2, does not cause its degradation. MDM2 and MDM4 are homologs
sharing similarities especially among the p53-binding domain (Shvarts et al., 1996). Besides
promoting degradation of p53, ubiquitin E3 ligase MDM2 also promotes degradation of MDM4
(Pan & Chen, 2003).

In conclusion, the upstream regulatory network of p53 is extremely robust and p53 is able to
acquire multiple posttranslational modifications that lead to various cellular events. Mainly,
the protein can either be stabilized, degraded or its function can be inhibited. The specific
outcome and subsequent p53-directed cellular process is generally given according to the type
of cellular stress as signal stimulus. It has been shown that under various conditions, p53 levels
result in diverse dynamics. Providing the cell suffered from transient damage, which could be

presented by moderate doses of y-irradiation, it generates repeated p53 pulses (Purvis et al.,
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2012). This event allows cells to stop the cell cycle, repair the damage and further continue
dividing. However, when the DNA damage is more severe, a sustained p53 pulse is created.
Such situation might happen after exposure to UV radiation or after treatment with a small
molecule nutlin-3, which disrupts p53-MDM2 interaction. Eventually, the sustained pulse
promotes induction of genes associated with apoptosis or senescence (Vassilev et al., 2004;

Purvis et al., 2012).

1.4 Functions of p53

Since TP53 was classified as a tumor suppressor, plenty of scientific groups have started
exploring the purpose of p53. Eventually, the collected data showed that protein p53 has a
broad range of functions affecting multiple cellular mechanisms. Indeed, this protein controls
processes that are directly related to tumor suppression as well as processes that may only
contribute to this phenomenon. Overall, distinct stimuli tend to determine the exact p53-

dependent signaling set off in a context-specific manner (Pitolli et al., 2019).

1.4.1 Canonical functions of p53

Protein p53 is a crucial component in maintaining cellular integrity (Fig. 4). Its canonical
functions are essential for preventing the development of cancer by ensuring proper cellular

responses to various stressors.
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Figure 4. Selected canonical functions of p53. A few targets of p53 that promote cell-cycle
arrest/apoptosis/senescence/DNA repair are presented in blue frames.

1.4.1.1 Role of p53 in cell cycle regulation

In 1991, it was discovered that the levels of this protein increase significantly after DNA
damage. That happened possibly by a post transcriptional mechanism since the analysis
showed that the levels of p53 mRNA did not rise that much. In addition, p53 takes part in
establishment of cell cycle arrest and thus, inhibition of DNA replication (Kastan et al., 1991).
Eventually, cyclin-dependent kinase inhibitor 1A (CDKN1A/WAF1) gene was identified as a

transcription target of p53 (El-Deiry et al., 1993).

Cell cycle is divided into four general phases, which are G1, S, G2 and mitosis. The transition
from each phase to another one is controlled by proteins called cyclin dependent kinases
(CDKs). Especially CDK1, CDK2, CDK4 and CDK6 have main impact on cell cycle progression
regulation (Malumbres & Barbacid, 2005). Although the activity of these kinases remains
stable during the cell cycle, their function is regulated by fluctuation of cyclin proteins (Tyson
et al., 2002). Cyclins form regulatory subunits for their complementary CDKs. Cyclins D bind to
CDK4/6 and therefore control the transition through G1 phase. In similar manner, cyclins E

form complex with CDK2 and regulate passage from G1 to S phase. Eventually, cyclin A replaces
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cyclin E binding CDK2 and ensures the whole process of cell successfully going from S phase to
mitosis entry. At the end of G2 phase, cyclin B interacts with CDK1 to induce mitosis (Morgan,

1997).

The activity of CDKs is suppressed by CDK interacting proteins, among which p21 is to be found.
This protein can interact with cyclin D1/CDK4, cyclin D2/CDK4, cyclin A/CDK2 and cyclin
E/CDK2 complexes (Harper et al., 1993). CDK2 is important for retinoblastoma protein (pRb)
hyperphosphorylation, a process important for progression from G1 to S phase (Mittnacht &
Weinberg, 1991; Akiyama et al., 1992). As p21 binds to cyclin E/CDK2 complex, it can suppress
its phosphorylation function and therefore prevent cell cycle progression from G1 phase. Upon
DNA damage, p53 gets stabilized and, consequently, p21 is expressed. Hence, p53 (via p21
activation) plays a main role in ensuring that damaged DNA is not replicated, and cell does not
proliferate under suboptimal conditions (Dimri et al., 1996). Moreover, p53 can also regulate
cell division through sustaining G2 checkpoint. It has been shown that p21 inhibits activation
phosphorylation of CDK1 and thus, blocks mitosis activation. However, the initial arrest in G2
phase is guaranteed by Chk1, which blocks cell division cycle 25 phosphatase (CDC25),
therefore maintaining inhibitory phosphorylation of CDK1 (Smits et al., 2000).

Besides binding CDKs, p21 can also associate with proliferating cell nuclear antigen (PCNA)
protein (Waga et al.,, 1994). PCNA is essential for DNA replication since it functions as an
accessory protein for DNA polymerase 6 and DNA polymerase €. Additionally, the protein is
also essential for DNA repair as well as DNA recombination (Kelman, 1997). During S phase,
p21 is capable of suppressing elongation step of DNA replication by interacting with PCNA
(Waga et al., 1994). By regulating DNA replication, p53 ensures that the risk of gene mutation

is decreased, and oncogenes ought not to get activated (H. Wang et al., 2023).

Another transcriptional target of p53, 14-3-30, can also inhibit CDK1, and hence, contribute to
G2 phase arrest. In fact, this protein anchors the CDK in the cytoplasm, where it loses its ability
to promote mitosis. Moreover, growth arrest and DNA damage inducible protein (GADDA45),
also transcriptionally activated by p53, separates complex cyclin B1/CDK1 leading to the same

result of blocking G2/M transition (Taylor & Stark, 2001).
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1.4.1.2 Role of p53 in senescence

Cellular senescence is described as a process of irreversible loss of proliferative potential after
cell cycle arrest. In this state, cells are no longer sensitive to proliferation or growth factors.
Senescent cells differ from normal cells in their biochemical, morphological, and functional
characteristics. In fact, they resemble aged cells that have stopped dividing (Hayflick &
Moorhead, 1961; Bernadotte et al., 2016). Surprisingly, senescent cells keep high metabolic
activity, therefore they tend to become enlarged. This fact suggests that cellular proliferation
and growth of these cells are two disconnected processes (Salama et al., 2014). Moreover,
senescence can be induced by a number of stimuli, that are both internal and external. Internal
factors might include DNA damage or high levels of oxidative stress. External factors are sensed
by receptors and further affect the cellular pathways (Passos et al., 2007; Kim et al., 2013;
Salama et al., 2014).

Cells enter either senescence or apoptosis depending on the duration and the severity of a
stress stimulus. Supposing the stress factor is more severe or longer, the cells undergo
apoptosis (Spallarossa et al., 2009). Although not entirely, p53 regulates cell fate by driving it
into senescence or apoptosis depending on p53 dynamics, as described before (Q. M. Chen et

al., 2000).

1.4.1.3 Role of p53 in apoptosis

Other p53 function of great importance is the induction of apoptosis in cells under stress
conditions. This type of cell death could be induced by two major pathways, as for mammalian
cells (Strasser et al., 2000). The first pathway is called intrinsic or mitochondrial. It is activated
by stress conditions and regulated by BCL2 (D. C. S. Huang & Strasser, 2000; Igney & Krammer,
2002). The second one, extrinsic pathway, is mediated via activation of tumor necrosis factor

receptors (TNFRs) (S. Wang & El-Deiry, 2003).

It has been shown that protein p53 can activate promoter of Noxa gene (also known as
phorbol-12-myristate-13-acetate-induced protein 1, PMAIP1), therefore promoting its further
expression. Noxa is a BCL2 homology domain 3 (BH3)-only protein with ability to associate
with anti-apoptotic mitochondrial proteins BCL-2 and BCL-extra large (BCL-xL) via its BH3 motif
and inhibit them, thereby activating pro-apoptotic protein BAX. Afterwards, the protein is

responsible for the release of cytochrome ¢ from mitochondria to the cytosol, where this
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molecule triggers caspase activation, and hence, apoptosis (Gross et al., 1999; Oda et al.,
2000). Another p53-dependent proapoptotic gene is p53 upregulated modulator of apoptosis
(PUMA). Again, this gene encodes a protein which contains a BH3 domain (BH3-only protein),
therefore it also binds and functionally represses BCL-2 and BCL-xL, and eventually, leads to

the equal result of cell death (J. Yu et al., 2001).

Furthermore, transcription-independent function of p53 might result in apoptosis as well.
Cytosolic p53 can act in a similar way as a BH3-only protein. Following DNA damage, p53
directly activates BAX, and thus, initiates the intrinsic apoptosis pathway (Chipuk et al., 2004).
However, it has also been shown that p53 binds promoter of BAX gene and further promotes
its transcription. Surprisingly, the expression levels of BAX vary due to its tissue localization.
Hence, the contribution of p53 to BAX basal expression is probably influenced by tissue-

specific factors (Miyashita et al., 1994; Miyashita & Reed, 1995).

Besides regulating multiple components of the intrinsic apoptosis pathway, p53 can also affect
the extrinsic pathway. Upon p53 upregulation, the protein induces expression of FAS gene
encoding death-receptor cluster of differentiation 95 (CD95), which belongs to the TNF
receptor superfamily (Miller et al., 1998; Magnusson & Vaux, 1999). After being triggered by
the Fas ligand, the receptor mediates establishment of the death-inducing complex leading to
the activation of cell-death effector protease caspase-8. Eventually, caspase-8 passes the
apoptotic signal through downstream activation of caspase-3, accelerating cell death

(Magnusson & Vaux, 1999).

Apart from regulating components of the apoptotic machinery, p53 also activates expression
of some genes that are not directly involved in the apoptotic pathways, but still control the cell
entry to apoptosis in a certain way. After being activated, p53 further induces transcription of
genes encoding several microRNAs (miRNAs), including the family of miRNAs-34 (miR-34a,
miR-34b and miR-34c). The members of this family can prevent cells from proliferation by
inducing cell cycle arrest (He et al., 2007). Moreover, miR-34a has been proven to have a tumor
suppressor function via activating caspase 3/7 apoptotic pathway (Welch et al., 2007). The
upstream mechanism of this regulation might be the ability of miR-34 to decrease both the

transcript and the protein levels of antiapoptotic factor BCL-2 (Bommer et al., 2007).
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Altogether, p53 prevents the development of tumors by controlling multiple steps of apoptotic
pathway. It can either function as a transcription factor of plenty of targets contributing to

apoptosis or interact directly with apoptosis-related proteins.

1.4.1.4 Role of p53 in DNA repair

Apart from binding sequence-specific consensus transcription targets, p53 also binds non-
sequence-specific DNA regions (Y. Liu & Kulesz-Martin, 2001). It has been shown that the C-
terminus of p53 binds DNA damaged by enzymes or ionizing radiation with increased affinity.
Therefore, p53 was thought to play a greater role in DNA damage pathways than just being a
transcription factor of key genes involved in cell cycle arrest and repair processes. The protein
ought to sense DNA damage and further promote the repair of DNA lesions (Reed et al., 1995).
During the DNA-damage response, both transcription-dependent and transcription-
independent functions of p53 are required for nucleotide excision repair (NER), base excision
repair (BER), and mismatch repair (MMR). On the other hand, it seems that only transcription-
independent processes guided by p53 are necessary for non-homologous end-joining (NHEJ)

and homologous recombination (HR) (Sengupta & Harris, 2005).

Nucleotide excision repair is used to fix DNA damage caused by UV radiation (Ferguson & Oh,
2005). It has been proved that p53 is important for proper nucleotide excision and that this
process is not controlled entirely by its transactivation activity. Indeed, p53 helps recruit
transcription factor Il H (TFIIH) helicase subunits, xeroderma pigmentosum type B and D (XPB
and XPD), to the site of DNA damage (X. W. Wang et al., 1995; Chang et al., 2008). Additionally,
suggesting p53 functions as a transcription factor, it induces expression of XPC and p48, which

are both important for NER (Hwang et al., 1999; Adimoolam & Ford, 2002).

Base excision repair preserves cells from the damage initiated by spontaneous endogenous
events or some exogenous agents (Seeberg et al., 1995). BER also consists of two distinct
pathways. The first one, the short-patch pathway, leads to a single nucleotide repair. During
the long-patch pathway, the repair aims for a few nucleotides, usually about seven (Frosina et
al., 1996). Throughout BER, p53 can directly interact with DNA polymerase B and stabilize its
association with abasic DNA. Surprisingly, the N-terminal part of the protein is necessary for
the interaction, even though this process does not include transactivation function (Zhou et

al.,, 2001). In fact, the transactivation function of p53 in BER remains a bit controversial.
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Following y-irradiation, cells tend to elevate the levels of 3-methyladenine DNA glycosylase (3-
meAde DNA glycosylase), which is needed for the initial steps of BER, in a p53-dependent
manner. However, under NO treatment, p53 downregulates the glycosylase activity of 3meAde

DNA glycosylase by trans repression (Zurer et al., 2004).

Mismatch repair focuses on DNA damage occurring due to normal DNA metabolic processes.
This repair system diminishes DNA biosynthetic errors, and therefore helps increase the fidelity
of chromosome replication (Modrich, 1991). Mismatch repair gene MutS homolog 2 (MSH2)
has been proved to rely on p53 for its transcriptional activation (Scherer et al., 2000).
Furthermore, p53 associates with MSH2 protein at DNA damage sites, implying a possible

transcription-independent function during DNA repair (Zink et al., 2002).

Non-homologous end-joining is the main pathway dealing with double-strand DNA break
repair in mammalian cells. During NHEJ, two termini of the broken DNA molecule are directly
ligated together without the need for extensive homology between them (Karran, 2000).
Overall, the exact role of p53 in NHEJ is not yet well-established. Nevertheless, p53 can control
this type of DNA repair either itself or by association with other proteins involved in NHEJ
(Menon & Povirk, 2014). What is more, researchers showed that while p53 enhances error-
free NHEJ by the recruitment of tumor suppressor 53 binding protein 1 (53BP1), it actually
downregulates NHEJ of mismatched DNA termini (Akyiz et al., 2002; Y. H. Wang et al., 2022).

Homologous recombination is another pathway for double-strand break repair. Specifically, HR
includes a process of synthetizing new DNA sequences guided by homologous template (Ray
& Langer, 2002). Protein p53 directly modulates HR by interaction with HR factors RAD51 and
RAD54. Eventually, through association with these proteins, p53 can in fact inhibit error-prone

HR leading to genetic stability maintenance (Linke SP et al., 2003).

1.4.2 Non-canonical functions of p53

Previous studies stated that even though some p53 mutants are unable to facilitate the
canonical p53 functions, they can still suppress cancer development through the non-
canonical functions (Fig. 5) (Brady et al., 2011; T. Li et al., 2012). Since then, the interest in the

likely vast field of these functions has increased.
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Figure 5. Selected non-canonical functions of p53. A few targets of p53 that control
ferroptosis/autophagy/cellular metabolic pathways are displayed in green frames.

1.4.2.1 Role of p53 in ferroptosis

Ferroptosis is an iron-dependent type of cell death induced by increased levels of lipid reactive
oxygen species (ROS) (Dixon et al., 2012). The mechanism leading to the accumulation of ROS
could be an inhibition of the cystine/glutamate antiporter system xc (Ogiwara et al., 2019).
Following this repression, an important antioxidant glutathione (GSH) has no longer access to
its substrate — cysteine (Bannai, 1986). Subsequently, GSH peroxidase 4 (GPX4) cannot oxidize
GSH, thereby lipid peroxides do not get reduced and promote ferroptosis (Yang et al., 2014).
This type of cell death act as an important tumor suppressing pathway. Even though some cells
may be unable to commit cell cycle arrest, senescence, or apoptosis, they could still suppress

cancer due in part to their ability to promote ferroptosis (L. Jiang et al., 2015).

Although the impact of p53 on ferroptosis has not been completely described yet, the protein
certainly controls this cellular process. Surprisingly, it has been proved that p53 can both
promote and inhibit ferroptosis, depending on the cellular context (V. Liu & Gu, 2022). As for
the positive effect of p53 on ferroptosis, it suppresses transcription of solute carrier family 7

member 11 (SLC7A11), which encodes a subunit of the cystine/glutamate antiporter.
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Eventually, due to this effect the levels of lipid peroxides increase, and thus, ferroptosis is

induced (L. Jiang et al., 2015; Lim & Donaldson, 2011).

Another ferroptosis-related gene is spermidine/spermine N1-acetyltransferase 1 (SAT1),
whose transcription is positively regulated by p53. Overexpression of this protein may lead to
increased levels of lipid peroxides, and therefore, ferroptosis. The molecular process
responsible for this phenomenon is the downstream induction of arachidonate 15-
lipoxygenase (ALOX15) by SAT1 (Ou et al., 2016). This enzyme has been previously implicated
in generating lipid peroxides (Shintoku et al., 2017). Moreover, p53 stimulates transcription of
phosphate-activated glutaminase 2 (GLS2) (Suzuki et al., 2010). GLS2 encodes an enzyme
involved in glutamine metabolism by hydrolysing glutamine to glutamate (Curthoys & Watford,
1995; Aledo et al., 2000; Marquez et al., 2016). Consequently, higher levels of extracellular
glutamate ought to negatively affect the function of cystine/glutamate antiporter system x¢
(Murphy et al., 1989). Besides, GLS2 protein can make cells less sensitive to apoptosis induced

by ROS (Suzuki et al., 2010).

On the other hand, negative regulation of ferroptosis by p53 could be directed via transcription
activation of p21. Recent study has discovered that upon p53 stabilization and consequent p21
expression, cells tend to stay more resistant to ferroptosis (Tarangelo et al., 2018). Another
research has discovered the role of dipeptidyl peptidase-4 (DPP4) in ferroptosis. The enzyme
interacts with nicotinamide adenine dinucleotide phosphate oxidase 1 (NOX1), thereby
triggering lipid peroxidation. However, this step has shown to be successful only in TP53-
deficient cells. Thus, p53 appears to block the DPP4-NOX1 interaction, leading to ferroptosis

suppression (Xie et al., 2017).

Taken together, p53 does not always induce ferroptosis, nor does it only suppress the process.
Although the impact of several p53-regulated genes affecting ferroptosis has been evaluated,

the function of the protein in this type of cellular death is worth of further examination.

1.4.2.2 Role of p53 in autophagy

Autophagy is an important pathway in cellular homeostasis, it is described as degradation of
cellular components by lysosome (Cuervo, 2004). This process can be triggered upon
pathological stress, that may include nutrient deprivation, and bacterial or viral infection.

Autophagy-dependent cell death shares several similarities with apoptosis — they both can be
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activated by the same stimuli and end the same way. Nevertheless, cells usually use the
autophagy pathway during development, so that they can be broken down internally.
Supposing they are degraded this way, their death does not result in formation of large

apoptotic bodies, that are not easy to get rid of (Kelekar, 2006).

Following DNA damage, p53 directly binds and further activates transcription of the
autophagy-related gene DNA damage regulated autophagy modulator (DRAM). The gene
encodes lysosomal protein DRAM, that has been proved to promote autophagy, although the
specific mechanism behind the process remains unclear (Crighton et al., 2006). Next,
chromatin immunoprecipitation sequencing and RNA sequencing revealed more p53 targets
that eventually control autophagy. Among them was unc-51 like autophagy activating kinase
1 (ULK1) encoding a protein involved in autophagy initiation. Next discovered transcriptional
target was etoposide induced 2.4 (E/24) (Kenzelmann Broz et al., 2013). Protein EI24 is
important for controlling later steps during the autophagy pathway (Tian et al.,, 2010).
Furthermore, interferon stimulated exonuclease gene 20kDa-like 1 (/SG20L1) is also
transactivated by p53. Subsequent to genotoxic stress, protein ISG20L1 promotes cell death

by autophagy pathway (Eby et al., 2010).

Finally, autophagy can also be managed by p53 through a transcription-independent
mechanism. Indeed, cytoplasmic p53 has been shown to inhibit autophagy, so that its

depletion leads cells autophagy-dependent cell death (Tasdemir et al., 2008).

1.4.2.3 Role of p53 in metabolism

Besides controlling more types of cell death, cell cycle, and DNA repair by both transcription
dependent and independent pathways, p53 also affects number of aspects of cellular
metabolism (Maddocks et al., 2011). Cancer cells possess a unique metabolic mark meaning
that they prefer glycolysis to oxidative phosphorylation even in the presence of excess oxygen.
Although this leads to production of smaller amount of adenosine trisphosphate (ATP), cancer
cells utilize the intermediates of the glycolytic pathway for biosynthetic processes. These
mainly include ribose synthesis for nucleotide production enabling the cells to grow and

proliferate faster (Heiden et al., 2009; Liberti & Locasale, 2016).

Since p53 functions as a tumor suppressor, the protein ought to block the mechanisms cancer

cells use for their high energy demands. Indeed, p53 inactivates gene transcription of glucose
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transporter 1 (GLUT1) and glucose transporter 4 (GLUT4), making it harder for cancer cells to
utilize the glucose supplies of the organism (Schwartzenberg-Bar-Yoseph et al., 2004). In
addition, p53 also controls glycolysis by having impact on TP53-induced glycolysis regulatory
phosphatase (TIGAR). This phosphatase decreases the levels of fructose-2,6-bisphosphate,
which is a potent allosteric activator of glycolytic enzyme phosphofructokinase-1 (PFK-1).
Thereupon, TIGAR protein serves as a negative regulator of glycolytic metabolic pathway

(Bensaad et al., 2006).

In addition to glycolysis inhibition, p53 further regulates cellular metabolism by promoting the
tricarboxylic acid cycle (TCA). The tumor suppressor protein downregulates the expression of
pyruvate dehydrogenase kinase isoform 2 (PDK2), so that the protein PDK2 can no longer
inactivate the pyruvate dehydrogenase complex. Hence, the complex allows conversion of

pyruvate to acetyl-CoA, a substrate of the TCA (Harris et al., 2002; Contractor & Harris, 2012).

The pentose phosphate pathway (PPP) can be also controlled by p53. This metabolic pathway
is essential for production of ribose 5-phosphate, important as a nucleotide precursor, and
nicotinamide adenine dinucleotide phosphate (NADPH), an essential reductant for multiple
cellular processes. Glucose-6-phosphate dehydrogenase (G6PD), a key protein in the PPP, was
identified as a direct target of p53. Upon p53 activation, G6PD is unable to form a functional

dimeric protein, thereby PPP is inhibited (P. Jiang et al., 2011).

Since cells utilize lipids as precursors for phospholipid membrane formation, cancer cells need
to increase fatty acid synthesis in order to sustain high proliferation rate (Santos & Schulze,
2012). Multifunctional protein p53 has been shown to regulate lipid metabolism-associated
processes, as well. Following glucose starvation, p53 promotes expression of LPIN1 gene that
encodes lipin-1, an enzyme involved in induction of fatty acid oxidation (Assaily et al., 2011).
Furthermore, p53 represses lipid synthesis by downregulating the transcription of sterol
regulatory element-binding protein 1 ¢ (SREBP-1c) gene (Yahagi et al., 2003). SREBP-1c works
as a transcription factor of genes promoting fatty acid synthesis (Foretz et al., 1999). Finally,
p53 suppresses the promoter activity of genes specific for the mevalonate pathway, and hence,

inhibits cholesterol synthesis (Moon et al., 2019).
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1.5 Mutations of p53

In human cancer, TP53 has been identified as the most frequently mutated gene (X. Chen et
al., 2022). Germline mutations of the gene cause Li-Fraumeni syndrome (LFS) characterized by
increased predisposition to cancer development. LFS patients usually develop tumors earlier
in life, typically under the age of 45. Next, people with this genetic disorder ought to have a
first-degree relative diagnosed with cancer before 45. Additionally, LFS carriers are also
described by the fact that they have another first-degree or second-degree relative with
developed any tumor before turning 45 or sarcoma anytime. Overall, most of the patients
suffer from sarcomas, breast cancer and adrenocortical tumors. As assumed, older patients
are more prone to malignancies formed in the digestive tract and the lung (F. P. Li et al., 1988;
Olivier et al., 2003). Furthermore, providing that germline TP53 mutation carriers do not
obtain the features of LFS completely, they are defined as patients with LFS-like syndrome (LFL)
(Birch et al., 1994). Even-though the germline mutations of TP53 were previously considered
as extremely rare, a study from 2009 found out that in fact, they might occur in 1 from 20,000
cases (Gonzalez et al., 2009). On the contrary, somatic TP53 mutations are spontaneous and

frequent in many types of human malignancies (Hollstein et al., 1991).

Most of TP53 mutations are missense and occur in the DNA-binding domain, suggesting that
this part of p53 is of great importance. The high number of mutations does not always lead to
the loss-of-function phenotype of mutant TP53 carriers, but instead, they can lead to multiple
different phenotypic marks. Therefore, more specific classification of TP53 mutations ought to
be made in the future (Kastenhuber & Lowe, 2017). In general, there are eight types of TP53
mutations — missense, nonsense, silent, frame-shift deletion, in-frame deletion, frame-shift

insertion, in-frame insertion and splice-site (X. Wang & Sun, 2017).

Given the numerous mutations of this gene, they can lead to various outcomes. Structural
mutations affect the DNA-binding activity of the protein by generating gaps and internal
cavities in the p53 DNA-binding surface (Olivier et al., 2010). Mutational hotspots altering the
structure were identified as R175H, G245S, R249S and R282W. Next, mutations within the
same p53 domain, which directly influence DNA binding, are R248Q, R248W, R273C and
R273H (Bullock et al., 2000). Moreover, since p53 transactivates a great number of

downstream target genes, its mutations likely modify this activity. A comprehensive study from
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2003 analysed the impact of TP53 mutants on eight well-known p53-dependent genes,
including CDKN1A, MDM?2, BAX, 14-3-3c, apoptosis signal-regulating kinase 1 (ASK1)-
interacting protein (AIP1), GADD45, Noxa, and ribonucleoside-diphosphate reductase subunit
M2 B (RRM2B). The results revealed that about two thirds of the mutant variants kept the
transactivation function at the similar level compared to the wild-type p53. The remaining
third was divided into two subtypes, where the first one contained mutants with some residual
activity, while the second subtype mutants exerted no activity at all (Kato et al., 2003). As
assumed for the transactivation function of p53, plenty of the loss-of-function variants were
localized in the DNA-binding domain. Conversely, variants outside the DBD were often
classified as benign or with only reduced activity. However, some variants within the

tetramerisation domain also proved to significantly alter the function (Kato et al., 2003).

Following DNA damage and the subsequent p53 stabilization, mutant p53 has the ability to
inhibit the wild-type p53 activity within the tetramer, leading to a process called the dominant-
negative effect (DNE) (Blagosklonny, 2000). Indeed, some mutants such as R175H or R248Q
retain the capacity to bind the wild-type through their tetramerisation domain (Billant et al.,
2016). Eventually, the mixed tetramers become less or completely inactive in terms of the
transcription activation. Nevertheless, in some cases, the mutant p53 does not repress the
wild-type p53 function entirely. The exact outcome of this regulation by mutant p53 probably
depends on the posttranslational modifications of the protein (Gencel-Augusto & Lozano,

2020).

Additionally, mutations in the TP53 gene may lead to gain-of-function (GOF) phenotype. The
GOF p53 gains novel functions that are not present in cells with the wild-type protein.
Furthermore, these functions may in fact increase cellular growth (Dittmer et al., 1993). For
example, mutation R280K was proved to be less sensitive to apoptosis induction by curcumin
(Bae et al., 2014). Moreover, in a recent study, the authors revealed that some GOF mutations
of p53 may also result in increased resistance to anoikis, increased cell invasion and migration,

as well as higher probability of growth factor-independent survival (Pal et al., 2023).

A large-scale study aimed at TP53 mutations in 33 cancer types revealed that the mutation
rate of the gene is higher than 50% in almost one third of them (X. Wang & Sun, 2017). On top
of that, in more than 17 of the examined cancer types, the mutation rate is over 30%. Cancer

types with the highest score of TP53 mutation rate are as follows: uterine carcino-sarcoma and
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ovarian serous cystadeno-carcinoma. Besides, significantly increased rate is also associated
with lung cancer, gastro-intestinal cancers, head-and-neck squamous cell carcinoma and brain
lower-grade glioma. On the contrary, mutations of TP53 are not very common in kidney renal
papillary-cell and clear-cell carcinoma, testicular germ-cell tumors, uveal melanoma, thyroid

carcinoma, pheochromocytoma, paraganglioma, and thymoma (X. Wang & Sun, 2017).

Several dozens of polymorphisms in the TP53 gene have been identified. Some of them have
been already widely examined, but the impact of many of them on their carriers remains
unknown. Therefore, it might be important to distinguish between different polymorphisms in
order to determine, whether the subjects are likely to develop cancer or not. Additionally,
supposing it would be enabled to have knowledge about the influence of each polymorphism
on p53 function, treatment of the patients could become individualized, and thus more

efficient (Hrstka et al., 2009).

Apart from conclusively pathogenic and benign mutations in the TP53 gene, a large number of
variants of uncertain significance (VUS) have also been identified. The effect of these variants
discovered by genetic screenings of patients is not definite. Indeed, it remains unknown
whether these mutations contribute to disease progression or not (Joynt et al., 2021). Since
this fact complicates preventive care of the affected patients, more data about variants of
uncertain significance should be collected. In 2019, a study examining 1844 patients for
germline TP53 mutations indicated that only twelve of them were identified as VUS carriers.
Despite this small number, the authors highlighted that some of the VUS had been previously
classified differently according to distinct classification systems. This matter of fact could result

in a problem of divergent preventive care options of the mutation carriers (Bittar et al., 2019).
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2 Aims

A significant portion of cancers is caused by inherited mutations in predisposition genes. In the
framework of this project, we aimed to evaluate the functional significance of specific TP53
gene variants found in cancer patients within the Czech population, together with analysis of
data set including well-known loss-of-function variants, benign variants and VUS. The research
involved creating cell models using CRISPR/Cas9 to inactivate the gene, followed by functional
analyses to confirm defects in signaling pathways. Expression plasmids with fluorescent
markers and selection cassettes were used to compare the functions of mutated and natural
gene forms. The study focused on quantification of various cellular parameters and their
statistical analysis to enhance the understanding of these genes at the cellular level. Insights

gained are also intended for assessing cancer risks in mutation carriers.
The aims of this thesis were:

Generation of TP53 knockout cells
Construction of plasmids containing selected TP53 variants

Development of stable cell lines

1
2
3
4. Functional analysis of p21 and MDM2 expression among the cell lines
5. Tetramerisation assay of selected variants

6

Colony formation assay of selected variants
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3 Materials and Methods

3.1 Materials

3.1.1 Primary antibodies

Table 1. List of used primary antibodies, their host and type (rb = rabbit; m = mouse; poly = polyclonal;
mono = monoclonal), manufacturers, catalogue numbers, and dilutions for either
immunofluorescence (IF) or western blotting (WB) experiments.

Molecular target Host/type | Manufacturer Catalogue # | Application Dilution
p53 rb/poly Santa Cruz sc-6243 IF 1:100
p53 m/mono | Santa Cruz sc-126 WB 1:750
WB
(tetramerisation
p53 rb/poly Cell Signaling #9282S assay) 1:1000
p21 m/mono | Santa Cruz sc-6246 IF 1:100
MDM?2 m/mono | Calbiochem OP46 IF 1:100

3.1.2 Secondary antibodies

Table 2. List of secondary antibodies, their manufacturers, catalogue numbers, and dilutions for
either immunofluorescence or western blotting experiments.

Antigen Manufacturer Catalogue # | Application | Dilution
Alexa Fluor 488 GOAT anti rabbit Life Technologies |A11034 IF 1:500
Alexa Fluor 647 GOAT anti mouse Life Technologies |A21236 IF 1:500
Goat anti-Rabbit I1gG (H+L) Life Technologies |B2770 WB 1:5000
Goat anti-Mouse IgG (H+L) Life Technologies |B2763 WB 1:5000
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3.1.3 Buffers

Table 3. List of used solutions and their chemical composition.

Buffer Chemical composition
2x Sample
buffer 100 mM HEPES pH 7.5, 500 mM NacCl, 2% glycerol, 0.5% NP40

4x SDS loading
buffer

250 mM Tris pH 6.8, 400 mM DTT, 40% glycerol, 8% SDS, few drops of bromphenol
blue

Buffer 1

1.5 M Tris pH 8.8

Buffer 2

0.5 M Tris pH 6.8

Running buffer

2.5 mM Tris pH 8.3, 19.2 mM glycine, 0.01% SDS

Blotting buffer

2.5 mM Tris pH 8.3, 19.2 mM glycine, 20% methanol, 0.01% SDS

PBS

138 mM NaCl, 8 mM Na2HPO4, 2.7 mM KCl, 1.47 mM KH2PO4

PBS-T 0.1% Tween 20 in PBS

1x TAE buffer 1 mM EDTA, 40 mM Tris, 20 mM glacial acetic acid, pH 8.0
E1 buffer 50 mM Tris pH 8.0, 10 mM EDTA, 100 pg/mL RNase A

E2 buffer 200 mM NaOH, 1% (w/v) SDS

E3 buffer 3.1 MKAcpH5.5

Lysis buffer

50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM imidazole, 1 mM TCEP, 1 uM ZnCI2

5x Isothermal
buffer

25% PEG-8000, 500 mM Tris-HCl pH 7.5, 50 mM MgCl2, 50mM DTT, 1 mM each of
the 4 dNTPs, 5 mM NAD

Tetramerisation
lysis buffer

10 mM Tris-HCl pH 7.5, 1 mM EDTA, 1% Triton X-100, 150 mM NaCl, 1 mM
dithiothreitol, 10% glycerol, 0.2 mM phenylmethylsulfonyl fluoride, protease
inhibitors

26




3.1.4 Primers

Table 4. List of primers used for mutagenesis of selected sites and primer used for molecular cloning.

Target Orientation Sequence

E339G forward TGGGCGTGAGCGCTTCGGATGTTCCGAGAGCTGAATG

mutagenesis reverse CATTCAGCTCTCGGAACATCCGAAGCGCTCACGCCCA

E339del3 forward GCGTGAGCGCTTCGGAGAGCTGAATGAGGCCTT

mutagenesis reverse CTCATTCAGCTCTCCGAAGCGCTCACGCCCA

G262S forward CTGGAAGACTCCAGTAGTAATCTACTGGGA

mutagenesis reverse TCCCAGTAGATTACTACTGGAGTCTTCCAG

H168P forward CAAGCAGTCACAGCCCATGACGGAGGTTG

mutagenesis reverse CAACCTCCGTCATGGGCTGTGACTGCTTG

R158C forward CACCCGCGTCTGCGCCATGGCCATCTACA

mutagenesis reverse TGTAGATGGCCATGGCGCAGACGCGGGTG

R282L forward TGGGAGAGACCTGCGCACAGAGGAAGAGAA

mutagenesis reverse TTCTCTTCCTCTGTGCGCAGGTCTCTCCCA

V197E forward GCATCTTATCCGAGAGGAAGGAAATTTG

mutagenesis reverse CAAATTTCCTTCCTCTCGGATAAGATGC

Cloning of GAAAACCCCGGTCCTAGGCTGCAGACGCGTGGTGGAATGGAGGAGCCGC
the variants |forward AGTCAGAT

into the TGTCTTCCCGGACTGAGGTCTGACTCCTAGGCCCCAACCCCAACGCGGAA
vector reverse AAGGTT
3.1.5 sgRNAs

Table 5. List of sgRNAs targeting TP53 and their sequences.

Sequence
sgRNA1 CAUUGCUUGGGACGGCAAGG
sgRNA2 AUCCAUUGCUUGGGACGGCA

3.2 Methods

3.2.1 Cell culture

The experiments were completed working with human nontransformed cell line RPE1-hTERT
(hereafter referred to as RPE). The cells were cultured in high glucose DMEM (Sigma-Aldrich)

supplemented with 6% fetal bovine serum (Sigma-Aldrich), 0.1mg/mL streptomycin (Sigma-
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Aldrich) and 100 U/mL penicillin (Sigma-Aldrich). Cells were kept in incubator with 37°C and

5% CO; and regularly tested negative for mycoplasma contamination.

3.2.2 Generation of knockout cell line

One day prior transfection, RPE cells were seeded into 6-well-plate with approximate density
300,000 cells per well. First tube of CRISPR-Cas9 reagents included 125 uL Opti-MEM, 6 uL
sgRNA (Synthego, 30 uM), 2 uL TrueCut Cas9 Protein (Thermo Scientific) and 5 pL PLUS Reagent
(Thermo Scientific). The second tube consisted of 125 pL Opti-MEM and 7.5 pL Lipofectamine
CRISPRMAX Cas9 Transfection Reagent (Thermo Scientific). The tubes were mixed together
and poured onto the cells. The mixture was left with the cells for 24 hours before it was
replaced for fresh media. After 48 hours, cells were subjected to Nutlin-3a (Nut-3a, 9 uM)
(MedChemExpress) treatment a few times within 18 days to enable selection of cells with
inactivated TP53. Afterwards, the cells were plated in a single-cell manner into 96-well-plates
by BD Influx (BD Biosciences), individual cell clones were expanded and tested for p53
expression by western blotting and immunofluorescence microscopy. Additionally, gDNA was

isolated from the clones and was analysed by Sanger sequencing (SEQme).

3.2.3 Selection of tested variants and cloning

Our list of TP53 mutations contained a set of well-known LOF variants, benign variants and
VUS. Variants from this set were already purchased as constructed pCW57-RFP-P2A-TP53
vectors by Synbio Technologies, therefore no further cloning was needed. The variants of
Czech patients were obtained from the Institute of Medical Biochemistry and Laboratory
Diagnostics of the General University Hospital and the First Faculty of Medicine of Charles
University. Plasmid pCW57-RFP-P2A-TP53 had been previously generated using pCW57-RFP-
P2A-MCS as a backbone and pIRES-EGFP-TP53-WT (Addgene) as a template. The mutated TP53
sequences were created by PCR amplification of the human TP53 from pCW57-RFP-P2A-TP53
vector with designed overlapping primers with opposite orientation. The backbone for cloning
of the TP53 variants was made by opening pCW57-RFP-P2A vector with BamHI and Miul
(Thermo Scientific). After that, the PCR products and the backbone were run on agarose gel
and the DNA was isolated from the gel. Eventually, the mutated TP53 sequences were cloned

into the vector by Gibson assembly.
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3.2.4 Restriction enzyme digestion

The reagents for restriction were 10 U BamHI, 10 U Mlul, 6 pg plasmid DNA, 1x BamHI-
Lsp1109I Buffer (Thermo Scientific) and 19 uL distilled water. After putting the components

together, the solution was kept in 37°C overnight.

3.2.5 Polymerase chain reaction

The PCR reaction mixture consisted of 50 ng DNA template, 400 uM reverse primer, 400 uM
forward primer, 1x Phusion HF Buffer (Thermo Scientific), 400 uM Deoxynucleotide Mix
(Sigma-Aldrich), 2 U Phusion High-Fidelity DNA Polymerase (Thermo Scientific), and distilled
water contributing to the total volume of 50 pL. All the reagents were mixed on ice. The
reaction was composed of a 3-min initial denaturation at 95°C, followed by 35 cycles of
denaturation at 95°C for 30 seconds, annealing at 60°C for 30 seconds, and extension at 72°C
for 60 seconds. When the cycles were done, the reaction finished by 5-min incubation at 72°C

and eventual cooling down to 12°C.

3.2.6 DNA electrophoresis

Electrophoresis gels were prepared by mixing 1% Agarose (Sigma-Aldrich) with 1x Tris/Acetic
acid/EDTA (TAE) buffer. Ethidium Bromide (BioChemica) was added to the solution in 0.5
ug/mL concentration for electrophoresis product visualization. Before loading on the gel, the
DNA samples were mixed with 6x DNA Gel Loading Dye (Thermo Scientific). EnduroTM
Horizontal Gel Boxes (Labnet International) were used to run DNA electrophoresis, together
with PS 304 Minipec Il (Apelex). The power supply was set on 100 V and the separation lasted
45 min. After that, DNA fragments of expected size were isolated from the gel with Agarose
Gel Extraction Kit (Jena Bioscience). Total amount of DNA diluted in 20 uL of distilled water

was measured by NanoDrop 2000 Spectrophotometer (Thermo Scientific).

3.2.7 Gibson assembly

The Gibson reaction was composed of 165 ng linearized vector backbone and equimolar
amount of PCR fragments, 15 uL 5x isothermal buffer, 0.033 U Phusion High-Fidelity DNA
Polymerase (Thermo Scientific), 5.3 U Taq DNA Ligase (New England Biolabs), 0.0053 U T5

Exonuclease (New England Biolabs), and distilled water added to the total volume of 20 pL.
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Then the mixture was incubated at 51°C for 25 min and eventually, 7 uL of the volume was

used for bacteria transformation.

3.2.8 Bacteria transformation

Escherichia coli strain DH5a was incubated on ice with plasmid DNA for 15 min. After that, the
competent cells were put into heat-shock at 42°C for 75 seconds. Following incubation on ice
for 5 min, the mixture with cells was transferred to 1 pL LB media (25 g/L LB Broth (Miller),
Sigma-Aldrich) and left at 37°C for an hour. The bacterial suspension from the tube with
mixture was loaded onto LB Agar Ampicillin-100 Plates (Sigma-Aldrich) and incubated
overnight at 37°C. Individual colonies were picked the following day and moved to new agar
plates. After incubation at 37°C for 20 hours, the bacteria from the colonies were moved to
tubes with 3 mL LB media and left at 37°C overnight to enable plasmid isolation the following

day.

3.2.9 Plasmid isolation

The plasmids were isolated from overnight culture of transformed bacteria in LB media. First,
the bacterial suspension was pelleted with a centrifugation speed of 2000 g for 5 min. After
removing the supernatant, the bacterial pellet was resuspended in 200 pL E1 Buffer. Then, 200
puL E2 Lysis Buffer was added and the solution was mixed well. Subsequently, 350 uL E3
Neutralization Buffer was mixed into the solution. The mixture was incubated at room
temperature for 3 min. After that, centrifugation speed of 2000 g for 10 min was used for
sedimentation. The supernatant was loaded into new tubes, together with 500 uL isopropanol
for plasmid DNA precipitation. The solution was mixed well and left at room temperature for
1 min. After centrifugation at 10,000 g and 4°C for 10 min, pelleted DNA was washed by cold
1000 uL 70% ethanol. The DNA was again spined down in centrifuge at 10,000 g and 4°C for
10 min. Air-dried DNA pellet was dissolved in 50 uL of distilled water. To make sure the cloning

process was successful, the plasmid DNA was sequenced by SEQme.

As higher quality and purity of DNA was needed for cloning and transfection, the plasmids
were also isolated by Plasmid Mini Kit (QIAGEN). After following the manufacturer’s protocol,
the DNA was eluted in 100 uL distilled water and its concentration was measured using

Nanodrop 2000.
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3.2.10 Plasmid transfection

The cells were seeded into a 6-well-plate with density reaching about 300,000 cells per well.
The next day, the cells were transfected with plasmid DNA using polyethylenimine PEI MAX®
(MW 40,000) (Polyscience) as a transfection reagent. The exact amount of transfected DNA
was 2 pg, which was diluted in 150 pL Opti-MEM | Reduced Serum Medium (Gibco), and then
mixed with 12 ug PEl diluted in 150 uL Opti-MEM, as well. After that, the solution was added
to the cells and the transfection process lasted approximately 4.5 hours. Next, the solution was

changed for fresh media.

3.2.11 Generation of stable cell lines

The cells were transfected with the pCW57-RFP-P2A-TP53 plasmid. Two days after, G-418
Solution (Roche) was added to the media (7.5 mg G-418 per 10 mL media) to select the
successfully transfected cells. Overall, the antibiotics was used three more times within three
weeks of continuing selection. Cells positive for RFP after overnight doxycycline (Dox, 2 ug/mL)

induction were selected by BD Influx into 6-well-plates as polyclonal cell lines.

3.2.12 SDS-PAGE

The cells were seeded into 6-well-plates to cover the area of the wells confluently within a day
(approximate density was 500,000 cells per well). After that, the cells were washed with PBS,
lysed with 2x sample buffer and the samples were incubated at 95°C for 5 min. Subsequently,
the solutions were sonicated for 20 seconds at 25% amplitude with Q125 Sonicator (Qsonica).
To load the samples onto gel in equal concentration, their concentration was measured by
Pierce BCA Protein Assay Kit EnVision Multilabel Plate Reader. For this type of electrophoresis,
resolving 4% to 20% gradient gel with 1.5 mm depth was prepared and left to solidify for 20
min. It was composed of distilled water, buffer 1, Acrylamide/BIS Solution 29:1 (30% w/v) 33%
C (Serva), 10% Ammonium Persulfate (MP Biomedicals) and TEMED electrophoresis grade (MP
Biomedicals). The exact amount of these chemicals is listed in the table below. The stacking
gel was prepared from the same components, but instead of buffer 1, buffer 2 was used. After
pouring the stacking gel onto the resolving one, it was let to harden well for 20 min. Before
loading onto the gel, the samples were diluted with 4x SDS loading buffer. As a molecular

weight marker, PageRuler Prestained Protein Ladder (Thermo Scientific) was used. The gels
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were put in Mini-PROTEAN Tetra Cell (Bio-Rad) polyacrylamide gel electrophoresis system,
together with running buffer. PowerPac Basic Power Supply (Bio-Rad) was connected to the

system and switched on for one hour using current 50 mA per single gel.

Table 6. Chemical composition of gel used for SDS-PAGE.

Component Stacking gel Resolving gel 4% Resolving gel 20%
Buffer 1/buffer 2 (mL) 0.63 1.25 1.25
Acrylamide/BIS (mL) 0.33 0.67 3.33
10% APS (uL) 24 30 30
TEMED (pL) 6 8 8

H,0 (mL) 1.54 3.08 0.42

3.2.13 Western blotting

After polyacrylamide gel electrophoresis, the gel was put into a blotting cassette, together with
Amersham Protran 0.45 NC nitrocellulose Western Blotting membrane (Cytiva). These two
components were covered with a sheet of filter paper and a foam from both sides. Next, the
cassette was placed into Criterion Blotter with blotting buffer. The set-up was connected to
PowerPac Basic Power Supply (Bio-Rad) and turned on for one hour and constant voltage of
100 V. Eventually, the membrane was dyed with Ponceau S (Serva) for 5 min. After that, it was
incubated with 3% non-fat dry milk in PBS-T for 15 min on a shaker. Finally, incubation with
primary antibodies diluted in 3% non-fat dry milk in PBS-T took place overnight at 4°C on a
shaker. The next day, the membrane was washed three times in PBS-T. Following the washing,
it was incubated with secondary antibody Goat anti-Mouse 1gG (H+L)/Goat anti-Rabbit IgG
(H+L) diluted in 3% non-fat dry milk in PBS-T for one hour at room temperature. After another
triple membrane washing with PBS-T, reagents from Pierce ECL Western Blotting Substrate
(Thermo Scientific) were mixed, poured on the membrane, and left there for 3 min. The
membrane was carefully removed from the ECL reagents and put between layers of thin plastic
foil. Last, the membrane was exposed on X-ray film (AGFA) in dark room and this film was

further developed using OPTIMAX 2010 (PROTEC).

3.2.14 Immunofluorescence staining

The cells were seeded into 6-well-plates with 10 mm coverslips, so that they confluently

covered the glass area (approximate density was 500,000 cells per well). After overnight
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treatment with Nut-3a (9 uM) and Dox (2 pug/mL), the cells were washed with PBS and fixed
with 4% paraformaldehyde in PBS (VWR) for 15 min. Subsequently, the cells were washed with
PBS three times and permeabilized with 0.2% Triton X-100 (Amresco) in PBS for 5 min. After
another triple PBS washing, the blocking solution (1% BSA (Sigma), 0.3M glycine in PBS) was
loaded onto the coverslips and left there for 30 min. Then, the cells were stained by primary
antibodies diluted in blocking solution for two hours at room temperature. Staining with
secondary antibodies diluted in blocking solution took place after triple washing with PBS.
During this hour-long process, the coverslips were kept in dark at room temperature.
Eventually, the coverslips were again washed in PBS three times and stained with 1 pg/mL DAPI
(Sigma-Aldrich) for 3 min. The last washing was done with distilled water. Next, the coverslips
were left to dry and further put into 2 pL drop of VECTASHIELD Antifade Mounting Medium

(Vector Laboratories) onto microscope slide.

3.2.15 High-content microscopy

Automated microscope Olympus scanR was used for high-throughput screening of the stained
cells. The UPLXAPO 40X, dry objective was used for cell imaging. After scanR acquisition, the
scanR analysis software was utilized for results evaluation. The cell nuclei were determined by
their DAPI signal. The examined cells were gated as p53-positive or p53-negative according to
their maximal nuclear and mean nuclear p53 signal. The cells with outlier values (too low or
too high p53 signal) were kept outside the p53-positive analysed gate to only work with cells
with comparable p53 expression levels to control RPE parental cell line. For each experiment
and variant, 300 cells within the gate were examined for their mean nuclear intensity of p21

or MDM2.

3.2.16 Widefield microscopy

The cell images were obtained using fluorescent motorized microscope Leica DM6000. HC PL

APO 20x/0,75 CS2 was used as an objective.

3.2.17 Statistical analysis

The results were statistically analysed and graphically validated using GraphPad Prism 5.0. The

specific tests utilized for the results evaluation are listed below the figures. Statistical
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significance of obtained results was determined by P values (P). The figures contain either *

representing P < 0.05; ** representing P < 0.01; or *** representing P < 0.001.

3.2.18 Tetramerisation assay

The cells were seeded into 6-well-plates and treated with Dox (2 pg/mL) and Nut-3a (9 uM).
The following day, the cells were lysed in 40 pL tetramerisation lysis buffer by incubating on
ice for 30 min. Then, the extracts were centrifuged at 13,000 rpm for 15 min to remove cell
debris. Afterwards, glutaraldehyde was added to the final concentration of 0.05 and the
samples were incubated on ice for 15 min. Finally, the samples were diluted with 4x SDS
loading buffer and analysed performing SDS-PAGE with 10% resolving gel and western blotting
with polyclonal p53 antibody.

Table 7. Chemical composition of gel used for SDS-PAGE in tetramerisation assay.

Component Stacking gel Resolving gel 10%
Buffer 1/buffer 2 (mL) 0.63 2.5
Acrylamide/BIS (mL) 0.33 3.33
10% APS (uL) 24 70
TEMED (pL) 6 16
H,0 (mL) 1.54 4.17

3.2.19 Colony formation assay

To enable analysis of p53 positive cells only, 1000 RFP positive cells were sorted into 6-well-
plates by BD Influx and treated with Dox (2 pg/mL) and Nut-3a (9 uM). After 11 days, cell
colonies were washed with PBS and subsequently fixed and stained with 1% crystal violet

(Sigma-Aldrich) in 20% ethanol for 30 min. The colonies were counted manually using Imagel.
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4 Results

4.1 Generation of TP53 knockout cells

To address the selected aims of this thesis, we chose retinal pigment epithelium (RPE) cell line
as a model for the experiments. These human diploid cells were ideal for our study because
they are non-transformed, easy to manipulate, and possess a stable genome. We transfected
RPE cells with CRISPR-Cas9 reagents containing two different sgRNA sequences (sgRNA1 and
sgRNA2). To select cells with edited TP53 gene, we treated the cells with Nut-3a, which disrupts
p53-MDM2 interaction and stabilizes p53, so that only cells without p53 could proliferate. The
polyclonal cell lines were tested for p53 expression by western blotting and
immunofluorescence microscopy, which showed expected decrease in p53 levels.

Subsequently, we seeded single cells into 96-well-plates and expanded individual clones.

When the clones made confluent cell populations, we treated them with Nut-3a to stabilize
p53 expression. The following day, we made lysates from the cells and further used them for
western blotting analysis with p53 antibody to confirm there was no p53 signal (Fig. 6A).
Besides, we also fixed the cells on cover slips (after the same Nut-3a treatment), and
subsequently stained them with p53 antibody. Next, we used immunofluorescence
microscopy to distinguish if the newly generated cell lines had any p53 signal left (Fig. 6B). On
top of that, we isolated DNA from the monoclonal cell lines and sent it to be sequenced by
Sanger method (Fig. 7A). By BLASTN comparison of the mutated TP53 sequenogram to the
wild-type TP53 sequenogram, we detected deletion in the TP53 exon 4 sequence after using

either sgRNA1 or sgRNA2 (Fig. 7B).

In summary, we prepared more individual clones of TP53 knockout cells using two diverse
sgRNAs. After the employed assays we could conclude that there was no significant difference
in TP53 levels among the clones, they all scored comparably. For our experiments, we chose

the first derived clone generated using sgRNA1, which we refer to as RPE TP53-KO.
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Figure 6. WB and IF analysis of TP53 knockout cells. (A) For WB evaluation, cells were transfected with
CRISPR/Cas9 transfection reagents, selected by multiple Nut-3a (9 pM) treatment within 18 days and
individual clones were prepared by single-cell sorting. Following overnight treatment with Nut-3a (9
UM, 17 h), lysates were made from the cells and further used for WB with p53 and B-importin
antibodies. (B) For IF evaluation, cells were treated with Nut-3a (9 uM) for 17 h, then fixed with
paraformaldehyde and stained using p53 antibody. The scale bar represents 15 um.
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Query 246 CCCTCCTGGCCCCTGTCATCTTCTGTCCCTTCCCAGARAACCTACCAGGG-CAGCTAC 382

Sbjct 234 CCCTCCTGGCCCCTGTCATCTTCTGTCCCTTCCCAGAAAACCTACCAGGGGCAGCTAC 291

Figure 7. Sequencing analysis of TP53 knockout cells. (A) Chromatogram showing TP53 exon 4 from
RPE TP53 knockout cells prepared using sgRNA2 (clone 1). The sequencing was done by Sanger method
by SEQme company. (B) Sequence alignments of TP53 exon 4 of the wild-type (upper rows) and the
TP53 knockout (bottom rows), which was generated as the first derived individual clone using sgRNA2.
The comparison was done using BLASTN, available from
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&BLAST SPEC=GeoBlast&PAGE TYPE=BlastSearch.
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4.2 Construction of plasmids containing selected TP53

variants

In total, we selected 35 missense variants and one in frame deletion of the TP53 gene to be
cloned into pCW57 plasmid vector. Most of the variants (24) resided in the DNA-binding
domain. Besides, there were a few variants in the transactivation domains (4), a couple in the
linker region (2), and a small amount of them in the tetramerisation domain (4) and carboxy-
terminal domain (2). Several of them have been classified as pathogenic (loss-of-
function)/likely pathogenic or benign/likely benign, but to compare the variants of uncertain
significance to the already examined variants, we worked with the whole list (Table 8). We
were particularly intrigued by the E339del3 variant of uncertain significance, which was

identified in a Czech patient diagnosed with breast cancer.
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Table 8. List of the TP53 variants including their location along the p53 domains (TAD =
transactivation domains, DBD = DNA-binding domain, LR = linker region, TD = tetramerisation
domain, CTD = carboxy-terminal domain) and classification (VUS = variant of uncertain significance)
according to ClinVar database of genetic variants. Czech variants are highlighted by numbers in bold
font.

cDNA protein location classification
1 91G>A V31l TAD likely benign
2 139C>T P47S TAD benign
3 206C>G A69G TAD VUS
4 217G>A V73M TAD likely benign
5 319T>C Y107H DBD benign
6 404G>A C135Y DBD VUS
7 404G>T C135F DBD likely pathogenic
8 405C>G C135W DBD VUS
9 467G>A R156H DBD VUS
10 524G>A R175H DBD pathogenic
11 541C>T R181H DBD VUS
12 542G>A R181C DBD VUS
13 733G>A G245S DBD pathogenic
14 734G>A G245D DBD pathogenic
15 742C>T R248W DBD pathogenic
16 743G>A R248Q DBD pathogenic
17 747G>T R249S DBD pathogenic
18 799C>T R267W DBD likely pathogenic
19 817C>T R273C DBD pathogenic
20 818G>A R273H DBD pathogenic
21 844C>T R282W DBD pathogenic
22 848G>A R283H DBD VUS
23 883C>T P295S LR VUS
24 935C>G T312S LR benign
25 1000G>C G334R D VUS
26 1010G>A R337H TD likely pathogenic
27 1079G>C G360A CTD likely benign
28 1096T>G S366A CTD likely benign
29 760A>G 1254V DBD likely benign
30 503A>C H168P DBD VUS
31 590T>A V197E DBD VUS
32 1016A>G E339G D VUS
33 472C>T R158C DBD VUS
34 784G>A G262S DBD VUS
35 845G>T R282L DBD VUS
36 1015-1023del E339del3 TD VUS
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We prepared the Czech variants by site-directed mutagenesis of human TP53 sequence using
specially designed overlapping primers containing the mutant TP53 sites of the variants. Then,
we used BamHI and Mlul endonucleases to prepare linearized pCW57-RFP-P2A backbone,
which was suitable for Gibson assembly, together with the mutated TP53 sequences. The rest
of the variants were synthesised and inserted into pCW57 backbone by SynBio Technologies

(Fig. 8).

After these steps, we transformed Escherichia coli competent cells with the constructed
plasmids. To select transformed cells, we seeded the bacteria onto LB agar plates with
ampicillin, therefore only the cells containing pCW57 plasmids with ampicillin resistance gene
could survive. Subsequently, we selected five of the individual colonies and prepared liquid
cultures from them. Furthermore, we isolated plasmids from the cultures, and validated them

by bidirectional Sanger sequencing.
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Figure 8. Graphical scheme of pCW57-RFP-P2A-TP53 plasmid used for the experiments. The vector
contains the TP53 variant, TurboRFP type of red fluorescent protein, and neomycin resistance gene
(Neo/KanR). RFP gene and TP53 are separated by self-cleaving P2A peptide, enabling co-expression
from the same promoter. (tight TRE promoter = Tet-responsive promoter PTight; hPGK promoter =
human phosphoglycerate kinase 1 promoter; rTetR = improved tetracycline-controlled transactivator;
SV40 ori = SV40 origin of replication; bla = beta-lactamase; ori = high-copy-number
ColE1/pMB1/pBR322/pUC origin of replication; RSV promoter = Rous sarcoma virus
enhancer/promoter; HIV-1 Psi = packaging signal of human immunodeficiency virus type 1; RRE = REV
response element of HIV-1; cPPT/CTS = central polypurine tract and central termination sequence of
HIV-1)

4.3 Development of stable cell lines

After transfection of the cells with pCW57 plasmid containing gene for RFP and TP53 variant,
we performed selection of transfected cells by G-418 solution treatment, since there was a
neomycin resistance gene in the plasmid. Then, using RFP as a marker, we sorted the

successfully transfected cells into a polyclonal cell line (Fig. 9).
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Figure 9. Flow-cytometry analysis of the polyclonal cell population after transfection with pCW57-
RFP-P2A-TP53 plasmid and selection with G-418 solution. The cells were treated with Dox (2 pg/ml)
a day prior cell sorting to induce RFP expression. RFP negative cells are shown in yellow, RFP positive

cells are shown in white, the sorted cells are gated in the blue quadrangle. X axis represents RFP signal,
Y axis represents side scatter (SSC).

To ensure the cell lines included the TP53 variant, we treated the cells with Dox to induce p53
and RFP expression and further completed western blot analysis to detect p53 using specific
antibody (Fig. 10A). Moreover, we seeded the cells onto cover slips, treated them with Dox
and fixed them the following day. Then, we used immunofluorescence staining to confirm that

the cells were both p53 and RFP positive (Fig. 10B).
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Figure 10. Detection of p53 expression among selected TP53 variants. (A) Evaluation of p53 expression
among 7 randomly selected TP53 variants by western blotting analysis. After generation of stable cell
lines, the cells were treated with Dox (2 pug/ml) for 17 h to induce p53 expression. Next, lysates were
made from the cells and used for western blotting with p53 antibody. (B) Evaluation of p53 expression
among three randomly selected TP53 variants by immunofluorescence analysis. Three stable cell lines
were randomly selected to present the results. The cells were seeded onto coverslips, transfected cells
and TP53 knockout cells were treated with Dox (2 pg/ml, 17 h), RPE parental cells were treated with
Nut-3a (9 uM, 17 h). All the cells were fixed with 4% paraformaldehyde the following day. Afterwards,
they were stained using p53 antibody. The scale bar represents 45 um.

Unfortunately, it was not easy to distinguish between RFP positive and RFP negative cells in
microscopy assays. It is possible that while this version of RFP (TurboRFP) works well in living
cells, it does not survive paraformaldehyde fixation. Therefore, we decided to stain cells with
RFP antibody to improve the detection ability. Nevertheless, although this antibody worked
well in western blotting, it was not useful for immunofluorescence microscopy. Thus, we
stained the cells with p53 antibody. Even though the p53 nuclear signal was easy to identify, it
enabled us to find out that only a certain part of the cell population was indeed p53 positive.
This fact may be due to a different level of p53 stability among the variants, incorrect gene
incorporation of TP53, or to a certain extent due to the strict way of gating. Although it is highly
unlikely since p53 and RFP are transcribed from a single promoter, there could also be a
difference between p53 and RFP expression, so that when cells are sorted according to the
RFP signal, it may not correspond to the p53 signal. Hence, we decided to employ single-cell

assays which would not be influenced by that matter.

4.4 Functional analysis of p21 expression

Transcriptional activation of CDKN1A gene and subsequent cell cycle regulation is one of the
most well-known and important functions of p53. Our aim was to find out the impact of several
TP53 variants on transactivation function of the protein. We treated the stable cell lines with
Dox to induce expression of the TP53 variants, and with Nut-3a to stabilize the level of p53.
Eventually, after fixation with paraformaldehyde and subsequent immunofluorescence
staining with p53 and p21 antibodies, we analysed the cell lines by high throughput scanR
microscope. Since not all cells within the cell lines were p53 positive, we gated the analysed
cell population for positive p53 nuclear signal. The p53 positive gate was set according to the
p53 nuclear intensity of RPE parental cells, therefore we analysed cells with approximately

normal levels of p53. We also left p53-low cells and p53-high cells out of the gate. These cells
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with similar level of TP53 expression from each variant were then examined for their CDKN1A
expression level. We calculated a median of p21 mean nuclear intensity from 300 analysed
cells for each cell line variant and normalised this value to the wild-type median generated the
same way. Additionally, we performed the experiment two more times and calculated statistics

for differences between cells expressing the wild-type p53 and individual variants (Fig. 11).
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Figure 11. Quantification of p21 expression among the TP53 variants, which are listed along the X
axis. Stable cell lines containing the TP53 variants were treated with Dox (2 ug/ml, 17 h) and Nut-3a (9
UM, 17 h), fixed with 4% paraformaldehyde and stained with p53 and p21 antibodies. The red lines
show means of the wild-type normalised medians of p21 mean nuclear intensity from three
independent experiments (medians were calculated out of 300 cells for each cell line), black lines show
standard deviations. Significantly different results from the wild-type are highlighted. The significance
was evaluated using single-sample two-tailed t-test, where n = 3.

As expected, we could not detect any p21 signal among the well-known pathogenic variants
(R175H, G245S, G245D, R248W, R248Q, R249S, R273C, R273H, R282W) and the likely
pathogenic variant C135F. However, the likely pathogenic R337H variant scored comparably to
the wild-type in this assay. Next, we confirmed that the variants considered as benign/likely
benign (V31l, P47S, V73M, Y107H, T312S, G360A, S366A, 1254V) could activate expression of
p21. Plus, we found out that 5 VUS showed LOF phenotype (C135Y, C135W, H168P, V197E,
E339del3), while 11 others could express p21 (A69G, R156H, R181C, R181H, R283H, P295S,
G334R, E339G, R158C, G262S, R282L). In addition to this, we identified a single variant
(R267W) whose ability to activate transcription of CDKN1A was significantly lower than the

ability of the wild-type, but at the same time significantly higher than the TP53 knockout cells.
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4.5 Functional analysis of MDM2 expression

As MDM_2 relies on p53 for its full expression, another goal of this project was to investigate
how the variants influence this process (Fig. 12). The protocol remained the same as for the

analysis of CDKN1A expression, but the combination of p53 and MDM2 antibodies was used.
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Figure 12. Quantification of MDM2 expression among the TP53 variants, which are listed along the
X axis. Stable cell lines containing the TP53 variants were treated with Dox (2 pg/ml, 17 h) and Nut-3a
(9 uM, 17 h), fixed with 4% paraformaldehyde and stained with p53 and MDM?2 antibodies. The red
lines show means of the wild-type normalised medians of MDM2 mean nuclear intensity from three
independent experiments (medians were calculated out of 300 cells for each cell line), black lines show
standard deviations. Significantly different results from the wild-type are highlighted. The significance
was evaluated using single-sample two-tailed t-test, where n = 3.

According to this analysis we could summarize that the cell lines containing the TP53 variants
with the wild-type CDKN1A transactivation activity showed no significant defect in MDM2
expression. Next, the cell lines with the LOF variants had no detectable level of MDM2
expression. Again, the R267W variant scored significantly lower than the wild-type, but
significantly higher than the TP53 knockout in this assay. Overall, there were only a few minor
differences in the level of expression of p21 and MDM2 within each cell line, including variants
R181C (lower expression of p21 than MDM2) and P295S (lower expression of MDM2 than
p21), although the dissimilarities were not found as significant. Thus, we suggest that the
ability of inducing p21 expression among the variants coincided with the ability of inducing

MDM2 expression.
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Furthermore, we decided to compare the levels of p21 relative nuclear intensity to the levels
of MDM2 relative nuclear intensity for each variant (Fig. 13). From the graph, we can clearly
distinguish the LOF variants, the intermediate-scoring variant R267W and the variants that

scored comparably to the wild-type.
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Figure 13. The comparison of p21 normalised nuclear intensity (X axis) to MDM2 normalised nuclear
intensity (Y axis) among the TP53 variants. Each dot represents a value of mean calculated from three
medians normalised to the wild-type. The medians were derived from values of p21 or MDM2 mean
nuclear intensities of 300 p53 positive cells within the analysed gate for each variant. LOF variants are
presented in red, the intermediate variant is in yellow, and the benign variants are in green.

4.6 Tetramerisation assay

Within our list of TP53 mutations, there were four variants located in the tetramerisation
domain. Thus, we aimed to find out how these mutations affect the formation of the p53
tetramer using western blot analysis. Unfortunately, variants G334R, R337H, and E339G
contained low percentage of p53-positive cells, so that the overall amount of the protein that

could be detected was not comparable to the controls. Eventually, we completed this
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experiment for the Czech deletion variant E339del3. For the assay, we seeded the cells into 6-
well-plates and treated them overnight with Dox and Nut-3a. Next, we used the
tetramerisation buffer to make lysates from them and further analysed the p53 tetramer
formation by adding glutaraldehyde to the lysates and performing western blotting with p53

polyclonal antibody (Fig. 14).
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Figure 14. Western blotting analysis of impact of E339del3 on the p53 tetramer formation. The cells
were seeded into 6-well-plates and treated with Dox (2 pg/ml) and Nut-3a (9 uM). The following day,
lysates were made from them using tetramerisation lysis buffer. After adding glutaraldehyde (0,05%),
the lysates were used for western blotting with p53 antibody.

We repeated this experiment two times and found out that variant E339del3 suppresses the
tetramer formation. This result agrees with our previous conclusion that this variant is unable

to transactivate both CDKN1A and MDM_2.

4.7 Colony formation assay

We intended to perform the colony formation assay with the only intermediate scoring variant
in the transactivation experiments (R267W) and with the newly identified Czech deletion
variant (E339del3), as well. To analyse only p53 positive cells, we sorted 1000 RFP positive cells

and subsequently, treated them with both Dox and Nut-3a. After 11 days, the cells were
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washed with PBS, fixed and stained with crystal violet containing ethanol and the colonies

were manually counted using Imagel (Fig. 15).

Following three repetitions, we could conclude that the cells containing the intermediate
variant were unable to form as many colonies as the TP53 knockout cells, yet they made a lot
more than cells with the wild-type p53. Hence, variant R267W proved to score as partial-LOF
in both p21 and MDM2 transactivation assays and colony formation assay. Besides, the cells
with the deletion variant E339del3 showed to be as efficient at colony formation as the
knockout cells. Again, this result confirmed our previous findings that variant E339del3

resembles the phenotype of TP53 knockout.
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Figure 15. Graphical representation of colony formation assay results. For each cell line, 1000 RFP
positive cells were sorted into 6-well-plates. The cell colonies were stained and fixed with 1% crystal
violet in 20% ethanol after 11-day-long treatment with Dox (2 pg/ml) and Nut-3a (9 uM). Then,
individual colonies were counted manually using ImageJ. Numbers of colonies formed by treated cells
were normalised to non-treated cells. The graph shows means (presented as bars) from the normalised
values from three independent experiments. Standard deviations are presented as black lines.
Statistical significance was evaluated using two-tailed t-test, where n = 3.
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5 Discussion

Functional analysis of 36 selected TP53 variants, of which 7 were obtained from Czech patients,
confirmed that 10 of them are loss-of-function (C135F, R175H, G245S, G245D, R248W, R248Q,
R249S, R273C, R273H, and R282W), as for the transactivation function of the protein, while 8
other variants remain (likely) benign (V31l, P47S, V73M, Y107H, 1254V, T312S, G360A, and
S366A). Besides, the experiments revealed useful information about 16 variants of uncertain
significance. Overall, we could declare that most of the loss-of-function variants were located
in the DNA-binding domain of p53, as assumed. On the other hand, benign variants resided

mostly outside the DBD — at the N-terminal or C-terminal part of the protein.

However, when there is a substitution mutation in the tetramerisation domain of each p53
monomer, it leads to at least four mutated residues within the p53 tetramer. Hence, the TD is
also sensitive to alterations in the DNA sequence. The overall mutation frequency of this
domain among cancer patients is considered as low, possibly because the residues could be
mutated in a manner that does not result in abolishing of p53 activity. Moreover, even if the
mutation in the TD causes loss-of-function of the protein, it is unlikely it would show gain of

function properties, in contrary to some of the DBD mutants (Mateu & Fersht, 1998).

Our list of TP53 variants included four mutations in the TD, from which three are suggested to
be VUS (G334R, E339G, E339del3) and the last one (R337H) is classified as likely pathogenic.
The missense variants (G334R, R337H, E339G) scored not significantly differently from the
wild-type p53 in the transcription activation experiments. Conversely, the fourth variant, the
only deletion from the list (E339del3), was unable to induce transcription of both p21 and
MDM?2. Also, this newly identified variant among a Czech family, whose members were
diagnosed with cancer, proved to be defective in the tetramer formation. Finally, cell line with

TP53-E339del3 copied the results of cell line with TP53 knockout in the colony formation assay.

Among 13 other variants of uncertain significance, we classified 4 of them as LOF (C135Y,
C135W, H168P, and V197E). Next, 9 variants kept the wild-type transactivation function of p53
(A69G, R156H, R181C, R181H, R283H, P295S, R158C, G262S, and R282L). On top of that,
variant R267W scored significantly lower than the wild-type p53, but significantly higher than
the LOF variants for both p21 and MDM2 expression. We decided to test this variant using

colony formation assay, in which the cells with TP53-R267W formed less colonies than TP53
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knockout cells, but more colonies than cells with functional p53. This result suggests that

R267W could be a partial-LOF mutant.

Previous experiments indicated that providing arginine at 267th position gets substituted for
nonpolar tryptophane, p53 can no longer properly interact with DNA (Alvarez-Gonzalez et al.,
2013). The interaction is interrupted even though Arg267 is not within the DNA-binding
surface of p53. In fact, the partial loss of DNA-binding ability is due to the change of tertiary

structure of the protein (Fulci et al., 2002).

Furthermore, in a Saccharomyces cerevisiae-based assay from 1998, this variant reached the
same p21 expression level as the wild-type. Nevertheless, p53-R267W could not induce
transcription (and hence, translation) of MDM2 (Di Como & Prives, 1998). However, another
study claimed that p21 expression level was lowered in glioblastoma cell line cotransfected
with p53-R267W expression vector and a reporter plasmid driven by p53 response element
from the human CDKN1A (Fulci et al., 2002). These contradictory results could be explained by

our finding that R267W exhibits an intermediate phenotype between LOF and benign variants.

Besides R267W, there were a few TP53 variants which scored not significantly differently from
the wild-type in p21 and MDM2 expression level assays, but still, the level of expression of the
proteins seemed a bit lowered. The first was R158C, and although not much information has
been gathered about it to date, it is generally considered as a functionally intermediate TP53
mutant (Cardellino et al., 2007). Since in our assays this variant scored lower than the wild-
type, but not significantly, it could be beneficial to find out its impact on other transactivation
targets of p53 to classify this variant as LOF/partial-LOF/benign. Next variant of uncertain
significance P295S was identified in genetic screening of cancer patients (Endris et al., 2013;
Gabusi et al., 2019). However, there is no additional information about the influence of this
mutation on cellular pathways controlled by p53, so our suggestion of P295S being a benign

variant with a slight decrease in MDM2 expression might be important.

Another low-scoring variant, R181H, has been previously examined in osteosarcoma cell line
transfected with TP53-R181H utilizing RNA sequencing. The results indicated that this
mutation led to hypomorphic phenotype for both p21 and MDM2 expression. In this study,
the variant was suggested being partial-LOF, but with apparent residual activity compared to

a well-known LOF variant (R175H) (Klimovich et al., 2021). Our results partially supported this
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statement, as R181H scored a bit lower than the wild-type in the transactivation assays, but
not significantly. Plus, when Klimovich et al. expressed p53-R181H in colon cancer cell line, it
showed no difference from the wild-type in ability to induce cell cycle arrest (Klimovich et al.,

2021).

Interestingly, using FoldX energy functions, experiments from 2022 stated that variant R181H
might lead to inhibition of p53 monomers binding, and therefore, destabilization of dimer
formation. Moreover, by changing the conformation of the S6-S7 loop of p53, variant R181H
enables the protein to interact with different molecules, and thus exert transcription-
independent functions (Degn et al.,, 2022). Overall, this mutation has been assigned to
conflicting interpretations. While it partially retains p53 canonical functions, it was identified
among patients with various tumor types and could be the cause of adult-onset tumors

(Fischer et al., 2023).

Variant R181C has also been studied more extensively. According to a study performed on
TP53-R181C transfected osteosarcoma cell line, this mutation results in residual transcriptional
activity, therefore it is claimed as partial-LOF. In fact, it resembles the results of the identically
done analysis of p53-R181H but scores a bit lower in both p21 and MDM2 expression
(Klimovich et al., 2021). Our results indicated lower expression of p21 in cells with p53-R181C,
but surprisingly no decline in MDM2 expression. In addition, the study done by Klimovich et
al. proved that substitution to cysteine at 181st position of p53 had no significantly different

effect on the cell cycle regulation compared to the wild-type (Klimovich et al., 2021).

Although variant R181C is generally not considered as LOF, it is placed between the most
prevalent germline mutations identified among cancer patients (Sidransky et al., 1992). Since
arginine at this position is highly conserved among mammalian p53, it is probable that it plays
an important role in the function of the protein (Soussi & May, 1996). On the other hand, there
is no direct evidence that this variant could increase the risk of cancer predisposition
(Sidransky et al., 1992). Interestingly, this mutation seems to be increased among Arab
population, but this finding would require further validation (Lolas Hamameh et al., 2017; Zick

etal., 2017).

Although variant R181C retains most of p53 transactivation activity of p21 and MDM2, it lost

the ability to activate transcription of BAX and insulin like growth factor binding protein 3
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(IGFBP-3) (Smith et al., 1999). Mutation at this position was also proved to result in higher
amount of mitochondrial respiration. Therefore, increased levels of oxidative stress could
cause DNA damage, genomic instability, and hence, tumor development (P-Y. Wang et al.,
2013). Thus, cancer might occur due to these phenomena, and not because of mild decrease

in transactivation of CDKN1A and MDM?2.

Surprisingly, it was discovered that the phenotype caused by TP53-R181C is reminiscent of the
phenotype resulting from TP53-R337H (Lolas Hamameh et al., 2017). The latter substitution is
commonly distributed among children with adrenocortical tumors in southern Brazil. Since
pesticides and industrial chemicals are often used in this area with high agricultural
productivity, they might be the cause of this mutation (Ribeiro et al., 2001). Overall, the
substitution was identified among larger group of patients with various types of tumors. The
other most frequent cancer types were soft tissue sarcomas, breast cancer and renal cancer
(Achatz et al., 2007). Generally, the impact of p53-R337H on the increased risk of
carcinogenesis likely depends on both the specific tissue and the patient’s age (Giacomazzi et

al., 2014).

Arginine 337 is placed in the tetramerisation domain of p53. The residue forms a salt bridge
with aspartate 352 from another p53 monomer. On the whole, the p53 tetramer is stabilized
by four of these salt bridges (Jeffrey et al., 1995). When Arg337 is substituted for histidine, it
does not result in block of the tetramer formation, although the structure of the protein is
slightly changed (DiGiammarino et al., 2001). Compared to the wild-type dimer-dimer
interaction, the mutation weakens the dimer hydrogen bonds by increasing the distance
between the pairing residues. In addition, R337H disrupts the hydrophobic surface of the TD,

which is important for the stability of the domain (Gordo et al., 2008).

However, it was found out that this mutation affects the thermal stability of the TD based on
pH values. The higher the pH value (in the physiological range), the higher was the fraction of
denatured TD molecules. Thus, the risk of cancer linked to p53-R337H may be affected by
environmental pH changes. Furthermore, at all pH levels, the TD of p53-R337 begins to unfold
at significantly lower temperatures compared to the wild-type (DiGiammarino et al., 2001).
Also, a recent study stated that the stability of R337H is regulated by drastically distinct set of
genes (including Dnal homolog subfamily A member 1) than the stability of the wild-type (LU
et al., 2024).
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Previous results indicated that this substitution variant resembles the wild-type activity. When
overexpressed in both fibroblasts and osteosarcoma cells, the mutated protein kept the
transactivation function of the wild-type. Moreover, p53-R337H, as well as the wild-type p53,
was able to suppress colony growth of osteosarcoma cells without endogenous p53. In
addition, when expressed at supraphysiological levels in non-small cell lung carcinoma, this

variant showed no defect in inducing apoptosis (Ribeiro et al., 2001).

Other assays focused on knockin mouse model carrying homologous TP53-R337H mutation
(R334H in mouse). Surprisingly, while median lifespan lowered and cancer incidence increased
a bit, the results did not differ significantly from the wild-type animals. Upon genotoxic stress,
using diethylnitrosamine (DEN) as a genotoxin, the tumors from mutant mice tended to be
significantly bigger and heavier. Moreover, following DEN treatment, mutant mice expressed
less p53 transactivation targets, such as p21, MDM2, BAX and PUMA. Finally, p53 isolated from
mice liver was less efficient in both dimer and tetramer formation and less competent to bind

CDKN1A response element (Park et al., 2018).

The downstream effects of TP53-R337H were proved to be influenced by X-linked inhibitor of
apoptosis (XIAP)-associated factor 1 (XAF1). This factor probably acts as a tumor suppressor
gene by controlling cell death (Liston et al., 2001). Besides, TP53-R337H resides in the same
haplotype as nonsense variant XAF1-E134*. As for the transactivation function of p53, XAF1
presence leads to raise of this activity, but presence of XAF1-E134* does not. Since the
extended haplotype with both TP53-R337H and XAF1-E134* has been frequently identified
among cancer patients, it is assumed that it probably increases the risk of tumor development
(Pinto et al., 2020). In our TP53 project, the current aim is to find out the impact of XAF1
knockout on cell line with TP53-R337H. First, we would like to investigate the possible fold
change in the amount of expressed p53. Then, we might pay attention to comparison of the

transactivation ability of cells with TP53-R337 and XAF1-KO cells with TP53-R337H.

Overall, the exact phenotypic outcome induced by TP53-R337H or other TP53 variant may be
also affected by different TP53 polymorphisms (Figueiredo et al., 2006). Earlier studies found
out that some polymorphisms may lead to changes in the activities of p53. For instance, the
polymorphic variants at position 72 are considered as functionally varied. The polymorphic
type TP53-P72 was identified to occur more frequently among African population. On the

other hand, the higher the latitude, the lesser the incidence of P72 variant. In fact, it was
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detected within 63 % of Nigerians, but only within 17 % of Swedish Saamis (Beckman et al.,
1994). It was found out that cells with proline at the 72nd position of p53 are less prone to
apoptosis. Providing there is arginine at the site, the protein localizes to mitochondria with
higher probability, causing release of cytochrome c from the organelle and hence, apoptosis
(Dumont et al.,, 2003). In addition, TP53-R72 is more efficient at inducing apoptosis by
interacting less stably with inhibitor of apoptosis-stimulating protein p53 (iASPP) (Bergamaschi
et al., 2006).

Apart from regulating the apoptotic pathway, this polymorphism has impact on many more
cellular activities. First, the P72 variant was proved to induce the transactivation of p53-
dependent DNA repair genes with greater efficiency (Siddique & Sabapathy, 2006). Next, TP53-
R72 cancer cells show increased migration and invasion than cells with TP53-P72. The arginine
variant also contributes to enhanced metastasis formation. Additionally, cancer cells
containing TP53-R72 exhibit elevated oxidative phosphorylation and mitochondrial function in
general. Eventually, polymorphic variant R72 decreases the survival of cancer patients with
mutated p53. Together, these data suggest that R72 contributes to gain of function activity of
mutated p53 (Basu et al., 2018). De Souza et al. confirmed that p53 mutants containing P72
show tumor suppressive behavior, whereas p53 mutants with R72 are more prone to be

tumorigenic (De Souza et al., 2021).

Additionally, a less common polymorphism at position 47 was also proved to significantly alter
the function of the protein (X. Li et al., 2005). Variant P47 is considered as wild-type, while
variant S47 is found predominantly among a few percent of African-American population.
However, it was found out that the transactivation function of p53 should not be influenced
by different residues at the 47th position (Felley-Bosco et al., 1993). This statement agrees
with our obtained results, at least for the activation of p21 and MDM2 transcription. Plus,
when expressed in Calu-6 cancer cell line, p53-547 retained the wild-type effect of suppressing

cell proliferation (Felley-Bosco et al., 1993).

When serine resides at the 47th position p53, it affects the phosphorylation of the previous
residue (serine 46), because p38 mitogen-activated protein kinase (p38 MAPK) recognizes its
phosphorylation target due to the adjacent proline. Li et al. confirmed that variant S47 is
indeed incapable of phosphorylation at S46 (X. Li et al., 2005). Since S46 phosphorylation is

associated with increased apoptosis, impossibility of creating this posttranslational
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modification might diminish the higher amount of cellular death (Smeenk et al., 2011). In fact,
cells with TP53-P47 were shown to be more efficient at inducing caspase activation compared
to cells with TP53-S47. Besides, the proline variant activates transcription of apoptotic gene

PUMA. In contrast, the serine variant is partly defective in this function (X. Li et al., 2005).

Additionally, other experiments revealed that TP53-S47 cells tend to have a greater survival
rate than TP53-P47 cells after treatment with DNA-damaging agent cisplatin. Following this
idea, the S47 variant was also found to be less effective in transactivation of NOXA and
synthesis of cytochrome c oxidase 2 (SCO2). Eventually, the same study claimed that mice with

TP53-S47 are more prone to cancer development (Jennis et al., 2016).

In our experiments, we worked with TP53 variants containing P47 and P72 polymorphic
variants. Therefore, it might be interesting to investigate whether the other variants could
influence the results of the study. Especially the R72 polymorphism combined with the
mutation variants from our list is worth further testing, since it is quite frequently distributed
among European population. Currently, we are working on comparison of the P72 and R72
variants of TP53, which are both considered as wild-type. First, we would like to focus on the
possible differences in the transactivation function of the variants and furthermore, we might

pay attention to some non-canonical functions of p53.

Altogether, the establishment of stable cell lines containing the TP53 variants has brought
great opportunities for further experiments. One of them may be the impact of the variants
on ferroptosis induction, since it has been shown that the tumor suppression function of p53
can be also promoted via other pathways than the canonical ones. Recent studies proved that
mice with mutated p53 acetylation sites, which are therefore impaired for inducing apoptosis,
cell cycle arrest, and senescence, are still able to suppress cancer partly because they can

regulate ferroptosis (L. Jiang et al., 2015).

Protein p53 controls ferroptosis in quite distinguished ways. Surprisingly, it has been proved
that it can both promote and inhibit the process, and the outcome likely depends on the
cellular context (Y. Liu & Gu, 2022). Therefore, it could be interesting to figure out how the
TP53 mutations affect this issue. It was found out that cells with the TP53-S47 polymorphism
are resistant to erastin-induced ferroptosis. This mechanism of evading cellular death indicates

a tumor-promoting activity of the variant (Jennis et al., 2016).
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Additionally, mouse mutation hotspots R172H and R245W (R175H and R248W mutations in
human) were examined for their role in ferroptosis. The experiments suggested that these LOF
variants protect cancer cells from ferroptosis through their gain-of-function mechanism by
interacting with nuclear factor erythroid 2-related factor 2 (NRF2) (Dibra et al., 2024).
Transcription factor NRF2 is known for the regulation of antioxidant response (Chan et al.,
2001). In this case, the protein activates transcription of glutathione-dependent peroxidases
microsomal glutathione S-transferase 3 (MGST3) and peroxiredoxin 6 (PRDX6), which remove
lipid peroxides (Dibra et al., 2024). Conversely, mutant p53 (R175H and R273H in this case) also
interacts with NRF2 in an inhibiting manner, suppressing NRF2-mediated transcription of

SLC7A11, thereby preventing ferroptosis induction (D. S. Liu et al., 2017).

Initially, we could focus on the effects of the TP53 mutants from our list on SLC7A11 and GLS2
expression. Both proteins are linked to ferroptosis process, SLC7A11 blocks this cell death
process, while GLS2 promotes it (Feng et al., 2021; Suzuki et al., 2022). Furthermore, it would
be interesting to test which other variants are capable of interaction with NRF2, and

consequently, how the possible interaction influences ferroptosis.

Next, it is crucial to conduct biological experiments not only in vitro, but also in vivo using
mouse models. Although in vitro studies brought us valuable knowledge for better
understanding of multiple TP53 mutations, they unfortunately lack the complexity of a living
system. To provide a more comprehensive insight into the examined biological processes, we
would suggest utilization of mouse models, which share significant genetic and biological
similarities with humans. Thus, by integrating both in vitro and in vivo approaches, we should

get more robust results.

Taken together, our extensive analysis of TP53 mutation variants from cancer patients has
given us valuable information about distinct behavior and potential impacts of these
mutations. Due to our obtained results, we can separate the variants into various groups of
benign mutations, LOF mutations and partial-LOF mutations. These findings could help to
understand how the variants contribute to cancer development and progression. Eventually,
these efforts will guide the formulation of more effective management strategies for mutation

carriers.
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6 Conclusion

Overall, our investigation of 36 selected TP53 variants has provided significant insights into
their functional characteristics and potential implications for cancer biology. Through
comprehensive analysis, we confirmed that 10 variants, including R175H, G245S, and R273H,
exhibit loss-of-function effects on the transactivation function of p53. These variants
predominantly reside within the DNA-binding domain (DBD), consistent with their expected
impact on the ability of p53 to regulate transcriptional targets crucial for tumor suppression.
Conversely, 8 other variants, including V31l and G334R, were classified as benign and are
primarily located outside the DBD at the N-terminal or C-terminal regions of the protein. This
segregation highlights the functional importance of specific domains within p53 and

underscores the varied impact of mutations depending on their localization.

Moreover, variant R267W demonstrated partial LOF characteristics, influencing CDKN1A and
MDM_?2 expression levels in a manner distinct from both the wild-type p53 and well-known LOF
variants. Of particular interest were the 16 variants categorized as variants of uncertain
significance, for which our experiments provided valuable functional data. This study identified
insights into less commonly studied variants, such as R158C and P295S, which displayed subtle

changes in p53 function.

Looking ahead, the integration of our findings with ongoing research on TP53 variants could
lead to more targeted management of preventive care for mutation carriers, particularly those
harboring VUS. Future studies using both in vitro and in vivo models will be crucial for
validating our findings and exploring the broader biological consequences of these mutations,

including their impact on pathways such as ferroptosis.

In summary, our comprehensive analysis of TP53 variants provides a foundational framework
for understanding their functional diversity. Most importantly, we identified a functionally
intermediate TP53 variant (R267W) and characterized the newly identified variant (E339del3)
as a loss-of-function mutation. By elucidating the spectrum of effects associated with these
variants, our work contributes to the ongoing efforts to personalize treatment and improve

outcomes for TP53 mutations carriers.
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