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ABSTRACT

The p53 tumor suppressor is a sequence-specific DNA binding protein that activates gene
transcription to regulate cell survival and proliferation. The activation process involves post-
translational modifications that suppress p53 degradation by MDM2 and increase p53 DNA binding
affinity. p53 is mutated in ~50% of human tumors, with higher frequency in specific tumor types and
after relapse. Mutated p53 loses transcriptional activity and gains new functions that drive tumor
progression. Both N-terminus (NT) and C-terminus (CT) of p53 contain intrinsically disordered
regions. The p53 CT has well-documented effects in regulating DNA binding. CT truncated p53
mutants showed defective DNA binding and transcriptional activities. However, the effects of NT on
p53 DNA binding and its underlying mechanisms are elusive. Hence, this study is to elucidate the role

of the p53 NT as an intrinsically disordered region in p53 regulation.

The goal of the first part of this study was to investigate the effects of NT on p53 DNA binding
and its molecular mechanisms. We showed that transactivation domain 2 (TAD2) and proline-rich
region (PRR) inhibit DNA binding by directly interacting with the sequence-specific DNA binding
domain (DBD). NMR spectroscopy revealed that TAD2 and PRR interact with the DBD at or near the
DNA binding surface, possibly acting as a nucleic acid mimetic to competitively block DNA binding.
In vitro and in vivo DNA binding analyses showed that the NT reduced p53 DNA binding affinity but

improved the ability of p53 to distinguish between specific and nonspecific sequences.

The second part of this study was to explore the regulation and significance of the NT-DBD
interaction in both wild-type and mutant p53. MDMX inhibits p53 binding to specific target
promoters but stimulates binding to nonspecific chromatin sites. The phosphomimetic mutations of

T55 alter the intramolecular interactions in p53. Furthermore, T55 phosphorylation is induced by

vi



DNA damaging compounds and T55A mutant p53 manifests defective growth suppression activities.
The results suggest that p53 NT regulates the affinity and specificity of DNA binding by the DBD. p53
NT-interacting proteins and post-translational modifications may regulate DNA binding partly by
modulating the NT-DBD interaction in p53. Also, we demonstrated stronger NT-DBD interaction in

mutant p53, especially the conformational mutations.

Overall, our results established a novel form of p53 regulation via the NT-DBD interaction in

p53, highlighting the importance of N terminus in p53 DNA binding and function.
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CHAPTER 1 BACKGROUND

1.1 p53 structure and function

1.1.1 p53 history

In 1979, most of the researchers focused on oncogenes encoded by cancer-causing viruses. A
non-viral protein with a molecular mass of 53 kDa was discovered during the immunoprecipitation
of SV40 large T-antigen from the serum of animals bearing SV40-induced tumors?. p53 was thought
to be the cellular oncoprotein that mediates the transforming function of this tumor virus?!. Later,
missense mutant p53 cDNA was mistakenly cloned and found to transform cells in cooperation with
oncogenic proteins, which suggested the role of p53 as an oncogene?. In 1989, Levine et al. proposed
p53 as a tumor suppressor after observing the inhibition of transformation by wild-type (wt) p533.
Subsequent identification of p53 mutation and loss of heterozygosity in colon cancer confirmed p53’s
role as a tumor suppressor. In the following decades, cell-cycle arrest and cell death were identified
to be critical cellular consequences of p53 induction in response to DNA damage*. As a transcription

factor, p53 functions via binding to specific sequences and transactivating target gene expressions.

1.1.2 p53 structure

p53is encoded by the TP53 gene. TP53 locates on the short arm of chromosome 17 (17p13.1)
with 11 exons coding a peptide of 393 amino acids. As shown in Figure 1, p53 is a multi-domain
protein composed of two consecutive N-terminal (NT) transactivation domains (TAD1 and TAD2), a
proline-rich region (PRR), a DNA-binding domain (DBD), a nuclear localization signal (NLS), an
oligomerization domain (OD), and a C-terminal regulatory domain (CT). The intrinsically disordered

TAD domains are responsible for providing binding sites for other proteins such as transcription



coregulators and kinases. They also interact with MDM2 and MDMX to mediate negative regulations
on p53. Multiple kinases regulate p53 activation via phosphorylation of serine and threonine in NT.
The PRR with five copies of the sequence PXXP is necessary for p53-induced cell cycle arrest and cell
death. The 200 amino acids in the DBD domain fold into two 3-sheets packed as a (3-sandwich. Four
positively charged DBDs in a p53 tetramer cooperatively bind to DNA response elements in a
sequence-specific manner. The OD accounts for the formation of tetramers of p53; it also mediates
the dominant-negative effects of mutant p53 by forming heterodimers. CT binds to DNA
nonspecifically, and an intact CT enables p53 binding to DNA in a sequence-dependent manner via
the modulation of DBD conformations. Multiple post-translational modifications of lysine and

arginine residues in CT regulate p53 DNA binding strength and specificity>.

1 i B

1 TAD1 TAD2 PRR DBD NLS OD CT 393

NT

Figure 1 The domain structure of the human p53 protein.

From the N-terminus to C-terminus: transactivation domain 1 (TAD1); transactivation domain 2 (TAD2);
proline-rich region (PRR); DNA-binding domain (DBD); nuclear localization signal (NLS); oligomerization
domain (OD); and C-terminal regulatory domain (CT).

1.1.3 Canonical functions of p53

As a tumor suppressor, p53 engages in a variety of antiproliferative programs that limit
tumorigenesis, including cell cycle arrest, apoptosis, and senescence. p53 is kept at a relatively low
level in physiological conditions. DNA damage, oncogene activation, or hypoxia activate p53 through

several steps. First, post-translational modifications of p53 NT disrupt p53 interaction with MDM2,



the major negative regulator that inhibits and degrades p53. Second, CBP/p300-mediated acetylation
of p53 CT activates p53 DNA-binding abilities. Fully activated p53 binds to specific promoters to
regulate transcription of its target genes with the assistance of cofactors. These target genes
cooperatively mediate tumor suppression via the regulation of different cellular activities, such as

cell cycle arrest, apoptosis, senescence, and metabolism.

In normal cells, cell division is tightly controlled by a series of molecular and biochemical
signalling pathways. The process of cell division can be divided into four phases, including G1, S, G2,
and M phases. To enter the S phase for DNA replication, cells need to pass the G1/S checkpoint to
ensure DNA integrity. Upon DNA damage, p53 is activated via DNA-damage-response, initiating the
transcription of p21, which binds to and inhibits cyclin-CDK complexes to prevent the S phase entrys.
GADD45 and 14-3-30 are also essential p53 target genes that contribute to cell cycle arrest via
binding to and sequestering CDC2 in the cytoplasm, preventing M phase entry’-9. Thus, p53 is

important for the proper function of G1/S and G2/M checkpoints that maintains genomic stability.

Apoptosis is programmed cell death with characteristic morphology changes, including cell
shrinkage, nuclear fragmentation, chromatin condensation, chromosomal DNA fragmentation, and
global mRNA decay. Apoptosis can be mediated via two distinct but ultimately converging pathways:
the intrinsic and extrinsic pathways. The intrinsic pathway is initiated by cellular stresses, such as
DNA damage or ER stress, and mediated by actions of BCL-2 family proteins on the mitochondrial
outer membrane. Under stress, Bax, PUMA, and Noxa are transcribed by p5310-12, Bax and Bak are
freed from anti-apoptotic Bcl-2 family proteins and depolarize the mitochondrial outer membrane to
release cytochrome C, leading to the activation of Caspase 9 ultimately!3. The extrinsic pathway
originates from the activation of tumor necrosis factor receptors on the cell surface by specific
ligands. Tumor necrosis factor receptor genes Fas and DR5 are direct targets of p53, sensitizing cells
to death receptor ligands!415. p53 also induces apoptosis in a transcription-independent manner.
Monoubiquitinated p53 translocates to mitochondria and induces outer mitochondrial membrane

3



permeabilization by interacting with Bcl-2 family members directly!¢. In summary, p53 initiates

apoptosis via different mechanisms.

Senescence is a stress response in which cells withdraw from cell cycle and fail to proliferate
in response to growth factors or mitogens. Flat or enlarged cell shape and increased expression of
characteristic biomarkers, including staining for [3-galactosidase at pH of 6.0, cyclin-dependent
kinase inhibitors and transcriptionally inactive heterochromatic structure, can be observed in cells
undergoing senescence. Senescence can be triggered by multiple mechanisms, including telomere
shortening, DNA double-strand breaks, and importantly, the intracellular accumulation of reactive
oxygen species (ROS) in mitochondrial?. The activation of p53 to elicit p21-mediated cell cycle arrest
is a critical mediator of senescence. P21 is upregulated during senescence, allowing an irreversible
senescent arrest, and p21 deletion abrogates senescence in some cases!819, Cellular senescence is
intimately related with aging; the accumulation of senescent cells limits tissue renewal, perturbs
normal tissue homeostasis, and ultimately elicits organismal aging. The observation of accelerated
aging in multiple groups of p53 knock-in (KI) mice suggests a negative role of p53 in aging, which
could be attributed to stem cell loss by PUMA induction?0. However, KI mice with phosphorylation-
resistant alanine substitution of serine 18 in p53 also developed signs of accelerated aging, indicating
the protection of aging-related damage by physiological p53 activity?l. Evidence from super-
ARF/p53 mouse models supported the anti-aging effects of p53 by showing that p53 and ARF
transgenic mice manifested increased lifespan22. Thus, p53 regulates both senescence and aging in a

context-dependent manner.

Cellular metabolism refers to the chemical reactions that provide energy for cell growth,
reproduction, structure maintenance, and responses to environmental stresses. Wt p53 promotes
mitochondrial respiration over glycolysis through the transactivation of several key mediators in
metabolic pathways. p53 promotes the expression of synthesis of cytochrome c oxidase 2 (SC02), a
central mediator of respiratory chain function, and suppresses glycolysis by directly transactivating
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inhibitors of it, such as RRAD and TIGAR genes?3-25. Additionally, p53 inhibits glucose consumption
by directly binding to and inactivating glucose-6-phosphate dehydrogenase, the first and rate-
limiting enzyme of the pentose phosphate pathway?6. p53 also plays a role in lipid metabolism. It
enhances fatty acid oxidation through transcriptional regulation of carnitine palmitoyltransferase 1C

(CPT1C), promoting the transport of activated fatty acids into the mitochondria?’.

1.1.4 Non-canonical functions of p53

Recently, ferroptosis has emerged as a new form of iron-dependent cell death characterized
by the accumulation of lipid peroxides28. Metabolic dysfunctions initiate ferroptosis by elevating the
production of ROS independent of mitochondria. SLC7A11 is a critical mediator of ferroptosis and
protects tumor cells from ferroptosis by targeting iron metabolism and lipid peroxidation2®. p53
inhibits cellular cysteine uptake and sensitizes cells to ferroptosis by suppressing the transcription
of SLC7A11. Intriguingly, the p533KR (K117/161/162) mutation abrogates the classical functions of
p53 but retains the regulation of SLC7A1129. However, an additional loss of K98 acetylation (p534KR)
eliminates the regulation of SLC7A11 by p5330. Nutlin activates p53 by inhibiting p53-MDM?2
interactions. Different from Nutlin, which induces reversible cell-cycle arrest but not cell death in
most cancer cells, the combination of p53 activation and ferroptosis induction results in massive cell
death. It indicates p53-mediated ferroptosis is independent of other functions of p53, such as
apoptosis and cell cycle arrest. On the contrary, p53 appears to inhibit ferroptosis by transcription-
independently sequestering of DPP4 in the nucleus in colorectal cancer cells31. p53-p21 axis delays
ferroptosis onset by enhancing glutathione levels and maintaining redox balance, which promotes
cancer cell survival32. Therefore, p53 can promote or inhibit ferroptosis in cell- and context-
dependent manners. The induction of ferroptosis might elicit extra tumor suppression effects as a

byproduct of p53-activating compounds.



Mevalonate pathway (MVA) is responsible for the de novo synthesis of cholesterol and
isoprenoids, intersecting with many important signalling pathways, such as Hippo, Hedgehog, and
immune responses33-35, Previous studies have established a feed-forward loop between mutant p53
and MVA activation that promotes oncogenesis3¢. MVA stabilizes mutant p53, and mutant p53
promotes the transcription of critical MVA enzymes3¢. Large scale population studies confirmed the
activation of MVA in cancer by showing that pharmaceutical inhibition of MVA correlates with lower
mortality of cancer patients3738. Interestingly, recent findings demonstrate that wt p53 inhibits MVA
by blocking the activation of SREBP-2, a central transcriptional regulator of MVA39. Pharmaceutical
inhibition of MVA by HMG-CoA reductase inhibitors restricts the formation of hepatocellular
carcinomas in mice with p53 loss, corroborating the importance of MVA in wt p53-mediated tumor
suppression3®. Thus, the inhibition of MVA might benefit cancer patients carrying either wt or mutant
p53 via distinct mechanisms. Yes-associated protein 1 (YAP) and transcriptional coactivator with
PDZ-binding motif (TAZ) are major effectors of the Hippo signalling pathway, regulating multiple
biological processes, such as cell-cell communication, cytoskeletal remodelling, metabolism, and
tumorigenesis#0. MVA activates YAP/TAZ activity via promoting their nuclear accumulation33. The
inhibition of MVA by statin opposes YAP/TAZ nuclear localization and transcriptional responses.
Aside from the indirect regulation of YAP/TAZ through MVA inhibition, p53 suppresses YAP via other
mechanisms. First, the transactivation of Ptpnl4 by p53 negatively regulates YAP+.. Second,
transcription of Large tumor suppressor kinase 2 (LATS2) is promoted by p5342. LATS2 acts as
another critical regulator of YAP by sequestrating YAP in the cytoplasm for proteasome degradation*3.
Interestingly, LATS2 also binds to and inhibits MDM2, leading to p53 activation during mitotic
stress#2. The reciprocal crosstalk between p53 and YAP pathways highlights the importance of p53
in tumor suppression; further studies are warranted to unveil how these pathways cooperate to

maximize anti-tumor response.



Growing evidence suggests the involvement of p53 in epigenetic regulation. Bromodomain
containing protein 7 (BRD7), an important component of the SWI/SNF chromatin remodelling
complex, was found to be required for efficient p53-mediated transcription of a subset of target genes.
BRD7 promotes histone acetylation at the promoter of p53 specific target genes, including p21 and
MDM?2, and interacts with p300 to assist p53 acetylation*4 The deletion of BRD7 locus was observed
in breast tumors with wt, but not mutant, p53. Besides, BRD4 interacts with wt p53, BRD4 inhibitor
JQ1 synergizes with Nutlin in killing acute myeloid leukemia cells#546. Of note, the interaction
between BRD4 and p53 is not mediated by a bromodomain. p53 controls heterochromatin relaxation
by inducing the expression of demethylase JMJD2b and the suppression of SUV39H1 through p53-
p21-E2F axis?”. Simultaneous regulation of J]MJD2b and SUV39H1 by p53 inhibits H3K9 methylation
and thereby facilitates DNA damage repair after ionizing irradiationt’. Furthermore, MDM?2
suppresses p53 through the recruitment of SUV39H1 and EHMT1 methyltransferases to histone H3
at the promoter of p53 specific target genes, leading to the silence of p53 target genes*8. Taken
together, the interaction of p53 with epigenetic regulators not only redefines p53 pathways but also

provides a novel strategy to harness the tumor-suppressive effects of p53.

p53 appears to inhibit gene expression. Early data suggested that p53 can directly repress
gene transcription via binding to p53 response elements or sequestration of transcriptional
machinery%°. However, recent genomic studies opposed the conclusion by showing an exclusive
upregulation of “default” p53 target genes and no enrichments of p53 at the promoter of
downregulated genes>0. The involvement of adaptors in p53-induced gene suppression is also
questioned since binding boxes of those adaptors were not enriched at loci bound by p5351. Thus,
direct inhibition of transcription might not be a viable explanation of p53-dependent transcriptional
repression. Considering that most p53-repressed genes are involved in cell cycle regulation, an
indirect p53-p21-DREAM pathway is proposeds2. DREAM is composed of dimerization partner, RB-

like, E2F, and multivulval class B (MuvB), which has long been implicated in the repression of cell



cycle-dependent genes®354 The activation of p53 induces p21 expression, which subsequently
inhibits CDK, resulting in the hypophosphorylation of p107 and p130555. The incorporation of
hypophosphorylated p107 and p130 into the DREAM complex represses the transcription of many
cell cycle-regulated genes, such as CCNB1, CDC20, CDK1, and NEK257. Other potential mediators of
p53 gene suppression are non-coding RNAs. Mir-34, lincRNA-p21, and PANDA are induced by p53
and suppress the translation of their targetss8-€0. In short, p53-p21-DREAM and p53-induced non-

coding RNAs, rather than direct repression of gene transcription, are major mediators of gene

repression by p53.
Cell cycle arrest Ferroptosis
o
P21, GADDA4S5, SLC7A11,
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SREBP-2, Ptpnl4, .
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Figure 2 p53 target genes and associated cellular processes.

Most p53 target genes are transcriptionally regulated by p53. They are involved in a variety of cellular
activities, such as cell cycle arrest, apoptosis, senescence, metabolism, ferroptosis, Hippo pathway,
epigenetic regulation, and p53-mediated gene repression.



1.2 p53 mutation and rescue

1.2.1 Mutant p53 overview

Since TP53 mutation occurs in ~50% of cancer cases with 100% coverage of cancer types,
TP53 is considered one of the most commonly mutated genes in human canceré!. Li-Fraumeni
syndrome patients with germline p53 mutations are susceptible to a wide range of cancers. Wt p53
forms tetramer to interact with consensus sequence, while misfolded or unfolded mutant p53
proteins are prone to amyloid-like aggregation, leading to loss of p53 functions and degradation
resistance. As shown in Figure 3, cancer-associated TP53 mutations occur at various sites within the
coding sequence but distribute unevenly, with a strong predominance in DBD of p53¢2. There exist 6
“hotspot” mutation residues (R175, G245, R248, R249, R273, and R282) in cancers®2. Arg248 and
Arg273 mutations primarily impair p53 DNA contact without affecting wt p53 structure, whereas
Arg175, Gly245, Arg249, and Arg282 mutations principally distort the conformation of p5363.64,
Another group of p53 mutations, including V1434, Y220C, and F270L, are named temperature-
sensitive p53 mutations. They cluster in beta-strands of DBD and destabilize p53, but not as severely
as conformational mutants. Interestingly, temperature-sensitive mutations are inactive at 37 degrees
Celsius, but regain transcriptional activity at 32 degrees Celsius due to improved stability and

refolding of DBDés.

1.2.2 Mutant p53 gain of function (GOF)

Unlike other tumor suppressor genes that usually undergo deletions or truncating mutations,
TP53 is often missense mutated, which leads to the substitution of only one amino acid in the
polypeptide sequence. High frequency of hotspot p53 mutations in tumors also suggests a growth
advantage of tumor cells with hotspot p53 mutations. Levine et al. reported the first observation of

mutant p53 GOF, showing the cooperation of mutant p53 with Ras oncogene in the transformation
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Figure 3 TP53 mutation types and codon distribution.

(A) Pie chart of TP53 mutation types. (B) The histogram of mutations across TP53. Mutations are displayed
at the amino acid level across the full length of the polypeptides. The height of the bar represents the
percentage of the codon where the mutation occurred. Codon labeled if superior to 2%. Data are retrieved
from the IARC TP53 database (http://p53.iarc.fr/).
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of cellsés. The following studies revealed a dominant-negative effect of mutant p53 that partially
accounts for mutant p53 GOF. Mutant p53 interacts with other members of p53 family, including p63
and p73, and inhibits their function. For example, mutant p53 regulates Dicer expression and thereby
blocks the biogenesis of tumor-suppressive miRNA through the interaction with TAp63, contributing

to tumor metastasis®’.

However, mutant p53 can exhibit other oncogenic GOF in addition to TAp63 inhibition. For
instance, mutant p53-expressing mice showed more potent tumor invasion and metastasis than the
loss of TAp63¢8. The increased interaction of mutant p53 with other transcriptional factors, including
SREBP, Sp1, ETS, and NF-Y, plays an essential role366%71, For example, mutant p53 binds to ETS2 and
facilitates the transcription of TDP2, contributing to etoposide resistance of lung cancer cells?0.
Mutant p53 also binds to and protects Stat3 from SHP2 phosphatase, leading to the activation of the
Jak2-Stat3 pathway in human colorectal cancer cells’2. Importantly, the inhibition of HSP90, an
essential stabilizer of mutant p53, successfully suppresses mutant p53 level and tumor growth,

suggesting that mutant p53 GOF is a druggable target”2.

Mutant p53 is also capable of promoting cell proliferation and tumor growth through the
regulation of genome-wide histone methylation and acetylation. The interaction of mutant p53 with
ETS2 upregulated expressions of methyltransferases and acetyltransferase. Genome-wide
upregulation of histone methylation and acetylation contributed to mutant p53 GOF73. Thus, genetic
knockdown and pharmacological inhibition of methyltransferases inhibit cancer cells harboring
mutant p53 growth significantly?3. Similarly, mutant p53 increases H3K27me3 level through
interaction with EZH2, driving hematological neoplasm associated clonal hematopoiesis74. In
summary, mutant p53 GOF contributes to tumorigenesis through various mechanisms, providing a

novel target for personalized cancer treatment.
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1.2.3 Mutant p53 rescue

Increasing evidence suggests that all p53 mutations are distinct. Li-Fraumeni patients with
R248Q mutation demonstrated substantially worse prognosis when compared to patients with
G245S mutation, and similar results were observed in mutant p53 KI mice’s. The consequence of a
single mutation is determined by the location of the residue and nature of the substitution. In
particular, R273C and R273H mutations only remove a guanidinium group that contacts with the
DNA backbone at the center of the p53-DNA interface with intact overall structure, whereas R175H
mutation disrupts zinc coordination sphere and the salt bridge with D184, leading to a global
unfolding of DBD7677. The R175H mutation severely distorts p53 structure, whereas the mutation of
arginine to amino acids with smaller side chains, such as alanine or cysteine, is much less detrimental
with only moderate or no effect on p53 transcriptional activity¢378. Thus, the consequence of p53

mutation is dependent on mutant residue and substitution.

Since p53 mutations are prevalent in tumors, it is appealing to reactivate p53 tumor-
suppressive activities in tumors harboring p53 mutations. According to in vitro experiments, the
introduction of a secondary mutation appears to rescue the mutations that destabilize p53 global
folding. For instance, H168R is a specific intragenic suppressor mutation for R249S, mimicking the
role of R249 in wt p5379. The introduction of H168R to R249S recovers the conformation of L2 and
L3 in wt p53 and thereby rescues the DNA binding of R249S mutation. In contrast, N239Y and N268D
mutations are global suppressor mutations that increase the thermodynamic stability of p53 DBD,
rescuing a subset of p53 mutations with unstable DBD structures®8l, The first successful screening of
mutant p53 rescuing compounds identified CP-31398, which increases the amount of p53 with wt
conformation in cells harboring mutant p53 and inhibits the growth of tumors with mutant p5382.
However, studies suggest that CP-31398 is a DNA intercalator, lacking direct binding or stabilization
of mutant p53, and induces ROS dependent cell apoptosis irrespective of p53 status83s+ The
distortion of DNA double helix by DNA intercalators interferes with DNA replication, transcription,
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and repair, resulting in off-target cell toxicity in cells83. Cells with loss-of-function mutant p53
manifest higher sensitivity to DNA intercalators since p53 is an essential mediator of DNA damage

repair response.

The alkylating agents PRIMA-1 and its methylated form APR-246 were identified as mutant
p53 activators in a cell-based screening8s. They appear to induce p53 target gene expression and p53-
mediated apoptosis in cancer cells with mutant p538586, Apr-246 is useful for cancer treatment as a
single agent and in synergy with chemotherapeutic agents, such as cisplatin and doxorubicin®.
Mechanistically, PRIMA-1 and its analogs are metabolized to the active metabolite, 2-methylene 3-
quinuclidinone (MQ) in vivo. MQ then covalently modifies the thiol group of cysteine residues in
proteins via Michael reactions8889. Similar reactions were identified in other alkylating agents,
including STIMA-1 and CP-3139888. The covalent modification of thiol groups in mutant p53 restores
wt conformation, which is at least partially responsible for the reactivation of mutant p538s.
Reactivation effects of mutant p53 via alkylating agents vary depending on tumor models and
mutation types. Interestingly, DNA contact p53 mutants can also be activated by alkylating agents®°.
Recent studies suggested that p53 is not the only substrate of Micheal reaction, and alkylating
compounds induce apoptosis by modulating ROS (regardless of p53 mutation status)°1.92. As the first
mutant p53-reactivating compound entering clinical trials, APR-246 might benefit cancer patients

through multiple tumor suppressive mechanisms independent of p53 mutation?3.

In principle, any compounds that only bind to folded p53 should promote the stabilization of
unfolded p53 and shift the folding equilibrium toward the folded p5394. However, searching for such
compounds is challenging as there are no binding pockets on the DBD of p53, a recent study identified
a transiently open pocket in the L1/S3 pocket for mutant p53 reactivation. Another consideration
is that the binding of compounds to p53 might interfere with p53 interacting with DNA or other

transcriptional cofactors.
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An alternative approach is to develop agents that bind to and rescue mutant p53-specific
lesions. The development of X-ray crystallization and computer-assisted drug design have enabled
the structure-guided design of mutant p53-reactivating compounds, and the rescue of temperature-
sensitive mutant Y220C is an excellent proof-of-concept study.°¢ The large-to-small Y220C mutation
leads to the loss of local hydrophobic interactions and thereby destabilizes p53 moderately without
affecting DNA binding surface?’. The detailed crystal structure of Y220C reveals a mutation-induced
surface crevice that can be targeted by ligands®. The subsequent structure-based design identified
small-molecule stabilizers that can selectively bind within the subpocket and stabilize Y220C
mutant?. The carbazole-based compounds remarkably inhibit the aggregation of Y220C mutation
and upregulate p53 target genes. However, their p53 mutation-independent cellular toxicity at high
concentrations could be an adverse effect that damages normal cells%. In summary, the success of
Y220C mutant-activating compounds supports the reactivation of specific p53 mutations for cancer
treatment. A similar approach may be utilized to rescue other thermodynamically unstable p53

mutations.

1.3 MDM2 & MDMX function and inhibitors

1.3.1 MDM2 structure and function

Mouse double minute 2 (MDMZ2), a conserved protein with 491 amino acids, is the primary
negative regulator of p53. Two upstream promoter sequences are responsible for the transcription
of MDM2, including a p53 responsive-element. MDM2 belongs to the RING finger domain family of
E3 ubiquitin ligases with four domains, including an N-terminal p53 binding domain, a central acidic
domain, a zinc finger, and a C-terminal RING domain. MDM2 N-terminal domain forms a hydrophobic
pocket for p53 interaction, inhibiting p53 activity. MDM2 also translocates p53 from the nucleus to

the cytoplasm. MDM?2 central acidic domain is critical for p53 degradation, MDM2 mutant lacking
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part of this domain can ubiquitinate p53 but fails to degrade it1%0. The high degree of intrinsic
disorder of this region provides the flexibility to interact with most MDM2 regulating proteins, such
as ARF, ribosomal protein L5, CBP/p300, and HAUSP101-105, The phosphorylation of serine and
threonine residues in the acidic domain also contributes to the regulation of MDM2, such as p-Ser-
269 by CHK?2 following DNA damage%. The zinc finger domain between the acidic domain and the
C-terminal RING domain is critical for MDM2-ribosomal protein interaction and the stabilization of
p53 under ribosomal stress102107. Mutations of zinc finger domain block MDM2-ribosomal protein
interactions, providing a viable strategy to p53 activate p531%8, The C-terminal RING domain is not
only responsible for MDM2 oligomerization but also recruits ubiquitin-conjugating enzyme E2 that
covalently modifies p53 lysine residues, resulting in p53 degradation. Ataxia-telangiectasia mutated
(ATM) and CHK kinases phosphorylate serine residues in or close to the RING domains of both MDM2
and MDMX after DNA damage, leading to the destabilization or disruption of MDM2/MDMX

oligomers and therefore p53 activation.109.110

v— I .-

1 p53 BD NLS NES Acidic domain Zn RING domain 491

Figure 4 Human MDM2 structure.

From the N-terminus to C-terminus: p53-binding domain (p53 BD); nuclear localization sequence (NLS);
nuclear export sequence (NES); central acidic domain (AD); zinc finger domain (Zn); and RING finger
domain.

In addition to functioning as a negative regulator of p53, MDM2 is also a transcriptional target
of p53, forming a negative feedback loop. Overexpression or amplification of MDM2 is frequent in
tumors with wt p53. The rescue of embryonic lethality in Mdm2-deficient mice by biallelic deletion

of p53 established the role of MDM2 as a primary p53 regulator!!l. There are two principal
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mechanisms by which MDM2 inhibits p53: direct inhibition of transcriptional machinery via N-
terminal MDM2 interaction with p53 and RING domain-mediated p53 ubiquitination. Interestingly,
different level of p53 ubiquitination leads to distinct consequences. Mono-ubiquitination exports p53
to cytoplasm while poly-ubiquitination targets p53 for proteasomal degradation!!2113. Notably,
MDM2 self-ubiquitination results in a rapid self-degradation with a short half-life of 30 min. In cases
of ARF expression and DNA damage, MDM2 also promotes the degradation of its homolog, MDMX114,
Interestingly, a replacement of the RING domain with that of PRAJA1 disables the ubiquitination of
p53 but retained MDM2 self-ubiquitination!!>. Thus, the self-ubiquitination of Mdm?2 is independent
of its activities towards p53. Additionally, our laboratory revealed an ubiquitination-independent
inhibition of p53 DNA binding by the MDM2 acidic domain, which binds to p53 DBD and induces p53

conformational change!1s.

1.3.2 MDMX structure and function

MDMX or MDM4, the homolog of MDM2, shares a high level of sequence similarity with MDM2.
The N-terminal MDMX binds to the transactivation domain of p53 as MDM2 and inhibits p53
transactivation activity!l”. The intrinsically-disordered acidic domain of MDMX shares little
homology with MDM2 and plays a vital role in MDMX regulation. Our laboratory has demonstrated
that the binding of MDMX acidic domain with Casein Kinase 1a (CK1a) leads to the phosphorylation
on serine 289 and enhances the suppression of p53 by MDMX118. Furthermore, tumor-derived CK1a
mutants E98K and D140A increased binding affinity to MDMX and further improved MDMX-
mediated suppression of p53119. Upon DNA damage, ATM-induced Chk2 activation leads to the
phosphorylation of serine on the acidic domain (5342, S367, and S403) and degradation of MDMX by
MDM2110120, A secondary binding between MDMX-MDM?2 acidic domains in the presence of ARF
stabilizes MDM2-MDMX heterodimer and contributes to the degradation of MDMX by MDM2121,

Although the lack of E3 ligase activity in the RING domain disables MDMX to degrade p53 like MDM?2,
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MDMX forms heterodimers with MDM2 through the RING domain and stimulates the degradation of

p53 by MDM2122123,

N — Bl c

1 p53BD Acidic domain Zn RING domain 490
(dead)

Figure 5 Human MDMX structure.

From the N-terminus to C-terminus: p53-binding domain (p53 BD); central acidic domain (AD); zinc
finger domain (Zn); and inactive RING finger domain lacking E3 ligase activity.

MDMX is overexpressed in 40% of tumor cell lines and correlates with the presence of wt p53
in tumors!24 The rescue of embryonic lethality of MDMX-null mouse by concomitant p53 deletion
demonstrated the role of MDMX in p53 regulation2s. Interestingly, the lethality of MDMX null mice
is due to a severe proliferation deficiency, rather than increased apoptosis in MDM2 null mice!25. A
tissue-specific knockout mouse model demonstrated that MDM2 is universally important for
tumorigenesis in different cell types, whereas MDMX knockout only causes minor phenotypic
defects126, MDMX KI mice with RING domain deletion or mutations, which abrogate the formation of
heterodimers with MDM2, exhibit p53-dependent early embryonic lethality, demonstrating the
cooperation of MDM2 and MDMX in p53 regulation!27.128, Furthermore, MDMX was found to be
essential for MDM2-mediated p53 poly-ubiquitination in vitro, acting as a potent activator of
MDM2129, Without MDMX, MDM2 only catalyzes p53 mono-ubiquitination even at extremely high

concentrations. Thus, MDMX and MDM2 cooperate to modulate p53 activity and stability.
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1.3.3 p53-independent functions of MDM2 and MDMX

Recent studies suggest MDM2 and MDMX exert other effects on tumorigenesis in a p53-
independent manner. Therefore, conventional molecules targeting MDM2-p53 and MDMX-p53
interactions will not counteract p53-independent oncogenic effects of MDM2 and MDMX130, [t is

necessary to gain more insights into the p53-independent activities of MDM2 and MDMX.

MDM?2 overexpression leads to spontaneous tumor formation in p53-deficient mice
suggested that MDM2 has p53-independent oncogenic function!3l. Following studies suggested
MDM?2 dysregulates cell-cycle regulation and DNA replication by inhibiting Rb activity. Rb is an
important tumor suppressor that blocks G1-S cell cycle progression by binding to the E2F1
transcription factor. MDM2 counteracts the tumor-suppressive function of Rb by disrupting Rb-E2F1
interaction and targeting Rb for degradation132-134, Another p53-independent oncogenic function of
MDM?2 is to interfere with Mrel1-Rad50-Nbs1 (MRN) complex, an important mediator of DNA
double-strand break repair. MDM2-Nbs1 binding compromises genome stability by delaying DNA
double-strand break repair after ionizing irradiation?35. Consistently, centrosome hyper
amplification and aneuploidy are observed in cells that overexpress MDM2136137, Additionally, MDM2
binds to the catalytic subunit of polymerase € and stimulates enzyme activity in vitro, which alters
DNA replication fidelity!38. Taken together, MDM2 affects carcinogenesis independently of p53 via

dysregulated G1-S progression and impaired DNA damage repair.

MDMX shares several oncogenic mechanisms with MDM2. It also binds to Rb and promotes
Rb degradation in an MDM2-dependent manner?3%. MDMX-Nbs1 interaction also delays DNA damage
repair and increased genomic instability!40. However, MDMX also suppresses spontaneous
tumorigenesis via the promotion of bipolar mitosis in p53 deficient mice!4l. It remains unclear

whether MDMX regulation of the MRN complex mediates the suppression of chromosome loss.
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Previously, our laboratory reported that the binding of CK1a, an important component of
Wnt pathway, to MDMX stimulates MDMX-p53 interaction and further inhibits p53 functions42.
Recent findings suggest the binding of MDMX to CK1a also interferes with CK1a kinase activities. The
SG mutation of a conserved WW domain in MDMX (W201S/W202G) disrupts MDMX-CK1a binding.
Myc transgenic mice with MDMXsg showed enhanced p53 activities as expected. However, SG MDMX
mice displayed early onset of B cell lymphoma with shorter survival than mice with wt MDMX. It is
possible that SG mutation impairs a p53-independent, tumor-suppressive activity of MDMX143, Of
note, the interaction with CK1a is MDMX specific, not shared with MDM2144, Taken together, MDMX
might exert p53-independent functions via the intervention of CK1a kinase; further investigation is

required to delineate its significance in tumorigenesis and drug development.

1.3.4 MDM2 inhibitors

There are two primary strategies to activate p53 through MDM2 inhibition: the disruption of
p53- MDM2 interaction, and the inhibition of Mdm2 E3 activity. The first successful attempt at MDM2
inhibition lead to the discovery of Nutlin-3a, a cis-imidazoline analog, in 2004. It displaces three key
hydrophobic residues (Phe 19, Trp 23, and Leu 26) in the amphipathic helix of p53 from the
hydrophobic cleft in the p53-binding domain of MDM2, resulting in p53 accumulation and
activation!4s, X-ray crystallography of the MDM2-p53 interaction paves the way for structure-based
drug development and leads to the identification of MI-219, which increases MDM2 binding affinity
to 5 nM with better bioavailabilityl46. An advanced version of Nutlin-3a, RG7112, stabilizes p53 and
activates the p53 pathway, leading to cell cycle arrest, apoptosis, and inhibition of tumor
xenografts!4’. Of note, these Nutlin-like compounds exhibit minimal toxicity in preclinical
experiments, therapeutically treatments of Nutlin-3a and MI-219 are well tolerated in mice without
causing significant weight loss or other signs of toxicity. Phase 1 trial of RG7112 showed clinical

activities against relapsed or refractory leukemia via the induction of p53 target genes in leukemic
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cells with wt p53148, Alternatively, an E3 ligase inhibitor, HLI98, inhibits MDM2 E3 ligase activity and

activates p53, but relatively high off-target effects hinder clinical applications of HLI98149,

A critical problem of current MDM2 inhibitors is the accumulation of MDM2 when activating
p53, which could be detrimental to normal tissues. With proteolysis targeting chimera (PROTAC)
concept, Wang et al. designed MD-224, an MDM2 degrader compound, by linking an E3 ubiquitin
complex binding ligand to a previously reported non-degrading MDM2 inhibitor1s0.151, MD-224
displays a strong binding affinity to both MDM2 and cereblon, an adaptor protein in the E3 ligase
degradation system?!50. The addition of MD-224 efficiently depletes MDM2 and activates p53 in
human leukemia cells carrying wt p53, leading to cell growth inhibition and apoptosis induction?s0.
One dose of MD-224 induces a sustained p53 protein accumulation for more than 24 hours without
MDM2 accumulation in mice, but whether the continuous induction of p53 can result in a stronger

tumor-killing without affecting normal tissue needs further evaluation.

1.3.5 MDM2 & MDMX dual inhibitors

Despite the 50% similarity of p53 binding domains between MDM2 and MDMX, most of
MDM2-p53 blocking compounds do not inhibit MDMX-p53 interactions. Simultaneous deletion of
both MDM2 and MDMX induces higher p53 activity than MDM2 deletion alone in tissue-specific
knockout mice, leading to a hypothesis that complete activation of p53 requires the inhibition of both
MDM?2 and MDMX152, OQur laboratory previously identified pDI, the first peptide that simultaneously
inhibits p53 interactions with both MDM2 (IC50 = 10 nM) and MDMX (IC50 = 100 nM)153, The
introduction of pDI leads to p53 activation in vitro and p53-dependent tumor inhibition in vivo153. Of
note, the simultaneous inhibition of MDM2 and MDMX by pDI induces significant apoptosis in wt p53
containing cancer cells, whereas Nutlin only induces cell cycle arrest in most tumor cell lines!54.
Structure-based rational optimization of pDI further increases its binding affinity to MDM2 and

MDMX by 5-fold155. Interestingly, all of the first generation MDM2 & MDMX inhibitors screened by
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phage display, such as pDI, PMI, and sMTide, show sequence similarity with the MDM2-binding
sequence of p53, which confirms their mechanistic displacement of p53 from MDM2 and
MDMX153156157, Ajleron Therapeutics developed a-helical p53-stapled peptides as MDM2 & MDMX
dual inhibitors, aiming to achieve a better efficacy for p53 activation in MDMX overexpressing
leukemia cells by lowering unrelated serum-binding activity58159. These peptides displayed
encouraging anti-tumor activity in phase 1 clinical trials by efficiently rescuing p53 from both MDM?2

and MDMX160.161,

1.4 IDR and intramolecular interaction in p53 pathway

1.4.1 Overview

Intrinsically disordered region (IDR) is a group of polypeptides lacking stable structures
under normal physiological conditions and can quickly switch among broad conformational
dynamics!62. The abundance of charged and polar amino acids, low ratio of hydrophobic amino acids,
and poor sequence complexity determined the characteristics of IDR. Post-translational
modifications and interactions with partners often lead to disorder-to-order transitions or
conformational changes of IDRs. Interestingly, the ratio of IDR in the proteome correlates with the
complexity of an organism, suggesting the importance of IDR in cell signalling and protein-protein
interactions. IDRs have been identified in more than 30% of human proteins. In structured domains,
hydrophobic residues are important for intramolecular structure stabilization. Instead, hydrophobic
residues in IDRs broaden intermolecular interfaces for potential interactions!é3. The regulation of
CREB-binding protein (CBP) by cyclic-AMP response element binding protein (CREB) is a well-
studied example of IDR involvement in cellular signalling transduction. The binding of G-protein-

coupled receptors to ligands activates protein kinase A (PKA), which then phosphorylates the kinase-

21



