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A man should learn to detect and watch that gleam of light which flashes across his  

mind from within, more than the lustre of the firmament of bards and sages 
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POPULAR SCIENCE SUMMARY OF THE THESIS 

 

Cancer develops due to the accumulated mutations of both oncogenes and tumor suppressor 

genes within normal cells to escape from cell death - intrinsic, such as programmed cell death, 

as well as extrinsic, such as immune surveillance. Mutations promote unlimited growth and 

proliferation of cancer cells and disrupt normal functions of tissues and organs. Cancer can be 

subgrouped into four major clinical stages and the higher the stage, the more aggressive and 

heterogenous are cancer cells. There are five major cancer treatment strategies including 

Surgery, Chemotherapy, Radiotherapy, Immunotherapy and Targeted therapy. However there 

are also specific treatments for particular type of cancer. For instance, bone marrow 

transplant for haematological cancers and hormone therapy for breast and prostate cancers. 

Due to the heterogeneity of cancer cells within a given tumor, resistance to each type of 

treatment is not very uncommon, therefore combination of different treatment strategies is 

needed to achieve better outcome and prevent cancer relapse. Combination therapies rely on 

the understanding of mechanisms of action or resistance of each therapy, therefore 

elucidation of molecular insights into how a treatment works and how cancer resists to a 

specific therapy is very important.    

In paper I, we study the mechanisms how p53 activating compounds and peptides can 

overcome cancer resistance to immune checkpoint blockade (ICB, immunotherapy). Both 

targeted therapy and immunotherapy are emerging and promising cancer therapies in addition 

to conventional therapies. Targeted therapy has been introduced for cancer therapy two 

decades ago. It has higher specificity and hence can target more efficiently cancer cells, 

potentially reducing toxicities to normal cells. Immunotherapy is first introduced for cancer 

therapy more than three decades ago and can reactivate the immune systems to surveil the 

abnormal cancer cells and kill them. One of the most influential immunotherapies is blocking 

the immune checkpoints (ICs) using antibodies targeting Programmed cell death protein 1 

(PD-1)/Programmed death-ligand 1 (PD-L1) pathway or Cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4) on T cells, which benefits a huge number of cancer patients with 

improved survival. However, resistance to ICB or relapse happens frequently. In this paper 

we found that activation of p53 de-represses endogenous retroviruses (ERVs), activate 

interferon (IFN) signaling in cancer cells and cancer samples from patients involved in 

clinical trials, promote infiltration of cytotoxic T lymphocytes (CTLs) within tumor 

microenvironment (TME) and overcome cancer cells resistance to anti-PD-1 immunotherapy 

in syngeneic mouse models.  

In paper II, we explore the mechanisms how three anti-cancer compounds, Reactivation of 

p53 and Induction of Tumor Cell Apoptosis (RITA), aminoflavone (AF) and oncrasin-1 

(ONC-1) can overcome tamoxifen (TMX) resistance. Breast cancer accounts for the second 

leading cause of cancer death in women and approximately 60% to 75% breast cancer 

patients is estrogen receptor positive (ER+). TMX is approved by Food and Drug 

Administration (FDA) for treatment of both early-stage and late-stage ER+ breast cancers and 



millions of breast cancer patients have benefited from this. However, relapse happens to 

many ER+ breast cancer patients via de novo resistance. In order to maximize TMX 

treatment effect, it is important to elucidate the underlying mechanisms and design strategies 

to overcome TMX resistance. In this paper we find that the induction of Sulfotransferase 

Family 1A Member 1 (SULT1A1), a sulfotransferase, lead to TMX resistance in primary 

breast cancer samples and this resistance can be overcame by three anti-cancer compounds 

RITA, AF and ONC-1 since their mechanisms of action is dependent on SULT1A1 

expression.       

In paper III, we study whether mutant p53 (mtp53) in cancer cells contributes to chronic 

inflammation within TME and cancer immune escape and how we can reverse this process 

by small compound Apr-246, a mtp53 activating compound and inducer of oxidative stress. It 

is well established that chronic inflammation is a hallmark of cancer. It is involved in cancer 

formation and progression. In contrast, acute inflammation triggered by, e.g., IFN pathway 

activation, upon anti-cancer epigenetic therapies represses tumor growth. This implies that 

transformation of chronic inflammation to acute within TME is a promising strategy to 

combat cancer. Established cancer cells can achieve immunoediting through various ways 

and most well-studied and common way is by upregulation of ICs on the surface of tumor 

cells. Therefore targeting both chronic inflammation and ICs can potentially disrupt cancer 

progression and recover immune surveillance. In this paper, we found that there was a 

chronic inflammation within the TME of mtp53 breast cancer patients compared to wild type 

p53 (wtp53) ones. Mtp53 breast cancers escaped from immune surveillance by upregulation 

of various immune checkpoint molecules. Apr-246 induced IFN activation or repressed 

immune checkpoint molecules expression in a panel of cancer cell lines carrying mtp53 and 

promoted CD4+ T cells infiltration, while prevented CD8+ T cells exhaustion within the 

TME of fibrosarcoma MCO4 syngeneic mouse model.   

  



 

 

ABSTRACT 

 

Cancer develops due to accumulation of mutations or epigenetic changes within normal cells, 

usually over a considerable period of time. When cancer patients are diagnosed at late stage, 

the tumor cells are often more heterogenous and aggressive, which results in tumor resistance 

to anti-cancer therapies and therefore can be lethal. In order to overcome drug resistance, 

effective combinational therapies are needed. My PhD project aimed to explore the 

mechanisms of action of anti-cancer compounds, including p53 activating compounds, 

chemotherapeutic drugs and hormonal therapy. We also aimed to discover the most efficient 

combination therapies based on the mechanisms of action we uncovered which potentially 

can guide clinical practice.  

In paper I, we explored how pharmacological activation of wtp53 by MDM2 inhibitors 

promotes immune response within tumor cells and TME. We found that p53 activating 

compounds or peptide, including Nutlin-3a, AMG-232 and ATSP-7041, de-repressed 

retrotransposons, such as ERVs and Long interspersed nuclear element-1 (LINE-1), via 

repression of DNA methyltransferase 1 (DNMT1) and Lysine-specific histone demethylase 

1A (LSD1) encoded by lysine demethylase 1A (KDM1A). De-repression of ERVs triggered 

IFN response followed by activation of downstream signaling involving antigen processing 

and presentation (APP) which enhanced exogenous neoantigen ovalbumin (OVA) 

presentation on the surface membrane of cancer cells. We also confirmed that after p53 

activation there was an induction of IFN response in both mouse model and tumor samples 

from patients engaged in MDM2 inhibitor ALRN-6924 clinical trial. We observed that p53 

activating compounds upregulated the expression of APP genes and PD-L1 in B16 murine 

melanoma. Therefore, we investigated the effect of combination of p53 activating peptide 

ATSP-7041 or its advanced analogue ALRN-6924 with anti-PD-1 antibody in two different 

tumor bearing mouse models. We found that the ATSP-7041 overcame tumor resistance to 

anti-PD-1 therapy and significantly decreased the tumor growth rate in comparison with 

control or single agent treated mice. Moreover, p53 activating peptide facilitated the 

infiltration of anti-tumor immune cells, consisting of CD4+ T cells, CD8+ T cells and B cells  

and decreased the immune suppressive myeloid-derived suppressor cells (MDSCs) within 

TME of B16 tumor bearing mouse model. Our results reveal a novel finding that p53 

activating compounds can de-repress ERVs via suppression of two different chromatin 

modifiers, induce IFN response in cancer cells, mouse model and cancer samples from 

patients, and overcome immunologically cold tumor’s resistance to immune checkpoint 

blockade in mouse models. These findings are very promising to translate to clinical 

applications.  

In paper II, we investigated the mechanisms of breast cancer resistance to TMX and how we 

could overcome the resistance by three anti-cancer compounds. We found a higher SULT1A1 

expression in spontaneous TMX resistant breast cancer cell line MCF7-TMXR compared to 

normal ER+ MCF7 breast cancer cell line. The depletion of SULT1A1 in MCF7-TMXR 



sensitized cells to TMX treatment again. Furthermore, TMX treatment induced SULT1A1 

expression in both patient-derived samples and in ER+ MCF7 breast cancer cell line. We   

found that anti-cancer activities of RITA, AF and ONC-1 were dependent on SULT1A. The 

mechanism of action of these compounds, including induction of ROS as a result of 

inhibition of thioredoxin reductase 1 (TrxR1) activity and DNA damage, was also SULT1A1-

dependent. We further showed that these three anti-cancer compounds had synergistic effect 

with TMX in ER+ MCF7 breast cancer cell line. In line with these results, MCF7-TMXR had 

better response to RITA and AF than normal ER+ MCF7. We observed that the pretreatment 

with TMX of patient breast cancer samples, or TMX unresponsive breast cancer samples 

sensitized to RITA treatment. Our data suggest that the induction of SULT1A1 is responsible 

for breast cancer resistance to TMX treatment in cancer cell lines and patient tumor samples. 

Resistance to TMX can be overcame by combination with anti-cancer compounds 

bioactivated by SULT1A1, which can be potentially translated into clinical setting to improve 

the clinical outcome.  

In paper III, we explored the mechanisms of mtp53-mediated evasion of cancers from the 

immune response. We addressed the question whether Apr-246, originally discovered as 

mtp53 activating compound, can recover the anti-tumor immune surveillance in cancers 

carrying mtp53. By analyzing TCGA data, we found that breast cancer patients carrying 

mtp53 display chronic inflammation characterized by elevated TIS score and IFN signaling, 

in comparison to breast cancer patients carrying wtp53. We found that mtp53 gained the 

function to upregulate IFNs and ERVs, a well-established upstream stimulator of IFN 

signaling. Moreover, we found that the majority of genes comprising a 26 gene signature that 

defines activated CD8+ T cell were upregulated in breast cancer patients carrying mtp53. 

Cytokines involved in CD8+ T cells attraction, proliferation and activity were upregulated, 

while Transforming growth factor beta (TGF-β) that inhibits T cell function was 

downregulated in breast cancers carrying mtp53. These data imply that breast cancers 

carrying mtp53 must develop mechanisms to escape from immune surveillance. Next we 

detected an enhanced expression of several ICs in samples from breast cancer patients 

carrying mtp53. Elevated expression of ICs is a well-studied tumor intrinsic mechanism to 

suppress immune response. We found that mtp53 acquired novel gain-of-function (GOF) to 

upregulate ICs in a set of cancer cell lines. Moreover forkhead box P3 (Foxp3), a well- 

established Treg cell marker, was also increased within TME of breast cancer patients 

carrying mtp53, indicating a tumor extrinsic mechanism to evade from CD8+ T cell 

surveillance. We further found that Apr-246 could induce acute IFN or repress ICs in a panel 

of cancer cell lines, while promoted CD4+ T cells infiltration and prevented CD8+ T cells 

exhaustion within the TME of a mtp53 tumor bearing mouse model. Together, our data 

suggest that cancer cells carrying mtp53 can escape immune surveillance die to enhanced 

inflammatory signaling, together with upregulated ICs. Apr-246 could recover the immune 

surveillance by inducing acute IFN activation or repressing ICs expression in cancer cell 

lines, and promoting anti-tumor immune response in in vivo mouse model.   
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1 INTRODUCTION 

1.1 PRELUDE 

To start with, I would like to share something about myself and science. An important driving 

force for me to choose cancer research is because my mother was diagnosed with small cell 

lung cancer, early Tumor, Node, Metastasis (TNM) stage III, at Oct, 2014. Back then I was 

going to finish my master study and hesitating which research direction I should select for my 

PhD study. From then on, I started to follow contents related to cancer surgery, treatments 

including immunotherapy and potential side effects of each of them since the whole families 

had to make decisions or choices with the guidance from doctors. Back then, I learned what is 

TNM cancer stage and characteristics of each stage, especially early TNM stage III (mainly 

localized cancer and probably had surrounding lymph node invasion, but no signs of distant 

metastasis, if I remember correctly), what was immunotherapy (there was adoptive T cell 

transfer therapy that confused me back then, but not at all at present) and related adverse 

effects. I remembered clearly that I called and questioned the surgeon one day before the 

surgery what if the excised tumor cells went into bloodstream during surgery and could it 

cause new metastasis to distant organs via bloodstream? He replied: that’s possible, but 

suddenly he denied and told me you were so naive to ask such questions and then hang up. 

The surgery was very successful and no tumor was found within the excised tissue boundary 

edge. My mother is still alive, even though she cannot breathe normally since half of the lung 

was removed. Anyway, we are grateful to all doctors involved, especially the surgeon. To be 

honest, I am still not sure whether my question to the surgeon was naive. I am going to finish 

my PhD study focusing on the p53 cancer biology and many questions that confused me 

before are clear to me at present, but I am now confused by many more new questions: How 

to quantify the genome evolution rate of cancer cells by integrating the potential contributors 

such as activity of retrotransposons and DNA damage events? How can we prevent/stop the 

cancer genome evolution?  Hopefully the questions I mentioned are not naive. 

 

1.2 CANCER 

Death caused by cancer has been the second leading cause of human deaths in the whole 

world since 1990 and the death numbers are increasing every year (Figure 1). Around 9.6 

million people died from cancer in 2017 and every sixth death is because of cancer all over 

the world, according to the statistics on Ourworldindata.org website that is affiliated to the 

University of Oxford (https://ourworldindata.org/cancer).  
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Figure 1 Number of deaths by cause, World, 1990 to 2017 (Website: https://ourworldindata.org/cancer) 

Cancer is a genetic disease characterized by uncontrolled proliferation with the potential of 

invasion and metastasis to nearby and distant tissues. Depending on the specific type of a cell, 

cancer can be classified into several main types. Carcinoma is a type of cancer that starts 

from the skin or in the linings of internal organs and is the most common cancer. Sarcoma is 

a type of cancer that starts from muscle, fat, blood vessels, cartilage, bone and other 

connective tissue. Lymphoma and myeloma are cancers that start from the immune cells (T 

cells, B cells or plasma cells). Leukemia is a type of cancer that starts from blood-forming 

tissue, e.g, bone marrow. Central nervous system tumors start from the brain or spinal cord.  

The above information are derived from National Cancer Institute (NCI, 

https://www.cancer.gov/about-cancer/understanding/what-is-cancer) 

 

1.2.1 Cancer staging system 

According to the information from the website of American Cancer Society 

(https://www.cancer.org/treatment/understanding-your-diagnosis/staging.html), there are 

mainly two types of cancer staging systems including clinical stage, based on all available 

information on cancer patients such as CT scan, X-ray and biopsies before the treatment take 

places; and pathological stage, which includes all available information on tumors before and 

during the surgery. Cancer staging systems tell how big is the tumor and how far tumor has 

invaded and metastasized to distant places. Both cancer staging systems can help doctors find 

proper treatment options to cancer patients, predict cancer prognosis and suggest clinical 
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trials that are proper for this patient. Since pathological staging system often gives more 

accurate results, here we will mainly mention pathological staging system of cancer. 

Pathological staging system or TNM staging system is based on the integration of all TNM 

parameters of cancers and is the most popular staging system for most cancer types. T means 

tumor size ranging from 0 to 4; T0 means location of primary tumor cannot be found and T1, 

T2, T3 and T4 means increasing tumor size. N means invasion to nearby lymph nodes 

ranging from 0-4, with N0 indicating no invasion of tumor cells to surrounding lymph nodes 

and N1, N2 and N3 indicating increasing number of lymph nodes invaded by tumor cells. M 

means metastasis to distant sites ranging from 0 to 1; M0 represents no spread of cancer cells 

to distant sites and M1 represents spread of cancer cells to distant sites. There are mainly 5 

different TNM stages, involving stage 0 for carcinoma in situ (precancer), stage I indicating 

localized small cancer that has not spread, stage II denoting grown cancer that may spread to 

local tissue, stage III means larger cancer that may have spread into surrounding lymph 

nodes, and stage IV representing most advanced cancer that have metastasized to distant 

organs. But there are special staging systems for leukemias and brain tumor (rarely 

metastasized out of the brain, so grade is commonly used for brain tumor). 

 

1.2.2 Cancer treatments 

According to the information from website of NCI (https://www.cancer.gov/about-

cancer/treatment/types), there are 8 type’s cancer therapies including surgery, chemotherapy, 

radiotherapy, targeted therapy, immunotherapy, hormone therapy, photodynamic therapy and 

stem cell transplant. Usually each patient will receive combination of different types of 

therapy. Surgery is often the best choice to remove localized tumor and also tumor cells in 

surrounding lymph nodes if tumor cells have not spread to distant sites in our body. In 

addition, surgery can be used to debulk tumor if tumor grows nearby important organs and 

therefore cannot be removed completely, or to ease symptoms by removing tumor that causes 

pain. Chemotherapy kills or stopps the growth of cancer cells, which grow and divide more 

rapidly than normal cells. Chemotherapy can be used as neoadjuvant therapy to shrink tumor 

size before surgery or radiotherapy, or adjuvant therapy to clear remaining cancer cells after 

surgery or radiotherapy. Besides, chemotherapy can be also utilized to improve the treatment 

effect of other therapies. Radiotherapy applies high dosage of radiation to induce DNA 

damage and therefore kill cancer cells. Radiotherapy can be performed as either internal 

beam or external beam and can be used to treat cancer or ease symptoms such as pain caused 

by cancer. Radiotherapy maybe given before surgery to shrink tumor size, during surgery 

which reduces side effects of radiotherapy (radiate directly on tumor sites, thus minimize 

damage to normal tissues) and after surgery to kill remaining cancer cells. Targeted therapy 

uses small molecules or monoclonal antibodies to target proteins in cancer cells which 

facilitate cancer growth or metastasis. Targeted therapy combat cancer in many ways that 

involve preventing blood vessels formation by angiogenesis inhibitors, boost immune 

response by, for example, immune checkpoint inhibitors,  inducing cancer cell death by, for 
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example, B-cell lymphoma 2 (Bcl-2) inhibitor, halt cancer cell growth  by targeting 

Epidermal growth factor receptor (EGFR) or other receptor tyrosine kinases, and TMX 

hormonal therapy targeting estrogen receptor. Immunotherapy facilitates the immune cells-

mediated killing of cancer cells that often develop mechanisms escaping from immune 

surveillance. Based on the information from NCI and Cancer Research UK 

(https://www.cancer.gov/about-cancer/treatment/types/immunotherapy; 

https://www.cancerresearchuk.org/about-cancer/cancer-in-general/treatment/immunotherapy), 

commonly used immunotherapies include immune checkpoint inhibitors such as anti-PD-

1/PD-L1; anti-Lymphocyte Activating 3 (LAG3) and anti-T-cell immunoglobulin domain 

and mucin domain 3 (TIM3), allowing activation of T cells; adoptive T cell transfer therapy 

such as Tumor-infiltrating lymphocyte (TIL) therapy; Chimeric antigen receptor T cell (CAR 

T-cell) therapy using T cells from cancer patients; treatment with vaccines, for example 

Dendric cell (DC) vaccines improving recognition and subsequent killing of cancer cells by 

immune cells; and immune modulators such as cytokines IFNα and Interleukin-2 (IL-2), 

which boost immune response against cancer cells or kill cancer cells directly.  

 

1.2.3 Hallmarks of Cancer 

Cancer develops from normal cells in a multistep manner, which can take several decades. As 

I mentioned above, one characteristic of cancer is uncontrolled proliferation. In order to 

achieve this, pre-cancer cells need to acquire the hallmark of sustained proliferative signaling 

due to constitutive oncogene activation through genetic changes via mutation, gene 

amplification, translocation, etc or epigenetic changes via hypomethylation of promoter 

region.  Examples of oncogenes, promoting growth and proliferation are Cellular 

myelocytomatosis (c-Myc), Rat sarcoma (Ras) and Phosphatidylinositol-3-kinase (PI3K), etc. 

[1]. 

However, the tumor suppressor genes balance or regulate the function of oncogenes, 

preventing the overgrowth and unrestrained proliferation of cells. The products of tumor 

suppressor genes can trigger apoptosis if cells enter S phase uncontrollably or if DNA 

damage cannot be fixed. Therefore, the second hallmark of cancer is evading growth 

suppressors, e.g. TP53, Retinoblastoma protein (pRb), Adenomatous polyposis coli (APC), 

etc., through either genetic changes or epigenetic changes (hypermethylation of promoter 

region) [1]. 

Another two hallmarks of cancer are replicative immortality and resistance to cell death. 

Cancer cells move on to grow and proliferate to form large tumor mass, along with 

angiogenesis - induction of new blood vessels to insure nutrition and oxygen. Induction of 

angiogenesis in the tumor is the fifth hallmark of cancer [1, 2].  

Overexpression of several transcriptional factors, such as Zinc finger protein SNAI1 (Snail), 

Zinc finger protein SNAI2 (Slug), and Twist can promote epithelial to mesenchimal 

https://www.cancer.gov/about-cancer/treatment/types/immunotherapy
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transition (EMT), which facilitates tumor cell invasion and metastasis at distant tumor sites 

[1, 3].  

In parallel, the tumor cells have to avoid immune destruction because the immune cells 

including antigen presenting cells, e.g. DCs and macrophages, T cells and NK cells are 

patrolling in the blood and lymphatic vessels as well as in tumor surrounding tissues [1, 4].  

Last but not least, tumor cells have learned to reprogram their energy metabolism shifting 

from citric acid cycle and oxidative phosphorylation to largely becoming dependent on 

glycolysis even in the presence of oxygen. Figure 2 summarizes all the hallmarks of cancer 

and examples of treatment strategies to interfere with each hallmark [1].  

 

 

Figure 2 Hallmarks of cancer (Reprinted from Cell, Vol. 144, Douglas Hanahan & Robert A Weinberg, 

Hallmarks of Cancer: The Next Generation, P646-674, 2011, with permission from Elsevier). 

 

1.3 P53 AND CANCER 

TP53 is the major tumor suppressor gene in our cells. Under normal conditions p53 protein 

level is low due to Mouse double minute 2 (MDM2)-mediated ubiquitin-dependent 

degradation, with a half-life time around 20 minutes [4]. However, as can be seen in Figure 3, 

when the cells are under stresses, e.g. upon uncontrolled oncogene activation, lack of 

nucleotides, hypoxia, ultraviolet radiation, p53 is protected from MDM2–mediated 

degradation by different mechanisms. For example, upon oncogene activation MDM2 
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inhibitor p14ARF is induced, whereas upon DNA damage p53 and MDM2 proteins are 

phosphorylated by kinases like ataxia-telangiectasia mutated (ATM), Ataxia-telangectasia 

and Rad3 related (ATR), checkpoint kinase 1 (Chk1)/ checkpoint kinase 2 (Chk2). This 

prevents p53 binding to its natural inhibitor MDM2 and p53 becomes stabilized [5]. Besides, 

the activation of p53 and subsequent induction of downstream biological functions are also 

dependent on post-translational modifications (PTMs) of p53, which include phosphorylation, 

acetylation, methylation, ubiquitination, neddylation and sumoylation [6]. Generally, PTMs 

of p53, such as phosphorylation via kinases of ATM and ATR, and acetylation by 

acetyltransferases of p300/ CREB-binding protein (CBP) and Tip60/ human males absent on 

the first (hMOF), stabilize and activate p53. On the other hand,  p53 ubiquitination by E3 

ubiquitin ligase MDM2 and p53-induced RING-H2 domain protein (Pirh2), sumoylation by 

Small Ubiquitin Like Modifier 1 (SUMO 1), and neddylation E3 ubiquitin ligase MDM2, are 

associated with inhibition of p53 activity, as reviewed in [7].    

p53 mainly functions as a transcription factor which activates the expression of different 

genes, containing its consensus binding site in promoter. For instance, p53 targets are Cyclin 

Dependent Kinase Inhibitor 1A (CDKN1A) and 14-3-3σ which promote cell cycle arrest in 

either G1 or G2/M phase, or senescence [8, 9]. Induction of the p53-upregulated modulator of 

apoptosis (Puma), Noxa, Bcl-2-associated X protein (BAX), Bcl-2 homologous 

antagonist/killer (BAK) and Fas death receptor by p53 triggers apoptosis in both cell-intrinsic 

and -extrinsic fashion [10-12]. p53 targets Growth Arrest and DNA Damage (GADD45) and 

Xeroderma pigmentosum, complementation group C (XPC) are involved in DNA repair [13]. 

These and other downstream genes enable p53 function as a guardian of the genome 

preventing the propagation of cells with aberrant or unrepaired DNA, thus keeping us away 

from cancer.  

Therefore, it is not surprising that p53 is inactivated in almost all type of cancers either 

through mutation of the p53 gene resulting in the formation of misfolded and nonfunctional 

p53 protein or via upregulation of its natural inhibitor MDM2 leading to enhanced 

degradation of the p53 protein [14]. p53 is mutated in around half of all type of cancers. 

Mutant p53 protein is accumulated at a very high level within the cancer cells, because 

mutant p53 cannot induce the expression of its own destructor MDM2 [14].  
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Figure 3 Outline of p53 induction, regulation and downstream biological response (Reprinted from BBA-

Reviews on Cancer, Vol. 1876, Liz J. H. B, Wafik S. E, Tumor suppressor p53: Biology, signaling 

pathways, and therapeutic targeting, 2021, this is an open access article under the CC BY licence: 

http://creativecommons.org/licenses/by/4.0/) 

 

1.3.1 p53 activating compounds 

As I mentioned above, p53 is inactivated in cancer cells, therefore, a variety of compounds 

and peptides that activate either mutant or wild type p53 have been developed [15], for 

instance, PRIMA-1MET/Apr-246 (commercial name, eprenetapopt), identified in our lab, 

refolds and activates mutant p53 [16]. In cancer cells, Apr-246 is converted to its active form 

methylene quinuclidinone which binds covalently to the cysteines (primarily Cys277) in the 

p53 core domain, refolds p53 to wild type-like conformation and restores its tumor 

suppressor function [17]. Moreover, Apr-246 can kill cancer cells via other mechanisms, such 

as inhibition of TrxR1 leading to elevated reactive oxygen species (ROS) and suppression of 

Glutathione (GSH) synthesis followed by the induction of ferroptosis, induction of 

Endoplasmic reticulum stress and mitochondrial iron-sulfur cluster biogenesis [18-20]. 

Notably, Apr-246 is currently being tested in a number of clinical trials, either ongoing or 

completed (www.clinicaltrials.gov) in both solid and haematological tumors. 

To activate wild type p53, various types of strategies have been introduced including the most 

common MDM2 inhibitors, such as Nutlin-3a identified by Roche at 2004 [21], AMG232 

discovered by Amgen at 2014 [22], RITA [23], identified in our lab at 2004, and stapled 

peptide ATSP-7041 (jointly identified by our collaborator Aileron Therapeutics, and Roche at 

2013) which is both MDM2 and murine double minute X (MDMX) inhibitor [24]. ALRN-

6924, the commercial alternative of ATSP-7041 is currently being tested in clinical trials 
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(www.clinicaltrials.gov). The stapled peptide ATSP-7041 (negative control: ATSP-7342) is 

short peptide of 14 amino acids in an α-helical conformation. The structure of this peptide is 

constrained by a staple formed by a covalent link between the side chains of arginine at 

number fourth position and serine at eleventh position. These stapled peptides are more stable 

and have favorable pharmacokinetics [24].  

In cancer cells, wtp53 is mainly inactivated by the upregulation or increased activity of two 

p53 natural inhibitors MDM2 and MDMX. MDM2 can inhibit p53 through E3 ubiquitin 

ligase activity via polyubiquitination of p53 followed by proteasome degradation or 

monoubiquitination of p53 followed by export from nucleus [25]. MDM2 can also inhibit 

p53 via binding to p53 N-terminal transactivation domain and thereby prevent the 

transcriptional activity of p53 [26]. MDMX does not possess E3 ubiquitin ligase activity and 

inhibits p53 transcriptional activity via binding to p53 N-terminal transactivation domain, like 

MDM2. Besides, MDMX can form heterodimer with MDM2, enhance the E3 ubiquitin 

ligase activity of MDM2 and thus accelerate degradation of p53 [27, 28]. It’s worthy to 

mention that MDM2 and MDMX are key negative regulators of p53-mediated growth 

suppression and play non-redundant functions. Loss of either MDM2 or MDMX in mice 

leads to embryonic death of mice with wtp53 background, which is due to p53 induced 

apoptosis or growth arrest in embryonic tissues [29]. Figure 4 summarizes various types of 

strategies that activate wtp53 in cancer cells, detailed mechanisms can be found at this review 

(G.Sanz, et.al, JMCB, 2019) [15]. Briefly, these mechanisms include MDM2, MDMX or 

dual MDM2/MDMX inhibitors that bind to p53 binding site on MDM2 and/or MDMX, 

block their interaction of p53 via steric hindrance, and thus prevent MDM2 and/or MDMX 

mediated inhibition of p53; dual inhibitors of X-linked inhibitor of apoptosis protein (XIAP), 

a negative regulator of apoptosis, and MDM2, which activate p53 and enhance p53 induced 

apoptosis; deacetylase Sirtuin 1 (SIRT1) and Sirtuin 2 (SIRT2) inhibitors that prevent 

deacetylation of p53 and stabilize it; Dihydroorotate dehydrogenase (DHODH), promoting 

biosynthesis of pyrimidine, inhibitors that result in cellular stress and activate p53; 

chromosomal region maintenance 1 (CRM1), exporting p53 from nucleus, inhibitors that 

prevent proteosome degradation of p53 in cytoplasm; Humant papillomvirus (HPV) 

oncogene E6 inhibitors that prevent E6-mediated proteasome degradation of p53; small 

compounds that trigger nucleolar stress and release of ribosomal proteins that sequester 

MDM2, and hence activate p53; deubiquitinase Ubiquitin Specific Peptidase 7 (USP7), 

promoting deubiquitination of MDM2 protein, inhibitors that destabilize MDM2 and activate  
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p53.   

 

Figure 4 Major approaches for pharmacological reactivation of p53 (Reprinted from JMCB, Vol. 11, 

Gema. S, et.al, Inhibition of p53 inhibitors: progress, challenges and perspectives, 2019, P586-599, this is 

an Open Access article distributed under the terms of the Creative Commons Attribution License 

(http://creativecommons.org/licenses/by/4.0/) 

 

1.3.2 Biological functions of p53 

It has been shown that p53 null mice rapidly develop spontaneous thymic lymphomas. In 

order to check whether the canonical functions of p53, induction of growth arrest, senescence 

and apoptosis, are necessary for p53’s tumor suppression function, mice have been created 

carrying mutations which ablate p53-mediated senescence, cell cycle arrest and apoptosis. 

These mice expressed p533KR/3KR harboring K117R, K161R, K162R - three mutations from 

lysine to arginine so that three residues cannot be acetylated [30]. However, in contrast to p53 

KO mice, the p533KR/3KR mice do not develop early tumors. It was found that p533KR/3KR can 

still regulate metabolic genes expression, which may account for p53-mediated prevention of 

early onset of tumor formation [30]. This example emphasizes that the non-canonical 

functions of p53 are very important for its tumor suppression function.  

The other emerging non-canonical functions of p53 include p53’s regulation of autophagy. 

For instance, p53 activates autophagy by activating the transcription of autophagy-related 

genes and autophagy represses p53 in turn [31]. p53 can regulate epigenome, for instance, via 

repression of transcription of DNMT1, DNA methyltransferase 3 alpha (DNMT3A) and 
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DNA methyltransferase 3 alpha (DNMT3B) genes, which encode DNA methyltransferases 

involved in cytosine methylation of genomic DNA, and activation of ten-eleven translocation 

(TET) family enzymes which are responsible for DNA demethylation [32, 33]. p53 also plays 

important roles in regulating the immune system and expression of repetitive elements, as I 

will discuss below. 

 

1.3.2.1 p53 and immune response 

Escaping immune surveillance is one of the emerging hallmarks of cancer. Accumulating 

evidence shows that p53 plays a significant role in regulating immune response [34-40]. It 

has been found that several p53 target genes are involved in the pathway of antigen 

processing and presentation (APP) [34, 35], which is critical for cells to present foreign or 

mutated antigen on the cell surface and for the subsequent recognition and killing by 

cytotoxic T lymphocytes (CTLs). p53 can promote the APP process through upregulation of 

the transporter associated with antigen processing 1 (TAP1), leading to enhanced transport of 

proteasome-degraded peptides to rough endoplasmic reticulum [35]; endoplasmic reticulum 

amino peptidase (ERAP) 1 that is responsible for final trimming of peptide epitopes to fit the 

Major histocompatibility complex (MHC) I binding cleft; and MHC I potentially allowing 

CTLs to recognize mutated or foreign antigen at a higher chance and kill the target cells more 

efficiently [34]. However, it remains unclear how p53 affects the global antigen processing 

and presentation process in tumors and its functional consequence. These questions are 

waiting their further exploration both in in vitro and in vivo models.  

p53 is also involved in antiviral IFN response [36, 41], which is the major defensive strategy 

from the host to combat virus infection. In fact, there is a positive feedback loop between type 

I IFN signaling and p53 [36, 42]. Type I IFN signaling can induce the transcription of the  

p53 gene through the IFN-stimulated response elements within the p53 promoter. Several p53 

target gene products, in turn, promote the production of IFN and activation of IFN signaling, 

including toll-like receptor (TLR) 3, TLR8, interferon regulatory factor (IRF) 5, IRF9, 

Protein kinase RNA-activated (PKR) and interferon-stimulated gene (ISG) 15 [36]. However, 

the detailed mechanisms of how p53 facilitates IFN signaling are still underexplored.  

According to the recent study, selective Cyclin-dependent kinases (CDK) 4/6 inhibitors 

abemaciclib and palbociclib can promote anti-tumor immunity by stimulating viral defense 

type III IFN signaling and therefore augment tumor antigen presentation process. CDK4/6 

inhibitors also prominently suppress the proliferation of regulatory T cells (Tregs) in mouse 

models. These effects of CDK4/6 inhibitors are in fact related to decreased activity of 

DNMT1 that is a transcriptional target of E2F [43]. In addition, it has also been shown that 

DNMT inhibitors 5-azacytidine and 5-aza-2’-deoxycytidine activate viral defense type I IFN 

immune signaling by upregulating expression of ERVs and subsequent double stranded RNA 

(dsRNA) accumulation [44]. On top of these findings, both CDK 4/6 inhibitors and DNMT 
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inhibitors show very good tumor suppressor effect in mouse models upon combination with 

ICB.   

p53 activation leads to rapid induction of p21, a potent CDK4/6 inhibitor. This allows pRb 

protein to be maintained in a hypophosphorylated form, which can bind and inhibit E2F 

transcriptional activity. DNMT1 is a target of E2F transcriptional factors and therefore it’s 

expression becomes repressed upon p21 induction by p53 [45, 46]. In addition, activated p53 

is also known to transcriptionally suppress DNMT1 directly [47].  

 

1.3.2.2 p53 and repetitive elements 

Retrotransposons account for roughly 45% of human genome, including about 21% of long 

interspersed nuclear elements (LINEs) with LINE-1 as the most abundant, 17% of short 

interspersed nuclear elements (SINEs) with Alu as the most abundant and 8% of long 

terminal repeats (LTRs, alternatively called ERVs, since LTRs are derived from the ERVs 

insertion into human genome) [48]. In terms of the ability to transpose, the absolute majority 

of retrotransposons are not active because of mutations or indels in their genes, accumulated 

during the process of host genome evolution [49]. It’s estimated only between 100 and 150 

copies of LINE-1 in human genome are autonomous and capable of transposition, while 

SINEs are non-autonomous and their transposition depends on the activity of proteins and 

enzymes encoded by LINE-1 [49].  

Expression of retrotransposons is normally under tight control by mechanisms including 

epigenetic factors, such as DNMT1, SET Domain Bifurcated Histone Lysine 

Methyltransferase 1 (SETDB1), Tripartite motif-containing 28, SIRT6, LSD1 and 

heterochromatin protein 1, via deposition of repressive markers at promoter regions [49-51]; 

small interfering RNAs or piwi-interacting RNAs that either recruit chromatin repressive 

factors followed by targeting by base-pairing and repressing corresponding retrotransposons 

or lead to degradation of transcripts directly [49].  

It’s reported that numerous p53 binding sites were identified in LINE-1 across human 

genome [52] and 30% of p53 binding sites in our genome are located at ERVs, as discovered 

via genome-wide Chromatin immunoprecipitation (ChIP) analysis of p53 [53, 54], indicating 

that p53 may be involved in the regulation of retrotransposons directly. p53 has been shown 

to repress retrotransposons in zebrafish and flies via partly promoting deposition of repressive 

histone marker H3K9me3 [55]. Furthermore, significantly elevated expression of open 

reading frame (ORF) 1 protein encoded by LINE-1 was observed in mtp53 human Wilms 

tumor compared to Wilms tumor carrying wtp53 [55]. A similar difference was also observed 

in patient samples of lung cancer, ovary cancer and pancreatic cancer, as assessed by 

immunostaining [56]. Another recent paper further showed that p53 binds the 5’-untranslated 

region of LINE-1 and restrains human LINE-1 retrotransposition by deposition of repressive 

histone marks H3K9me3 and H3K27me3 in human cancer cell lines [57]. As to p53’s role in 

regulating ERVs, one study showed that p53 can repress ERVs (also SINEs and non-coding 
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RNAs) in cooperation with DNMT1 in mouse embryonic fibroblast [50]. SINEs and non-

coding RNAs were upregulated slightly either by knocking out p53 or using 5-Azacytidine, a 

DNMT1 inhibitor, in mouse embryonic fibroblast. But expression of ERVs (also SINEs) was 

dramatically increased upon simultaneous depletion of p53 and inhibition of DNMT1, which 

indicates that p53 can somehow cooperate with DNMT1 to silence ERVs [50].   

In conclusion, a number of studies have demonstrated that p53 restrains retrotransposons’ 

expression at basal conditions in different species.   

 

1.3.2.3 p53 and inflammation 

Inflammation is the immune response against irritant, such as pathogen infection, or physical 

injury, which protects us and helps maintain homeostasis. Acute inflammation is short-term 

and is useful to clear pathogens or repair damaged tissues, whereas chronic inflammation is 

long-term and associated with certain types of diseases, including cancer, Type II diabetes, 

rheumatoid arthritis and asthma. A fancy expression ‘sterile inflammation’ became very 

trendy in recent years. This type of inflammation is not caused by pathogen infection directly, 

but rather caused by internal changes, for instance, oncogenic mutations and epigenetic 

changes within cells eliciting immune response.   

It’s well established that low-grade chronic inflammation contributes to all stages of tumor 

development [58]. Accumulating evidence indicates that wtp53 can suppress inflammation in 

several ways. A well-recognized study published on Nature in 1992, with over 5000 citations, 

showed that p53 homozygous deletion in mice caused 4 out of 35 homozygous p53 deficient 

mice to die because of unresolved infections, since these mice suffered from myocarditis, 

abscesses and gastroenteritis. The majority of p53KO mice developed lymphoma within 6 

months, but the inflammation status of these mice is not clear since no pathological data are 

available [59]. This study gives an early evidence that p53 may play a role in repression of 

inflammation. Moreover, another paper showed that p53-/- mice were susceptible to 

autoimmune disease, a streptozotocin-induced type 1 diabetes,  due to upregulation of 

proinflammatory cytokines including IL-1, IL-6 and IL-12 in serum and/or spleen as well as 

in pancreas [60].  Furthermore, p53-/- macrophages showed enhanced IL-6 and IL-12 

production upon stimulation of lipopolysaccharides and IFN-γ, via activation of signal 

transducer and activator of transcription (STAT)-1 signaling [60]. This study gives molecular 

insights of how wtp53 suppresses inflammation.   

Numerous studies in recent two decades provide a strong evidence that p53 protein 

antagonizes the function of nuclear factor (NF)-κB, a master transcriptional factor of 

inflammation,  whose constitutive activation is accepted as the essential initiator of chronic 

inflammation within TME [61, 62]. One study showed that depletion of wtp53 induced NF- 

κB activation indirectly within tumor cells in a colorectal cancer mouse model [63]. 

Activation of NF- κB  occurred because of compromised tight junctions between intestinal 
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epithelial cells, allowing the translocation of intestinal bacteria into tumors and enhanced 

release of endotoxin lipopolysaccharides into blood [63]. wtp53 has been shown to repress 

the transcriptional activity of NF-κB using three different NF-κB reporters [64]. Furthermore, 

wtp53 can inhibit NF-κB activity by preventing proteasome-mediated degradation of 

inhibitor of NF-κB (IκB), a natural inhibitor of NF-κB, in ovarian cancers [65] and by 

preventing IκB kinase (IKK) β-mediated activation of NF-κB subunit p65 through direct 

interaction with p65 [66].   

 

1.3.2.4 Mutant p53 gain of function and inflammation 

The tumor suppressor gene TP53 is mutated in over 50% of human tumors [67-69].  Most of 

TP53 gene mutations are missense mutations leading to the substitution of one amino acid 

residue, mainly in the DNA binding domain of p53 [70]. The great majority of mutated 

amino acid residues are involved in either direct interaction with DNA, e.g. R273 and R248, 

or in maintenance of the p53 protein structural integrity, e.g. R249 and R175, whose 

mutations lead to unfolding of p53. The mutated p53 protein loses the specific DNA binding 

ability, necessary for the p53 function as a transcription factor. In fact, both loss-of-function 

(LOF) and oncogenic GOF of mutant p53 contribute to tumorigenesis [71]. Although p53 

mutants cannot function as a transcription factor as wtp53, many p53 mutants accumulate at 

high concentrations within cancer cells and maintain the ability to interact with other proteins, 

such as transcriptional co-factors, epigenetic factors, through their intact N-terminal and C-

terminal domain, which enable the new GOF of mutant p53 in a context-dependent manner 

[72]. Notably mtp53 has dominant-negative effect over wtp53 if one TP53 allele suffers from 

mutation [73]. Therefore, development of compounds that refold and reactivate mutant p53 

protein is a good strategy to combat cancer. Apr-246 is such a small molecule that reactivates 

mutant p53 protein. Apr-246 is described in a more detail in section of 1.3.1.  

Next, I will discuss available evidence of one aspect of mtp53 gain of function – regulation of 

inflammation. It has been shown that there is a direct interaction between mtp53 and p65/p50, 

subunits of NF-κB [74-76]. This interaction can promote the nuclear translocation of NF-κB 

and its transcriptional activity, leading to the maintenance of chronic inflammation [75, 76]. 

Furthermore, mtp53 has been shown to promote the inflammation response by repression of 

the anti-inflammatory cytokine, the secreted IL-1 receptor antagonist [75]. Cancer cells 

expressing specific p53 mutants, such as D281G, H179I, R273H and R175H, can increase the 

expression of some inflammatory CXC chemokines [77]. Other p53 mutants have been 

shown to boost cytokine’s expression via activation of TLR3 signaling [78]. However, an 

opposite result has been reported that R249S p53 mutant can suppress the production of  

Interferon Beta 1 (IFNB1) via repression of TANK-binding kinase 1 (TBK1)- stimulator of 

interferon genes (STING)-IRF3 pathway, as shown in a triple negative breast cancer cell line 

BT549 [79].  
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1.4 TMX RESISTANCE IN ESTROGEN RECEPTOR (ER+) BREAST CANCER 
PATIENTS 

According to the statistics from World Health Organization, breast cancer is the most 

frequent cancer which leads to greatest number of cancer-related deaths in women 

(https://www.who.int/news-room/fact-sheets/detail/breast-cancer). In 2018, around 0.6 

million women died from breast cancer, which accounts for 15% of cancer-related death in 

women. 

Based on the molecular and genetic information, clinicians categorize breast cancers into four 

main types. Luminal A is ER-positive, progesterone receptor (PR)-positive and human 

epidermal growth factor receptor 2 (HER2)-positive. Luminal B is ER+PR-HER2+. HER2-

positive is ER-PR-HER2+. Basal-like (triple-negative) is ER-PR-HER2-. Over 70% of breast 

cancer patients are ER-positive and ER-mediated signaling maintains the tumor growth, 

proliferation and disease progression in the ER-positive breast cancer [80].  

ER functions as a transcriptional factor that belongs to the family of nuclear receptors. Upon 

binding to ER natural ligand estradiol, ER experiences a conformational change, is released 

from the inhibitory complex with heat shock protein, dimerizes subsequently and interacts 

with co-activators, promoting ER’s binding to estrogen response element in the genes 

involved in cell growth and proliferation [81, 82]. Therefore, disruption of estrogen-ER-

mediated signaling is a good strategy to combat ER+ breast cancer.  

TMX, first approved by FDA in 1977 to treat metastatic breast cancer, is the most frequently 

used drug to treat ER+ breast cancer patients. Figure 5 shows the metabolic pathways of 

tamoxifen. It is believed that the anti-estrogenic effect of TMX which competes with estrogen 

binding to ER mainly accounts for its tumor suppression effect [83]. Consequently, TMX 

prevents ER-mediated activation of its target genes involved in tumor cell growth and 

proliferation, leading to cell cycle arrest, apoptosis and regression of tumor. TMX therapy on 

ER+ breast cancer patients has led to a significant reduction of breast cancer death rate [84, 

85]. However, a large portion of ER+ breast cancer patients suffered from relapse after TMX 

treatment through de novo resistance [86], which means that not all ER+ breast cancer 

patients benefit from TMX treatment. Thus, new drug combinations are needed to overcome 

resistance.  

Possible mechanisms involved in tamoxifen resistance include aberrant activation of growth 

factor receptor tyrosine kinases, e.g. epidermal growth factor receptor ERBB2 gene [87], 

which encodes HER2. Its amplification contributes to reduced ER expression and subsequent 

loss of sensitivity to TMX [88]. Other factors which confer TMX resistance include 

dysregulation of cell cycle machinery, especially the Cyclin D-CDK4/6-pRb axis in luminal 

B type of breast cancer [89], loss of ER or the emergence of ER variant [90]. 

TMX is a prodrug which is metabolized through cytochromes P450 (CYP) gene products to 

various metabolites. Figure 5 depicts the schematic representation of TMX metabolic 

pathways. N-desmethyltamoxifen (metabolized by CYP3A4/5) is the primary metabolite of 
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TMX oxidation, whereas 4-OH-tamoxifen (metabolized by CYP2D6) is a minor metabolite. 

Subsequently, both 4-OH-tamoxifen and N-desmethyltamoxifen can be metabolized to 4-O-

N-demethyltamoxifen (endoxifen) through enzymes CYP3A4/5 and CYP2D6, respectively 

[91]. In terms of therapeutic efficacy, 4-OH-tamoxifen and endoxifen can bind to ER very 

potently and are considered the most significant metabolites of TMX [92]. Both 4-OH-

tamoxifen and endoxifen can be inactivated and detoxified by SULT1A1, a phase II enzyme, 

a member of the sulfotransferase family, capable to sulphate phenolic and steroid compounds 

[91].  

SULT1A1 gene polymorphism is found to affect the enzyme activity, and the most common 

one is the G to A transition at nucleotide 638, leading to the substitution of arginine by 

histidine at amino acid 213. The corresponding gene product SULT1A1*2 has reduced 

enzyme activity compared to the wild type SULT1A1 [91, 92]. It is logical that ER+ breast 

cancer patients with SULT1A1*2 should response better to TMX than patients with wild type 

SULT1A1 because SULT1A1 can degrade more active TMX metabolites that block ER 

signaling of cancer cells than SLUT1A1*2. Indeed, there are clinical studies which showed 

that ER+ breast cancer patients with reduced SULT1A1 activity treated with TMX have 

statistically significant better overall survival than patients with normal SULT1A1 activity 

[93]. However, there are also clinical studies showing that ER+ breast cancer patients with 

wild type SULT1A1 treated with TMX had better overall survival than patients with reduced 

SLUT1A1 activity [94-96].  

Therefore, it is very important to find further connection between SULT1A1 expression or 

activity and TMX response, which may help to find better combination treatments to 

overcome TMX resistance in ER+ breast cancer patients. If high SULT1A1 expression or 

activity is responsible for TMX resistance, then we can screen for compounds with anti-

cancer activity dependent on SULT1A1 to combine with TMX. If low SULT1A1 expression 

or activity is responsible for TMX resistance, then we can screen for compounds that can 

stabilize SULT1A1 to combine with TMX. 
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Figure 5 Schematic representation of TMX metabolism. SULT1A1: sulfotransferase 1A1; UGTs: uridine 

5’-diphospho-glucuronosyltransferases; FMOs: flavin-containing monooxygenases; CYP isforms are 

reported in the figure by omitting the cytochrome p450 abbreviation.  (Reprinted from Cancer Treatment 

Reviews, Vol. 38, Marzia, D. R, et.al., Pharmacogenetics of anti-estrogen treatment of breast cancer, 

P442-450, 2012, with permission from Elsevier).
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2 RESEARCH AIMS 

The overall aim of this study was to elucidate the molecular mechanisms of action of anti-

cancer compounds, including p53 activating compounds, and look for rational combination 

therapy strategies, including immune checkpoint blockade, to achieve better anti-cancer 

effects.  

The specific aim for each study was: 

Paper I – To understand how pharmacological activation of p53 promotes anti-tumor 

immune response and boost ant-cancer immune surveillance. 

Paper II – To explore the mechanisms of TMX resistance in breast cancer cells and how we 

can overcome this by combinational therapies.  

Paper III – To investigate whether and how mtp53 mediates immune escape and how we 

can counteract this by using Apr-246.   
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3 MATERIALS AND METHODS 

All methods used in this study are described in the corresponding papers. Instead, I would 

like to provide a few additional details for some experiments.  

3.1 SPECIAL NOTES FOR DSRNA DETECTION BY USING J2 ANTIBODY DOT 
BLOT (PAPER I) 

After purifying the enzyme digested RNA samples by TRIzol method, RNA was loaded onto 

the Amersham Hybond-XL membrane for subsequent cross-linking. The tricky thing here 

was if we added the digested RNA onto the membrane without any aid, the dot blot after final 

staining and washing would look like a circle with few signals from the middle (Fig. 5A). I 

learned the following things from my main supervisor Galina: I was supposed to put several 

pieces of filter papers (I used whatman filter paper) below the membrane during loading of 

the digested RNA, which could increase the sucking force and the dot blot would looked like 

in Fig. 5B. The signals in Fig. 5B were more homogenous and easier to compare among 

different treatment conditions.   

 

 

 

 

 

 

3.2 CYTOMETRY BY TIME OF FLIGHT (CYTOF) AND DATA ANALYSIS 
(PAPER I) 

We were the first to apply CyTOF for intra-tumor immune cells detection at Scilife Lab 

National Mass Cytometry facility, since absolute majority of SciLife facility experiments was 

performed using blood samples. Our major concern was that there might be much less 

abundance of immune cell populations within the TME of tumor samples compared to blood 

samples. Therefore Madhu, my co-supervisor, checked first the pan-leukocyte marker, CD45 

and pan-lymphocyte marker, CD3, in the isolated single tumor cell populations. We found 

that there was a certain amount of immune cells infiltration within tumor and therefore 

proceeded to perform CyTOF.  

At the beginning of the analysis, we tried to analyze the data (FCS files were provided along 

with the raw or further processed data) by Flowjo. Here we should thank to the staff, 

especially Lakshmikanth Tadepally working at the CyTOF facility platform, since they 

provided files how to analyze the data in Flowjo and discussed several times via email and in 

person with me. What we found was that there were indeed more immune populations 

A B 

Figure 6 Filter paper can help improve dot blot detection of dsRNA 

A digested RNA was loaded onto the membrane without any aid; B digested RNA was loaded onto the 

membrane with filter papers below the membrane. 
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(CD3+, CD3+CD4+, CD3+CD8+, etc.) in ATSP-7041 treated mice. However, the positive 

populations were very hard to distinguish from negative ones in Flowjo in almost all samples 

and were arbitary to define the boundary. Thus we decided to analyze the raw data by using 

the bioinformatic tools, which are probably more sensitive and efficient to distinguish 

positive and negative signals. Details of the analysis can be found in supplementary methods 

in Paper I. 

 

3.3 IMMUNOHISTOCHEMISTRY DETECTION OF GRANZYME B (GZMB) IN 
FROZEN TUMOR SAMPLES (PAPER I) 

Majority of the experimental procedures were described in the methods part and here I will 

mention how we should apply the primary antibody to the tumor specimens. I should thank  

my friend, Wenyu Li, who shared her valuable experience with me and provided support to 

me. The picture below was provided by her. As we could see, there was a round circle, drawn 

by hydrophobic marker pen (I used ImmEdge Pen, cat.No.H-4000), around each tumor 

specimen (arrows in Fig. 6). The diluted primary antibody was applied within the circle and 

therefore the antibody could not overflow, allowing better incubation with tumor samples. 

Besides the incubation should be within a humidified chamber at around 4 °C, preventing the 

samples from getting dried. 

   

 

 

3.4 MUTANT P53 KNOCKDOWN IN CANCER CELL LINES WITH TP53 
MUTATION (PAPER III) 

In this paper, we tried to knockdown mtp53 in various types of cancer cell lines with different 

p53 mutations. Initially, we tried to deplete mtp53 by using either transfection of plasmid 

containing shp53 or CRISPR-Cas9, however we did not get the stable mtp53 knockdown cell 

lines. This might be due to transfection efficiency of plasmid was very low, therefore mtp53 

knockdown was not achieved.  Alternatively, clones with CRISPR-Cas9 mediated stable 

knockdown of mtp53 could not survive, since tumor cell’s growth and proliferation might 

Figure 7 A hydrophobic circle was drawn around each tumor specimen 
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depend on oncogenic mtp53. Therefore, I generated lentivirus containing shp53 plasmid, 

which is more efficiently introduced into cancer cells compared to plasmid transfection, and 

transduced cancer cells with this construct. I saw the transduction efficiency was at least over 

80% for all cancer cell lines we used, and the knockdown efficiency was very impressive as 

detected by western blot. Anyway, we had to transduce lentivirus particles each time we did 

new experiment, since long-term mtp53 depletion might impede cell proliferation.     

  

3.5 ETHICAL CONSIDERATIONS  

In this study, I mainly worked with mouse by creating allograft tumor bearing mouse models, 

followed by i.v. or i.p. injection of small compounds or antibody. For some experiments, we 

also need to isolate tumor samples or spleens for further analysis. I received the basic training 

for mouse experiments, such as how to handle mice, calm them down, i.p. or i.v. injection, 

and how to sacrifice mice by carbon dioxide inhalation, as well as training in animal welfare, 

for instance, how to define the healthy level of mice based on integration of various 

parameters and when to sacrifice mice based on the endpoint of each parameter, at both KMB 

and AKM animal facilities in KI. We collaborated with John Inge Johnsen who helds ethical 

permit approved by the Swedish Agriculture Board, for mouse experiments of two projects 

during my PhD study. 

Mice are the most frequently used animal model in biomedical research. Mice are a very 

important pre-clinical model to evaluate efficacy and toxicity of candidate drugs before going 

to clinical trials. In other words, humans benefit a lot from studies on mice, therefore mice 

should receive reward from us, even though human stand at the top of food chain. Based on 

the rules from animal facility, there are humane endpoints such as mice should receive 

euthanasia if weight loss is over 10% in comparison to the previous day or an overall weight 

loss over 20%, if mice bleed due to fight or other reasons or if teeth are broken affecting their 

food intake. Besides, 3Rs principle including ‘Replace, Reduce and Refine’ are introduced for 

animal research since 1950s. ‘Replace’ means using alternative methods, allowing you to get 

comparable information, rather than perform experiments using live animals. In paper II, we 

evaluated whether small compounds can overcome TMX resistance using patient samples ex 

vivo instead of patient derived xenograft mouse model. In both paper I and III, we checked 

with the technicians at AKM animal facility whether they need extra mice for training to new 

students since we have mice which only received placebo and which can be kept for 

relatively long time in healthy condition. ‘Reduce’ means to try to use fewer animals if the 

quality of data is not compromised. In both studies I and III, we tried to keep 5-6 mice per 

treatment group, which is widely acceptable, even though more mice can help gain more 

statistical power. ‘Refine’ means to make effort to reduce pain, anxiety and suffering of 

animals. In either paper I or III, we tried to keep 5 mice in each cage so that there was more 

space and change toys if possible. Furthermore, we actively monitored the status of each 

mouse and sacrificed mice with abnormal symptoms such as severe teeth broken or bleeding, 

under guidance of veterinarian.  
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There should be much more space for both theory and practice to improve in order to increase 

the welfare of research animals. I believe that the researchers or technicians who have direct 

contact with animals should pay attention to how to transform the theories in booklet into 

practical and feasible actions.    
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4 RESULTS AND DISCUSSION  

4.1 PHARMACOLOGICAL ACTIVATION OF WILD TYPE P53 PROMOTES 
ANTI-TUMOR IMMUNE RESPONSE AND RECOVERS IMMUNE 
SURVEILLANCE TO CANCER CELLS VIA INDUCTION OF VIRAL MIMICRY 
RESPONSE 

Over 50% of the human genome is composed of repetitive elements and the majority of them 

are retrotransposons, including LTRs (ERVs), LINEs, and SINEs, which accounts for around 

8%, 21%, and 15% of the human genome, respectively [48]. Previously these mobile 

elements were considered as the dark matter or molecular parasites in our genome, but more 

and more studies support the notion that they have important functions and their abnormal 

expression is related to many diseases such as aging and cancer [49].  

Majority of evidence support that p53 is involved in the repression of retrotransposons at 

basal conditions [50, 55, 57], via various types of mechanisms as we have discussed in the 

introduction part in this thesis. This controls the frequency of retrotranspositions in our cells 

and subsequently decreases the chance of mutations of normal genes. This strengthens the 

idea that p53-mediated repression of repetitive elements functions as a guardian of the 

genome stability [48]. However, few studies explore how pharmacological activation of p53 

affects retrotransposon’s expression and its downstream consequences in cancer cells. Thus, 

one of our aims in paper I is to check how p53 activating small molecules regulate 

expression of repetitive elements.     

We found that activation of p53 by nutlin lead to repression of all SINEs and the majority of 

LINEs. In contrast, over two thirds of ERVs were induced in three different cancer cell lines, 

according to RNA-Seq data. On top of this, p53 occupancy was dramatically enriched at the 

promoter regions of ERVs, as we found using p53 ChIP-Seq and also ChIP- Polymerase 

Chain Reaction (PCR) data. This is in accordance with the previous finding that 30% of p53 

binding sties was at ERVs, in our genome [54]. These results suggest that p53 might be 

involved in direct activation of ERVs. We confirmed our finding by Quantitative reverse 

transcription PCR (RT-qPCR) detection of subfamilies of ERVs in several cancer cell lines 

and many ERVs were in fact upregulated in a p53-dependent manner. Of note, the genotoxic 

compound, doxorubicin (Dox) also upregulated ERVs in a partially p53-dependent manner, 

which expands our finding to a broader context. We are still puzzled, why pharmacological 

activation of p53 selectively activated ERVs, but not other families of repetitive elements, 

such as majority of LINEs and SINEs.  

Subsequently, we asked what’s the mechanism of p53-mediated activation of ERVs 

expression. We mined the literature about ERVs regulation and found that ERVs were mainly 

repressed via epigenetic mechanisms such as histone modifications by histone demethylase 

that confers repressive histone markers on genes LSD1, encoded by KDM1A gene.   Another 

important inhibitor of ERVs expression is DNMT1, a DNA methyltransferase that  

methylates DNA at promoter region of genes leading to subsequent genes repression [50, 51]. 
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We found that both KDM1A/LSD1 and DNMT1 were repressed after p53 activation at 

mRNA and protein level in both time- and dose-dependent manner. Indeed, it has been 

reported that p53 can repress DNMT1 [33], but no studies report regulation of LSD1 by p53. 

We also demonstrated that p53 mediated repression of DNMT1 and LSD1 was partially 

dependent on non-coding RNA, long non-coding RNA Taurine Up-Regulated 1 (TUG1) 

which was believed to be a direct target of p53 and induced after p53 activation [97]. 

Furthermore, overexpression of either LSD1 or DNMT1 rescued the upregulation of ERVs 

expression after p53 activating compounds. Notably, Dox treatment also lead to repression of 

both LSD1 and DNMT1 in a p53-dependent way. These results indicated that p53-mediated 

upregulation of ERVs was dependent on inhibition of two ERVs repressors, LSD1 and 

DNMT1, which also corroborated the earlier findings [43, 51]. It’s worthy to note that based 

on a most recent study, SETDB1 also involved in the repression of ERVs and our 

unpublished data as well as others showed p53 could repress SETDB1 expression [98], so 

p53-mediated upregulation of ERVs might also partially due to p53’s repression of SETDB1 

[99]. To further prove this, experiments should be done in cancer cell lines such as 

overexpression of SETDB1 to test whether there is a rescue of p53-mediated upregulation of 

ERVs.  

Since ERVs can be transcribed from both sense and anti-sense strands and subsequently 

contribute to dsRNA formation, which potentially triggers dsRNA response [43, 44, 51], 

therefore the second aim in paper I is to explore whether pharmacological activation of p53 

can lead to accumulation of dsRNA, induce dsRNA sensing receptors and consequently 

activate dsRNA sensing response. 

By using the strand-specific PCR, we confirmed that HERV-K, an evolutionarily young and 

most recent ERVs that integrated in human genome [100], transcribed at both sense and anti-

sense strand, potentially allowing the formation of dsRNA. Then we detected dsRNA 

formation in cancer cells after p53 activating compounds by using various assays including 

dsRNA dot blot, immunofluorescence and flow cytometry with dsRNA specific J2 antibody. 

Taking into account that dsRNA accumulation is dependent not only on formation, but also 

on it’s degradation by RNA-induced silencing complex (RISC) activity [51], we tested the 

level of RISC genes and their activity. We discovered that activation of p53 lead to 

transcriptional repression of several RISC complex members, including three key members of 

RISC complex: DICER, a non-specific endoribonuclease that cleaves long precursor dsRNA 

molecules to produce short dsRNAs [101, 102]; Trans-activation response RNA binding 

protein, a dsRNA binding protein which promotes recognition and processing by DICER of 

dsRNA [102]; and Argonaute RISC Catalytic Component 2, an endonuclease that cleaves the 

passenger strand of DICER-processed short dsRNA into mature microRNA and degrades 

target mRNA [103]. In addition, this repression was p53-dependent and also followed a time-

course as well as dose of MDM2 inhibitors. Of note, Dox also repressed RISC complex 

members, although in only partially p53-dependent way. Next, we tested the functional 

activity of RISC complex using a green fluorescence protein-let7 reporter assay [104] and 

observed that RISC enzymatic activity was also repressed after p53 activation. These results 
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demonstrated both increased dsRNA formation and decreased dsRNA degradation by RISC 

complex accounted for dsRNA accumulation in cancer cells.  

dsRNA sensing response is mediated by dsRNA sensing receptors which recognize the 

accumulated dsRNA in cytoplasm [43, 44, 51]. Hence, we then checked the expression of 

dsRNA receptors after p53 activation. We found that dsRNA receptors involving TLR3, 

melanoma differentiation-associated protein 5 (MDA5), Mitochondrial antiviral-signaling 

protein (MAVS) and/or retinoic acid-inducible gene 1 (RIG-1) were upregulated at both 

mRNA and protein level in a p53-dependent manner. Particularly, Dox also induced dsRNA 

receptors in partially p53-dependent way, while Dox-mediated induction of TLR3 was 

completely p53-dependent. In summary, activation of p53 can induce dsRNA accumulation 

and dsRNA sensors expression.   

Accumulating evidence supports the idea that activation of dsRNA sensing can induce the 

downstream IFN signaling [44, 51], therefore our third aim in paper I is to investigate 

whether pharmacological activation of p53 can induce IFN and downstream ISGs.  

By analyzing RNA-Seq data of different cancer cell lines treated with nutlin, we found  that  

pathways of IFNα and IFNγ response were upregulated. We confirmed the high-throughput 

data by RT-qPCR and found type I IFN and/or type III IFN and their downstream ISGs 

activated in a p53-dependent way. Furthermore, we corroborated these findings by showing  

IFNα induction at protein level and IFN signaling activation by ELISA and IFN reporter 

assay, respectively. Of note, type I IFN receptor was also upregulated after p53 activation. 

Thus, our results illustrated that pharmacological activation of p53 triggered IFN response via 

induction of IFNs and the corresponding cognate receptor. Since STAT1 is one of the most 

important transcriptional factors that mediated IFN response and induction of ISGs, therefore 

we checked the active form of STAT1, phospho-STAT1, and found that activation of p53 

induced intensely phospho-STAT1 formation.  

In fact, one recent study shows that negative regulators of IFN response are key players of 

promoting cancer cells evasion of CTLs, as proved by unbiased genome wide CRISPR-Cas9 

screen [105]. Therefore p53-mediated activation of IFN signaling potentially facilitates CTLs 

surveillance to cancers.   

Subsequently, we overexpressed either LSD1 or DNMT1 and observed a rescue of p53-

mediated upregulation of IFNs and ISGs. On top of these results, we detected Dox-induced 

IFNs and ISGs in partially p53-dependent fashion.  

To summarize, we found that pharmacological activation of p53 can induce IFNs and ISGs, 

which is dependent on p53-mediated repression of LSD1 and DNMT1. It’s worthy to note 

that to find out which dsRNA receptor is really responsible for IFN activation we may have 

depleted each of the dsRNA receptors. Besides, we also explored whether simultaneous 

overexpression of both LSD1 and DNMT1 could fully rescue upregulation of IFN activation.  

We attempted to overexpress DNMT1 in A375 LSD1 overexpressing cell line and vice versa. 
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However, after selection, we could not get the clones overexpressing both LSD1 and DNMT1. 

We think that both factors confer repressive marks, therefore their co-expression at high level 

might repress genes necessary for cell growth and survival. Therefore, overexpression of both 

LSD1 and DNMT1 could potentially lead to cell cycle arrest or cell death. 

APP process is very important for CD8+ T cells mediated anti-tumor effect by presenting 

tumor neo-antigens on tumor cell surface. APP is known to be induced by activation of IFN 

signaling [43, 44]. So, our fourth aim in paper I is to investigate whether pharmacological 

activation of p53 leads to stimulation of APP.      

We discovered that APP genes were upregulated after p53 activation through analyzing 

RNA-Seq data in various cancer cell lines. These genes include ERAP1 and ERAP2, 

aminopeptidases that trim peptides to the favorable size to load on MHC I proteins [106, 107]; 

TAP1 and TAP2, transporters of peptides [108]; TAP Binding Protein (TAPBP), bridging 

TAP1-MHC I interaction and optimizing MHC I binding to peptides [109]. We further 

confirmed these findings by RT-qPCR and showed upregulation of these genes were 

dependent on p53. Moreover, MHC I protein was also upregulated on the surface of cancer 

cells, as we assessed by flow cytometry, and it was p53-dependent. Thus, we decided to 

check whether the whole pathway was functional or not. We stably transfected chicken origin 

OVA into human melanoma A375 cancer cell line and found that activation of p53 lead to 

successful presentation of OVA-originated peptide, SIINFEKL, at cell surface membrane as 

detected by SIINFEKL-specific antibody with flow cytometry, in a p53-dependent fashion. 

Next, we showed that overexpression of either LSD1 or DNMT1 rescued (to a different 

degree) p53-mediated upregulation of APP genes. It’s worthy to mention that Dox induced 

upregulation of APP genes, as well, and partially dependent on p53.  Our study revealed that 

Dox induced both type I and type III IFNs as well as APP genes via upregulation of ERVs 

and dsRNA sensors including TLR3, which is in line with a previous study that 

anthracyclines including Dox induce type I IFNs in cancer cells via TLR3 signaling [110]. 

However, we provide further insights into this phenomenon by showing that Dox-mediated 

ERVs expression (potentially contributing to dsRNA formation) probably activates TLR3 

signaling. To summarize, pharmacological activation of p53 induced APP genes expression 

and activated APP process in a p53-dependent fashion, allowing neoantigens within cancer 

cells to be presented on cancer cell surface. Additional studies are needed to clarify which 

types of IFN signaling are responsible for activation of APP. To test this, we may deplete 

either type I or type III IFN receptor and assess whether p53- mediated activation of APP will 

be compromised or prevented.  

 Our findings uncovered the induction of APP process allowing cancer neoantigens 

presentation and enhancement of CD8+ T cells recognition of tumor cells by p53. In addition, 

we discovered upregulation of PD-L1 after p53 activation in murine B16 melanoma cancer 

cell line. According to previous studies, B16 and murine colon cancer CT26 tumor bearing 

mouse model had poor response to single anti-PD-1/PD-L1 therapy [111, 112]. Taking all 

these into consideration, we pursued the fifth aim of paper I: to assess whether p53 
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activating compounds could synergize with immune checkpoint therapy, anti-PD-1, and 

affect immune cells infiltration within TME in two mouse models, melanoma B16 and colon 

carcinoma CT26.   

We found a significantly better tumor suppression effect of ATSP-7041 in combination with 

anti-PD-1 monoclonal antibody, than single agent treatment or vehicle control in B16 tumor 

bearing mouse model. There was a synergistic trend between ALRN-6924, an advanced 

analogue of ATSP-7041 currently in clinical trials, and anti-PD-1 monoclonal antibody in 

CT26 model. Moreover, as assessed by CyTOF, ATSP-7041 promoted CD8+ T, CD4+ T and 

B cells infiltration in TME of B16 tumors, whereas decreased MDSCs, which are composed 

of various populations of  immature myeloid cells and are linked to immune suppression 

[113]. ALRN-6924 significantly increased the ratios between CD8+ /CD4+ T cells, CD8+ 

T/Treg cells and M1/M2 macrophages within TME of CT26 tumors, as assessed by flow 

cytometry. Furthermore, we found that ATSP-7041 did not skew the immune cell populations 

within the spleen of B16 tumor bearing mice. ATSP-7041-mediated immune cells infiltration 

of primarily CD8+ T cells could target tumor cells since we found enhanced GZMB 

expression within TME of B16 tumors, as assessed by immunohistochemistry (IHC). Thus, 

we showed that two p53-activating stapled peptides promoted anti-tumor immune cells 

infiltration within TME of two different mouse models. Notably, we verified that ERVs, IFNs, 

ISGs and dsRNA receptors were upregulated in the isolated B16 tumor samples upon ATSP-

7041 or combination therapies, but not upon anti-PD-1 therapy. These results illustrated that 

IFN pathway was also activated within in vivo tumors by p53 activating stapled peptide and 

corroborated our data in cancer cell lines. In summary, pharmacological activation of p53 can 

facilitate infiltration of anti-tumor immune cells and synergize with anti-PD-1 

immunotherapy in mouse models. 

Next, we compared the transcriptomic data obtained in melanoma samples from two patients 

engaged in a clinical trial, before and after treatment with p53 activating peptide, ALRN-

6924. We observed that p53 target genes, as well as pathways related to tumor inflammation 

signature (TIS) score and IFN gamma pathway were upregulated in both patients after 

treatment. We further looked into the expression of genes related to TIS score and found their 

upregulation in both patients after treatment. Higher TIS score implies enhanced response to 

anti-PD-1/PD-L1 therapy, suggesting potential synergistic effect of MDM2 inhibitors and 

immune checkpoint blockade. We also found upregulation of dsRNA sensors, DNA sensors 

and IFN-related genes as well as APP genes in tumor samples after ALRN-6924 treatment. 

Therefore, patient data lend strong support to our findings in cancer cell lines and mouse 

models.  

Together, our data in cancer cell lines, mouse models and patient demonstrated that 

pharmacological activation of p53 induces viral mimicry response and recovers anti-tumor 

immune surveillance. 
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4.2 IDENTIFICATION AND TARGETING OF SELECTIVE VULNERABILITY 
RENDERED BY TAMOXIFEN RESISTANCE 

Over 70% of breast cancer patients are ER+ and have benefited from TMX treatment [80]. 

However, a large number of patients underwent relapse afterwards via various types of 

mechanisms of resistance to TMX.  Controversial results about the activity of SULT1A1, a 

phase II detoxifying enzyme that metabolizes and degrades the active form of TMX, and 

affects patient’s response to TMX have been published. One clinical study reported that after 

TMX treatment the overall survival of ER+ breast cancer patients with reduced SULT1A1 

activity was better than patients with normal activity of SULT1A1 [93], whereas other 

clinical studies showed the opposite results [95, 96]. Thus, additional experiments are needed 

to find new connections between TMX response and SULT1A1 activity or expression, which 

may help clarify the above controversy and find rational combination therapies to overcome 

TMX resistance of ER+ breast cancer patients. Aims of paper II are to establish the 

connection between SULT1A1 expression/activity and TMX resistance as well as explore 

rational combinational therapies to overcome resistance of ER+ breast cancer patients to 

TMX.  

To investigate the involvement of SULT1A1 to TMX resistance, we compared SULT1A1 

expression of primary tumor and metastasized tumor. We found elevated SULT1A1 

expression at mRNA level in liver metastasis of relapsed ER+ breast cancer patients after 

TMX treatment compared to primary tumors. We also observed that TMX-resistant MCF7-

LCC2 breast cancer cell line had higher expression of SULT1A1 at both mRNA and protein 

level than normal MCF7 cancer cell line. Furthermore, KO of SULT1A1 sensitized MCF7-

LCC2 cancer cells to TMX treatment in a dose-dependent manner. Therefore, the above 

results demonstrated that SULT1A1 accumulation could mediate breast cancer resistance to 

TMX treatment.  

Next, we addressed the question whether TMX treatment could induce SULT1A1 or select 

clones with high SUTLA1 expression. We treated tumor samples derived from patients with 

low dose TMX, 100nM and 1M for 6 days, followed by assessment with 

immunofluorescence. We found that there was accumulation of SULT1A1 at both 

concentrations. Since 100nM TMX hardly kill cancer cells, it appears that TMX did induce 

SULT1A1 expression. However, 1M TMX induced more SULT1A1 than 100nM, which 

could be due more strong induction of SULT1A1 expression by higher concentration TMX 

per se. Alternatively,  it also might happen because higher concentration TMX selected clones 

with elevated SULT1A1. It’s also possible that both mechanisms worked simultaneously. In 

parallel, we confirmed TMX treatment also accumulated SULT1A1 at mRNA level in patient 

samples as well as in MCF7-WT cancer cell lines. This is in accordance with a previous 

publication that SULT1A1 mRNA was induced after TMX treatment on ER+ breast cancer 

cell line ZR75-1 [114]. However, it is still not clear, what is the molecular mechanisms of 

TMX-mediated induction of SULT1A1. Previous studies have shown that TMX can enhance 

the transcription of SUTL1A1 [115], p21WAF1 [116] and p27KIP1 [117] via promoting Sp1 

binding to their promoter regions, followed by Sp1-mediated transcriptional activation of 
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these genes. Therefore, it’s plausible that Sp1 may be involved in TMX-facilitated 

upregulation of SULT1A1 we observed. Further experiments in Sp1 depleted cells may prove 

this. In summary, SULT1A1 is potentially a promising biomarker for TMX resistance to ER+ 

breast cancer patients.  

Next, we set up to identify anti-cancer compounds, the function of which depends on 

SULT1A1 expression, to overcome patient’s resistance to TMX. Therefore we mined the 

pharmacological data in NCI-60 database and found that the anti-cancer activity of three 

small molecules, including RITA, AF and ONC-1, significantly correlated with SULT1A1 

mRNA expression. RITA was identified as a p53 activating compound in our lab at 2004 and 

showed good tumor suppression effect in cancer cell lines and mouse models [23, 118]. 

Besides, previous studies also implied the mechanisms of action of RITA, AF and ONC-1 

might related with SULT1A1 expression [119-122]. We further verified that cancer cells with 

high SULT1A1 expression were very sensitive to RITA, AF and ONC-1 mediated 

cytotoxicity, whereas cancer cells with low SULT1A1 expression were resistant to three 

compounds even at higher concentration, which is in line with previous findings [121, 122]. 

Of note, based on the analysis of our previous short hairpin RNA library screen (targeting 

roughly 5000 genes) of RITA on MCF7 breast cancer cells [123], we identified both 

SULT1A1 and SULT1A2 as top enriched genes. Depletion of either SULT1A1 or SULT1A2 

abolished RITA mediated killing of tumor cells. In order to further prove that the anti-cancer 

activity of 3 compounds were dependent on SULT1A1 expression, we used Quercetin to 

inhibit the activity of SULT1A1 [124]. We found that Quercetin rescued completely the 3 

anti-cancer compounds mediated killing of HCT116 colon cancer cells. Moreover, SULT1A1 

KO almost entirely desensitized RITA, AF and ONC-1 mediated cytotoxicity within a wide 

range concentration in both breast cancer cell lines MCF7 and HCT116. In parallel, 

overexpression of SULT1A1 in cancer cell lines A375 and SJSA originally with almost no 

SULT1A1 expression, overcame resistance and sensitized to three compounds treatment even 

at lower concentration. To summarize, we have identified three anti-cancer compounds, 

RITA, AF and ONC-1, and firmly proved that their cytotoxicity is dependent on SULT1A1 

expression. 

Our next aim was to get insights into molecular mechanism of how three anti-cancer 

compounds kill cancer cells. Considering that that cancer cells normally exhibit higher ROS 

level and ROS induction is one of the mechanisms of anti-cancer compounds-mediated 

cytotoxic activity [125], we first checked ROS level. We found that ROS was induced after 

RITA, AF and ONC-1 in HCT116, whereas SULT1A1 KO completely rescued ROS 

induction by three compounds. Notably, an anti-oxidant resveratrol rescued the induction of 

ROS by three compounds. To find out whether ROS induction by three compounds was 

SULT1A1 dependent, we subsequently checked ROS level at human melanoma A375 and 

osteosarcoma SJSA which have almost no SULT1A1 expression. We observed that three 

compounds barely induced ROS in both cancer cell lines; however overexpression of 

SULT1A1 enabled ROS induction by three compounds in A375 and SJSA. Hence, RITA, AF 

and ONC-1 induced ROS production in cancer cells, which was SULT1A1 dependent. It’s 
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still not conclusive whether ROS induction is responsible for cytotoxic activity of three 

anticancer compounds. Therefore extra experiments may be needed to find out whether anti-

oxidants could abolish cancer cell killing by three anti-cancer compounds.      

The induction of ROS by three anti-cancer compounds implies the disruption of redox 

homeostasis, skewing to ROS accumulation. GSH and thioredoxin (Trx) redox systems are 

essential to regulate the amount of ROS level in both normal and cancer cells [126]. 

Therefore, three compounds might inhibit GSH and/or Trx system, and our previous studies 

proved that RITA repressed the activity of TrxR1, a key anti-oxidant enzyme in Trx system, 

via induction of TrxR1 dimer formation [127, 128]. Subsequently, we checked the effect of 

three compounds on TrxR1 and found that all three compounds significantly inhibited the 

activity of TrxR1 in HCT116 and MCF7 TMXR. Simultaneously, we found that SULT1A1 

KO entirely rescued RITA, AF and ONC-1mediated repression of TrxR1 activity in MCF7-

WT. Collectively, these data verified RITA-, AF- and ONC-1-facilitated suppression of 

TrxR1 activity was dependent on SULT1A1. Nevertheless, AF and ONC-1 did not induce 

TrxR1 dimer formation as RITA in HCT116 and MCF7, suggesting that other mechanisms 

might be involved. Since ROS is known to induce DNA damage response and apoptosis [129, 

130], we then detected corresponding markers and p53. We observed that all three 

compounds induced p53, a well-established DNA damage marker γH2AX, which is in line 

with a previous study [121], and a well-known apoptosis marker cleaved Poly (ADP-ribose) 

polymerase (PARP), whereas SULT1A1 KO abolished these effects. On the other hand, three 

compounds did not induce p53, γH2AX and cleaved-PARP in SULT1A1-deficient cancer 

cell lines, A375 and SJSA. Nonetheless, overexpression of SULT1A1 in these cells promoted 

induction of p53, γH2AX and cleaved-PARP. These results indicated that RITA, AF and 

ONC-1 induced DNA damage and apoptosis in SULT1A1-dependent fashion. Furthermore, 

co-treatment with an anti-oxidant resveratrol rescued three compounds-mediated induction of 

p53, γH2AX and cleaved PARP in MCF7-TMXR, implying that enhanced ROS promoted 

downstream DNA damage and apoptosis program. Indeed, previous studies have explored the 

anticancer mechanisms of RITA, AF and ONC-1, including their ability to induce ROS 

production, but mechanisms remained largely unknown [127, 131-133]. In this paper, we 

identified TrxR1 as a common target for all three compounds that repressed TrxR1 activity in 

SULT1A1-dependent manner.  

Cancer cells can produce increased ROS that promotes cancer cell survival and proliferation 

as well as induces DNA damage followed by genetic instability [134]. But high levels of 

ROS can trigger tumor cell death, and thus tumor cells upregulate antioxidant enzymes to 

neutralize exorbitant ROS while nourishing tumor growth and counteracting apoptosis [134]. 

TrxR1 is such an antioxidant enzyme which is often overexpressed in cancer cells and its 

high expression correlates with poor prognosis in many types of cancer [135]. Therefore, 

targeting TrxR1 is a promising strategy to accumulate higher ROS and lead to apoptosis in 

cancer cells.       
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We demonstrated that the anti-cancer activity of RITA, AF and ONC-1 was dependent on 

accumulation of SULT1A1. Further, TMX induced expression of SULT1A1 in ER+ MCF7 

breast cancer cell line. Therefore, we investigated the synergy between three compounds and 

TMX. We found a synergistic cytotoxicity of TMX combination with a low dose of each of 

the three anti-cancer compounds in MCF7 cells. We further evaluated and found MCF7-

TMXR, which has enhanced SULT1A1, was significantly more sensitive to low dose of 

RITA and AF than MCF7-WT. However ONC-1 killed equally well both MCF7-WT and 

MCF7-TMXR, which suggests additional mechanisms might be involved. Next, we 

investigated the effect of RITA on tumor samples from both TMX-responsive patients and 

TMX-unresponsive patients. We observed additive effect of TMX and RITA combination in 

tumor samples from TMX-responsive patients, while low dose RITA achieved substantial 

cytotoxicity in tumor samples from TMX-unresponsive patients. Thus, the above results 

demonstrated that SULT1A1-activating compounds could potentially be used to overcome 

TMX resistance in relapsed ER+ breast cancer patients. 

 

4.3 APR-246 CAN COUNTERACT MUTANT-P53 MEDIATED IMMUNE ESCAPE 

It’s well established that wtp53 suppresses inflammation and mice with p53 KO have been 

shown to die from inflammation related diseases [59]. A number of studies showed that 

wtp53 suppresses NF-κB, a key transcriptional factor involved in inflammation and the 

constitutive activation of which is essential to drive chronic inflammation in TME [61, 62, 65, 

66]. Accumulating evidence indicates that mtp53 acquires the GOF to promote inflammation 

via different mechanisms [136]. For instance, mtp53 could contribute to inflammation via 

enhancing the transcriptional activity of NF-κB [75, 76], promoting expression of 

inflammatory cytokines [77, 78] and suppressing anti-inflammatory cytokines [75]. However, 

there are few studies which compare the inflammation status between tumors carrying mtp53 

and wtp53 in a large cohort, potentially enabling strong statistical power, therefore the first 

aim in paper III is to evaluate inflammation related pathways, genes expression and TIS 

score in patients carrying mtp53 and wtp53 data on breast cancer patients in TCGA.  

We first identified the list of differential gene expression in mtp53 in comparison with wtp53 

breast cancers, followed by GSEA of significantly upregulated genes in mtp53 cohort. We 

found that gene sets related to cytokines and cytokine receptor signaling, virus infection, 

autoimmune disease, as well as innate and adaptive immune response were significantly 

upregulated. This implies that inflammation-related pathways were broadly activated in 

breast cancers carrying mtp53.  

To further validate the GSEA analysis, we investigated TIS score, which is defined by a 18-

gene signature and is related to pre-existing, but suppressed adaptive immune response [137], 

and also genes associated with IFN signaling, a key inflammatory pathway [138]. We 

observed that the majority of genes within TIS score were upregulated in breast cancers 

carrying mtp53 compared to wtp53, implying that breast cancers that have lost normal wtp53 



 

32 

function are more inflamed. This result also indicates breast cancers with mtp53 have 

developed strategies to evade from anti-cancer immune surveillance. We also observed the 

upregulation of IFNs including IFNB1 and Interferon Lambda 2 (IFNL2), ISGs such as 

STAT1, STAT2, IRF1, IRF5 and ISG15, and APP genes downstream of IFN signaling, in 

breast cancer carrying mtp53 in comparison to wtp53, illustrating generally elevated IFN 

signaling in mtp53 breast cancers. Collectively, our data suggest that GOF of mtp53 and/or 

LOF of wtp53 are linked to chronic inflammation in breast cancer patients, which may 

contribute further to cancer progression.       

The second aim in paper III is to investigate whether there is a GOF of mtp53 to upregulate 

IFNs and the underlying mechanisms. 

We depleted mtp53 in a panel of eight cancer cell lines of different origin, and found a 

significant decrease of type I and/or type III IFNs upon mtp53 depletion in breast cancer cell 

lines MDAMB-231, MDAMB-468, BT-549 and in a bladder cancer cell line, J82. These 

results suggest that p53 mutants have gained function to induce IFN production. However, 

one recent study showed R249S p53 mutant suppressed IFNβ production via inhibition of 

TBK1-STING-IRF3 signaling in BT549 triple negative breast cancer cell line [79]. In 

accordance with this study, we also saw a tendency to increase of IFNβ expression after 

mtp53 KD in BT549. Nonetheless, IFNα was reduced after mtp53 KD in several cancer cell 

lines including BT549 in our study, which indicates mtp53 might regulate IFNα and IFNβ 

through different mechanisms. In fact, the authors of this paper also found that IFNB1 mRNA 

had some correlation with wtp53 but not with mtp53 in a small cohort of triple negative 

breast cancers, which is opposite to our finding. However, our observation that IFNB1 

mRNA was elevated in mtp53 breast cancers rather than wtp53 ones is based on the analysis 

of all types of breast cancers in TCGA database. Therefore, these different results are 

dependent on context such as cancer subtypes and stages.     

Since previous studies, including ours, have demonstrated that ERVs’ expression is a potent 

upstream inducer of IFN signaling through viral mimicry response [43, 44, 139], we decided 

to check ERVs expression in above mentioned cell lines. We found a considerable reduction 

of expression of different sub-families of ERVs and LINE-1 after mtp53 depletion in these 

cell lines. These results indicate that some p53 mutants mediate upregulation of ERVs 

possibly contributing to the production of IFNs. This is distinct with loss of function of wtp53, 

which has been shown to partially de-repress ERVs [50]. In addition, our finding is also in 

accordance with a latest study that ovarian cancers carrying mtp53 have shown elevated 

expression of ERVs [140].  

However we did not observe changes of IFNs and ERVs expression upon mtp53 depletion in 

several other lines: breast cancer cell lines BT-20 and SKBR-3 and colon cancer cell lines 

DLD-1 and SW480, which suggests that this novel gain of function of mtp53 might be 

context-dependent. This is also in accordance with a previous study of mtp53 GOF [141]. It 

is still not clear to us, what is the molecular mechanism of mtp53’ upregulation ERVs and 
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IFNs. We think that the involvement and availability of some unidentified cofactors may play 

a role since mtp53 mediated upregulation of ERVs and IFNs is context-dependent.  

 Taking into account our findings an elevated TIS score, defining already existing but 

suppressed adaptive immune response in TME, and activated pathway associated with 

cytokine and cytokine receptor interaction potentially allowing attraction of immune cells 

into tumor sites, in breast cancers carrying mtp53 compared to wtp53, we decided to check 

whether there is enhanced infiltration of CD8+ T cells, the major player in adaptive immune 

response, in mtp53 TME of breast cancer patients. This is the third aim in paper III.     

We checked a 26-gene signature that defines the activated CD8+ T cells and found that breast 

cancers carrying mtp53 exhibited significantly enhanced expression of 26-gene signature 

genes. Furthermore, we analyzed expression of the cytokines involved in T cell function. We 

observed elevated expression of cytokines related to attraction of CTLs, such as C-C Motif 

Chemokine Ligand (CCL) 2, CCL5, C-X-C motif chemokine ligand (CXCL) 9, CXCL10; 

cytokines enhancing growth and proliferation of CTLs, such as IL-7, IL-15; and cytokines 

promoting priming and activity of CTLs, such as IL-17, tumor necrosis factor alpha (TNFα), 

IFN gamma (IFNG); and decreased expression of TGFβ, an inhibitor of CTL function, in 

breast cancers carrying mtp53 compared to wtp53. Our results reveal that the TME of breast 

cancer patients carrying mtp53 tend to be more inflamed with infiltration of active CD8+ T 

cells than in patients with wtp53, further suggesting that mtp53 tumors have developed 

strategies to overcome immune surveillance.  

Considering that upregulation of immune checkpoint molecules e.g., PD-L1, Herpesvirus 

entry mediator (HVEM), Poliovirus receptor (PVR), Poliovirus receptor-related 2 (PVRL2) 

and Cluster of Differentiation 276 (CD276), is common tumor intrinsic mechanism to 

suppress CTLs function [142-145], we compared these genes’ expression in tumors of breast 

cancer patients. We found that negative immune checkpoints expressed in CTLs, such as 

CTLA-4, PD-1, and in tumors, such as PD-L1, PD-L2, CD276, PVR, were significantly 

elevated in TME of breast cancers carrying mtp53 in comparison to wtp53. Our results are in 

line with a previous study that acute myeloid leukemia carrying mtp53 showed enhanced 

expression of immune checkpoints compared to acute myeloid leukemia with wtp53 [146]. 

It’s plausible that mtp53 tumors evade the enhanced CTLs surveillance by upregulation of 

immune checkpoints in TME. Next, we tested whether mtp53 involved in the regulation of 

immune checkpoint molecules by knocking down mtp53 in a panel of either cancer cell lines 

of different origin. We found that KD of mtp53 decreased expression of immune checkpoints 

and, depending on cancer cell line, the number of decreased immune checkpoints expression 

ranged from one to five. These results indicate that mtp53 mediates upregulation of negative 

immune checkpoint molecules.  

Tregs-mediated CTLs suppression is an important mechanism of tumor extrinsic immune 

suppression [147]. Thus, we checked the expression of Foxp3, a well-known Tregs marker 

within TME of breast cancer patients. We detected higher level of Foxp3 in tumors carrying 
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mtp53 compared to wtp53. This implies that Tregs are enriched in mtp53 breast cancers to 

counteract infiltrated CTLs, thus promoting tumor immune evasion. These results corroborate 

elevated TIS score in mtp53 breast cancers: pre-existing CTLs infiltration, but suppressed by 

upregulated immune checkpoints in tumor cells and infiltrated Tregs. 

We showed that mtp53 gained new function to upregulate immune checkpoints in various 

cancer cell lines, and subsequently we tested whether Apr-246, initially identified in our lab 

as a mutant p53 activating compound, can reverse this process. We found that Apr-246 

repressed no less than three immune checkpoints out of PD-L1, HVEM, PVR, PVRL2 and 

CD276 in breast cancer cell lines SKBR-3, MDAMB-231 and MDAMB-468, while 

repressed at least one immune checkpoint in other four cancer cell lines. Thus, Apr-246-

mediated inhibition of negative immune checkpoint molecules might overcome tumor 

intrinsic mechanisms of evasion from CTLs immune surveillance. It’s been shown that co-

expression of multiple negative immune checkpoints is related to cancer cells’ resistance to 

immune checkpoint blockade [148]. We showed that Apr-246 was able to repress several 

negative immune checkpoints simultaneously, and therefore it would be beneficial to 

combine Apr-246 with immune checkpoint therapy to overcome tumor resistance. Indeed, 

Apr-246 and combination with pembrolizumab is now under clinical trials on solid cancers as 

can be tracked by identifier NCT04383938 in website of ClinicalTrials.gov.   

Previous studies have established that chronic and low-grade IFN activation is associated 

with pro-inflammatory and tumor-facilitating microenvironment [149] and resistance to 

immune checkpoint blockade [148]. Several recent findings revealed that epigenetic and 

targeted drugs that lead to acute activation of IFN facilitated anti-cancer immune cells 

infiltration [43, 44, 139], and increased sensitivity of tumor cells to immune checkpoint 

blockade [43, 150, 151]. Moreover, based on our findings described in paper I, 

pharmacological activation of wtp53 de-represses ERVs, followed by activation of IFN and 

downstream anti-cancer signaling [139]. Thus, our next aim is to explore whether Apr-246 

can activate IFN in cancer cells carrying mtp53. We detected that Apr-246 induced type I 

IFNs, type III IFN and downstream ISGs in human colorectal cancer cell line DLD-1, and 

human breast cancer cell line BT-549 and BT-20. Notably, Apr-246 mediated stimulation of 

IFNα and downstream gene STAT2 is p53-dependent. Thus, we determined that Apr-246 can 

activate IFN response in cancer cell lines.  

It’s worthy to mention that Apr-246 did not induce IFNs in several breast cancer cell lines, 

SKBR-3, MDAMB-231 and MDAMB-468. But Apr-246 repressed strikingly immune 

checkpoints expression in these cells. Furthermore, in cell lines where Apr-246 induced IFN, 

we did not observe good repression of immune checkpoints. On the contrary, in cell lines 

where Apr-246 had substantial repression of immune checkpoints, we saw repression of IFNs. 

In summary, Apr-246 can counteract mtp53-mediated escape from immune surveillance 

through either activation of IFN signaling or repression of immune checkpoint molecules in a 

context-dependent manner.  
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Our results showed that Apr-246 induced IFNs in several cancer cell lines including in 

MCO4, a murine fibrosarcoma carrying two different mtp53 species [152]. Furthermore, we 

also detected that Apr-246 induced cytokines involved in T cells attraction and production, 

such as CCL2, IL-12A/B and TNFα. Therefore, our final aim in paper III is to investigate 

whether Apr-246 can affect immune cells infiltration within TME of MCO4 syngenic mouse 

model.  

After the tumor size reached around 300 mm3, we started treatment with Apr-246 by i.p. as 

previously described [153] until day four and isolated tumor samples for FACS 

immunoprofiling of immune cell populations. We detected significantly higher CD4+ T cells 

infiltration in TME of Apr-246 treated mice. It’s been proved that CD4+ T cells can boost 

immune response by promoting activation and proliferation of CD8+ T cells, increasing 

antibodies production by B cells and killing tumor cells directly [154]. Thus, our results 

reveal that Apr-246 enhances CD4+ T cells mediated anti-tumor immune response. We also 

observed a significantly lower infiltration of CD8+ T cells in TME of Apr-246-treated mice. 

However, the CD8+ T cells were highly exhausted, with over 80% of PD-1+ in tumors from 

vehicle treated mice in comparison to lower than 60% of PD-1-positive CD8+ T cells in 

tumors of Apr-246 treated mice. Next, we further classified CD8+ T cells into PD-1 low and 

PD-1 high populations. We observed that 60% of all CD8+ T cells expressed high amount of 

PD-1 in TME of vehicle group mice, whereas only 20% of CD8+ T cells carried high level of 

PD-1 within tumors of Apr-246-treated mice. In addition, there was no significant difference 

of PD-1 low CD8+ T cell populations within tumors of mice from both groups. These results 

indicate that Apr-246 prevented the exhaustion of CD8+ T cells within TME.  

To summarize, we found that Apr-246 facilitates CD4+ T cells infiltration, while prevents 

CD8+ T cells exhaustion in TME of tumor bearing mouse model. It is still not clear to us, 

what is the mechanism of Apr-246 effect on immune cells infiltration and their functional 

polarization within TME. Further experiments are needed to clarify this and to find out how 

Apr-246 affects cytokine production in cancer cells and cancer-associated stromal cells, 

whether Apr-246 skew immune cells numbers in mouse spleen, and whether Apr-246 

promote CD8+ T cells functional markers expression, for instance, GZMB, Perforin and 

IFNγ. 
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5 SUMMARY AND CONCLUSIONS 

In my PhD study, I mainly worked with elucidation of molecular mechanisms of action of 

anticancer compounds, including both wtp53 and mtp53 activating compounds, and explored 

rational combination strategies to combat cancer more effectively.  

In paper I, we found pharmacological activation of wtp53 de-repressed ERVs by suppressing 

two repressors of ERVs: LSD1, a histone demethylase, and DNMT1, a DNA 

methyltransferase, which is followed by the induction of viral mimicry response and 

reactivation of antigen processing and presentation process within cancer cells. We also 

found that p53 activating stapled peptides promoted anti-tumor immune cells infiltration and 

synergized with anti-PD-1 immunotherapy in mouse models. Tumor samples form mice 

treated with either p53 activating stapled peptide or its combination with anti-PD-1 showed 

induction of viral mimicry response, corroborating findings in cancer cell lines. The data of 

patients undergoing clinical trials also showed activation of IFNs, ISGs and APP genes, in 

line with our finding in cancer cell lines and mouse models. In addition, tumor samples from 

two patients after receiving p53 activating stapled peptide, showed elevated TIS score, 

implying potential good response to immune checkpoint blockades. Our results support the 

notion that p53 activating peptide can synergize with anti-PD-1/PD-L1 immunotherapy and 

potentially guide new clinical trials of their combinations.  

In paper II, we observed that SULT1A1 was accumulated in TMX resistant breast cancer 

cell line MCF7-LCC2 and in liver metastasized breast tumors from patients who suffered 

from relapse after TMX. We confirmed that low dose of TMX could induce SULT1A1 

expression in both ex vivo patient samples and MCF7-WT cancer cell line. Furthermore, the 

KO of SULT1A1 sensitized MCF7-LCC2 cells to TMX. We then identified three anticancer 

compounds RITA, AF and ONC-1 and confirmed that their anti-cancer activity, including 

induction of ROS, DNA damage and apoptosis, was dependent on SULT1A1. Subsequently, 

we found the synergy between three compounds and TMX in cancer cell lines and in patient 

samples. Of note, RITA substantially reduced growth of TMX-unresponsive breast cancers 

compared to TMX-responsive breast cancer samples. Our results support that induction of 

SULT1A1 accounts for breast cancer resistance to TMX and provide rational combination 

therapies to solve this intractable issue.   

In paper III, we detected ongoing chronic inflammation characterized by elevated TIS score 

and IFN signaling in breast cancer patients carrying mtp53 compared to wtp53. We further 

proved the GOF of mtp53 to upregulate IFNs, which might be because of mtp53 mediated 

induction of ERVs in several cancer cell lines. Besides, breast cancers carrying mtp53 

showed enhanced infiltration of CTLs. In parallel, we observed higher Tregs co-existence, as 

well as significantly elevated expression of negative immune checkpoints within the TME, 

compared to breast cancers with wtp53, which in line with TIS score. We further proved the 

GOF of mtp53 to upregulate negative immune checkpoints. On one hand, Apr-246 

counteracted mtp53-mediated immune escape by suppression of immune checkpoint 
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molecules or activation of IFN response in cancer cell lines. On the other hand, Apr-246 

promoted CD4+ T cells infiltration and prevented CD8+ T cells exhaustion within TME of 

tumor bearing mouse models. Our findings reveal a new anti-cancer mechanism of Apr-246 

by promoting anti-tumor immune response, which can potentially guide the ongoing clinical 

trials and search for rational combination therapies.      
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6 FUTURE PERSPECTIVE 

In paper I, we found that pharmacological activation of wtp53 de-repressed ERVs, but on the 

contrary repressed SINEs and many LINEs. The reasons and mechanisms of selective 

activation of ERVs expression by p53 are still not clear. Several studies have demonstrated 

that there are p53 binding sites or response elements in genomic regions of ERVs, LINEs and 

SINEs. This implies that p53 regulates different types of repetitive elements via distinct 

mechanisms. Future studies are needed to clarify this. We found that pharmacological 

activation of wtp53 activated viral mimicry response in a broad range of human cancer cells, 

including A375 melanoma, SJSA-1 osteosarcoma, MCF-7 breast cancer, HCT116 colon 

cancer and patient melanoma samples, which enabled combination with anti-PD-1 

immunotherapy. Future studies are needed to confirm this effect on other types/subtypes of 

cancers, especially taking into account of precision medicine in clinical settings. Our findings 

uncovered that p53 activating stapled peptide ALRN-6924 activated IFN signaling, APP 

genes and TIS score in TME of melanoma patients, which strongly indicates the synergistic 

effect with anti-PD-1/PD-L1 immunotherapy. This can be used as guidance for clinical trials 

of ALRN-6924.    

In paper III, we found that mtp53 gained the function to upregulate ERVs and immune 

checkpoints in a panel of cancer cell lines, but not in all. Obviously, this novel GOF is 

context-dependent and probably cofactors interacting with mtp53 are involved in this process. 

Additional studies will help to discover these cofactors. Upregulation of multiple negative 

immune checkpoints is an important mechanism for resistance to ICB. Our findings revealed 

that Apr-246 could repress these immune checkpoints, which may overcome ICB resistance. 

This can potentially guide clinical trials for Apr-246.      
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