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ABSTRACT
Cancer is a multifactorial disease governed by oncogenes and tumor suppressors that not only
impact on the behavior of the cancer cells but also influence many processes in the surrounding
tumor microenvironment. The most studied tumor suppressor family is the p53 family, which
consists of the transcription factors p53, p63 and p73. While p53 is the most frequently mutated
gene in the cancer genome, for both p63 and p73, a shift in the balance between different
isoforms has been discovered and this deregulation of protein levels has been linked to tumor
progression and survival. P73 can be transcribed from two separate promoters resulting in a
tumor suppressing, full-length isoform (TAp73), and a N-terminally truncated version
(ΔNp73), which lacks the transactivation domain and thus possesses oncogenic properties.
Furthermore, alternative splicing in the C-terminus results in a number of additional isoforms.
P73 has been shown to be able to support and overtake many processes p53 is regulating.
However, p73 isoforms have also been shown to have p53-independent functions.
Understanding how different p53 family members regulate tumor development and
progression is essential for identifying possible treatment strategies.
In this thesis we identified several previously unknown roles for p73 isoforms in controlling
the tumor microenvironment. Firstly, we discovered that loss of TAp73 results in a NF-κBdependent upregulation of pro-inflammatory factors in breast cancer. Furthermore, this led to
a concurrent increase in tumor-promoting macrophage infiltration. Secondly, we identified a
role for ΔNp73 in the regulation of activating NK cell ligand expression on cancer cells.
However, we observed a concomitant upregulation of inhibitory NK cell ligands upon loss of
ΔNp73, leaving NK cell-mediated killing of tumor cells unaffected. Thirdly, a correlation
between high levels of ΔNp73 and HIF-1α protein was observed. We demonstrate that ΔNp73
increases HIF-1α protein stability by interfering with the expression of genes of the ECV
complex, normally involved in proteasomal degradation of HIF-1α. Finally, we further
strengthen the involvement of ΔNp73 in the process of multidrug resistance. ΔNp73 was found
to promote elevated expression of ABC transporters, ABCB1 and ABCB5, in breast cancer
and melanoma, thereby supporting the efflux of drugs from the cancer cells and increasing their
resistance to drug treatments.
Taken together, these findings highlight the significant contributions of p73 isoforms on tumor
progression and aid in unravelling the complex interactions of this network.
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1 INTRODUCTION
1.1 CANCER
According to the World Health Organization (WHO) cancer is the second leading cause of
death worldwide with every sixed death caused by cancer 1. A tumor is defined as a mass of
transformed cells proliferating at an abnormal rate, which can be benign or malignant.
Malignant tumors are considered cancerous and can invade the surrounding tissues as well as
spread to other organs resulting in metastasis.
Multiple factors play a role in the development and progression of cancer. Ten hallmarks have
been proposed to be essential for this process, including perpetual growth factor signaling,
avoiding cell death through apoptosis, changes in cellular metabolism and the continuous
accumulation of mutations through genetic instability (see Figure 1) 2.

Figure 1. The hallmarks of cancer by Hanahan and Weinberg.

Undeniably, one crucial factor tightly linked to cancer development and progression is the
body’s own immune system 3. Other factors such as oxygen regulation and angiogenesis are
also attributed a vast impact on cancer establishment 4. These fields of research together with
multidrug resistance will be discussed throughout this thesis.
Despite great achievements in the field of cancer research during recent years, numerous
elements remain unknown and further detailed understanding is needed to reach a point where
there can be effective treatment, or ultimately even a cure, for all people suffering from cancer.
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1.1.1 Oncogenes and Tumor Suppressors
Under normal circumstances, cell growth and division are tightly regulated processes where
multiple checkpoints must be passed before progression to prevent replication of faulty DNA.
Mutations in key regulator genes can lead to deviation in these processes and might result in
unlimited and unregulated cell division, regardless of errors in DNA replication.

Oncogenes
Oncogenes were discovered by chance while studying RNA viruses. It was found that some
viruses were able to transform normal cells to become cancerous. With time it was understood
that these viruses carry genes that interfere with cellular processes and induce uncontrolled
proliferation. These genes were called viral oncogenes. Back then, it was believed that all
tumors derive from viral infections. However, later it was shown that homologues of most of
these viral genes were present in the cellular genome and that viruses were not essential for
tumor development 5. This meant that we carry multiple so-called proto-oncogenes in our
genome, that can be converted into oncogenes and induce tumorigenesis. Often protooncogenes belong to classes of genes that regulate cell growth and differentiation and their
activation is strictly limited to specific events during cellular development. Proto-oncogenes
can be growth factors (EGF, VEGF), growth factor receptors (EGFR, VEGFR), signal
transducers (RAS, BRAF), protein kinases (SRC, ABL, AKT) and nuclear
oncogenes/transcription factors (MYC, HIF) 6,7. Upon changes in genetic configuration (such
as point mutations, amplifications or chromosomal rearrangements) these genes can become
constantly activated and turn into oncogenes as which they promote uncontrolled growth 8.
Oncogenes are therefore commonly referred to as the gas paddles of the cells.

Tumor suppressors
Conversely, tumor suppressors are usually called the brakes of the cells. Upon loss of their
function cells gain the ability to overcome the strict regulation of cellular growth and division
and gain the ability to replicate without hindrance. Tumor suppressors are genes that are often
involved in processes such as DNA repair and cell cycle control. Unlike oncogenes, both alleles
of the tumor suppressor gene must be altered to result in significant consequences for the cell.
This phenomenon is referred to as Knudson’s two-hit hypothesis. Tumor suppressor genes can
be dysfunctional due to deletion or inactivation, but also by epigenetic silencing or proteasomal
degradation 9. However, there are exceptions to this rule. One example will be discussed later
in the section P73.
Undisputable, the most famous tumor suppressor up to date is p53, which will be discussed in
more detail in the section ‘P73 – Part of the p53 family’ 10. Other major tumor suppressor genes
are retinoblastoma (Rb), p16, PTEN, BRCA1/2, CDKN2A and VHL 7,11,12, which are involved
in regulating cell cycle progression, DNA damage sensing or are negative regulators of protooncogenes.
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1.1.2 Breast Cancer
Breast cancer is the second most common cancer worldwide and the most common cancer in
women (see Figure 2). Even though tremendous efforts have been made to fight this disease
still in 2018 an estimate of 627,000 women died from breast cancer 13.

Figure 2. Cancer incidences in females worldwide.

Overall, even though a rise in incidence rates can be observed, breast cancer deaths have
declined dramatically over the last three decades by up to 40 percent. This is mainly due to the
implementation of screening programs that allow for detection of cancer at an earlier stage, but
also due to advances in cancer therapies 14. Compared to other cancers, breast cancer now
shows a rather good prognosis. In high-income countries the overall five-year survival rate for
women diagnosed with breast cancer lies around 91 percent, while ten-year survival reaches
84 percent 15. However, the statistics vary dramatically in low- and middle-income countries
where breast cancer is often detected at a later stage.
Anatomically, breast cancer can arise in the ducts (ductal carcinoma in situ (DCIS)) or in the
lobes (lobular carcinoma in situ (LCIS)) of the breast tissue (see Figure 3). However, only
DCIS has been found to progress to the stage of invasive breast cancer 16.
First line of treatment for breast cancer consists of surgery, either mastectomy (complete
removal of the breast) or breast-conserving surgery (removing only the tumor and surrounding
tissue). Surgery is often accompanied by radiation, chemotherapy, hormonal or targeted
therapy. Recently, for the first time an immunotherapeutic drug, namely a monoclonal antibody
against the immune checkpoint protein PD-L1, in combination with chemotherapy has been
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approved for triple negative breast cancer 17. Which treatment is selected depends on many
factors, including the type, stage and spread of the breast cancer and the patient’s age.

Figure 3. Anatomic location of breast cancer

Subtypes of breast cancer
Broadly, breast cancer can be classified into four molecular subtypes that differ greatly in
prognosis and treatment options 18.

Luminal A (HR+/HER2-)
The majority of breast cancers, almost 75 percent, belong to the group of hormone receptor
(HR) positive breast cancers. These cancers are defined by the expression of estrogen and/or
progesterone receptors (ER/PR) on the cell surface 19. ER is a nuclear hormone receptor that
functions as a transcription factor 20. PR is downstream of the ER signaling pathway, thus their
expression usually correlates 21. Typically, the Luminal A subtype has a rather good prognosis
due to a general good response to hormonal therapies. Patients with ER-positive cancers
usually benefit from endocrine therapy which is targeting ER, such as Tamoxifen and
aromatase inhibitors 22. However, these breast cancers usually do not respond well to
chemotherapies 23.
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Luminal B (HR+/HER2- or HR+/HER2+)
Breast cancers of the Luminal B type are classified by the expression of HRs, however show
lower levels than the Luminal A type. Additionally, some Luminal B tumors express the human
epidermal growth factor 2 receptor (HER2). HER2 is a tyrosine kinase receptor located in the
cell membrane, which is involved in cell proliferation and survival. In breast cancer, HER2 is
often upregulated due to gene amplification or overexpression. Autophosphorylation of HER2
heterodimers leads to the activation of signaling pathways important for cell proliferation and
survival, including PI3K/AKT and RAS/RAF/MEK/ERK 24. Usually, the Luminal B subtype
is also highly positive for Ki67 (>20%), a marker for rapid cell proliferation, which correlates
with poor outcome 25. This leaves Luminal B cancers with a worse prognosis compared to the
Luminal A subtype 26.
HER2-enriched (HR-/HER2+)
A small percentage of breast cancers show expression of HER2 without concomitant
expression of HRs. Even though this group had the worst prognosis before, the current standard
treatment are targeted therapies against HER2, which led to a drastic improvement of survival.
So far, a few distinct options have been approved to target HER2: humanized monoclonal
antibodies, such as trastuzumab; small molecular receptor tyrosine kinase inhibitors; and an
antibody drug conjugate of trastuzumab 27-29.
Triple negative breast cancer (HR-/HER2-)
The final group is a heterogeneous group termed triple negative breast cancer (TNBC), which
is defined by the absence of HR and HER2 expression and accounts for around 15-20% of all
breast cancers 30. This group can be further divided into prognostically significant subtypes
depending on their gene expression, including basal-like 1, basal-like 2 and
immunomodulatory. Actually, 80% of TNBCs show mutations in p53 and p53 expression has
been correlated with poor prognosis 31.TNBCs are considered to have the worst prognosis of
all breast cancer subtypes, showing a five-year survival rate of around 77 percent.
Unfortunately, so far, systemic treatment options are limited to different cytotoxic agents,
highlighting a great need for improved therapeutic interventions 32.

1.1.3 Malignant Melanoma
Uncontrolled proliferation of melanocytes that are located in the basal layer of the epidermis
can give rise to melanoma. The incidence of melanoma has increased drastically over the last
half century, with a clear upwards trend in Australia, Europe and North America. Representing
only five percent of all skin cancers, melanoma is classified as the most aggressive type of skin
cancer with median survival times of 8-12 months and it accounts for most of skin cancerrelated deaths 33. If diagnosed early, simple surgery can resolve the problem. However, due to
its aggressive nature melanoma usually spreads quickly to other organs, preferentially to the
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lungs, liver and brain 34. Melanoma is often driven by mutations in signaling pathways
controlling cell proliferation, growth, apoptosis and replicative lifespan of the cell. Thus,
mutations in genes like BRAF, PTEN, P53 and TERT are commonly found in melanoma cells
35
. Furthermore, families carrying hereditary mutations in the CDKN2A gene have an increased
risk of developing melanoma 36. CDKN2A is involved in the regulation of cell cycle
progression through governing the G1 checkpoint and inducing stable p53 expression 37. As it
is the case for breast cancer, Ki67 is used as a prognostic marker in melanoma to identify high
cell proliferation, which correlates with the aggressiveness of the cancer 38.
Previously, surgery and chemotherapy were the only treatment strategies for melanoma. Today,
several targeted therapies are available for the treatment of melanoma. One of the most
promising and frequently used strategy is to target BRAF in patients with BRAF mutations,
using inhibitors such as vemurafenib 39. Additionally, immune check point inhibitors were
found to have impressive effects regarding long-term survival, at least in a subset of patients,
compared to other treatment options. The anti-CTLA-4 antibody ipilimumab and antibodies
targeting the PD-1 receptor on T cells, such as pembrolizumab and nivolumab, are standard
treatment of care and often used in combination to treat late stage melanoma 40.
Even though these new types of therapies have led to significant improvements regarding
overall survival, mortality rates are continuously rising. This is due to increasing numbers of
cases as well as rapid development of resistance to therapies such as BRAF inhibitors 41,42,
displaying the need for further research on melanoma.

1.1.4 The Tumor Stroma
Unlike one could believe, the tumor site not only consists of rapidly dividing tumor cells.
Instead, the surrounding microenvironment of a tumor usually contains a complex mix of cell
types of different origin (see Figure 4). Various cells of the innate and adaptive immune system
can be found in the tumor microenvironment (TME), such as macrophages, dendritic cells,
myeloid derived suppressor cells (MDSCs), NK cells, different subtypes of T cells and even B
cells. Furthermore, endothelial cells and pericytes, that compose blood vessels and are essential
for angiogenesis, make up an important part of the tumor stroma. Fibroblasts that get converted
into cancer-associated fibroblasts (CAFs) which produce collagen fibers and aid in building up
the extracellular matrix (ECM), are regular constituents of the tumor stroma 43.
The majority of these cells are components of the normal tissue stroma with intrinsic antitumoral capabilities, but are highjacked by the tumor cells to tolerate and even promote tumor
growth. Other cells, such as most of the immune cells, get recruited to the tumor site by
cytokines and chemokines released by the tumor and are then ‘educated’ by the suppressive
environment to support tumor growth 44. The tumor stroma plays an essential role in tumor
development and progression. The constant bilateral exchange of signals between tumor cells
and cells of the tumor stroma allows for continuous growth and even invasion and metastasis
of the tumor 45.
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Figure 4. The tumor microenvironment – host to a variety of stromal cells.
Even though each single cell type represented in the tumor stroma is of importance for tumor
progression, for the scope of this thesis only macrophages and natural killer cells will be further
discussed in detail.

1.1.5 Macrophages
Macrophages belong to the innate branch of the immune system and are involved in a variety
of processes assisting in keeping homeostasis in the body. Resident macrophages can be found
in almost any tissue and are termed differently depending on their location (Langerhans cells
in the skin, Kupffer cells in the liver, microglia in the brain or alveolar macrophages in the
lung). On one hand, macrophages can originate from bone marrow-derived monocytes that
circulate through the blood and get recruited to the tissue in case of infection or to replenish
tissue-resident cells. On the other hand, tissue-resident macrophages can have their origin in
the yolk sac and the fetal liver, where all macrophages are produced during embryonic
development 46,47.
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During infection macrophages participate in the first line of defense. Macrophages possess a
range of pattern recognition receptors (PRRs) that can recognize pathogen-associated
molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs) that are
intrinsic to pathogens and foreign particles. Upon activation, macrophages release different
cytokines and proinflammatory mediators, reactive oxygen/ nitrogen species (ROS/ RNS) and
antimicrobial peptides. As their name macrophage (Greek, “big eater”) suggests they can
engulf pathogens by phagocytosis and lyse them inside phagolysosomes located in their
cytoplasm 48. Macrophages can also act as antigen presenting cells via their MHC class I and
II receptors, even though they do so less efficiently than dendritic cells 49.

Macrophages show a high grade of plasticity, implying that they can easily change activation
state depending on the factors they receive from their surroundings. Exposed to factors like
interferon γ (IFN-γ), lipopolysaccharide (LPS) or granulocyte-macrophage colony stimulating
factor (GM-CSF) they acquire a pro-inflammatory (classically activated) state which allows
for stimulation of T cells. Surface markers that define this activation state include CD80, CD86
and high expression of MHC class II. On the other hand, if factors like interleukin 4 (IL-4) and
IL-13 prevail macrophages turn into an anti-inflammatory (alternatively activated) self which
is crucial in tissue maintenance and wound healing 50. This activation state is accompanied by
surface expression of markers such as CD206, CD163, and CD204 51,52. However, depending
on their surrounding environment macrophages can adapt easily and acquire any stage in
between these two extremes 53. Due to the great plasticity macrophages display there has been
an ongoing discussion in the field how to uniformly define different macrophage populations
and activation states 54.

1.1.5.1 Tumor-associated macrophages
Macrophages are present in the microenvironment of most cancers and usually constitute a
critical mass of the tumor stroma 55. Importantly, high macrophage infiltration strongly
correlates with poor patient survival 56,57. It has been shown that cancer cells express cytokines
and chemokines (e.g. colony stimulating factor 1 (CSF-1) and C-C motif chemokine ligand 2
(CCL2)) that attract bone marrow-derived monocytes from the blood into the tumor
microenvironment where they mature into macrophages. These tumor-associated macrophages
(TAMs) are exposed to distinct stimuli (IL-4, IL-10, transforming growth factor β (TGF-β))
released by the cancer cells favoring an anti-inflammatory and tumor-promoting state of these
cells (see Figure 5) 58. TAMs, in return, initiate the secretion of pro-tumorigenic cytokines like
IL-10, TGF-β and factors such as arginase 1 (Arg1), thereby promoting an immunosuppressive
environment and the direct inhibition of cytotoxic T cells. Furthermore, they release factors
including vascular endothelial growth factor A (VEGFA) and matrix metalloprotease 9
(MMP9), which promote angiogenesis and result in an increased invasive behavior of the tumor
cells 59. This type of heterotypical signaling between cancer cells and the surrounding stroma
is critical for tumor progression 60.
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Figure 5. Plasticity of the activation state of macrophages and tumor promotion.

Consistent with their great plastic potential, distinct subsets of TAMs can be encountered in
different regions of the TME. Hypoxic areas are found to harbor TAMs with greater tumorpromoting activity which were also defined to be more pro-angiogenic. As the tumor
progresses these pro-tumoral TAMs get more abundant and overrule other, less tumorpromoting, TAM populations 61.

1.1.5.2 Targeting macrophages in cancer
Due to the vast impact TAMs have on cancer progression, a lot of focus has been put on
targeting macrophages in cancer. Several strategies have been tested, including complete
depletion of macrophages, as well as shifting their activation state to a pro-inflammatory profile
62
. Listed below are some of the strategies currently tested in the clinics.

Eliminating TAMs and blocking TAM recruitment
Clodronate and Zoledronic acid are two small molecules belonging to the group of
bisphosphonates. They have been shown to effect tumor growth directly and indirectly, by
exerting apoptotic effects on macrophages, and are therefore currently investigated in clinical
trials 63. Trabectedin is another small molecule that, besides its direct effects on tumor cells,
was found to affect macrophage viability by inducing caspase 8 activation, thereby promoting
apoptosis 64.
Additionally, several studies have shown the effectiveness of targeting the CCL2/CCR2 or
CSF/CSFR axis to inhibit TAM recruitment 65,66. However, at least when inhibiting CCL2,
monocytes were retained in the bone marrow and released upon treatment cessation, resulting
in increased metastasis in mice 67.
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Repolarizing TAMs towards an anti-tumoral state
Several strategies are currently investigated to repolarize TAMs into an anti-tumoral state. One
of these strategies is using monoclonal antibodies against CD47, a protein commonly
overexpressed by tumor cells, which binds to thrombospondin 1 and signal regulatory proteinα (SIRPα) on macrophages and inhibits phagocytosis. Strikingly, CD47 blockage allows for
macrophage-mediated destruction of tumor cells 68. Furthermore, agonists for toll-like
receptors (TLRs) can be used to stimulate an anti-tumoral state in macrophages and were
shown to have promising tumor-reducing effects 69.
Macrophages also express CD40, a member of the TNF receptor family, which when activated
promotes a pro-inflammatory state of the cells. Agonistic anti-CD40 antibodies were found to
induce MHC expression on macrophages and result in tumor regression in mouse models 70.
Another promising target is the MARCO receptor on macrophages, which when blocked leads
to a switch in macrophage activation status and was shown to reduce tumor burden, especially
when combined with checkpoint inhibitors 71. Furthermore, inhibition of the myeloid-specific
PI3Kγ pathway induced expression of MHC class II as well as of pro-inflammatory cytokines.
At the same time, it reduced expression of Arg1, the enzyme responsible for conversion of Larginine into ornithine and urea in TAMs. Importantly, low PI3Kγ activity correlated with
enhanced patient survival 72.
Alike T cells, TAMs express programmed cell death protein 1 (PD-1) 73. PD-1 is an example
of an immune checkpoint receptor found on certain types of immune cells. Binding of its ligand
PD-L1, which is commonly expressed by cancer cells, leads to immune tolerance and
suppression of an anti-tumor immune response. Checkpoint blockade inhibitors are used to lift
the negative regulation and instead promote an active anti-tumor immune response 74.
Therefore, checkpoint blockade inhibitors might also be useful in targeting TAMs and improve
T cell-dependent immunotherapies 73.

1.1.5.3 TAMs in breast cancer
As for many other cancer types, high infiltration of TAMs in breast cancer correlates with poor
prognosis 75. In breast cancer, CD163 expression on TAMs was found to correlate with poor
overall survival 76. TAM infiltration correlates with a worse prognosis also in the TNBC
subtype. Additionally, presence of proliferating macrophages was linked to HR negativity and
basal-like cancer 77,78. Furthermore, TAM infiltration was linked to higher chemoresistance in
breast cancer 79.
In human breast cancer at least two distinct types of TAMs have been identified, a migratory
subtype, that promotes metastasis and shows expression of MHC class II, and a sessile subtype,
that is tumor-promoting and expresses CD206 on its surface. The migratory TAM subtype was
described to be located in perivascular areas, whereas the sessile TAMs were found in hypoxic
areas and at the tumor-stroma border 80. Furthermore, a subtype of TAMs was identified which
is associated with bone metastasis in breast cancer. These TAMs express high levels of CD204
10

and IL-4 receptor (IL4R). Upon blocking of IL4R outgrowth of bone metastasis was
significantly reduced 81. Additionally, recently a subset of TAMs was described to express high
levels of podoplanin which supports the binding to lymphatic vessels and promotes
lymphoinvasion in breast cancer 82. Clearly, distinct subsets of TAMs exist in breast cancer and
identification of their functions is necessary for the development of macrophage-targeted
treatment strategies.

1.1.6 Natural killer cells
Like macrophages, natural killer (NK) cells belong to the innate immune system. However,
their mode of action is entirely different. NK cells are able to recognize body-own infected,
stressed or transformed cells and eliminate them without the need for prior priming, as it is the
case for T and B lymphocytes of the adaptive immune system 83.
Compared to other cell types of the immune system, NK cells were discovered rather late, in
1975 84. How NK cells are able to distinguish between healthy and infected cells was proposed
a few years later. It was concluded that NK cells must detect receptors on the surface of bodyown cells which would inhibit them to get activated. These receptors were identified to be
human leukocyte antigen (HLA) molecules. Loss or alteration of HLA expression upon
infection or transformation of cells allows for the initiation of a NK cell response. This was
termed the missing-self-hypothesis 85,86.
Nowadays, we know that NK cells display a multitude of activating and inhibiting receptors
on their cell surface and NK cell activation is regulated by the balance of all incoming stimuli.
Upon activation, NK cells degranulate and release granzyme B and perforin into the
surroundings, damaging target cells and forcing them to undergo apoptosis 87. NK cells can
also release cytokines and chemokines, such as IFN-γ, tumor necrosis factor α (TNF-α) and
CCL5, to stimulate an immunological response, recruiting additional immune cells to the site
of infection 88.

Inhibitory NK cell receptors:
Inhibitory NK cell receptors are fundamental for the tolerance of healthy cells of the body.
These types of receptors recognize HLA class I molecules that are present on the surface of all
cells of the body. During their development NK cells undergo an ‘educational’ process and get
eradicated if they falsely get activated by body-own cells to prevent the development of
autoimmune diseases. A group of well-studied inhibitory receptors on NK cells are the killercell immunoglobulin-like receptors (KIRs) which recognize HLA-A, B and C molecules 89.
Another inhibitory receptor on NK cells consists of the heterodimer NKG2A/CD94 and
specifically binds to HLA-E 90.
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Activating NK cell receptors:
Activating NK cell receptors are essential for detecting unhealthy cells, such as stressed or
infected cells, which often upregulate specific ‘stress’ ligands on their surface. One of the most
studied activating receptors on NK cells is the NKG2D receptor. NKG2D signals as a
homodimer and has eight different ligands which are all MHC class I related molecules. In
humans these include MICA, MICB and UL binding protein 1-6 (ULBP1-6) 91. Another group
of major NK cell activating receptors comprises natural cytotoxic receptors (NCRs), NKp46
(NCR1), NKp44 (NCR2) and NKp30 (NCR3). NKG2C is one more example of an activating
NK cell receptor. Competing with NKG2A it also binds to HLA-E, however with lower affinity
92
. The surface receptor CD16 on NK cells also acts as an activating receptor by binding the Fc
part of antibodies and inducing antibody-dependent killing by NK cells 93. Finally, besides
inhibitory KIRs, also a group of activating KIRs can be found on NK cells 89.

Figure 6. Interaction of NK cells with target cells

As mentioned previously, a fine balance of the stimulation of inhibitory and activating
receptors determines the fate of the NK cells, either getting activated to fight or staying neutral
and tolerate (see Figure 6) 94.
In humans, NK cells derive mainly from progenitors in the bone marrow and make up 10-15%
of mononuclear cells in the blood. They are commonly defined as CD3-CD56+ and can be
further divided by the extent of CD56 expression. The majority of NK cells is CD56 dim which
concurs with greater ability to kill target cells and goes along with the expression of the surface
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receptor CD16. CD56 bright NK cells are considered to be active cytokine producers and less
efficient in target cell killing and show no or dim CD16 surface expression 95.
Circulating NK cells in the blood are usually in a resting state but can be activated by cytokines
such as, interleukin 2 (IL-2) and interleukin 15 (IL-15), which are typically released at sites of
infection or neoplastic growth. Activation by IL-2 or IL-15 promotes differentiation and
proliferation of NK cells and enables production of perforin and granzyme B 96. Even though
IL-2 and IL-15 use similar IL2 receptor units, IL-15 has been shown to be a stronger activator
of NK cells, rendering them more resistant to inhibition by oxidative stress 97,98.
Normally, upon activation NK cells are short lived. They perform their task, killing target cells,
until they get exhausted and undergo apoptosis.

1.1.6.1 NK cells in cancer
As mentioned above, NK cells have the intrinsic ability to detect transformed cells 83. They are
therefore believed to exert an important role in immunosurveillance by detecting and
eliminating tumor cells at an early stage. However, in the progression of tumor development
they become overwhelmed by the immunosuppressive milieu. Interestingly, the NK cell
population in non-small cell lung cancer was found to be enriched in cytokine producing CD56
bright NK cells and these NK cells were found to have a lower capacity of killing tumor cells
99
. Nonetheless, high NK cell infiltration has been associated with better clinical outcome in
several types of cancer 100-102.
NK cell function is often compromised dramatically by tumor-promoting cell types. TAM or
neutrophil derived arginase I-dependent depletion of L-arginine reduces NK cell proliferation
and diminishes IFN-γ production by NK cells 103. Furthermore, TAMs and MDSCs impair NK
cell function by releasing immunosuppressive cytokines such as IL-10, prostaglandin E2
(PGE2) and TGF-β, which reduce NK cell activation and additionally attract more immune
suppressive cell types like regulatory T cells (Tregs) 104. Tregs are capable of directly inhibiting
NK cells by surface expression of TGF-β which was found to induce downregulation of the
NKG2D receptor on NK cells 105.
Furthermore, a regulatory NK cell phenotype has been identified. These regulatory NK cells
were shown to release anti-inflammatory cytokines, IL-10 and IL-13, while also producing proinflammatory cytokines belonging to their normal repertoire (IFN-γ, TNF-α). These additional
cytokines were sufficient to shift the balance and inhibit not only dendritic cells and
macrophages, but also T cells 106,107. The exact role of regulatory NK cells still needs to be
precisely defined.
Tumor cells often present aberrant expression of NK cell receptor ligands on their surface. One
example are the ligands for NKG2D that are commonly upregulated on transformed cells as an
indication of stress and NKG2D has been shown to be an important mediator of cancer
immunosurveillance 108. Cancer cells, however, have developed ways to overcome this
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mechanism by shedding NKG2D ligands. On one hand, this prevents NK cell killing as no
activating ligand is detected. On the other hand, it also impairs NKG2D expression on NK and
T cells as a result of continuous receptor stimulation 109.
In addition, MHC class I receptors are often downregulated by cancer cells to overcome
immunosurveillance by T cells 110. Even though, theoretically, NK cells should get activated
upon recognizing these tumor cells they were found to exist in an anergic state in MHC class
I-deficient tumors 111, proving the effective strategies of cancer cells to overcome immune
surveillance.
NK cells have recently moved into the spotlight of attention for their use as immunotherapies
of different cancers. Especially different types of hematopoietic cancers benefited from NK
cell-based immunotherapies 112,113.

1.1.6.2 NK cells in breast cancer
As mentioned previously, infiltration of NK cells into the tumor microenvironment correlates
with better survival in breast cancer patients 100. Furthermore, breast cancer patients with high
expression of NKG2D ligands, MICA/B and ULBP2, had improved outcome with increased
relapse-free periods 114. However, natural killer activity of peripheral blood mononuclear cells
was significantly reduced in patients with breast cancer, suggesting suppressed NK cell
function in cancer 115.
Nonetheless, NK cells are important contributors to current treatment strategies for breast
cancer. NK cells were shown to infiltrate the TME after treatment with HER2-targeted
therapies. Actually, these NK cells actively contribute to the anti-tumor effects of the HER2
antibody treatment through their ability of antibody-mediated cellular cytotoxicity (ADCC) 116.
In TNBC, an antibody targeting epidermal growth factor receptor (EGFR), which is often
upregulated in basal breast cancer, has been described to elicit ADCC mediated by NK cells
117
. Taken together, NK cells as well as NK cell ligands on cancer cells play a critical role in
immune evasion and treatment strategies in breast cancer.

1.1.7 Inflammation and cancer
In 1863, the German physician Rudolf Virchow noted infiltration of leukocytes into the tumor
site and made a first connection between cancer and inflammation 118. Since then the
consequences of inflammatory processes have been described in detail, from the initial steps
of tumor development up to its influence on metastatic growth. Importantly though, several
scenarios have to be distinguished in the context of cancer inflammation 119.

14

Acute inflammation
Acute inflammation is the normal reaction of the body’s immune system to a potential threat
to the body. Immune cells get recruited to the site which produce inflammatory cytokines and
release ROS into the environment to kill the intruder. In case of cancer, acute inflammation is
a desired process. Activated immune cells have the ability to recognize and kill cancer cells
and potentially resolve the issue. In fact, most pre-cancerous lesions are detected by the
immune system and eliminated before any damage has been made to the body, which has been
termed cancer immunosurveillance 120.

Extrinsic chronic inflammation
If the immune system fails to clear the initial threat this can lead to chronic inflammation, which
leaves a constantly activated immune system localized to a specific organ/site. The continuous
release of inflammatory signals as well as factors such as ROS can result in damage to the
tissue and induce mutations in surrounding cells. Furthermore, the release of growth signals
can promote abnormal cellular growth. There are several examples where chronic
inflammation is linked to cancer development. Infection with Helicobacter pylori has been
correlated with increased risk of developing gastric cancer 121. Human papilloma virus (HPV)
has been linked to cervical cancer and viruses of the hepatitis family can cause hepatocellular
carcinomas 122,123. As these examples indicate, extrinsic chronic inflammation is caused by
factors extrinsic to the cancer cells.

Intrinsic chronic inflammation
Intrinsic chronic inflammation, on the other hand, indicates that the stimulus underlying the
chronic inflammation originates from the cancer cell itself. During the process of a cell
becoming cancerogenic mutations occur that can affect the interaction with the immune system,
such as oncogene-driven production of inflammatory signals. This continuous release of
inflammatory factors leads to the recruitment and infiltration of immune cells and the
establishment of a chronic inflammation 124.

The concept of immunoediting includes three stages of tumor-immune system interaction.
Elimination, which involves acute inflammation and the potential complete eradication of the
tumor. A state of equilibrium, where the immune system is fighting the cancer, but the tumor
cells are continuously proliferating and mutating. And finally, escape, where some clones
manage to evade the detection of the immune system and start to edit the immune system for
its benefits 120.
Chronic inflammation, either intrinsic or extrinsic, is considered favorable for tumor growth
due to the continuous selection of tumor cell clones able to escape recognition and elimination
by the immune system. Additionally, as discussed above in the chapter ‘The Tumor Stroma’,
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immune cells recruited into the TME are educated by the tumor to support it with growth
factors, prevent it from being attacked by the immune system and facilitate invasion and
metastasis 44. Currently, researchers are investigating strategies to shift the inflammatory
profile away from a chronic and more to an acute stage, where immune cells are released from
their inhibitions and are able to exert their anti-tumoral potential. Immunotherapies, such as
checkpoint therapies, are developed on this underlying principle 125.
Intriguingly, TAMs are firmly engaged in the relationship between cancer and inflammation.
By secreting pro-tumoral cytokines they are actively shaping an immunosuppressive
environment 59.

1.1.8 The NF-κB Pathway
The NF-κB pathway is known as the master regulator of inflammation since it is involved in
the regulation of almost all processes related to inflammation. This pathway comprises a key
family of transcription factors, which can form several different homo- and heterodimers. The
NF-κB family consists of p65 (RELA), p105 /p50 (NFkB1), p100/p52 (NFkB2), RelB (RELB)
and c-Rel (REL).

Figure 7. The NF-κB pathway, its activators and targets.
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A multitude of stimuli can lead to the activation of the NF-κB pathway that can be divided into
a classical (canonical) and an alternative (noncanonical) pathway (see Figure 7). Stimuli
include viral and bacterial proteins, DNA damage, oxidative-stress, necrotic bi-products, or
pro-inflammatory cytokines. The most common ligands for the classical NF-κB pathway are
LPS, TNF-α and IL-1. Upon binding of the ligand to the receptor the IKK kinase complex gets
phosphorylated and in turn induces the phosphorylation of IκB, which then gets ubiquitinated
and degraded. IκB is usually bound to p65 and retains it in the cytoplasm of the cells. However,
upon its degradation p65/p50 is released and can translocate into the nucleus where it binds to
its target genes and initiate their transcription 126.
The alternative pathway, on the other hand, gets activated by specific ligands that belong to the
TNF superfamily such as CD40 and RANKL. The alternative pathway acts slower than the
classical pathway and mainly relies on p52/RelB heterodimers for transcriptional activity 127.
Depending on the stimulus and on its binding partners NF-κB can activate the expression of
different groups of target genes, which can belong to cytokines and chemokines, proliferation
signals, anti-apoptotic factors, angiogenic regulators or matrix metalloproteinases 128.

1.1.8.1 NF-κB in cancer
The NF-κB pathway plays a bit of a dual role in cancer. On one hand, it is fundamental for proinflammatory processes and essential for anti-tumoral functions of immune cells 129,130. On the
other hand, NF-κB activation in cancer cells promotes their survival and proliferation, while
suppressing apoptosis. Besides that, NF-κB induces chronic inflammation promoting a tumorsupporting microenvironment and has been reported to influence epithelial-to-mesenchymal
transition (EMT), invasion and metastasis, as well as angiogenesis. It has also been found to
contribute to therapy resistance. For these reasons, it is well established that activation of the
NF-κB pathway is heavily involved in cancer development and progression 131.

1.1.9 Hypoxia
Hypoxia is defined as reduced oxygen levels compared to the regular state. Oxygen levels vary
greatly within the body, however, on average physiological oxygen levels in tissues lie around
five percent 132. Hypoxic regions can be found in most solid tumors due to rapid and
uncontrolled cell growth. Inflammation also contributes to hypoxia because of increased
metabolic activity and infiltration of immune cells that contribute to increased cellular density
in the tissue 133.
Under normal conditions, e.g. the presence of sufficient oxygen, oxygen sensing prolyl
hydroxylases (PHDs) drive the hydroxylation of a group of hypoxia inducible factors (HIF-1α,
HIF-2α and HIF-3α; in this thesis the focus will be on HIF-1α). This hydroxylation allows then
binding of the von Hippel-Lindau (VHL) protein to HIF-1α which consequently results in the
polyubiquitination of HIF-1α by an E3 ligase complex that consists of Rbx1, Cullin 2, Elongin
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B and Elongin C (ECV complex) 134. The polyubiquitination by the ECV complex leaves HIF1α as a target for rapid degradation by the proteasome (see Figure 8) 135.
In case of a hypoxic environment the PHD enzymes cannot exert their function, which results
in increased stability of HIF-1α and can therefore enter the nucleus where it dimerizes with its
co-factor HIF-1β, binds hypoxia responsive elements (HREs) and activates transcription of its
target genes.

Figure 8. The HIF-1α pathway under normal or low oxygen conditions.

HIF-1α acts as a major transcription factor regulating numerous genes involved in
angiogenesis, such as VEGF. Besides that, HIF-1α has been reported to transcribe genes
relevant in EMT, metastasis and chemo- and radio-resistance 136. Hypoxia also exerts an impact
on immune cells in the tumor microenvironment, promoting the suppressive functions of tumor
associated macrophages and regulatory T cells 137,138. Interestingly, hypoxia also affects
inflammation and several reports highlight a dynamic crosstalk between the hypoxia pathway
and the NF-κB pathway 139-141. Importantly, hypoxia and hypoxic gene expression is usually
associated with poor patient survival 142.

1.1.10 Angiogenesis
Unavoidably, the continuous, uncontrolled growth of tumor cells reaches a point where oxygen
and nutrition levels are insufficient for cellular survival and where waste products cannot be
cleared from the TME. As discussed in the previous section (‘Hypoxia’), low oxygen levels
drive the expression of an adaptational cellular program to overcome these obstacles by
inducing angiogenesis. This point is referred to as angiogenic switch and is essential for
advanced tumor growth 143. Angiogenesis is the process of blood vessel formation by
endothelial cells. Blood vessels are comprised of endothelial cells and covered by pericytes,
which are stromal cells that give structural support to the vessels. Upon pro-angiogenic cues
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like VEGFA (or VEGFC, which induces lymph vessel formation), VEGFR2 gets activated on
endothelial tip cells which induces sprouting and proliferation of the cells. Endothelial tip cells
migrate towards the cytokine gradient followed by stalk cells extending the sprout and forming
the lumen. Platelet-derived growth factor B (PDGFB) is expressed by sprouting endothelial
cells and leads to the recruitment of pericytes to stabilize vessel formation. Sprouting and
branching of the vessels continues until an organized network has been constructed to support
the tissue with sufficient oxygen 144.
In cancer, angiogenesis is needed for oxygen supply and the transportation of nutrients to as
well as waste products from the tumor 143. However, unlike angiogenesis in healthy tissues, in
tumors this process is less strictly regulated resulting in unorganized and leaky blood vessel
formation. This prevalent leakiness increases vessel permeability and the ease of cell migration,
hence, increasing the metastatic potential of the tumor 145. As mentioned earlier (see section
‘Tumor associated macrophages’), TAMs play a significant role in tumor angiogenesis. TAMs
as well as tumor cells in hypoxic areas induce the expression of VEGF which drives the process
of angiogenesis. Furthermore, by expressing MMPs, TAMs are able to remodel the
extracellular matrix to create space for vessel formation 146.
Angiogenesis correlates with poor survival in many cancer types and multiple strategies to
target this process have therefore been investigated 147-149. Several drugs have been approved
as anti-angiogenic therapy, most of them targeting members of the VEGF family. However,
side effects and the fact that tumor cells manage to become resistant and escape therapeutic
intervention has so far limited feasible treatment strategies 150.

1.1.11 Multidrug Resistance in Cancer
There are plenty of drugs against cancer available on the market and often they show tumorreducing effects at first. However, tumors are extremely heterogeneous. Clonal heterogeneity
exists intra-tumoral, within the primary tumor, as well as between primary tumor and metastatic
lesions, due to a constant turnover and mutational load, but it is also caused by therapeutic
pressure 151. Often a single drug is effectively killing most of the tumor cells resulting in
remission. However, a few clones might be able to survive the treatment and allow regrowth
of the tumor 152. To overcome single drug resistances physicians started treating cancer patients
with combinations of chemotherapies with different modes of action, which helped to reduce
drug resistances. Even though combinational therapies showed greater effects than single
treatments efficiency plateaued at some point. Also, against more recent cancer therapies, such
as targeted therapies and immune checkpoint therapies, cancer cells have been shown to
develop resistance 153.
In case of chemotherapy tumor cells have been described to utilize different ways to evade
killing. One frequent mechanism involves the upregulation of specific proteins located in the
cell membrane that act as transporters for various molecules to pump them out of the cell. The
largest group of these transporters is the ATP-binding cassette (ABC) family, many of which
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members are often found to be upregulated in different cancer types, including breast cancer
154,155
. (This will be discussed in more detail in the results and discussion part of Paper IV).
Strikingly, it seems tumor cells have an extreme ability to adapt, in order to ensure their
survival. It is therefore a huge challenge to overcome multidrug resistance in cancer, which, if
ever resolved, will save millions of lives.
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1.2 P73
1.2.1 Part of the p53 Family
TP73 is a gene that is part of the p53 family together with TP53 and TP63. TP53 is the most
studied tumor suppressor gene existing to date 10. The proteins of p53, p63 and p73 function as
transcription factors for a variety of target genes including players fundamental in the
regulation of cell cycle arrest and apoptosis such as p21 and Bax, as well as MDM2 that is the
main negative regulator of p53 stability 156. Activation of the members of the p53 family can
be induced by multiple internal and external stimuli. These include DNA damage, hypoxia,
NTP depletion and oncogene activation among others 157. All members of the p53 family share
both structural and functional homology. In general, the protein structure contains a
transactivation domain (TAD), a DNA binding domain (DBD) as well as an oligomerization
domain (OD). All three family members contain proline rich sequences (PR), but only the p63
and the p73 gene contain a sterile alpha motive domain (SAM) at the C terminus (see Figure
9). Proteins of the p53 family can form tetramers of homo-complexes, in the case of p53, or
hetero-complexes, p63 and p73, and can bind to the same DNA sequences since they share
100% homology in the residues interacting directly with DNA 158,159.

Figure 9. Structural similarities within the p53 protein family.
(Percentages indicate structural homology with p53.)

The cellular availability of p53 family members is tightly regulated at a post-translational level
by ubiquitination. MDM2 is the best studied E3 ubiquitin ligase found to modulate the
transcriptional activity of p53, p63 and p73 160. Due to its crucial regulation of p53 activity,
MDM2 has been termed the gatekeeper of p53. Under normal conditions MDM2 binds to p53
and ubiquitinates it, which leads to p53’s proteasomal degradation. Furthermore, MDM2 can
also bind to the TAD of all proteins of the p53 family, thereby inhibiting their transcriptional
activity 161. On top of that, a recent study suggests the involvement of MDM2 in ubiquitination
and proteasomal degradation of p73 162. Upon cellular stress p53 gets phosphorylated at Ser15
by stress-induced kinases (ATM, ATR, c-Abl), which disables binding of MDM2, thus
allowing for protein stability 163. Additionally, MDM2 levels are reduced upon stress signals
which releases the inhibition on p53 and the other family members 164. In turn, MDM2
expression was shown to be partly regulated by p53 family members, indicating an
autoregulatory feedback loop on p53 activation 165. An important regulator of p73 proteins is
21

the ubiquitin-protein ligase Itch. P73, as well as p63, have been reported to bind Itch, which
leads to their proteasomal degradation 166,167. Upon DNA damage, Itch is downregulated which
lifts Itch-mediated degradation and allows for accumulation of p73 and p63 proteins.
Opposingly, YAP-1 (Yes-associated protein 1) binds the same region of p73 as Itch and thereby
interferes with Itch-dependent p73 degradation 168. While so far it is unknown if YAP-1 also
effects p63, p53 was shown to be unaffected.
Even though several common target genes of the p53 family have been confirmed, the
individual members were found to play unique roles in regulating various processes during
embryonic as well as tumor development 169,170. These differences are thought to be due to
distinct activation and association with specific binding partners required for regulating
transcription.

P53
The TP53 gene has been described the first time in 1979 and since then has become one of the
most studied genes in cancer 171. This is due to the fact that the TP53 gene is found mutated in
around thirty to fifty percent of all cancers, being the most frequently mutated gene so far
described in the cancer genome 172. When not functionally inactivated by mutations, some
mutant p53 variants were found to display gain-of-function properties 173. Actually, when p53
was discovered it was thought to be an oncogene and it took the scientific community several
years to agree upon p53 being a tumor suppressor 174. Since then p53 is commonly referred to
as ‘the guardian of the genome’ being able to induce cell cycle arrest, DNA repair or apoptosis
in response to potential oncogenic events 175.
Importantly, several viral proteins have the ability to interfere with the functions of wildtype
p53, including the Simian Vacuolating Virus 40 (SV40) large T-antigen protein, which was
shown to bind p53 and thereby prevent p53-mediated transcription of pro-apoptotic genes 176.
Additionally, the E6 protein, which is found in HPV, is able to bind p53 and promotes its
proteasomal degradation by an E3 ligase 177. Furthermore, also E7, another viral protein of
HPV, has been described to interfere with p53-dependent cell cycle control 178. Yet, another
mechanism to inhibit p53-mediated transcription has been described for the mouse polyoma
virus. Polyoma virus proteins seem to interfere with p53 activation by disrupting upstream ARF
signaling 179.
In line with the frequent inactivation of p53 in cancers, p53 knockout mice were shown to be
prone to develop lymphomas and sarcomas at around six months of age. However, most
animals deficient for p53 do not show any indication of developmental deficiencies 180. (Of
note, a small percentage of females were found to develop exencephaly 181.)
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P63
Contrary to p53 knockout mice, mice deficient for p63 die within a day from birth, showing
evident malformations. They display severe defects in the establishment of stratified epithelium
which causes abnormalities in limb and craniofacial development 182. These findings revealed
an important role for p63 in the maintenance of epithelial precursor cells.
Besides its function in epidermal regulation, p63 has also been described to play a role in
progression of various cancers, including hepatocellular carcinoma and squamous cell
carcinoma 183-186. TP63 and TP73 share similar gene structures, leading to various tumorsuppressing and oncogenic protein isoforms with opposing functions on tumor development
(see following section) 187.

P73
P73 was first discovered in 1997, almost 20 years after its family member p53. The TP73 gene
is located on the chromosome 1p36 and is thought be expressed mono-allelic 188. This region
of chromosome 1 is often lost in cancer, including neuroblastoma 189.
TP73 can be transcribed from two distinct promoters 190,191. Transcription from the proximal
P1 promoter gives rise to the full-length protein which acts as a tumor suppressor in a similar
fashion as p53. This full-length protein is called TAp73 since it contains the transactivation
domain. Transcription from an alternative internal P2 promoter, however, leads to a Nterminally truncated version of p73 that is missing the transactivation domain. This protein has
been termed ΔNp73 and acts as a dominant negative. To increase complexity, alternative
splicing of the pre-mRNA leads to various additional C-terminal isoforms, termed α-η, and the
splice variants p73ΔEx2 and p73ΔEx2/3 in the N-terminal region (see Figure 8) 192.

Figure 10. TP73’s gene structure and the balance between its isoforms.
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P73 deficient mice are viable but show eminent mortality rates at young age. These mice
present severe defects in the neurological development of the central nervous system as well
as hypoplasia of the olfactory bulb and 100% penetrance of severe hydrocephalus 193,194.
Additionally, p73 knockout mice present severe chronic airway infections 194. Surprisingly,
neither p63 nor p73 knockout mice show a clear predisposition for spontaneous tumor
development. However, mice heterozygous for both p63 and p73 but with wild type p53 exhibit
reduced survival due to the development of various tumor types manifesting the importance of
functional p63 and p73 in tumor development independent of p53 195.
Isoform specific knockout mice were needed to investigate the impact of TAp73 and ΔNp73
individually. Mice deficient for TAp73 present defects in hippocampal development as well as
in maintenance of genomic stability. Furthermore, these mice display chronic respiratory tract
infections, which were discovered to be due to severe defects in the process of
multiciliogenesis. Actually, recently TAp73 was shown to play a profound role as
transcriptional regulator in multiciliated cells 196,197. TAp73 knockout mice are infertile and
show an increased rate of spontaneous as well as carcinogen-induced tumor development 198.
These findings confirm the importance of TAp73 as a tumor suppressor.
In contrast, ΔNp73 knockout mice are fertile and show a normal life span but present some
degree of neurodegeneration. ΔNp73-/- cells exhibit increased p53 target gene expression at
steady state levels and even higher after DNA damage which confirms the notion that ΔNp73
usually inhibits the function of p53. As could be suspected, transformed ΔNp73-/- cells show a
drastically reduced ability to form tumors upon injection into immunocompromised recipient
mice 199. Hence, this furthermore confirms ΔNp73s action as an oncogene. Taken together,
these findings highlight the importance of studying specific p73 isoforms rather than looking
at total p73 levels.

1.2.2 P73 in Cancer
Interestingly, TP73 is rarely mutated in cancer. Instead it is thought that there is a shift in
balance between the expression of the two isoform groups, TAp73 and ΔNp73 200. This leaves
p73 as an exception to the standard Knudson tumor suppressor, since TAp73 gene expression
does not have to be lost in order to overcome its tumor suppressing functions. Since ΔNp73
binds the same DNA binding motifs as TAp73, p53 and p63 it can compete for binding to the
DNA and thereby inhibit transcription. Furthermore, it can form hetero complexes with TAp73
but also with p63 and thereby actively inhibit their function 190,201. Additionally, studies have
revealed that wild type and mutant p53 can bind p73 after JNK-mediated phosphorylation of
Thr81 in the DBD of p53. This leads to structural changes that increase affinity, thereby
enhancing wildtype p53’s function of promoting pro-apoptotic gene expression 202.
Consequently, it seems that cell fate is dependent on the delicate balance and the complex
interactions of all the members of the p53 family.
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The significance of p73 expression in tumor tissue has been validated in several studies using
patient data with the conclusion that upregulation of total p73 protein is correlated with poor
prognosis in various cancers including colorectal adenocarcinoma, hepatocellular carcinoma
and lung cancer 203-205. However, when looking at specific isoforms, ΔNp73 can be found
upregulated in multiple types of carcinoma and is correlated with poor prognosis in
neuroblastic tumors, colon and breast cancer as well as gynecological cancers 201,206-208.
Intriguingly, in many cancers both TAp73 and ΔNp73 are upregulated, however, the outcome
seems to depend on the balance between the isoforms 209. In contrast to carcinomas, in a number
of leukemias and lymphomas the P1 promoter, responsible for expression of the full-length
isoform TAp73, is hypermethylated which results in inhibition of expression and,
consequently, loss of TAp73 function 210.
Importantly, increased TAp73 expression has been described to be induced by
chemotherapeutic drugs in p53 mutant tumor cells. Concurrently, TAp73 inhibition resulted in
chemo-resistance in tumor cells regardless of their p53 status 211. Overall, it can be concluded
that p73 has been identified as a promising biomarker for prognosis of cancer patients
especially when dissecting the individual isoforms.

1.2.2.1 P73 in Breast Cancer
Both tumor-suppressing and tumor-promoting p73 isoforms are commonly found to be
upregulated in breast cancer. However, only upregulation of ΔNp73 has been found to correlate
with worse prognosis in breast cancer patients 207. TP73 expression can be regulated by
epigenetic changes in promoter methylation. A recent study describes the frequent methylation
of CpG islands in the TP73 promoter in breast cancer with varying intensity within different
molecular subtypes. Within this study, the expression of ΔNp73 was found to correlate with
higher histological grade of the tumor and showed a trend towards worse overall survival in
invasive ductal carcinoma 212. The DNA demethylation agent 5-aza-2'-deoxycytidine was
found to promote upregulation of TAp73, while downregulating ΔNp73, and thereby resulting
in enhanced cell cycle arrest and induction of apoptosis 213.
The inactivation of p53 in various breast cancer cell lines led to the increased expression of
TAp73 mediated through the transcription factor E2F-1, indicating an intrinsic rescue
mechanism in the cells 214. Furthermore, in p53 deficient breast cancer cell lines TAp73 was
shown to take over induction of cell cycle arrest and apoptosis in response to chemotherapeutic
drugs 215.
Overall, it can be concluded that p73 isoforms seem to play a significant role in the progression
and the therapeutic response in breast cancer.
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1.2.2.2 P73 in Melanoma
While in other cancers ΔNp73 is often upregulated and associated with worse survival, in case
of melanoma ΔNp73 levels were described to be unchanged. Instead the oncogenic p73
member p73Δex2/3 was described to be upregulated in melanoma and especially in invasive
melanoma 216. This isoform is transcribed from the P1 promotor of the TP73 gene, but due to
alternative splicing in exon 2 and 3 it is missing the transactivation domain and consequently
acts as a dominant negative, comparable to ΔNp73 217. In melanoma the simultaneous
upregulation of p73Δex2/3 and TAp73 was detected to be regulated by E2F-1-mediated
transcription from the P1 promoter 216. Furthermore, p73Δex2/3 was found to promote the
expression of genes involved in stemness and depletion of p73Δex2/3 reduced metastasis in
melanoma xenograft models 218.
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2 AIMS OF THE THESIS
The overall aim of this thesis is to understand the specific functions different p73 isoforms
exert in regulating the tumor microenvironment, with a strong focus on breast cancer.

Specific aims of the studies included in this thesis:

Study I: To investigate how TAp73 influences macrophage infiltration and phenotype in breast
cancer.
Study II: To get an insight if ΔNp73 is involved in the regulation of NK cell ligands and its
effects in breast cancer.
Study III: To unravel the role of ΔNp73 in hypoxia regulation – using breast cancer as a model.
Study IV: To determine the effects of ΔNp73 on multidrug resistance in breast cancer and
melanoma.
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3 RESULTS AND DISCUSSION

3.1 PAPER I
TAp73 represses NF-κB-mediated recruitment of tumor-associated macrophages in
breast cancer.

Up to date there is little information if and how different p73 isoforms regulate immune cells
in cancer. In a recent publication we identified TAp73 as an important regulator of proangiogenic factors in breast cancer 219. Many of these angiogenic activators are also involved
in the recruitment of immune cells. We were therefore curious to investigate if TAp73 plays a
role in immune cell recruitment in breast cancer.
To follow up on our previous findings, we used the publicly available TCGA breast cancer data
set and compared TAp73 low and high expressing samples, while removing all samples
showing expression of the oncogenic isoform, ΔNp73, to exclude possible reciprocal
interactions. Gene set enrichment analysis and consequent pathway analysis displayed a
substantial correlation between low TAp73 expression and a strong inflammatory signature in
breast cancer biopsies. Furthermore, several gene sets enriched in low TAp73 samples were
tightly linked to an increased NF-κB signature. Using TAp73 deficient cells we observed that
loss of TAp73 resulted in higher activity of the NF-κB pathway, confirming our observations
in human breast cancer patients.
Inflammation and an active NF-κB pathway are strongly linked to tumor progression and
metastasis, as described in the chapters ‘Inflammation in cancer’ and ‘NF-κB in cancer’. While
not so much information is available for different p73 isoforms, several studies describe the
interaction of p53 and the NF-κB pathway. P53 was found to repress the NF-κB pathway and
concomitant pro-inflammatory cytokine release by interfering with IκB degradation via
diminished proteasome activity 220,221. In contrast, accumulation of mutant p53 was found to
correlate with increased NF-κB activation in human colon cancer 222. Mutant p53 was
furthermore shown to induce transcription of NF-κB2, supporting proliferation and motility of
the cells 223. Clearly, there is a bilateral interplay between NF-κB and p53, and depending on
the ratio, this either results in NF-κB inhibition by p53 or otherwise inhibition of p53 by
members of the NF-κB pathway. NF-κB and p53 were shown to compete for the same
transcriptional co-activator, p300/CBP (CREB-binding protein) 224-226. Also p63 was shown to
interact with p300/CBP to regulate transcription of target genes, such as p21 227.
Intriguingly, just like the other family members, p73 isoforms were found to interplay with the
NF-κB pathway. IkappaB kinase beta (IKKβ) has been described to promote cell survival
through inhibiting p53 functions by phosphorylating and stabilizing ΔNp73α 228. Furthermore,
TAp73 has been found to compete with the NF-κB subunit p65 for binding to p300/CBP 229,230.
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This reciprocal competition for the transcriptional co-activator might be the underlying
mechanism how TAp73 inhibits the expression of the NF-κB-dependent production of proinflammatory cytokines that we describe here.
To validate the upregulation of proinflammatory factors detected in TAp73 deficient tumors
we analyzed mRNA expression and secretion levels of several cytokines and chemokines in
wildtype and TAp73 knockout cells. This left us with CCL2 showing the highest upregulation
both on mRNA levels as well as in protein secretion in TAp73 deficient cells. We confirmed
the downregulation of CCL2 upon overexpression of TAp73 in several murine and human
breast cancer cell lines. Interestingly, the TAp73β isoform, but not TAp73α, led to a reduction
in CCL2 levels. Several studies have shown the different effects TAp73α and TAp73β have on
target gene expression, with TAp73β comprising stronger transcriptional activity 231. It is
suggested that this stems from their structural differences as TAp73α contains a SAM domain
in its C-terminal region 232. This SAM domain has been shown to exert inhibitory functions on
TAp73α ability to transcribe target genes. In line with this, the C-terminal region, including the
SAM domain, has been described to inhibit interaction with the co-transcriptional activator
p300/CBP, thereby suppressing transcription of target genes 233.
While overexpression of TAp73 repressed CCL2 levels, knockdown of TAp73 using siRNAs
resulted in an upregulation of CCL2 in human breast cancer cell lines. To show that TAp73mediated CCL2 inhibition is NF-κB dependent, we used two small molecule inhibitors
targeting different stages of the NF-κB pathway. Inhibition of the subunit IKKβ or specifically
inhibiting p65 resulted in a strong reduction of Ccl2 levels in MEFs deficient for TAp73,
normalizing Ccl2 to wildtype levels. This demonstrates that the increased expression of Ccl2
in TAp73 deficient cells is due to NF-κB activity. Additionally, combined deletion of the two
distal NF-κB binding sites in the Ccl2 promoter, that are known to be important for Ccl2
expression, resulted in complete inhibition of Ccl2 promoter activity. Adding TAp73β did not
lead to further reduction, suggesting that these binding sites are essential for Ccl2 promoter
activity, and that TAp73β suppresses NF-κB-dependent transcriptional activation of the Ccl2
promoter.
Since CCL2 is one of the main chemokines involved in macrophage recruitment, we were
intrigued to investigate the influence that loss of TAp73 in the tumor cells might have on
macrophages in the tumor microenvironment. In general, not much is known about the
influence of p73 on macrophages. To date, the only link between p73 and macrophages is a
study investigating the loss of TAp73 in macrophages in mice. The results indicate that TAp73
is needed for macrophage activation and innate immunity. A lethal challenge with LPS resulted
in a more pro-inflammatory activation state of the TAp73-/- macrophages compared to
wildtype, indicated by higher expression of MHC class II and a decrease in phagocytosis.
Furthermore, TAp73-/- mice showed higher levels of pro-inflammatory cytokines in the blood,
such as TNF-α, IL-6 and IL-1β 234.
In the case of its family member p53 some more data is available describing its influence on
macrophages in cancer. A recent study by Cooks et al. elucidates the pathway of how mutant
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p53 is able to reprogram macrophages in the tumor microenvironment to acquire a tumor
supporting phenotype. There they describe how colon cancer cells with mutant p53 release
exosomes containing miR-1246. Thereafter, these exosomes are ingested by macrophages
leading to an alteration in their phenotype, which ultimately has an impact on tumor growth
235
. Furthermore, several studies indicate a role for p53 in the regulation of CCL2. In
glioblastoma mutant p53 correlated with NF-κB-dependent upregulation of CCL2 236.
Furthermore, in a murine model for ovarian high-grade serous carcinoma loss of p53 led to
increased levels of CCL2 and consequently an elevation of infiltrating immunosuppressive
myeloid cells 237.
Up to date, the engagement of TAp73 in TAM recruitment and activation state in cancer has
been entirely unknown. To study the effects of TAp73 loss on TAMs we used two murine in
vivo models. The first one being a subcutaneous model where we utilized wildtype or TAp73
deficient transformed MEFs to study tumor growth and the TME. The second model
represented a more disease relevant model for modelling breast cancer. We utilized the
MMTV-PyMT model (on a C57Bl/6 background) which develops spontaneous tumors in the
mammary gland in mice due to the expression of the polyoma virus middle T oncoprotein under
the mouse mammary tumor virus LTR, which restricts tumor development to the mammary
epithelium 238. These mice were crossed with TAp73 wildtype or knockout mice and were
monitored for spontaneous tumor formation. From these tumors cell lines were prepared. The
cell lines were validated for Ccl2 expression. TAp73 knockout showed increased Ccl2
expression and secretion compared to wildtype cells. Cells were then injected orthotopically
into the mammary gland fat pad of wildtype C57Bl/6 mice. This strategy allowed us to
specifically investigate the effects of loss of TAp73 in tumor cells on the TME, while all other
cell types were wildtype for TAp73.
Using these models, we show that loss of TAp73 leads to increased infiltration of TAMs in
breast cancer. The TAMs were found to present enhanced surface expression of CD206 and
CD204, indicating a tumor-promoting activation state of the cells. Additionally, we analyzed
human breast cancer biopsies for TAp73 expression levels and compared those with TAM
infiltration and activation. Low expression of TAp73 was found to correlate with higher levels
of CD68 and CD163, markers commonly used for general macrophages or pro-tumoral
macrophages, respectively. Importantly, a recent study found that high infiltration of CD163
positive macrophages correlated with poor prognosis in TNBC, furthermore strengthening the
importance of our findings 239.
Interestingly, TAMs are known to influence the behavior of mouse breast cancer cells through
the secretion of TNF-α which induces enhanced NF-κB activity in the cancer cells and
enhances their invasive potential 240. Increased macrophage infiltration due to an activated NFκB pathway in TAp73 deficient tumors and the concurrent increase in TNF-α secretion could
theoretically further promote NF-κB activity in the cancer cells, resulting in a tumor-promoting
circuit.
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Taken together, here we identify TAp73 as an important regulator of NF-κB-mediated
expression of pro-inflammatory cytokines as well as of macrophage recruitment and activation
in breast cancer (see Figure 9). If TAp73 has this function also in other types of cancer remains
to be investigated. Considering that TAp73-dependent regulation of the NF-κB pathway was
not only observed in breast cancer cell lines, but also in transformed MEFs, which were used
for mechanistic studies, indicates that this mechanism might not be unique to breast cancer.
Furthermore, coherent with our own findings, loss of TAp73 in macrophages was found to
increase secretion of pro-inflammatory cytokines 234. Despite macrophages being completely
different from tumor cells, TAp73 knockout results in the same outcome in both cell types,
namely an increase of pro-inflammatory factors, pointing to a general role for TAp73 in the
regulation of NF-κB.

Figure 11. The effects of TAp73 on NF-κB regulation and TAM recruitment.

Many different types of cancer are known to have an increased activation of the NF-κB
pathway as well as high macrophage infiltration, both factors exerting general tumorpromoting effects 241,242. It might be that TAp73 plays a significant role in regulating tumor
progression by inhibiting NF-κB and associated tumor-promoting macrophage infiltration, and
that tumors that manage to overcome this inhibition gain growth advantage through an increase
in proliferation signals and support by macrophages. TAp73-mediated inhibition of the NF-κB
pathway might present a general mechanism true for many cancer types.
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3.2 PAPER II
Loss of ΔNp73 leads to an increase in NKG2D ligand expression, while not affecting NK
cell-mediated tumor cell killing in breast cancer.
NK cells serve as important components of the innate immune system by detecting stressed
and transformed cells and NK cell infiltration into tumors has been linked to better clinical
outcome 83,100-102.
While a few studies highlight a link between p53 activity and NK cell regulation, no data is
available for other p53 family members. Recently reactivation of wildtype p53 was described
to improve lysis of tumor cells by NK cells 243. Another study in mice highlighted p53 in the
regulation of the activating NKG2D ligand, Rae-1ε, identifying p53 binding sites in the gene
promoter region 244. Furthermore, p53 activation in lung, breast and colon cancer cells led to
an increase in NKG2D ligands on the cancer cells and more efficient NK cell-mediated killing
of the tumor cells 245,246. Interestingly, a study showed that in multiple myeloma cells activation
of the DNA damage response pathway led to an increase in NKG2D ligands in a p53independent manner. The ligand upregulation was however dependent on the functionality of
the E2F-1 transcription factor 247. Intriguingly, E2F-1 is known to activate p73 expression upon
functional loss of p53 214. Based on this knowledge, we were interested to investigate if p73
isoforms are able to influence NKG2D ligand expression and thereby play a role in NK cellmediated killing of tumor cells.
In cancer, a balance between tumor-suppressing and oncogenic p73 isoforms regulate the net
outcome for the cell. In many solid cancers, the expression of ΔNp73, an oncogenic isoform of
p73, is upregulated and overrules the effects of tumor-suppressing isoforms 201. Therefore, we
wanted to uncover the effects that the loss of ΔNp73 potentially has on NK cell ligand
regulation.
As in Paper I, we utilized the TCGA breast cancer data set to evaluate possible correlations.
Interestingly, we found a negative correlation between ΔNp73 expression and certain activating
NK cell ligands, NKG2D ligands, MICB, ULBP1 and ULBP2. On the other hand, a positive
correlation was detected for the NKG2D ligands MICA and ULBP3.
To validate the observed correlation, we performed a knock down of ΔNp73 in two human
breast cancer cell lines (MCF-7 and MDA-MB-231) and studied the expression of NKG2D
ligands. Knockdown of ΔNp73 in MCF7 cells resulted in increased mRNA and surface
expression of MICA and MICB as well as ULBP2/5/6. Interestingly, in MDA-MB-231 cells
mRNA levels of NKG2D ligands were significantly upregulated upon knockdown of ΔNp73.
However, no detectable difference was observed in surface ligand expression. Cancer cells
often find a way to avoid NK cell detection and consequent destruction. In the case of the
MDA-MB-231 cell line, ligand shedding has been described as a common mechanism to evade
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immune cell recognition 248. This could explain the detected difference in mRNA versus
surface expression on these cells.
To perform ΔNp73 knockdown, two siRNAs were used, recognizing different sequences of the
mRNA of ΔNp73. These two siRNAs however resulted in similar ΔNp73 knockdown
efficiency while showing differences in the effect on NKG2D ligand expression. Importantly,
knockdown of ΔNp73 was detected on mRNA level using Taqman-based real time qPCR. In
general, to detect the knockdown of a target, evaluation of the protein levels would be preferred,
since posttranscriptional regulation might influence the total protein levels in the cell.
Importantly, especially in the case of p73, posttranscriptional modifications and following
degradation is the main regulatory mechanism of protein availability 249. However, in the case
of ΔNp73 endogenous protein detection is rather difficult. Actually, one of the biggest
challenges of the p73 community remains the generation of a functional antibody against the
ΔNp73 isoforms. Despite great efforts by us and others, so far, no antibody has been
sufficiently specific.
Since our results indicate that ΔNp73 negatively regulates NKG2D ligand expression on breast
cancer cells, we wanted to know what effects ΔNp73 knockdown has on NK cell-mediated
killing of these cells. Unexpectedly, upon knockdown of ΔNp73 no difference was detected in
the killing efficiency exerted by the NK cells. Importantly though, NK cells were able to kill
both MCF7 and MDA-MB-231 cells, which can be concluded from the increasing proportion
of dead tumor cells upon increasing effector-tumor ratios. However, the presence or absence
of ΔNp73 in tumor cells did not change the amount of tumor cell killing.
To figure out what restrains NK cells from elevated killing efficiency even though NKG2D
ligands are upregulated, we investigated if other NK cell ligands are also deregulated upon
ΔNp73 knockdown. We were especially interested in the expression of inhibitory NK cell
ligands. Once more, we used the TCGA breast cancer data set to compare patients with low
and high ΔNp73 expression. And indeed, we found that low levels of ΔNp73 correlated with
high expression of the inhibitory NK cell ligands HLA-A, HLA-B and HLA-C. This finding
was further validated in various cell lines, where we found increased expression of HLA-A,
HLA-B and HLA-C upon knockdown of ΔNp73. The concurrent upregulation of activating
and inhibitory NK cell ligands could explain why no difference in NK cell-mediated tumor cell
killing was detected. In a tumor setting, HLA expression is often downregulated to circumvent
detection and killing by CD8+ T cells, that use their T cell receptor to interact with HLA class
I molecules presenting tumor antigens 250. Therefore, an increase of HLA expression upon loss
of ΔNp73 would suggest improved recognition of the cancer cells by CD8+ T cells. In vivo
experiments in immune competent mice need to be performed to investigate the net effects of
simultaneous upregulation of activating and inhibitory NK cell ligands on tumor development.
In line with our findings, wild type p53 was described to be important in the upregulation of
MHC class I molecules on the surface of tumor cells, which increased the visibility of the tumor
cells to cytotoxic T cells 251. Since ΔNp73 is able to inhibit p53 activity, ΔNp73 knockdown
would release p53 from its inhibition and allow p53 to function, hence leading to an increase
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in HLA expression on the tumor cells. However, as intriguing as this explanation sounds, our
data points towards a p53-independent mechanism. When using a colon cancer cell line either
wildtype or knockout for p53, upon knockdown of ΔNp73 HLA levels showed a trend to be
upregulated in wildtype as well as in p53 knockout cells. Furthermore, ΔNp73-mediated
upregulation of MICA and MICB was also found to be independent of p53 status. Interestingly
though, overall MICA/B levels were lower in p53 deficient cells, indicating a role for p53 in
NKG2D ligand regulation independent of ΔNp73.
Since the members of the p53 network can all influence each other, it would be interesting to
see if other members or isoforms are involved in the regulation of NK cell ligands. Even though
p53 family members share multiple transcriptional targets, they were all shown to have
individual functions as well and bind to unique binding partners resulting in differential gene
expression 156. It is possible that p53 plays a role in NK cell ligand regulation independently of
ΔNp73. However, it could be interesting to see if TAp73 has effects on NK cell ligand
regulation in a competitive manner to ΔNp73. It would be possible that high levels of ΔNp73
inhibit TAp73-mediated expression of NK cell ligands and inhibition of ΔNp73 could release
TAp73, allowing transcriptional activity.

Figure 12. The effects of ΔNp73 levels in tumor cells on NK cell ligand expression and
NK cell activity.
In conclusion, we discovered a role for ΔNp73 in the regulation of several NK cell ligands in
breast cancer (Figure 10). Due to the activating and inhibitory nature of these NK cell ligands
no difference in NK cell-mediated killing of tumor cells was detected. Furthermore, the exact
mechanism how ΔNp73 negatively regulates NK cell ligands remains to be identified.
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3.3 PAPER III
ΔNp73 enhances HIF-1α protein stability through repression of the ECV complex.
HIF-1α upregulation is a common feature of many human cancers, including breast cancer, and
correlates with poor survival, see section ‘Hypoxia’ 252-257.
Various p53 family members have been described to influence the regulation of the HIF-1α
pathway and angiogenesis. Several reports propose a complex interplay between the
transcription factors p53 and HIF-1α on protein level. Interestingly, it was discovered that
hypoxic conditions induce the stabilization of wildtype p53 in a HIF-1α-dependent manner.
P53 was shown to associate directly with HIF-1α and to be transcriptionally active 258. Later
p53 was found to mediate proteasomal degradation of HIF-1α via recruiting the E3 ligase
MDM2 259. Accordingly, p53 was found to suppress the transcription of HIF-1α target genes
260
. Interestingly, HIF-1α was found to compete with p53 for binding to the transcriptional coactivator p300/CBP thereby inhibiting its transcriptional activity 261. Taken together, loss of
p53 results in upregulation of HIF-1α target genes, due to a decrease in the competition for
p300/CBP. On the other hand, severe hypoxia/anoxia induces increased p53 stability and
thereby promotes HIF-1α degradation, most likely as a mechanism for cells to induce hypoxiainduced apoptosis.
Besides p53, ΔNp63, an oncogenic isoform belonging to the p63 proteins, has been identified
as a regulator of angiogenesis in neuroblastoma and childhood osteosarcoma. ΔNp63 was
found to induce HIF-1α stabilization and concomitant VEGF secretion via an IL-6/IL-8 –
STAT3 pathway 262. Conversely, the tumor suppressor TAp63 promotes the expression of
Sharp-1, which associates with HIF-1α and induces its proteasomal degradation 263.
Likewise, also p73 proteins are known to regulate hypoxia and HIF-1α target gene expression.
We have previously established a link between loss of TAp73 and increased angiogenesis and
HIF-1α target expression 219. At the same time another group reported similar findings. Amelio
et al. confirmed that TAp73 opposes angiogenesis by interacting with the regulatory subunit of
HIF-1α. This promotes the recruitment of MDM2 and leads to polyubiquitination and
concomitant proteasomal degradation of HIF-1α 264. These findings suggest that TAp73 can
utilize the same mechanism as its family member p53 to promote HIF-1α degradation. Another
study suggests that hypoxia-induced HIF-1α promotes the stability of the oncogenic p73
isoform, ΔNp73, by suppressing Siah1. Siah1 is an E3 ligase and was shown to be involved in
the degradation of p73 proteins. Furthermore, ΔNp73 was shown to promote VEGF secretion
and tumor angiogenesis 265. At the same time the authors claim that also TAp73 stability is
regulated by HIF-1α in the same manner. Namely, that under hypoxic conditions HIF-1α
inhibits Siah1, which suppresses TAp73 degradation and leads to an increase of TAp73 levels
and that this ultimately promotes tumor progression 266. Even though these results are contrary
to our own findings and those of others, it could be that the severity of oxygen deprivation in
the tissue/cells plays a role how TAp73 is functioning, as it has been shown to be the case for
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p53 267. Furthermore, spatial and temporal differences might be the reason for the opposing
results.
While TAp73 deficient tumors displayed increased angiogenesis, we discovered that ΔNp73
loss was accompanied by a drastic decrease in angiogenesis and reduced tumor growth 219.
Additionally, another group also reported reduced vessel formation and tumor growth in
ΔNp73 deficient tumors compared to wildtype tumors 265. Contrary to the disputed role of
TAp73 in angiogenesis regulation, a promoting role for ΔNp73 in the angiogenic process is
well established. This being said, so far no one has investigated if ΔNp73 regulates
angiogenesis by opposing p53/TAp73s regulation of HIF-1α or if it does so in a different
manner. We were therefore intrigued to uncover the underlying regulatory mechanism how
ΔNp73 regulates HIF-1α.
To do so we knocked down ΔNp73 stably using shRNA or transiently with siRNA, in breast
cancer cell lines MCF-7 and MDA-MB-231. ΔNp73 knockdown led to a reduction of HIF-1α
protein levels and consequently reduced HIF-1α target gene expression. Interestingly,
decreased HIF-1α protein levels were observed under hypoxic and normoxic conditions,
indicating an oxygen-independent regulation by ΔNp73.
To study the effect of ΔNp73 on HIF-1α regulation in vivo we injected nude mice with
transformed MEFs, either wildtype or deficient for ΔNp73. HIF-1α protein levels were found
to be significantly lower in ΔNp73 knockout tumors even after normalization to tumor size.
HIF-1α levels were investigated in hypoxic and non-hypoxic tumor areas. We found lower
HIF-1α levels in ΔNp73 knockout tumors in both hypoxic and non-hypoxic areas, compared
to wildtype tumors.
Importantly, neither ΔNp73 knockdown nor overexpression affected HIF-1α mRNA
expression. Inhibiting the 26S-dependent proteasomal degradation machinery we discovered
that ΔNp73 interferes with the protein stability of HIF-1α. Furthermore, we found increased
levels of ubiquitin bound to HIF-1α in ΔNp73 knockout cells and upon knockdown of ΔNp73
in human breast cancer cells.
To figure out how ΔNp73 regulates proteasomal degradation of HIF-1α we compared HIF-1α
hydroxylation but could not detect any difference between wildtype or ΔNp73 deficient cells.
Next, we utilized the human renal cell line RCC4, which normally is VHL deficient but is also
available as a version that has VHL reintroduced (RCC4+VHL). Knockdown of ΔNp73 in RCC4
cells did not show any effect on HIF-1α protein levels. However, in RCC4+VHL cells
knockdown of ΔNp73 led to significantly decreased protein levels of HIF-1α, indicating that
ΔNp73 interferes with VHL-mediated regulation of HIF-1α. However, no differences in VHL
mRNA or protein levels were detected upon knockdown of ΔNp73. While VHL seems to be
crucial for HIF-1α regulation by ΔNp73, the results point out that ΔNp73 does not influence
HIF-1α via regulating VHL levels.
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To evaluate which pathways are deregulated by ΔNp73, we used the TCGA breast cancer data
set and compared samples with low and high ΔNp73 expression. Interestingly, we found
ubiquitin-mediated proteolysis upregulated in samples expressing low levels of ΔNp73.
Furthermore, we confirmed our previous findings that ΔNp73 does not affect VHL or HIF-1α
mRNA expression levels.
Several of the genes downregulated upon high levels of ΔNp73 were genes involved in the
ECV complex. We validated the expression of mRNA levels of Elongin B (TCEB2), Elongin
C (TCEB1), Cullin 2 (CUL2) and Rbx1 (RBX1) and found that all of them were upregulated
upon ΔNp73 knockdown. Conversely, upon ΔNp73 overexpression the members of the ECV
complex showed decreased mRNA expression levels. Furthermore, we confirmed elevated
protein levels of these ECV genes in ΔNp73 deficient cells compared to wildtype. Analysis of
the promoter regions of the ECV genes identified putative p53/p73 binding sites, which ΔNp73
would be able to compete for binding to, thereby inhibiting transcription. By performing
chromatin immunoprecipitation, we were able to validate that ΔNp73 binds to the promoter
region of RBX1 and TCEB1. Rbx1 is the RING finger protein that together with Cullin 2 is
necessary for the polyubiquitination of HIF-1α. By silencing the E3 ligase Rbx1, we confirm
that Rbx1 is essential for HIF-1α degradation. Finally, knocking down both Rbx1 and ΔNp73
simultaneously did not lead to a decrease in HIF-1α levels, suggesting that the enhanced
degradation of HIF-1α in absence of ΔNp73 is due to enhanced Rbx1 activity.

Figure 13. ΔNp73 induces HIF-1α stability and expression of HIF-1α target genes.
In conclusion, we identify ΔNp73 to be an important regulator of the HIF-1α transcription
factor. ΔNp73 inhibits expression of members of the ECV complex and thereby promotes HIF1α protein stability. ΔNp73 therefore acts through a mechanism unrelated to the one its family
member TAp73 utilizes to regulate HIF-1α. Overall, these findings once again strengthen
ΔNp73s role as an oncogenic protein able to influence multiple cellular processes involved in
tumor progression.
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3.4 PAPER IV
ΔNp73 regulates the expression of the multidrug-resistance genes ABCB1 and ABCB5
in breast cancer and melanoma cells - a short report.
Our previous findings that high ΔNp73 expression in breast cancer patient biopsies correlates
with angiogenesis and hypoxia left us curious to investigate which other pathways are
differentially regulated in high versus low ΔNp73 expressing samples. Therefore, we utilized
the TCGA BRCA data set and performed a Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis on the genes that were at least 2-fold up- or downregulated in ΔNp73
high samples compared to samples without detectable ΔNp73 expression. Interestingly, we
identified the ABC transporter pathway as the most upregulated pathway in ΔNp73 high
expressing samples.
ABC transporters are surface glycoproteins that catalyze the export of lipids, metabolic
products and other small molecules, such as drugs, through intra- and extracellular membranes
268,269
. Cancer cells commonly upregulate ABC transporters as a mechanism to resist killing by
chemotherapeutic drugs and confer multidrug resistance (see section ‘Multidrug Resistance’)
154
. Importantly, ABC transporter expression correlates with poor prognosis and drug failure in
many types of cancer 270.
Our analysis showed that the most significantly upregulated genes in the ΔNp73 high
expressing samples belonged to the ABC families A (ABCA), B (ABCB), C (ABCC) and G
(ABCG), with ABCB5 being the highest upregulated gene.
To validate our findings that ΔNp73 correlates with ABC transporter expression we
overexpressed ΔNp73α in the breast cancer cell lines MCF-7 and MDA-MB-231. While we
could not detect any expression of ABCA8, ABCA9 and ABCA10, we were able to detect an
increase in ABCB1 and ABCB5 mRNA levels. Conversely, by performing transient or stable
knockdown of ΔNp73 we confirmed a decrease in ABCB1 and ABCB5 expression compared
to controls.
ABCB1, commonly referred to as multidrug resistance gene 1 (MDR1) or g-glycoprotein (ggp), has been shown to correlate with poor response to chemotherapy in breast cancer 271. In
melanoma, chemoresistant cells are defined by their increased expression of ABCB1 and
ABCB5 272. Treatment with chemotherapeutic drugs led to the selection of cells upregulating
ABCB5 and this data was supported by the analysis of clinical samples of melanoma patients
that received the chemotherapeutic drug dacarbazine 273.
The participation of p53 family members in the regulation of ABC transporter is well
established. Previously, p53 has been shown to play a role in the regulation of ABCB1
expression. Loss of functional p53 resulted in elevated levels of ABCB1 274.
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Furthermore, ΔNp73α has been described to cause upregulation of ABCB1, by interfering with
p53-mediated transcription in gastric cancer 275. So far however, our data for the first time
present a clear correlation between ΔNp73 and ABC transporters in breast cancer.
Next, we were interested to investigate if the ΔNp73-mediated upregulation of ABC
transporters effects cellular responses to drug treatments. Therefore, we treated MCF-7 or
MDA-MB-231 cells, either control or stable knockdown for ΔNp73, for 30 minutes with
Doxorubicin and evaluated drug retention directly after or 3 hours after drug treatment.
Intriguingly, we discovered that cells containing a stable knockdown for ΔNp73 retained more
of the drug in the cytosol, indicating lower efflux ability. Additionally, cells containing a stable
knockdown for ΔNp73 showed decreased cell proliferation upon treatment with Doxorubicin
in a dose-dependent manner. These results suggest that ΔNp73 is actively involved in
regulating resistance to chemotherapeutic drugs in breast cancer by inducing increased
expression of ABC transporters (see Figure 14).
Considering the strong link between ABCB5 and self-renewal, differentiation and drug
resistance in melanoma 273,276, we were intrigued to investigate if ΔNp73 regulates ABC
transporter expression also in melanoma. Importantly, the predominantly expressed oncogenic
p73 isoform in melanoma is p73ΔEx2/3 216. In line with this, in biopsies from melanoma
patients we could detect the expression of p73ΔEx2/3, however no expression of ΔNp73 was
detectable. We then correlated p73ΔEx2/3 expression with the expression of ABCB1 and
ABCB5 in these melanoma samples. ΔNp73 correlated with the expression of both genes,
however, only the correlation with ABCB5 was statistically significant.
To confirm these findings, we overexpressed p73ΔEx2/3α or p73ΔEx2/3β in the SK-MEL-28
human melanoma cell line. As expected, ABCB1 and ABCB5 expression was increased upon
overexpression of different p73dEx2/3 isoforms. Thus, we confirmed a link between ΔNp73
and multidrug resistance genes also in melanoma.

Figure 14. ΔNp73 promotes multidrug resistance through inducing ABC transporters
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Considering that p53 proteins have previously been shown to regulate multidrug resistance
genes and that ΔNp73 has been described to inhibit p53-dependent repression of ABC
transporters in other types of cancer, the underlying mechanism will most likely be the same in
breast cancer. It would however be interesting to see if TAp73 holds a similar regulatory
function as p53, competing with ΔNp73.
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4 CONCLUSION AND FUTURE PERSPECTIVES
In the current thesis, we identified several novel ways by which p73 proteins control the tumor
microenvironment (see Figure 15). In Paper I, we established an inhibitory role for TAp73 on
the NF-κB pathway and we presented that the loss of TAp73 led to an upregulation of NF-κB
activity and a simultaneous increase in macrophage infiltration into the TME. In Paper II, the
oncogenic p73 isoform, ΔNp73, was found to influence the expression of various NK cell
ligands. However, due to the concomitant upregulation of NK cell ligands of activating and
inhibitory nature, no overall effect on NK cell activity and NK cell-mediated killing of tumor
cells was detected. In Paper III, ΔNp73 was shown to induce HIF-1α protein stability. We
revealed that ΔNp73 inhibits the transcription of genes comprising the ECV complex, which
otherwise polyubiquitinates HIF-1α, leading to its proteasomal degradation. Finally, in Paper
IV, a correlation between high levels of ΔNp73 and the upregulation of ABCB1 and ABCB5
was established in breast cancer and melanoma. These two genes belong to the ABC transporter
family which is known to be involved in multidrug resistance of cancer cells.

Figure 15. Novel implications of p73 proteins in regulating the TME

The different members of the p73 family are known to regulate a multitude of processes in
cancer development and progression. While full-length p73 isoforms, TAp73, were shown to
play a role in apoptosis, genetic stability, migration and angiogenesis, the N-terminally
truncated isoforms, ΔNp73, possess oncogenic characteristics promoting cancer stemness, drug
resistance and EMT, hence fostering invasion and metastasis 218,219,264,277-280. Most studies so
far have focused on what effects the expression or loss of different p73 isoforms have on the
cancer cell itself. However, how the expression of different p73 isoforms in cancer cells
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influences the immune cell compartment in the TME has so far not been studied. In Paper I
and Paper II, we identified at least two different immune cell types that are affected by p73
isoforms. In Paper I, we found that loss of TAp73 increased the recruitment of macrophages to
the TME and these macrophages showed a tumor-promoting activation state. In this study we
also describe how TAp73 inhibits NF-κB activity. Since the NF-κB pathway is a major
transcriptional regulator of inflammatory processes it is quite likely that TAp73 loss also affects
other immune cell types. In our analysis of the TCGA breast cancer data set, we found that
most genes upregulated in samples expressing low levels of TAp73 belonged to pathways
related to immune regulations. Furthermore, several of these genes belong to the group of
cytokines and chemokines, which are responsible for the recruitment of immune cells. Based
on these facts, TAp73 loss seems to, at least indirectly, influence more than just macrophage
infiltration. However, this remains to be investigated experimentally.
Additionally, in Paper II, we discovered that loss of ΔNp73 induces the upregulation of several
NK cell ligands on cancer cells. Various activating NKG2D ligands as well as inhibitory KIR
ligands were found to be increased simultaneously upon loss of ΔNp73. Even though we did
not observe any difference in NK cell-mediated tumor cell killing in an in vitro co-culture setup, it cannot be excluded that the scenario in vivo would result in a different outcome. This
hypothesis stems from the fact that NKG2D, an activating receptor, is not only expressed on
NK cells but also on various T cell populations. It might therefore be that if we target ΔNp73
in vivo the accompanied increase of NKG2D ligands might stimulate the activity of T cell
populations resulting in enhanced tumor killing. Furthermore, the increase of HLA molecules
upon loss of ΔNp73 could also activate CD8+ T cells, inducing tumor killing. However, without
proper in vivo experiments these ideas remain purely speculative. Nonetheless, based on the
results of Paper I and Paper II, it can be concluded that p73 proteins take up an important role
in regulating parts of the immune cell compartment in cancer, thereby influencing the TME.
In Paper III, we describe a novel mechanism how ΔNp73 regulates HIF-1α protein stability.
ΔNp73 was found to suppress the expression of various genes of the regulatory machinery
involved in HIF-1α degradation. Several members of the p53 family have been previously
reported to contribute to the regulation of HIF-1α. Importantly, the identified mechanism of
ΔNp73 is distinct from the one TAp73 and p53 have been described to use to control HIF-1α.
Our findings highlight the complexity within the p53/p73 family. In the case of HIF-1α, it can
be concluded that all members of the p53 family contribute to its regulation, indicating a certain
redundancy, as well as the existence of regulatory mechanisms between the members.
Paper IV illustrates the correlation between ΔNp73 and the multidrug resistance genes, ABCB1
and ABCB5, in breast cancer and melanoma. Interestingly, a recent study reported a HIF-1αmediated increase of ABCB1 and ABCB5 in ovarian cancer. HIF-1α was shown to bind HRE
in the ABCB1 and ABCB5 promoters and activate their transcription 281. These results link
Paper III with Paper IV. High levels of ΔNp73 correlate with increased HIF-1α protein stability
as well as increased ABCB1 and ABCB5 expression. Therefore, it is possible that the
underlying mechanism how ΔNp73 initiates ABC transporter expression is that ΔNp73 induces
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HIF-1α stability, which in turn activates ABC transcription. This is an attractive theory since
inhibition of HIF-1α was shown to reverse multidrug resistance in colon cancer cells through
a decrease of ABCB1 282. Furthermore, another study suggests an increased activity of the NFκB pathway in a subset of melanoma cells, which expressed high levels of ABCB1 and ABCB5
272
. Strikingly, the NF-κB pathway has been described to induce ABCB1 expression via direct
binding to a NF-κB response element in the first intron of the ABCB1 gene 283. Considering
these results, it might be that both loss of TAp73, via an increase in NF-κB activity, and
increased levels of ΔNp73, via elevated HIF-1α stability, can lead to the upregulation of ABC
transporters and thereby influence multidrug resistance.
Our studies provide strong evidence for p73 proteins being important in controlling the TME.
The fact that p73 proteins can hold opposing functions in cancer and regulate each other’s
expression levels makes investigating the role of individual isoforms a rather challenging task.
A complex balance of all p73 isoforms, as well as other members of the p53 family, defines
cellular outcome. Interestingly, in Paper I, we propose that TAp73 is competing with NF-κB
for the transcriptional co-activator p300/CBP, thereby inhibiting the transcription of NF-κB
target genes. All members of the p53 family have been shown to rely on binding to this cofactor for transcriptional activity 226,227,230,261. Furthermore, p300/CBP has also been shown to
interact with HIF-1α and as mentioned previously, with NF-κB 284. This competition between
different transcription factors for transcriptional co-activators adds another layer of complexity
to an already complex network of interactions and regulation within the p53 family.
P73 proteins are involved in a multitude of different processes regulating cancer development
and progression, covering most of the cancer hallmarks defined by Hanahan and Weinberg (see
Figure 1). Targeting distinct p73 isoforms, and thereby shifting the balance, would affect
several processes simultaneously, instead of focusing on a single hallmark. Furthermore, since
p73 isoforms are important during normal development but are expressed at rather low levels
in healthy tissues in adults, targeting these isoforms might be well tolerated. In cancer, overall
p73 levels are increased compared to healthy tissue. Promoting TAp73 activity or decreasing
ΔNp73 levels in cancer cells could therefore have great therapeutic effects. However, so far,
no promising strategies have been developed that could be used in the clinics.
The significant involvement of the p53 family network in cancer makes it indispensable to
understand how the different members interplay. Especially since there is a great deal of
redundancy between p53 family members, which needs to be understood to be able to
therapeutically target the network and achieve lasting results.
In conclusion, the papers comprising this thesis aid in understanding the functions of different
p73 isoforms in regulating the tumor microenvironment and lay ground for further
investigation in the field.
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