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Abstract

How miRNAs affect the expression of immune checkpoint
molecules

Cancer is one of the most common causes of death in the modern world and almost every
second person will experience a cancer disease during their lifetime. In general, cancer cells
exhibit a degenerated regulation of their gene- and protein expression, which enables them to
grow and proliferate unrestrainedly. Furthermore, cancer cells gain the ability to avoid normal
control mechanisms like apoptosis or elimination by immune cells. In this study the aim was
to analyze the miRNA mediated regulation of immune checkpoint molecules in cancer cells.
Expression of immune checkpoint molecules by cancer cells can counter-act tumor reactive
immune responses, for example by reducing the susceptibility of tumor cells to cytotoxic T
cell (CTL) mediated cytolysis, thereby promoting tumor immune evasion. miRNAs are small
non-coding RNAs involved in post-transcriptional regulation. Thus, binding of miRNAs to
the 3‘-UTR of target mRNAs can block translation or lead to degradation of the targeted
mRNAs. Cancer cells often exhibit aberrant miRNA expression profiles, thus tumor derived
miRNAs can be utilized as biomarkers for early tumor detection. Within this study a FACS-
based human miRNA library screen was conducted and miRNAs affecting surface expression
of the immune checkpoint molecules NT5E (CD73), ENTPD1 (CD39) and PD-L1 (CD274)
on the human tumor cell lines SK-Mel-28 (melanoma) and MDA-MB-231 (breast cancer)
were determined. A set of potential tumor-suppressor miRNAs that decreased expression of
the immune checkpoints molecules in these cell lines, as well as a group of potential oncomiRs
that induced increased immune checkpoint molecule expression was identified. The results of
the high-throughput screen for NT5E were verified in a validation process including up to 12
distinct cancer cell lines. Thus, miR-1285-5p, miR-3134, miR-22-3p and miR-193a-3p were
determined as potent inhibitors of NT5E expression. Luciferase-based reporter assays proved
that these NT5E inhibitory miRNAs act through direct binding to the NT5E 3’-UTR. Using
functional malachite-green assays the net effect of reduced NTHE expression on adenosine
production caused by miR-1285-5p and miR-3134 was assessed. As adenosine is known to
inhibit effector function of cytotoxic T cells, miRNA mediated alterations in NT5E expression
might affect the susceptibility of cancer cells to T cell mediated cytolysis. Moreover, miR-
134-3p, miR-6859-3p and miR-224-3p were revealed as miRNAs that could enhance NT5E
expression most effectively. Notably, the observed increase of NT5E was very consistent
across a panel of melanoma and breast cancer cell lines. Different from the NT5E inhibiting
miRNAs above, indirect mechanisms for the miRNA-mediated enhancement of NT5E expres-
sion were suspected. In summary, microarray expression profiling was performed on miRNA
transfected tumor cells to unravel the mechanisms responsible for the up-regulated NT5HE
expression observed. By applying different bioinformatic analyses several promising candi-
dates for the ”missing link” like ARNT2 or SOX9 could be identified. Future experiments
will have to clarify, whether these transcription factors really inhibit NT5E expression. As
a next step the measurement of the direct impact of novel identified miRNAs on killing of
human cancer cells by T cells is planned. Furthermore, it is planned to review whether these
miRNAs might be suitable biomarkers or could be even used for therapeutical intervention.



Zusammenfassung

Wie miRNAs die Expression von Immuncheckpoint-Molekiilen
beeinflussen

Krebs gehort mit zu den haufigsten Todesursachen in der heutigen Zeit und fast jeder zweite
Mensch wird im Laufe seines Lebens an Krebs erkranken. Krebszellen weisen eine aberrie-
rende Regulation ihrer Gen- und Proteinexpression auf. Dies ermoglicht ihnen ein abnor-
males Wachstum, Proliferation und Resistenz gegeniiber Kontrollmechanismen wie Apoptose
oder Erkennung und Eliminierung durch Immunzellen. In dieser Arbeit sollte genauer unter-
sucht werden, wie miRNAs sogenannte Immuncheckpoint-Molekiile in Krebszellen regulieren.
Die Expression von Immuncheckpoint-Molekiilen im Tumor ddmpft die Immunantwort, was
dazu fithren kann, dass Krebszellen nicht mehr von cytotoxischen T-Zellen eliminiert werden.
Dieser Prozess wird auch als Immunevasion bezeichnet. miRNAs sind kleine RNA-Molekiile,
die in der post-transkriptionellen Regulation eine wichtige Rolle spielen. Indem sie in den
3-UTR Bereich von bestimmten mRNAs binden, verhindern sie die Translation der mRNA
oder konnen auch zur Degradation der mRNA fiihren. Sehr héufig weisen Krebszellen ein
gestortes miRNA-Expressionsprofil auf und miRNAs konnen beispielsweise als Biomarker zur
Krebsfritherkennung dienen. Mittels eines umfassenden auf FACS-Messungen basierenden
miRNA-Library-Screenings konnten zahlreiche miRNAs identifiziert werden, die die Expres-
sion der Immuncheckpoints NT5E, ENTPD1 und CD274 beeinflussen. Der Screen wurde mit
der Melanomlinie SK-Mel-28 als auch mit der Brustkrebslinie MDA-MB-231 durchgefiihrt.
Da direkt die Verdnderungen der Oberflichenexpression gemessen wurde, konnten nicht nur
potenzielle tumor-supprimierende miRNAs gefunden werden, die die Expression inhibiert
haben, sondern auch potenzielle onkogene miRNAs identifiziert werden, die die Expression
der Immuncheckpoint-Molekiile verstarkten. Die Ergebnisse des Hochdurchsatz-Screenings
fir NT5E wurden in bis zu 12 verschieden Krebszelllinien validiert. Fast alle Screening-
Ergebnisse konnten bestétigt werden und es wurden miR-1285-5p, miR-3134, miR-22-3p und
miR-193a-3p als sehr potente NT5E Inhibitoren gefunden. Mit Hilfe von Luziferase-Reporter-
Assays konnte die direkte Regulation von NT5E durch diese miRNAs gezeigt werden. Mittels
des Malachit-Griin-Assays konnte auch die verminderte Adenosinproduktion nach Transfek-
tion mit miR-1285-5p bzw. miR-3134 nachgewiesen werden. Adenosin vermindert nachweis-
lich die Effektorfunktion u.a. von zytoxischen T-Zellen. Verdnderung der NT5E-Expression
fithrt also auch zur Verinderung der Anfilligkeit von Krebszellen gegeniiber immunzellen-
induzierter Eliminierung. Zu den stiarksten NT5E-aktivierenden miRNAs gehorten miR-134-
3p, miR-6859-3p und miR-224-3p. Erstaunlicherweise war die miRNA induzierte Hochregu-
lation von N'T5E sehr konsistent iiber ein breites Spektrum an verschiedenen Melanom- und
Brustkrebslinien. Im Gegensatz zu den direkten Effekten der NT5E-inhibierenden miRNAs,
wurden indirekte Effekte vermutet, die zu der beobachteten Hochregulation gefiihrt haben.
Um die Mechanismen der Hochregulation von NTSHE zu verstehen, wurden Microarray-
Expression-Profiling nach miRNA-Transfektion durchgefithrt. Durch bioinformatische Analy-
sen konnten einige Kandidaten wie ARNT2 oder SOX9 fiir das fehlende Puzzelstiick zwischen
den miRNAs und NT5E ausfindig gemacht werden. Zukiinftige Experimente werden zeigen,
ob diese Transkriptionsfaktoren wirklich NT5E regulieren kénnen. Als néchsten Schritt ist
geplant den direkten Effekt der neu gefundenen miRNAs auf das Téten von humanen Tu-
morzellen durch T-Zellen zumessen und zuiiberpriifen, ob sich diese miRNAs als Biomarker
eignen oder sogar fiir therapeutische Intervention genutzt werden kénnten.
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Hallmarks of cancer. Figure is taken from [96]. . . .. ... ... ... ..

Four stages of melanoma. Stage 0 melanoma is very thin and located
only in the epidermal region. Treatment is surgical resection with almost
complete cure rate. Also stage I and II melanoma exhibit a high cure rate by
surgical removal. Stage 0-II mainly differ in their Breslow thickness. Stage
IIT melanoma is defined by spread to lymph nodes. Standard procedure is
removal of primary melanoma and adjacent lymph nodes. Stage IV melanoma
is defined by spread to other organs and treatment is often surgery of removable
sections combined with chemotherapy, targeted therapy, immunotherapy or a
combination of previously mentioned options. Figure is adapted from [6].

Four stages of Breast cancer. Different stages of breast cancer and their
characteristic Tumor size, location, spreading and survival rate are depicted.
Figure is taken from [3]. . . . . . .. ... Lo L

Breast cancer treating algorithm. Based on breast cancer stage, the
molecular subtype and patient decisions different treatments for primary breast
cancer are used in the clinics. Figure is taken from [37]. . . .. ... ... ..

The immunological synapse (IS). The IS is the interface between a T cell
and a APC like cancer cell. The IS consists of different SMAC patterns: central

29

c¢SMAC, peripheral pSMAD and the distal ASMAC. Figure is taken from [232]. 36

Structure and function of NT5E/CD73. The membrane bound ecto-5"-
nucleotidase NT5E hydrolyzes extracellular adenosine monophosphate (AMP)
into adenosine and inorganic phosphate (P). Upstream of NT5E, adenosine
triphosphate (ATP) is hydrolyzed via two reaction steps into AMP by the en-
zyme ectonucleoside triphosphate diphosphohydrolase-1 (ENTPD1) (CD39).
Adenosine thus produced exerts anti-inflammatory effects by binding to the
adenosine A2A receptor (ADORA2A) expressed by T cells, natural killer (NK)
cells, and dendritic cells (DCs) resulting in cAMP mediated blocking of their
effector functions. To some extent, the A2B receptor (ADORA2B) is also ex-
pressed on DCs and macrophages which are suppressed by adenosine. Thus,
cancer cells can evade the immune system by up-regulating NT5HE protein lev-
els. Furthermore, adenosine binds to the A2B receptor expressed by cancer
cells leading to Tumor cell survival and proliferation. Cancer cells also ex-
press the adenosine Al receptor (ADORA1) and A3 receptor (ADORA3) and
binding of adenosine to these receptors leads to Tumor cell migration and
proliferation via signalling through Gi proteins. Adenosine is also involved in
the adaption to hypoxia and shows pro-angiogenic potential. All adenosine
receptors are depicted as stylized green transmembrane proteins. Adenosine is
symbolized as yellow circles marked with “A”. Picture is taken from [128].
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miRNA biogenesis and function. miRNA genes are mainly transcribed by
RNA polyermase IT and the resulting pri-miRNA is processed by Drosha/DGCRS
complex into hairpin-structured pre-miRNA. The pre-miRNA is subsequently
exported into cytosol by EXPORTINS where it is cleaved by Dicer into ma-
ture miRNA. The mature miRNA binds together with Ago proteins to target
mRNA‘s 3’-UTR regions thereby blocking translation or even causing degra-
dation of mRNA. . . . . . . .

Regulation of NT5E. Network of transcription factors and microRNAs
(miRNAs) regulating NT5E expression. This network summarizes the cur-
rent knowledge on regulation of NT5E on transcriptional (TFs) and post-
transcriptional level by TFs and miRNAs, respectively. Transcriptional ac-
tivators are depicted in blue and transcriptional repressors are highlighted in
magenta. miRNAs targeting NT5E directly are shown, as well as miRNAs
with indirect impact on NT5E expression through targeting of transcriptional
regulators. Picture taken from [128]. . . . . .. .. ... ... ...

Network of genes and their regulative transcription factors. Genes
and transcription factors are connected via the edge strength esy;. . . . . . . .

General work-flow of this study. This study can be divided in three main
parts. Firstly, in silico analysis was carried out. Using different prediction
algorithms potential miRNAs regulating immune check point molecules were
retrieved. Also different expression data sets were analysed and based on this
suitable cell lines for the following experiments were selected. The second phase
was the miRNA library screen, to experimentally identify miRNAs, that are
capable of changing the surface expression of selected immune evasion relevant
proteins. This phase generated the largest share of data of this study and was
the base for the last phase. The final step was the validation phase, to confirm
the screening hits and to investigate their mode of action. . . . . . . ... ..

Venn diagram of NT5E targeting miRNAs. The overlap of miRNAs
targeting NT5E predicted by the five data bases MicroCosm, microRNA (con-
served), miRDB, PITA (all entries) and PACCMIT is shown. Only miR-422a
was predicted by all resources. . . . . . . .. ..o oL Lo

NT5E mRNA levels among cell lines of different tumor entities
(NCI-60 panel). BR: breast cancer; CNS: tumor of central nervous sys-
tem; CO: colon cancer; LE: leukaemia; ME: melanoma; LC: non-small-cell
lung carcinoma; OV: ovarian cancer; RE: renal carcinoma. . . . . . . ... ..

ENTPD1 mRNA levels among cell lines of different tumor entities
(NCI-60 panel). BR: breast cancer; CNS: tumor of central nervous system;
CO: colon cancer; LE: leukaemia; ME: melanoma; LC: non-small-cell lung
carcinoma; OV: ovarian cancer; RE: renal carcinoma. . . . . . . ... ... ..

CD274 mRNA levels among cell lines of different tumor entities
(NCI-60 panel). BR: breast cancer; CNS: tumor of central nervous system;
CO: colon cancer; LE: leukaemia; ME: melanoma; LC: non-small-cell lung
carcinoma; OV: ovarian cancer; RE: renal carcinoma. . . . . . ... ... ...
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CTLA4 mRNA levels among cell lines of different tumor entities
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CHAPTER 1.

INTRODUCTION

Deoxyribonucleic acid (DNA) contains all the information needed to build up a whole organ-
ism like a human body. Every single cell contains the same DNA information, but yet our
bodies consist of numerous diverse cell types from astrocytes to zygotes, all exerting different
functions. The orchestrated interplay between these different cell types and structures is the
basis for the development of a mature organism originating from just one fertilized ovum.
But if every cell contains the same DNA content, how is their diversity achieved? The DNA
just contains the information, which has to be read and translated into functional proteins.
Every cell type has a different set of translated molecules and proteins. This process from
DNA, to functional proteins is heavily controlled on different levels. It begins with modifica-
tions of the DNA like methylation or acetylation of DNA binding histone proteins. The first
prevents that the information of the DNA is transcribed, the later facilitates DNA transcrip-
tion. Transcription factors can activate or inhibit DNA transcription, which is the process
of converting the DNA information to messenger RNA (mRNA) by RNA polymerases in the
cell nucleus. The mRNA is then exported into the cytosol where it can bind to ribosomes and
the mRNA will be subsequently translated into a protein. This process is called translation
and the RNA information is converted to a sequence of amino acids, which are the basic
modules of proteins. Also this process is regulated by different mechanisms. For example
modifications of the mRNA, binding of proteins or small RNA molecules called miRNAs to
the end region of the mRNA, which is called 3‘-untranslated region (3-UTR), can impact the
mRNA translation. After that the next level of regulation is the modifications of proteins
themselves e.g. by phosphorylation, acetylation or methylation, which can alter the protein
function, stability and activity.

The focus of this thesis was to study the aberrant regulation of gene and protein expression
of particular molecules involved in immune evasion by miRNAs in the context of cancer. In
cancer cells the tightly regulated mechanisms of gene and protein expression are degenerated,
which leads to uncontrolled cell proliferation, resistance to cell death, genome instability and
failures in DNA repair machinery as well as evasion from the immune system. For instance,
cancer cells can gain the expression of molecules, that inhibit their killing by immune cells,
which can normally eliminate degenerated cells. These proteins are classified as immune
checkpoint molecules.
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1.1. Cancer

In general, cancer can be defined as malignant transformation of normal cells in a multi-step
process. This transformation can be caused by genetic risk factors and external carcinogens,
which can be classified into three groups: biological carcinogens like viral or bacterial in-
fections, physical carcinogens like ionizing or ultraviolet radiation and chemical carcinogens
like tobacco smoke or asbestos. The different cancer types are mainly defined by the cell
type from which the Tumor originated e.g. carcinomas are derived from epithelial cells or
sarcomas descended from connective tissue [2, 1, 95].

Four out of ten persons will be diagnosed with cancer within their lifetime [2] and cancer is
the second leading cause of death worldwide. 2018 almost ten million people died because of
a cancer disease with lung and breast cancer having the highest incidence with 2.09 million
caused deaths, respectively. With increasing lifespan the incidence for cancer drastically in-
creases [1].

Although different cancer types can be quite dissimilar, in general for all cancer diseases
one rule applies: the earlier the cancer is detected, the better are prospect of treatment and
chance for complete cure of the patient. The main portion of cancer-related deaths are caused
by metastasised cancers. Within the progression of cancer individual Tumor cells can spread
into distant organs from the primary Tumor site. Besides early detection, also cancer preven-
tion is one of the most powerful tools to reduce cancer-related deaths. For example reducing
exposure to ultraviolet radiation or avoiding tobacco smoke can drastically lower the risk for
skin or lung cancer, respectively. Another prevention strategy is vaccination against viruses
like hepatitis B or HPV, which can cause for example liver or cervical cancer [2, 1, 95, 96].
In the following sections the two cancer types malignant melanoma and breast cancer will be
introduced more precisely. The general characteristics of cancer cells are illustrated in figure
1.1.
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Figure 1.1: Hallmarks of cancer. Figure is taken from [96].
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1.1.1 Melanoma

Malignant melanoma, is the deadliest form of skin cancer although malignant melanoma only
accounts for two percent of all skin cancer cases [217]. Based on the Krebsdaten report
2015/16, malignant melanoma is the fourth frequent cancer type for women in Germany with
a rate of 4.8 %. For men its the fifths most common cancer type with a similar frequency of
4.7 % [195]. Early detected melanomas have a quite high cure rate, since primary melanoma
can be easily treated by surgical resection. But for progressed melanoma the cure rate drasti-
cally declines for advanced stages, because malignant melanoma is very resistant to standard
cancer treatments like chemo- or radiotherapy. This is also reflected in the overall survival of
different melanoma stages. Stage I melanoma has a 10-year survival rate of > 90 % whereas
the 10-year survival rate for stage IV (metastatic melanoma) drops to only 10-15 % [7]. An
overview of the different melanoma stages and their treatment is illustrated in figure 1.2. To
detect melanoma betimes, regular check-ups of existing moles and benign nevi are very im-
portant. Early characteristics of melanoma are summarized by the mnemonic ”ABCDEF”:
Asymmetry, Borders (irregular), Colour (multicoloured), Diameter (greater than 6 mm),
Evolving over time and Funny looking [53].
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Figure 1.2: Four stages of melanoma. Stage 0 melanoma is very thin and located only
in the epidermal region. Treatment is surgical resection with almost complete cure rate. Also
stage I and II melanoma exhibit a high cure rate by surgical removal. Stage 0-II mainly
differ in their Breslow thickness. Stage III melanoma is defined by spread to lymph nodes.
Standard procedure is removal of primary melanoma and adjacent lymph nodes. Stage IV
melanoma is defined by spread to other organs and treatment is often surgery of removable
sections combined with chemotherapy, targeted therapy, immunotherapy or a combination of
previously mentioned options. Figure is adapted from [6].
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Melanoma originates from malignantly transformed neural crest-derived melanocytes [156].
Melanoma is a good example for cancers caused by physically carcinogens, since the main risk
factor for melanoma development is exposure to sun light. But also genetic mutations can
increase the risk for melanoma formation. For example, germ line mutation within cyclin-
dependent kinase inhibitor 2A (CDKN2A) can be a predisposition for melanoma accruement.
One characteristic of melanoma is the high mutation rate compared to other cancer types.
These mutations are mainly caused by exposure to long wave ultraviolet (UVA) and medium
wave ultraviolet (UVB) light. One of the most frequent mutations in melanoma is related
to v-Raf murine sarcoma viral oncogene homolog B (BRAF). Around 43 % of all melanoma
patients exhibit transition of valin into glutamic acid at position 600 in BRAF (BRAF V600F)
protein [209]. BRAF belongs to Ras/Raf/MEK/ERK signalling pathway, which is hyper-
activated in almost 90 % of melanoma cases and is a key regulator of melanocyte and
melanoma cell proliferation. Thus metastatic melanoma, which can not be completely re-
sected, is often treated with small molecule inhibitors targeting this pathway. In general,
kinases are very potent targets to inhibit their catalytic sites with small molecules [88].
Thus, several drugs that target BRAF like vemurafenib or dabrafenib or MEK inhibitors like
trametinib are used in clinics to treat progressed melanoma. These drugs often show good
therapeutic response in the beginning of the treatment. But most patients will experience a
relapse, since after six to eight months melanoma cells get resistant to the treatment. One
strategy to overcome this resistance mechanisms, is the usage of immunotherapy in combina-
tion with targeted therapies [174]. The different approaches of immunotherapy will be further
explained in subsequent chapter.

Since metastatic melanoma is very resistant to treatments, it is fundamental to understand
the drivers behind melanoma progression and to find potential biomarkers reflecting the dif-
ferent disease stages. Also studying the resistance mechanisms of melanoma cells to therapies
might help to further improve treatment by combination of multiple approaches to prevent
the often observed relapses of melanoma disease. For example the usage of targeted therapy
against BRAF mutated melanoma with vemurafenib was shown to increase the release of
extracellular vesicles (EV). Researchers found an increase of miR-211-5p in EVs in melanoma
cells upon treatment with BRAF inhibitors. Blocking miR-211-5p could reverse the vemu-
rafenib resistance of melanoma cells and reduced cancer cell proliferation. This example
highlights the role of intercellular communication by EVs in melanoma progression and ac-
quisition of resistance to targeted therapies [152]. Also epigenetic modifications are involved
in melanoma development and progression. For instance, hypermethylation and thereby si-
lencing of certain Tumor suppressor genes involved in apoptosis or cell cycle regulation like
phosphatase and tensin homolog (PTEN) or CDKN2A are common events in melanoma pro-
gression [207]. A small subset of melanomas is characterized by a CpG island methylator
phenotype (CIMP) especially in patients with genetic mutations in NRAS, IDH1 and ARID2
genes. For IDH1 and ARID2 it is known that they are involved in chromatin remodelling
suggesting a direct link between epigenetic alterations and somatic mutations. Since hyper-
methalation is associated with melanoma progression, DNA hypomethylating agents (DHA)
could be a therapeutic option to enhance the effect other treatments like immunotherapy.
Melanoma belongs to the group of highly immunogenic cancers and immunotherapy seems
to be a very attractive tool to treat metastatic melanoma [156]. But with a broad range
of possible treatments, suitable biomarkers will be essential to predict and choose the op-
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timal treatment combination. Thus, several studies are focusing on the search for suitable
biomarkers. For example circulating EVs originated from immune cells were shown to reflect
the state of immune cells within the Tumor microenvironment and could help to select the
most appropriate immune-checkpoint inhibitors in order to reactivate the immune cells [235].

Over the last decades also miRNAs became more attractive as biomarkers. One advantage in
contrast to mRNA is the high stability of miRNAs in paraffin-embedded tissues. So already
collected melanoma material can be re-analysed and correlated with treatment efficacy. For
example, miR-21 expression was shown to be a prognostic marker for melanoma. Also miR-
659-3p expression was found to predict the outcome of carboplatin/paclitaxel chemotherapy
of metastatic melanoma [231]. In melanoma patients bearing the BRAF mutation and treated
with small-molecule inhibitors, miR-579-3p expression was found to correlate with develop-
ment of resistance to the targeted therapy. High miR-579-3p expression is associated with a
better survival rate. Not only does miR-579-3p expression correlates with melanoma stages
being highly expressed in benign nevi and depressed in stage III/IV melanoma. But interest-
ingly, miR-579-3p was also found at much lower levels in patients that developed resistance
to targeted therapy [73].

31



1.1.2 Breast cancer

Breast cancer is one of the most common malignant diseases for women [93]. Based on the
Krebsdaten report 2015/16, breast cancer is the most frequent cancer type for women in Ger-
many with an incidence rate of 29.5 %. Mainly women are developing breast cancer, but also
0.3 % of men were diagnosed with breast cancer in Germany. Furthermore, breast cancer is
the deadliest cancer type for women causing 17.6 % of all cancer-related deaths in Germany
2016 [195]. The breast cancer stages are depicted in figure 1.3. The earlier breast cancer is
detected the higher is the survival rate. Once breast cancer metastasised the survival rate
drastically decreases. Thus, early diagnosis of breast cancer is very important and regularly
medical check-ups could decrease breast-cancer related death in last decades [69].

BREAST CANCER STAGES

BREAST CANCER STAGING MEASURES THE SPREAD OF THE DISEASE UPON DIAGNOSIS.
INORDER TO DETERMINE THE CHOICE OF TREATMENT, IT IS VERY IMPORTANT TO STAGE THE CANCER
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Figure 1.3: Four stages of Breast cancer. Different stages of breast cancer and their
characteristic Tumor size, location, spreading and survival rate are depicted. Figure is taken
from [3].
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In general, breast cancer originates from epithelial cells of the breast. Commonly breast
cancer starts from cells of milk-producing ducts and is therefore classified as invasive ductal
carcinoma. If breast cancer originates from glandular tissue, also referred to as lobules, it
is classified as invasive lobular carcinoma [253]. Breast cancer is a very heterogeneous dis-
ease and is categorized into three major subtypes. The subtypes differ in their expression
of certain markers, which can be measured by immune-histochemistry or by gene-expression
profiling. Knowing the subtype gives prognostic information and helps to predict the most
responsive and effective treatment.

The luminal breast cancer subtype is characterized by the expression of estrogen receptor
(ER) with or without the expression of progesterone receptor (PR). The luminal subtype
is further distinguished into luminal A and luminal B. Overall, the luminal subtype is the
most common with 70- 80 % of diagnosed breast cancers falling into this category. The next
subtype is breast cancer expressing the human epidermal growth factor receptor 2 (HER-21).
Approximately 10 % of all diagnosed breast cancers belong to HER-2" subtype. The most
diverse breast cancer subtype is the triple negative breast cancer (TNBC) lacking expression
of ER, PR and HER-2. Around 10 - 20 % of all diagnosed breast cancers are TNBCs [218, 17].

The different subtypes differ in their clinical characteristics. Luminal A subtype has the best
prognosis from all subtypes. It is less aggressive, slow-growing and the recurrence rate is
low. In contrast, luminal B subtype is more aggressive and has far higher proliferation rate.
But this subtype is not so prevalent as luminal A with 10-20% of all breast cancer cases [17].
Based on different expression of these receptors, the subtypes can be treated according to
their expression profile. For instance the luminal ER' breast cancer subtypes respond to
endocrine therapy. The ER™ breast cancer cells rely for their growth on the ER receptor. By
blocking the estrogen signalling by drugs, the Tumor growth can be inhibited. For example
luminal subtype can be treated by tamoxifen, which is a selective estrogen receptor modulator
[122]. Compared to luminal subtype, HER-2T and TNBC have a poorer clinical prognosis.
HER-27" breast cancer cells grow fast and have a higher chance to metastasise. There are
specific targeted therapies for this subtype. For example pertuzumab and trastuzumab are
approved agents for treating HER-27 breast cancer. These are monoclonal antibodies block-
ing HER-2. The standard care is combination of chemotherapy with trastuzumab [177].
TNBC have the highest rate of recurrence and the age at diagnosis is lower compared to the
other breast cancer subtypes. There are no targeted therapies for TNBC due to the lack
of expression of hormone receptors [157]. The treatment algorithm for early breast cancer
is shown in figure 1.4. Finding the optimal treatment for breast cancer can be quite com-
plex. There are local therapy options like surgery and radiotherapy, systemic treatments
like chemotherapy, molecular targeted therapies and endocrine therapy. Classifying into the
molecular subtypes, the overall Tumor-burden and location of the Tumor helps to define
the optimal treatment strategy. Standard treatment for all subtypes is systemic chemother-
apy. Depending on the subtype chemotherapy is combined with for example anti-HER2 or
endocrine therapy. Breast-conserving surgery (BCS) is the first surgical choice for treating
breast cancer. Mastectomy is only performed for very aggressive breast cancer or if the cancer
did not respond to chemotherapy prior the surgery [37].
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Figure 1.4: Breast cancer treating algorithm. Based on breast cancer stage, the
molecular subtype and patient decisions different treatments for primary breast cancer are
used in the clinics. Figure is taken from [37].

There are several risk factors for breast cancer. For example being female and advanced age
increases the risk for developing breast cancer. But also genetic predispositions can augment
the risk for breast cancer. The most common genetic risk factors are mutations within the
Breast cancer type 1/2 susceptibility protein (BRCA1 and BRCA2). These two genes are
normally expressed in cells of the breast and are involved in DNA damage repair mechanisms.
If the function of these proteins are disturbed by genetic mutations, DNA damages can not
be correctly repaired and the risk for abnormal cell growth and development of cancer in-
creases. Thus, BRCA1 and 2 can be also classified as Tumor suppressors [78]. For BRCA1
or BRCA2 mutated breast cancer there are special targeted therapies using PARP inhibitors
such as talazoparib or olaparib. Since BRCA mutated cancer cells are already deficient in
their DNA repair machinery, additional blocking of PPAR proteins, that are also involved in
DNA repair, leads to death of cancer cells [72].

The so far mentioned risk factors are fixed risk factors meaning that they can not be cir-
cumvented. In contrast to modifiable risk factors. These are for example obesity, exposure
to radiation or alcohol consumption. Interestingly, pregnancy and breast-feeding lowers the
risk for breast cancer development [124].
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1.1.3 Cancer immunosurveillance

The changes in cell cycle, signalling pathways and metabolism in cancer cells are very well
studies. But over the last decades it became more obvious that the cancer surrounding
environment is also very important in order to understand cancer progression. Indeed, the
proportion of cancer cells is often only one third of the whole Tumor. The rest is comprised of
stromal cells and Tumor infiltrating immune cells. It has been shown, that very often cancer
cells need the surrounding non-cancerous cells to survive and grow [91]. Thus, studying the
Tumor microenvironment may also help to gain more insights in cancer progression and to
find new strategies for cancer treatment. In this section the role of CD8" and CD4™ T cells
in cancer microenvironment will be discussed. T cells are very important elements of the
adaptive immune system. Within the cancer microenvironment T cells are also often referred
to as Tumor infiltrating lymphocytes (TILs) [91].

T cells are a subset of lymphocytes belonging to the group of white blood cells, also called
leukocytes [11]. CD8™ T cells, also called cytotoxic T lymphocytes (CTLs), recognize foreign
antigens presented on major histocompatibility complex (MHC) class I molecules. Cytotoxic
T cells express on their cell surface specific T-cell receptors (TCRs) that can recognize a
certain antigen presented on MHC I. Upon binding, the cytotoxic T cell can then destroy
the antigen presenting target cell [29]. Besides the TCR, also the CD8 transmembrane gly-
coproteins bind to the MHC I molecules to stabilize the interaction of the TCR with the
MHC I. Therefore, CTLs are also called CD8" T cells. The killing is mediated by the release
of cytotoxins as granzymes, perforin or granulysin. Interestingly, the CTLs are resistant to
their released cytotoxins due to a special composition of their plasma membrane [201].

CD4™ T cells, also called T helper cells, express the CD4 surface glycoprotein. In contrast
to CD8' T cells, CD4% T cells bind with their TCR and CD4 as co-stimulator to anti-
gens presented on MHC IT molecules. MHC 1I is expressed by specialized antigen presenting
cells (APCs) like dendritic cells. The main effector function of T helper cells is the secre-
tion of immuno-stimulatory cytokines such as IFNv or IL2, which promotes CD8% T cell
proliferation and activation. Overall, CD4" T cells have a higher plasticity compared to
CDS8™ T cells. Based on the cytokine milieu they can differentiate into Thl, Th2, Th17 Tth
and iTreg cells. Thus, CD4" T cells can be either pro-immunogenic or anti-immunogenic.
For example iTregs, which are mainly characterized by FOXP3 expression, inhibit immune
cell effector function amongst other things by producing adenosine via NT5E/CD73 [150, 29].

The "Three ES of cancer immunoediting” suggested by Robert Schreiber summarizes the dif-
ferent stages of the interplay between cancer and immune cells. Due to their high mutational
load, cancer cells often express a variety of cancer specific antigens, that can be recognized
by CTLs. And indeed, the first ES is the immune-elimination of cancer cells by CTLs ac-
companied by pro-immunogenic CD4™ T cells. The second phase is an equilibrium between
cancer and immune cells. And finally the last ES is the immune escape of the cancer cells
from the immune cells. In many Tumors TILs can be found and high numbers of T cells are
associated as a positive prognostic marker for example in primary melanoma. There are very
often cancer-specific T cells within the Tumor microenvironment, but their effector function
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is blocked by an overall immunosuppressive milieu. This offers potential treatment options
e.g. by reversing the suppressive mechanisms and to re-activate the TILs inter alia by using
immune checkpoint inhibitors [91, 64].

1.1.4 The immunological synapse

The interface between a T cell and an antigen-presenting cell (APC) is called immunological
synapse. The APC can be another immune cell like dendritic cell or a target cell like a can-
cer cell. This cell-cell interaction is characterized by concentric supra-molecular activation
clusters (SMACs). Each of these SMAC clusters has a specialized function and contains dis-
tinct types of proteins [25]. Different types of receptors are important for the immunological
synapse like receptors that recognize antigens like TCRs, receptors involved in adhesion and
mediating cell-cell contacts and co-stimulatory as well as inhibitory molecules [65]. Within
the central cSMAC the antigen receptors are located as well as co-stimulatory receptors like
CD80/CD86 or immune checkpoint molecules like CTLA4, PD-1/PD-L1. The ¢SMAC is
surrounded by the peripheral pSMAC which exhibits a high content of adhesion molecules
like a8y integrin Lymphocyte function-associated antigen 1 (LFA-1). The pSMAC also
contains Connexin43 (Cx43) molecules which forms hemichannels between the T cell and the
APC. The outermost SMAC is the distal dSMAC which forms a dense ring of filamentous
actin (F-actin) and is also sometimes referred to as fSMAC [25, 232]. Dis-regulation of the
immunological synapse can cause auto-immunity or lead to cancer cell immune evasion. Thus,
several treatments have been developed that target the immunological synapse to treat e.g.
cancer. Especially immunotherapy targeting immune checkpoint molecules improved cancer
treatment [65]. In the following chapter the individual immune checkpoint molecules are
introduced and their clinical impact is explained.
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Figure 1.5: The immunological synapse (IS). The IS is the interface between a T cell
and a APC like cancer cell. The IS consists of different SMAC patterns: central cSMAC,
peripheral pSMAD and the distal dSMAC. Figure is taken from [232].
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1.1.5 Immune checkpoint molecules

In this chapter immune checkpoint molecules will be considered in more detail. Their normal
function as well as their implication in cancer will be specified. Finally, the usage of agents
and in particular antibodies targeting these immune checkpoint molecules for treating cancer
will be explained.

PD-1/PDCD1

Programmed cell death protein 1 (PD-1), also referred to as CD279 or PDCD1, which is the
official gene name, is expressed on the cell surface of e.g. antigen-specific T cells. Under
normal conditions, PD-1 protects from autoimmunity by dampening immune responses. But
within Tumor microenvironment, PD-1 expression manifests an immunosuppressive milieu.
PD-1 belongs to the immunoglobulin (Ig) superfamily and consists of 288 amino acids with
a N-terminal IgG-V domain, a transmembrane domain and a cytosolic domain that contains
immunoreceptor tyrosine-based switch motif (ITSM) and an immunoreceptor tyrosine-based
inhibitory motif (ITIM). PD-1 is not able to form homodimers and can be only found in
monomeric state on cell surface. Upon bidirectional interactions with its ligands PD-L1 or
PD-L2, PD-1 transmits its inhibitory signals on T cell activation. Besides inhibiting function
of antigen-specific T cells, PD-1 signalling was also shown to induce regulatory T cells (Tregs),
which is an additional mechanism of controlling and dampening T cell activation in order to
prevent autoimmunity [77, 227].

PD-L1/CD274

Programmed death-ligand 1 (PD-L1) or CD274, which is the official gene name, is one of the
two ligands of PD-1 besides PD-L2. Whereas PD-L2 is predominantly expressed on dendritic
cells (DCs), mast cells and macrophages, PD-L1 expression can be found on a broader panel
of hematopoietic and non-hematopoietic cell types. For example PD-L1 is expressed on T
cells, B cells, DCs, mast cells, macrophages, but also on healthy tissue cells like keratinocytes,
vascular endothelial cells or astrocytes. But also cancer cells and cancer-associated stromal
cells can gain expression of both PD-L1 and PD-L2 [227].

Like PD-1, PD-L1 belongs to the immunoglobulin (Ig) superfamily. It is a type 1 transmem-
brane protein with a size of 40 kDa. It exerts its function by binding to its receptor PD-1,
which is expressed for example by activated B and T cells. PD-L1 has two extracellular Ig
domains, one N-terminal Ig-V and one C-terminal Ig-C-like domain. Furthermore, PD-L1
consists of a transmembrane domain and short cytoplasmic tail without any signalling motifs
[227, 143]. Upon binding of PD-L1‘s extracellular domains with PD-1, the conformation of
PD-1 is changed which in turn enables Src family kinases to phosphorylate the immunorecep-
tor tyrosine-based switch motif (ITSM) and the cytoplasmic immunoreceptor tyrosine-based
inhibitory motif (ITIM). The phosphorylated tyrosine motifs leads to recruitment of SHP-1
and SHP-2 protein tyrosine phosphatases. SHP-1 and SHP-2 dampens T-cell activation by
dephosphorylating the co-stimulatory receptor CD28. Summing up, binding of PD-L1 to
PD-1 inhibits T cell survival, production of cytokines and proliferation [84, 270, 111]. Thus,
up-regulation of PD-L1 by cancer cells helps them to evade from the immune system. Inter-
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estingly, PD-L1 alone on cancer cells also seems to have a protective function without the
binding to PD-1. It was shown that the susceptibility to killing by CTLs mediated by type
I and type II interferons is lowered by PD-L1 [83].

CTLA4

Cytotoxic T-lymphocyte-associated protein 4 (CTLA4), also previously known as CD152, is
also a member of immunoglobulin-related receptors that is also involved in inhibiting T cell
function. CTLAA4 is normally expressed by CD8" and CD4™ T cells, especially in Tregs [200].
But its expression was also found to be up-regulated in melanoma cells upon IFN~ signalling
[167]. In contrast to PD-L1, CTLA4 forms homodimers at the cell surface by disulfid bond
between cysteins at position 122 [54].

CTLA4 binds to receptors CD80 and CD86 expressed by antigen-presenting cells (APCs),
such as marcophages, dendrictic cells or B cells, thereby acting as an antagonist of CD28,
which can also bind to these co-stimulatory receptors in order to activate T cell function.
CTLA4 has a higher avidity and affinity for CD80 and CD86 than CD28 thereby reducing
the immunostimulatory function of APCs via CD28 signalling. Normally, CTLA4 signalling
is important to maintain self-tolerance, but in setting of cancer diseases CTLA4 expression
hinders immune responses against Tumor cells [200].

NT5E/CD73

NT5E, also known as CD73, is an ecto-5 "-nucleotidase expressed on the cell surface of various
cell types. This membrane-bound enzyme catalyses the hydrolisation of extracellular adeno-
sine monophosphate (AMP) into adenosine (ADO) and inorganic phosphate [196]. As shown
in figure 1.6, NT5E consists of a homodimer, which is anchored to the cell membrane by
glycophosphatidylinositol anchors. Besides AMP, also nucleosidase activity for nicotinamide
adenine dinucleotide and nicotinamide mononucleotid was observed for NT5E [127, 226].
NT5E functions together with ENTPD1, also referred to as CD39. As depicted in figure
1.6, ENTPD1 catalyses the hydrolysis from extracellular adenosine triphosphate (ATP) into
AMP through two reversible reaction steps. Interestingly, the final reaction step from AMP
to adenosine mediated by NT5E is irreversible [19].

There are two conformations of NT5E molecular structure: an open and a closed conforma-
tion. NT5HE transits through this two stages during substrate cleavage. These conformational
changes are enabled by the flexible a-helix which connects the C-terminal domain with the
N-terminal domains. The N-terminal domains bind the co-factors Zn?*T and Ca?t. NT5E
is post-transcriptionally modified at four distinct asparagine residues either by mannose sac-
charide chains or by a mixture of complex glycans and high mannose [127]. The full-length
NT5E molecule consists of 574 amino acids (NT5E-201). In different human tissues also a
shorter NT5E splice variant (NT5E-203) missing exon 7 with a length of 525 amino acids
was detected. To note, this splice variant was found to be intracellularly over-expressed in
human hepatocellular carcinoma cell lines [220]. Exon 7 encodes amino acids 404-453, which
are crucial for the homodimerization. Thus the shorter splice variant of NT5E is not located
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at cell surface and exhibits impaired substrate binding and abrogated 5 -nucleotidase activ-
ity. Interestingly, it was found that the shorter splice variants cause proteasome-mediated
degradation of the intracellular normal NT5E variant whereas the level of the extracellular
native NT5E homodimers is not effected.

Under normal circumstances NT5E is expressed in cardiac myocytes, epithelial cells of the res-
piratory tract, smooth muscle cells and certain immune cells like regulatory T cells (Tregs)
or myeloid-derived suppressor cells (MDSCs) [45, 225]. NT5E is involved in epithelial ion
transport thereby preserving mucosal hydration [225]. Furthermore, NT5E acts as a gate
keeper on endothelial cells since free adenosine is involved in “resealing” gaps between vascu-
lar endothelial cells caused by transmigrating neutrophils [137]. One of the most important
functions of NT5E is its regulatory role in inflammatory immune responses. Normally, Tregs
express NT5E on their cell surface [123]. The produced adenosine from Tregs is exerting
anti-inflammatory functions by binding to adenosine receptors on various immune cells like
effector T cells, dendritic cells, marcophages, MDSCs or natural killer cells. This mechanism
helps to dampen immune response and is also important to prevent autoimmune diseases
and to maintain tolerance to self-antigens [28]. Accumulation of immunosuppressive adeno-
sine produced by NT5E, leads to activation of cAMP signalling cascade in immune cells
expressing A2A adenosine receptors (ADORA2A) on their cell surface. The activation of
cAMP signalling leads to inhibition of immune cells effector functions [268, 128, 12]. Besides
blocking effector functions, adenosine was also found to inhibit proliferation, activation and
chemotaxis of T cells [219, 15].

Normally expressed on Tregs, NT5SE has been found to be expressed also by many different
Tumor entities such as colorectal cancer [146], triple-negative breast cancer [15, 36], melanoma
[204, 205, 245] or non-small cell lung cancer [113]. In light with the immunosuppressive ef-
fect of adenosine and its expression by various cancer types, NT5E can be considered as an
immune-inhibitory checkpoint molecule suitable as a target for cancer immunotherapy. How
NT5E-directed immunotherapy can be used to treat cancer patients will be highlighted in
the next chapter.

Besides its enzymatic activity, NTSE was also found to function as a receptor molecule
mediating cell-cell adhesion between endothelial cells and lymphocytes [10]. Also the interplay
of the extracellular matrix components (ECM) with NT5E was shown by several authors
[15, 18, 203]. It was proven, that this interaction is independent from NT5E’s enzymatic
activity since blocking of its ectonucleotidase activity by concanavalin had no impact on the
interaction of NT5E with collagen 1, fibronectin or tenascin C. The interaction of NT5E and
tenascin C was found to be the mediator of cell adhesion and migration [128]. How NT5E is
regulated on the transcriptional and posttranscriptional level is elucidated in a later chapter.
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Figure 1.6: Structure and function of NT5E/CD73. The membrane bound ecto-5"-
nucleotidase NT5E hydrolyzes extracellular adenosine monophosphate (AMP) into adeno-
sine and inorganic phosphate (P). Upstream of NT5HE, adenosine triphosphate (ATP)
is hydrolyzed via two reaction steps into AMP by the enzyme ectonucleoside triphos-
phate diphosphohydrolase-1 (ENTPD1) (CD39). Adenosine thus produced exerts anti-
inflammatory effects by binding to the adenosine A2A receptor (ADORA2A) expressed by T
cells, natural killer (NK) cells, and dendritic cells (DCs) resulting in cAMP mediated blocking
of their effector functions. To some extent, the A2B receptor (ADORA2B) is also expressed
on DCs and macrophages which are suppressed by adenosine. Thus, cancer cells can evade
the immune system by up-regulating NT5E protein levels. Furthermore, adenosine binds to
the A2B receptor expressed by cancer cells leading to Tumor cell survival and proliferation.
Cancer cells also express the adenosine Al receptor (ADORA1) and A3 receptor (ADORA3)
and binding of adenosine to these receptors leads to Tumor cell migration and proliferation
via signalling through Gi proteins. Adenosine is also involved in the adaption to hypoxia
and shows pro-angiogenic potential. All adenosine receptors are depicted as stylized green
transmembrane proteins. Adenosine is symbolized as yellow circles marked with “A”. Picture
is taken from [128].
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1.1.6 Immunotherapy

Besides the classical cancer treatments like surgical removal of Tumor, chemo- and radiother-
apy, also immunotherapy became more important especially for treating advanced metas-
tasised cancers that showed none or only weak responses to other standard treatments. In
general, the principle of immunotherapy is to boost the natural immune defence of the body
against cancer cells or to block the inhibitory mechanisms that cancer cells gained to evade
from the immune system. There are different types of immunotherapies to treat cancer like
cancer vaccines, oncolytic viruses, T-cell based therapies or monoclonal antibodies directed
against immune checkpoint molecules.

Monoclonal antibodies

Antibodies binding to immune checkpoint molecules and thereby blocking their immunosup-
pressive function are widely used in the clinics to treat advanced cancers. First data using
PD-1 blocking antibodies were collected 2010 for melanoma, renal cell carcinoma and col-
orectal cancer. To date, antibodies blocking the PD-1-PD-L1 axis showed good responses for
several cancer types e.g. melanoma and are now approved for clinical usage. But for other can-
cer types like breast cancer, anti-PD-1/PD-L1 monotherapy only have modest antiTumoral
effects. Examples for approved antibodies targeting PD-1 in melanoma are: nivolumab and
pembrolizumab. Examples for PD-L1 blocking antibodies are atezolizumab and durvalumab
[227]. Nivolumab for example had almost 25 % overall response rate (ORR) in phase II trial
for metastatic melanoma [175]. Monoclonal antibodies directed against CTLA4 are for exam-
ple ipilimumab and tremelimumab. To note, ipilimumab was the first approved monoclonal
antibody for metastatic melanoma treatment in 2011 with an overall response rate (ORR) of
11 % in a phase III trial. Although the monotherapies showed good clinical responses, the
major challenge is resistance to therapy. Therefore, combinations of different antibodies as
well as with other treatments are tested and it is checked whether these combinations can
have clinical benefit [174]. For example combination of anti-CTLA4 and anti-PD-1 could
enhance progression-free survival in melanoma in comparison to the anti-PD-1 monotherapy

227).

Also antibodies blocking CD73 and CD39 are considered for immune checkpoint therapy. The
idea hereby is to abrogate the adenosine mediated inhibition of effector immune cell func-
tion [178]. There are different possible ways to target adenosine signalling within the Tumor
microenvironment. For example small molecule antagonists directed against the adenosine
receptors A2A and A2B, small molecules inhibiting CD73 function and monoclonal antibody
targeting CD73 and CD39 are used to abrogate adenosine mediated immunosuppression.
mAB against CD39 are currently in phase I clinical trial. Preclinical data showed that mAB-
CD39 monotherapy reduced cancer metastasis and delayed Tumor growth. Furthermore,
synergistic effects of mAB-CD39 and anti-PD-1 or anti-CTLA4 were observed [16]. Also
mAB-CD73 treatment reduced cancer metastasis formation, reduced Tumor growth and re-
voked adenosine-mediated immunosuppression in preclinical studies [14]. There are several
clinical phase II trials ongoing with the CD73 blocking monoclonal antibody oleclumab for
treatment of triple negative breast cancer, colorectal cancer, pancreatic cancer and other
Tumor entities. In many studies oleclumab is combined with PD-L1 targeting durvalumab
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monoclonal antibody [161].

Cancer vaccines

The high rate of genomic mutations leads to expression of many new Tumor-associated anti-
gens (TAA). These TAAs are presented at cancer cell surface by major histocompatibility
complex (MHC), which can lead to recognition by Tumor-specific T cells. But often cancer
cells can evade from this mechanism and avoid being killed e.g. by down-regulating the num-
ber of expressed MHC molecules or increasing the expression of immune checkpoint molecules
[179]. The TAAs are attractive targets for cancer vaccines to boost the bodies immune re-
sponse against cancer cells.

One example vaccine currently in clinical phase I trial is the liposomal RNA vaccine (RNA-
LPX) FixVac from BioNTech. To note, the principle of RNA vaccine was initially developed
for treating especially melanoma diseases. But the concept was also adopted for generat-
ing in a fast-track procedure a very potent vaccine against COVID-19 virus, which caused
a world-wide pandemic 2020/21. The specific feature of FixVac is that it targets four non-
mutated TAAs prevalent for melanoma. Most cancer vaccines are based on mutated TAAs.
FixVac contains RNA encoding for the following TAAs,; which are known to have a high im-
munogenicity: trans-membrane phosphatase with tensin homogly (TPTE), tyrosinase (TYR),
melanoma-associated antigen A3 (MAGE-A3) and New York oesophageal squamous cell car-
cinoma 1 (NY-ESO-1). Patients expressing at least one of these TAAs are suitable for the
vaccination whit a prime/repeat boost protocol. FixVac alone or in combination with anti-
PD-1 treatment led to durable objective responses in advanced melanoma patients, that
previously already underwent checkpoint-inhibitor treatment [206].

Oncolytic viruses

2015 the oncolytic viral therapy T-VEC based on herpes simplex-1 virus (HSE-1) was ap-
proved for melanoma treatment. In general, viruses used for cancer treatment are modified
such as they lack virulence against normal cells and only ”infect” cancer cells which results
in cancer specific cell-lysis. Cancer cells are more susceptible to oncolytic viruses, since they
often lost the normal cellular anti-viral defence mechanisms to gain higher proliferation rate.
T-VEC is also modified to express GM-CSF, which leads to an increase in immune cell prolif-
eration and stimulation. T-VEC is injected directly into the Tumor [179]. But there are also
oncolytic viruses, that can be administered intravenously which is beneficial for treatment of
metastasised cancer diseases. Furthermore, oncolytic viruses can be also modified to encode
for TAAs to enhance their anti-Tumor activity [34].

T-cell therapy

Another approach of assisting the bodies immune system to fight cancer are adoptive T cell
therapies. There are different approaches like Tumor-infiltrating T cells (TILs) or chimeric
antigen receptor T-cell (CAR T-cell) therapy. TILs therapy is based on already existing
immunity against cancer cells. Basically, Tumor-specific T-cells are isolated from the patient
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and expanded in vitro until they get re-infused into the patient alongside with immunostim-
ulatory cytokines [63, 86]. For CAR T-cell therapy, the T cells are additionally genetically
engineered in vitro often using CRISPR/Cas9 system [179]. The CAR receptors are designed
to recognize a specific TAA and to activate cytolytic T cell function. The CARs are not
only containing the extracellular TAA-binding domain, but also co-stimulatory intracellu-
lar signalling domains like CD28, CD3 and OX40. First, CAR therapies were approved for
haematologic cancers like leukaemia, but current clinical trials also focus on solid Tumors
[168]. One limitation of CARs compared to TCRs of native T cells is the exclusive recogni-
tion of antigens expressed on the Tumor cell surface. Internal antigens presented by Tumor
cells MHC can not be recognized by CARs [60].

1.2. miRNAs

As mentioned beforehand, miRNAs are one component of post-transcriptional regulation of
gene expression. miRNAs are defined as small non-coding single-stranded RNAs consisting
of 19 to 25 nucleotides [30]. Since the last decades these small molecules became more into
the focus of researchers trying to unravel their biogenesis, function and impact for diseases
such as cancer. Back in 1993, less than 30 years ago, the first miRNA was described by Lee,
Feinbaum and Ambros. They discovered the first miRNA lin-4 in Caenorhabditis elegans,
which regulates the expression of LIN14 protein by binding to 3‘-UTR of lin14 mRNA thereby
controlling post-embryonic development in C. elegans [134]. miRNAs have been found to
be highly evolutionary conserved and are important regulators for e.g. cell proliferation,
development, metabolic processes, apoptosis and differentiation in many different species
[133, 147]. To date, there are 2654 known mature miRNA sequences for homo sapiens and
1978 for mus muculus according to miRBase data base (release 22.1, October 2018) [129].

1.2.1 Biogenesis

The biogenesis of miRNAs is illustrated in figurel.7. As for mRNAs, miRNA biogenesis
starts with transcription in the cell nucleus. There are two sorts of miRNAs: intragenic and
intergenic. Intergenic miRNA genes are similar to normal protein coding genes. They have
their own promoter and terminator units. But more than half of miRNA genes are located
within genomic region of protein coding genes. These intragenic miRNAs are either intronic
or extronic depending on their location within the host gene. Intragenic miRNAs are not
transcribed independently since they share the transcriptional units like promoter with their
respective host gene [169, 103].

The majority of miRNAs in mammals is transcribed by RNA polymerase II resulting in
so-called primary miRNA (pri-miRNA). pri-miRNAs are several kilobases long, contain a
stem-loop like structures, have a 7-methyl guanosine cap at their 5-end and a poly-A tail
[135, 210]. To note, a small portion of miRNAs, which contain retrotransposal Alu elements,
are transcribed by RNA polymerase III [32]. As depicted in figure 1.7 the pri-miRNAs are
further processed inside the cell nucleus by a complex of Drosha-DiGeorge syndrome critical
region gene 8 (DGCRRA) and the RNase I1I-type endonuclease Drosha. This complex binds and
cuts the pri-miRNA into precursor miRNA (pre-miRNA), with a size of around 70 nucleotides
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in length and a hairpin structure [94, 199]. For further processing the pre-miRNA is exported
to the cytosol by RAnGTP-dependent nuclear transport reporter exportin 5 (XPO5) [266].
In the cytosol the pre-miRNA is bound by the transactivation response RNA binding protein
(TRBP) and cleaved by the RNase III enzyme Dicer into approximately 20 nucleotide long
mature miRNA /miRNA* duplex, which is bound by Argonaute proteins (Ago) forming the
so-called RNA-induced silencing complex (RISC). RNA helicases unwind the miRNA duplex
and the passenger strand (miRNA*) is normally degraded, whereas the guide strand (mature
miRNA) remains in the RISC complex, which is sometimes also referred to as the miRISC
[191].

” miRNAs:
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Figure 1.7: miRNA biogenesis and function. miRNA genes are mainly transcribed by
RNA polyermase II and the resulting pri-miRNA is processed by Drosha/DGCRS8 complex
into hairpin-structured pre-miRNA. The pre-miRNA is subsequently exported into cytosol
by EXPORTINS where it is cleaved by Dicer into mature miRNA. The mature miRNA binds
together with Ago proteins to target mRNA‘s 3’-UTR regions thereby blocking translation
or even causing degradation of mRNA.

1.2.2 Function

The miRISC, consisting of mature miRNA and Ago proteins, can bind to target mRNAs
and affect their translation and stability. Most miRNAs bind with their 5-6 nucleotide long
seed sequence to the 3*-UTR, of target mRNAs. In rare cases, miRNAs can also bind to the
5-UTR or open reading frame (ORF) of target mRNA [180]. It is also described, that a
subset of miRNAs can potentially activate gene expression by binding to the promoter region
of target genes [278]. Depending on the degree of complementary base paring, the target
mRNA is either degraded or its translation is hindered. If the miRNA sequence shows per-
fect complementarity to the target mRNA, the mRNA is degraded. But often, the miRNA
only binds partially to the mRNA. In this case protein translation is blocked, but the mRNA
remains stable [79].
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Since the seed sequence of a miRNA only comprises around six nucleotides, one miRNA can
target multiple mRNAs and thereby regulate a variety of networks and pathways. But also
one target mRNA is regulated by several miRNAs. This makes miRNA mediated regula-
tion a quite complex mechanism that always affects multiple regulators and targets [24, 162].
Approximately more than 33 % of all protein-coding genes are thought to be regulated by
miRNAs [154]. Thus, the deeper understanding of miRNA mediated regulation is quite im-
portant to further understand diseases like cancer, in which the normal gene regulation is
disturbed.

Besides their intracellular functions, miRNAs are also important factors for intercellular com-
munication. miRNAs can be also exported into extracellular space via different mechanisms.
For example protein transporters export miRNAs bound to argonaute proteins (AGO) or
high-density lipoproteins (HDL) [81]. Thus, the ATP-binding cassette transporter 1 (ABCA1)
exports miRNA-HDL complexes. These complexes are then taken up by target cells via scav-
enger receptor class B type 1 (SR-B1) [87].

Another miRNA export mechanism works via extracellular vesicles (EV). There are various
forms of EV basically differing in their size and origin. The encapsulation of miRNAs by
EVs protects them from degradation by RNases. miRNAs can be exported via ectosomes,
which have a diameter of 50-2000 nm [188]. The smallest EVs are called exosomes with a
diameter of 30-180 nm that originate from intracellular endosomes [164]. Exosomes carry a
variety of bioactive molecules like miRNAs but also mRNAs, long non-coding RNAs (IncR-
NAs), lipids and proteins. Interestingly, exosomes have been found to be an useful tool for
predicting cancer development and progression [235]. It was found that exosomes contribute
to melanoma progression. Via exosomes melanoma cells can transfer miRNAs between each
other, but also to other surrounding cell types like endothelial cells or fibroblasts [235, 256].
Furthermore, miRNAs can be also transported by ectosomes, melanosomes, which are spe-
cific for melanocytes and melanoma cells, or oncosomes [81]. Oncosomes are quite big EVs
with a size of 1-10 pm, which are released by cancer cells and their amount has been related
to cancer progression [56]. Ectosomes have a diameter of 50-2000 nm and are formed by
outward budding of cell membrane [188].

1.2.3 miRNAs and cancer

Within the last years miRNAs became more important for the understanding of cancer de-
velopment and progression. Studying miRNA expression profiles among different cancer
types and the comparison with healthy counterpart tissues helped to gain more insights in
the molecular mechanisms and regulatory networks that drive carcinogenesis. Not only are
miRNA expression patterns degenerated in cancer cells, but they play also an important
role in all hallmarks of cancer. Within this chapter exemplary miRNAs will be specified
for each hallmark of cancer defined by the famous paper of Hanahan and Weinberg [95].
The main focus will be thereby on the two cancer entities melanoma and breast cancer since
within this thesis cancer cell lines from those two cancer types are predominantly investigated.

There are two important types of miRNAs with regard to cancer: oncogenic and Tumor
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suppressive miRNAs. Oncogenic miRNAs, also referred to as oncomiRs, are expressed at
high levels in cancer cells and promote Tumor development or progression e.g. by inhibiting
the expression of Tumor suppressor genes. On the contrary, Tumor suppressor miRNAs, also
referred to as tsmiRs, are expressed at lower levels in cancer cells compared to healthy tissues.
Their loss of expression can also lead to Tumor development and progression since tsmiRs
often inhibit the expression of oncogenes.

Sustaining proliferative signals

Under normal conditions cells can only divide for a limited number of cell cycle transitions
and will finally arrest in the GO phase in order to remain a healthy cell density within a tissue.
But for cancer cells this adaptive cell cycle arrest mainly caused by inhibitory signalling from
surrounding environment is disrupted. Cancer cells can evade this growth suppression and
gain an abnormal high proliferation rate [147, 171].

miR-1207-5p was found as an oncomiR in breast cancer. Elevated miR-1207-5p levels in-
creased the proportion of cells at G2 phase of the cell cycle and enhanced cancer cell prolif-
eration. miR-1207-5p was found to directly inhibit the regulator STAT6. STAT6 normally
activates transcription of cell cycle-dependent kinase inhibhitors CDKN1A and CDKNI1B.
Thus, the activation of miR-1207-5p leads to decreased CDKN1A and CDKN1B levels, which
results in an aberrant high proliferation [260]. An example for a Tumor suppressive miRNA
(tsmiR) involved in cancer cell proliferation is miR-193b, which has been found to be sig-
nificantly down-regulated in melanoma compared to benign nevi resulting in higher cancer
cell proliferation. Normally, miR-193b targets cyclin D1 (CCND1), which is an important
regulator of cell cycle transition and low levels of CCND1 inhibits cell proliferation [43].

Deregulation of cellular energetics

Cancer cells often exhibit changes in metabolic program known as the Warburg effect char-
acterized by an enhanced uptake and usage of glucose [116]. In breast cancer cells miR-122
was found as an oncomiR highly secreted by cancer cells. The secreted miR-~122 is taken up
by non-Tumor cells and inhibits their glucose uptake. This supports the high glucose need
of the cancer cells. miR-122 inhibits the expression of citrate synthase and pyruvate kinase
in non-Tumor cells. Both are important metabolic enzymes and pyruvate kinase is involved
in the last step glycolysis. Interestingly, the systemic treatment in vivo with antagomiRs
directed against miR-~122 improved glucose uptake of distant organs and led to lower number
of breast cancer metastasis [76].

Resisting apoptosis

Normally apoptosis, also called programmed cell death, is a safety mechanism for the organism
if cells exhibit a disrupted genetic or chromosomal content like cancer cells. But cancer cells
can get resistant to apoptosis preventing their cell death. miR-21 is an oncomiR involved
in apoptotic processes in breast cancer [147] as well as in melanoma [231]. Furthermore,
miR-21 expression is significantly higher in metastatic and primary melanoma compared
to melanocytes or benign nevi. High miR-21 is associated with shorter survival time of
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melanoma patients. Treatment of melanoma cells with antagomiRs targeting miR-21 induces
apoptosis, reduces proliferation and enhances the sensitivity to chemo- and radiotherapy
[231, 118]. Also in breast cancer, miR-21 expression inhibits apoptosis by imbalancing the
ratio of pro-apoptotic BAX protein and anti-apoptotic BCL-2 protein [139]. Interestingly,
miR-21 does not act via inhibition of the pro-apoptotic BAX, but it directly up-regulates
the anti-apoptotic BCL-2. This is one of the rather rare cases, were binding of miRNA in
3--UTR of target genes leads to an up-regulation of the target’s expression [59].

Genome instability and mutations

miRNAs are also involved in the regulation of proteins of the DNA repair pathways. For
example, the ATM serine/threonine kinase is inhibited by miR-630 or miR-421 [132]. ATM
serine/threonine kinase is an important enzyme, which is activated and recruited upon DNA
double-strand breaks. It subsequently phosphorylates and thereby activates several other fac-
tors involved in DNA repair, cell cycle arrest and apoptosis. Many of the regulators activated
by ATM serine/threonine kinase are Tumor suppressors [173]. But also miRNA expression
patterns itself can be deregulated by genomic instability. In melanoma, the expression of the
Tumor suppressive miRNA miR-34b is silenced by increased methylation of a CpG island
upstream of the miR-34b gene [159]. Or on the contrary, the expression of the oncogenic
miR-182 is activated by hyper-methylation of CpG-islands upstream of mature miR-182 in
melanoma cells [159].

Induction of angiogenesis

miR-203 levels were found to be down-regulated in metastatic melanoma compared to primary
melanoma due to hypermethylation of miR-203 promoter. Expression of miR-203 was found
to have Tumor-suppressive potential by inhibiting angiogenesis and melanoma cell migration
in vitro. Furthermore, miR-203 expression can limit primary Tumor growth and reduced the
incidence of melanoma metastasis in lymph nodes and lungs. miR-203 can directly bind to
the 3‘-UTR of Snail family transcriptional repressor 2 (SNAI2) and melanoma cells express
higher SNAI2 levels compared to benign nevi. It was found that knock-down of SNAI2 could
mimic the effects of miR-203 and the re-expression of SNAI2 reversed the effects mediated
by miR-203. Furthermore, miR-203 can also reduce the expression of IL-8, which promotes
angiogenesis and neovascularization [215, 148]. miR-~-199a and miR-1908 have been identified
as oncomiRs promoting angiogenesis in melanoma by recruiting more endothelial cells [187].

Activating invasion and metastasis

In advance of cancer progression single cancer cells from the primary lesions gain the ability to
metastasise to distant organs. Cancers, that already metastasised are more difficult to treat
and add up to drastically lower survival rate for patients. Several miRNAs have been linked
to metastatic and invasive capacity of cancer cells. The miR-200c/141 cluster was found
to be up-regulated in breast cancer resulting in greater metastatic potential by enhancing
expression of SerpinB2. The expression of SerpinB2 is associated with higher metastasis risk
and could serve as a prognostic marker for triple negative breast cancer patients [120]. In
concordance, plasma levels of miR-200c/141 are higher in metastatic breast cancer patients
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compared to primary breast cancer lesions [275]. Interestingly, in melanoma miR-~200c seems
to be a more Tumor suppressive miRNA than an oncomiR. The ZEB1-miR-200c-feedback
loop was found to be important for the epithelial-to-mesenchymal transition (EMT) of cancer
cells. It was found that miR-200c targets polycomb complex protein BMI-1 (BMI-1) [254],
which enhances the expression of E-cadherin thereby inhibiting melanoma cell invasion [198].
Thus, the loss of miR-200c¢ in melanoma activates cell invasion. A comprehensive miRNA
screen performed by Weber and co-workers identified several miRNAs with the capacity to
enhance or reduce melanoma cell invasion. Based on this screen miR-339-3p was identified
as a Tumor suppressor in melanoma by directly targeting MCL1 [251].

Tumor promoting inflammation

Cancer cells also modulate their surrounding microenvironment including immune cells.
Melanoma is a very highly immunogenic cancer type [184]. Cancer cells utilize inflamma-
tory mechanisms to sustain their survival and proliferation [95]. For example miR-145 levels
are decreased in various cancer types amongst breast cancer. miR-145 expression together
with TNFa induces cell death and apoptosis. TNF« is a cytokine secreted by various cell
types in the Tumor microenvironment such as T cells, macrophages, fibroblasts and mono-
cytes and can be pro- and anti-Tumoral. With the loss of miR-145 expression, breast cancer
cells can avoid the TNFa induced apoptosis [39].

Enabling replicative immortality

At the terminus of each chromosome a specific sequence is present consisting of TTAGGG
tandem repeats called telomere. Telomeres protect the chromosome from DNA damage. With
every cell division the length of telomeres is shortened until telomere dysfunction is reached
which initiates cellular senescence and apoptosis. Cancer cells gain immortality due to aber-
rant telomerase activity [114]. The activity of telomerase, which maintains the telomeric DNA
repeats at the end of chromosomes, is essentially dependent on reverse transcriptase telom-
erase protein (WTERT) and telomerase RNA template (hWTERC) [151]. A group of miRNAs,
that directly targets hTERT, have been shown to be down-regulated in breast cancer cells.
These Tumor suppressive miRNAs are miR-296-5p and miR-512-5p, which are expressed at
low levels in breast cancer. Low expression of these miRNAs and resulting high expression of
hTERT is associated with poor survival of breast cancer patients [57]. The oncogenic miR-~155
is up-regulated in breast cancer and targets telomeric repeat factor 1 (TRF1) at telomeres
[58]. TRF1 is a compartment of shelterin, also referred to as telosome, which protects the
telomere [106]. Enhanced expression of miR-155 leads to genomic instability and telomere
fragility.

Immune evasion

The immune system normally detects and destroys degenerated cells. But cancer cells can
gain mechanisms to hijack physiological immune checkpoint control, which is an important
mechanism of the immune system to avoid overshooting immune responses and maintain
self-tolerance [95]. miRNAs are also involved in immune evasion of cancer cells e.g. by dys-
regulating the expression of immune checkpoint molecules like CD274, NT5E, PD-1, B7-H3
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or CTLA4. A comprehensive overview of immune modulatory miRNAs was given by Eich-
miller et al. in 2017 summarizing the already known miRNAs involved in Tumor immune
escape [67]. miRNAs targeting NT5E will be mentioned in the following section and can be
also considered as miRNAs with potential role in immune evasion.

miR-195 and miR-497 are potential tsmiRs in breast cancer, since they can directly inhibit
the expression of CD274 [263]. An example oncomiR involved in immune evasion is miR-
519a-3p. Its expression decreased the ability of natural killer cells to kill breast cancer
cells by down-regulating ligands for the NK cell-activating receptor NKG2D. miR-~519a-3p
can directly inhibit the expression of the ligands MICA and ULBP2 on Tumor cell surface
allowing cancer cells to evade from NK cell mediated killing. High expression of miR-519a-3p
was observed in advanced breast cancer with mutated p53 and its expression is correlated
with worse clinical outcome [35]. In melanoma the miR-34 family has been identified to
modulate innate immunity with a similar mechanism like miR-519a-3p. Also miR-34a/c can
inhibit ULBP2 expression, which is as mentioned above a ligand for NKG2D. Thus, over-
expression of miR-34a/c protected melanoma cells from cytotoxic activity of NK cells [101].
A melanoma cell specific mechanism of immune evasion is the regulation of MITF-M. miR-
155 up-regulation leads to novel mechanism of melanoma immune evasion. IL-15, a cytokine
released in Tumor microenvironment, was found to enhance miR-155 expression in melanoma
cells. Thus, miR-155 directly targets MITF-M and inhibits its expression. Lower MITF-M
levels in turn result in a lower expression of potential cytotoxic T cell target antigens [21].
Besides miRNA affecting immune relevant genes within cancer cells, also miRNAs changing
expression pattern in immune cells are important for immune evasion. For example, several
miRNAs have been identified to shift macrophages from inflammatory phenotype (M1-like)
towards immunosuppressive state (M2-like), like miR-125b-5p secreted by melanoma cells
through EVs. miR-~125-5p is taken up by Tumor-associated macrophages (TAMs) and causes
differentiation into a more Tumor-promoting phenotype [85].

1.3. Regulation of NT5E/CD73

Since the main focus of this thesis was the miRNA-mediated regulation of NT5E, this chap-
ter will summarize the already known regulators of NT5E at the transcriptional and post-
transcriptional level.

1.3.1 Transcriptional regulation of NT5E

Figure 1.8 summarizes the already known transcriptional regulators of NT5E. Furthermore,
miRNAs are depicted that are known to directly regulate NT5E, or indirectly by binding to
one of NT5E “s transcriptional regulators 3’-UTR.

The NT5E promoter region possesses binding sites for the following transcriptional regula-
tors: SMAD proteins, SP1 and AP-2. Furthermore, the NT5E promoter contains a cAMP-
responsive element. Fausther and co-workers could show via chromatin immunoprecipitation
that SP1 as well as SMAD2, SMAD3, SMAD4 and SMAD5 bind to the rat NT5E promoter
with the strongest binding observed for SP1 and SMAD5 [99, 74]. The human and the rat
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NT5E promoter share a sequence identity of 89 %. Thus, it seems very likely, that also the
human NT5E could be regulated by SMAD transcription factor family. Synnestvedt et al.
found that also the hypoxia-inducible factor-1 (HIF-1) can directly bind to NT5E promoter
thereby activating NT5E expression [228]. This is in accordance with the described role of
NT5E in adaptation to hypoxic conditions [51]. Hypoxic conditions often arise from uncon-
trolled proliferation of cancer cells [66], which can induce HIF-1 expression that in turn might
lead to up-regulation of NT5E levels in Tumor cells.

Also the p-catenin-dependent Wnt signalling pathway is often degenerated in cancer cells
[273]. T cell factor 1 (TCF-1) is one component of the Wnt/[-catenin signalling pathway and
the promoter core sequence of NT5E is flanked upstream by a regulatory region containing
consensus motifs for TCF-1. In the presence of TCF-1, S-catenin can strongly increase NT5HE
expression, and adenomatous polyposis coli protein (APC), an antagonist of -catenin, can
inhibit NT5E expression [222]. Besides [-catenin, also NFxkB/TNF« were identified as posi-
tive transcriptional regulators and PPAR~y as a negative regulator of NT5E expression [182].

In murine Th17 cells, which were differentiated in vitro with TGF-8 and IL-6, it was found
that Stat3 activates Entpdl and Ntbe expression whereas Gfi-1 repressed expression of both
exonucleotidases via binding to the respective promoter [40]. Another study based on a
genome-wide analysis in murine mature Treg cells identified Nt5e as one target gene of the
forkhead box transcription factor (Foxp3) [284]. Foxp3 is a transcription factor specifically
expressed in murine and also human Treg cells as well as in recently activated human T cells
[149]. The regulation of NT5E by FOXP3 is very likely to be cell-type specific mechanism
restricted to a subset of T cells, especially Treg cells, and might not be related to NT5E
regulation in cancer cells. Noteworthy, it was found that high FOXP3 expression correlated
with poor patient survival in ovarian cancer [255].

1.3.2 Post-transcriptional regulation by miRNAs

The human 3‘-UTR has an average size of 800 nucleotides [163]. In fact, the NT5E 3‘-UTR
consists of 1774 nucleotides (NM__ 001204813.1) [55] and is more than two times bigger than
the average human 3‘-UTR. Thus, it appears that regulation of NT5E by miRNAs might
play an essential role in the modulation of NT5E expression. Despite the long 3*-UTR re-
gion of NT5E, only a few miRNAs are known to directly regulate NT5E to date. Among
those miRNAs is miR-422a. Bonnin and co-workers observed a significant negative correla-
tion between NTS5E mRNA expression and miR-422a level in neck squamous cell carcinoma
(HNSCC) patients. Blocking of endogenously expressed miR-422a by specific antagomiRs
enhanced N'THE protein expression. It was found, that lower miR-422a levels correlated with
shorter relapse free survival times in HNSCC eventually due to over-expression of NT5E [31].

In colorectal cancer (CRC), the regulation of NT5E by miR-30a was identified. Transfection
experiments with miR-30a mimics decreased NTS5E mRNA as well as protein expression.
Direct targeting of miR-30a was proven by 3-UTR reporter assays [258]. The regulation
of NT5E by miR-30a was also described for non-small cell lung cancer. Over-expression of
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Figure 1.8: Regulation of NT5E. Network of transcription factors and microRNAs (miR-
NAs) regulating NT5E expression. This network summarizes the current knowledge on regu-
lation of NT5E on transcriptional (TFs) and post-transcriptional level by TFs and miRNAs,
respectively. Transcriptional activators are depicted in blue and transcriptional repressors
are highlighted in magenta. miRNAs targeting NTHE directly are shown, as well as miRNAs
with indirect impact on NT5E expression through targeting of transcriptional regulators.
Picture taken from [128].

miR-30a reduced NTS5E mRNA and protein levels. Interestingly, over-expression of miR-30a
significantly inhibited cell proliferation, migration and survival, which could be also mim-
icked by silencing NT5E with specific sShRNAs [286]. To note, the miR-30 family shares
the same seed sequence [89]. Thus, it is very likely, that also other miR-30 family members
regulate NT5E expression. For example it was shown, that also miR-30b regulated NT5E in
gall bladder carcinoma (GBC). Wang et al. demonstrated, that miR-30b as well as miR-340
over-expression reduced NT5E expression and direct interactions were verified by 3-UTR
reporter assays. To note, transfection with miR-30b or miR-340 reduced cell proliferation,
migration and invasion of GBC cells [247].

miR-187 expression is strongly decreased in CRC compared to adjacent normal tissue and
can be used as a prognostic marker for CRC patients. miR-187 transfection reduced cell
proliferation and migration in vitro and could slow down Tumor outgrowth of CRC cell lines
in vivo. A direct targeting of NT5E by miR~187 could be shown in CRC lines [274].

Furthermore, miR-193b was identified as direct regulator of NT5E in a study analysing miR-
NAs involved in the MAPK pathway in human pancreatic cancer cell lines. Over-expression
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of miR-193b decreased NT5E mRNA and protein levels. However, in this study the direct
binding to the NT5E 3‘-UTR was not verified by mutation of the respective binding site [112].

Besides direct targeting through miRNAs, NT5E expression can be also modulated by indi-
rect circuits e.g. by miRNAs targeting transcription factors of NT5E. Some of these miRNAs
are also shown in figure 1.8. For example, miR-23b was identified as direct repressor of the
transcription factor SP1 in multiple myeloma cells [80]. In gastric cancer a direct regulation
of SP1 by miR-223 was reported [108]. Furthermore, miR-200b and miR-200c were described
to target SP1 in gastric cancer [229]. To note, whether the effect the miRNAs on SP1 also
had downstream effects on NT5E, was no tested in these studies.

Besides its ability to directly repress NT5E, the miR-30 family can also indirectly modulate
NT5E expression by targeting the regulator SMAD2, which activates NT5E transcription.
The regulation of SMAD2 by miR-30 and miR-200c was found in a study focused on iden-
tification of miRNAs changing the invasive potential of anaplastic thyroid carcinoma [33].
Another example for indirect down-regulation of NT5E could be miR-16, which was shown
to inhibit the expression of SMAD3, and to a lesser extend also SMADS5 in human osteosar-
coma cell lines [121]. SMAD3 was also found to be regulated by miR-142-5p in human lung,
colon and breast cancer cell lines [153, 41].

miR-20a-5p targets two transcriptional activators of NT5E: SMAD4 and HIF-1A [49, 189].
As mentioned before, miR-422a directly regulates NT5E by binding to its 3*-UTR. However,
miR-422a targets SMAD4 directly [186] implying that miR-422a has the capacity to inhibit
NT5E expression both direct and indirectly. Besides indirect down-regulation, indirect up-
regulation of NT5E expression by miRNAs is possible as well e.g. by miRNA-mediated
inhibition of transcriptional repressors. For example, miR-495 inhibits the expression of the
transcriptional repressor GFI1 in medulloblastoma cells [243]. Hypothetically, miR-495 could
lead to an increase in NT5HE expression by decreasing GFI1 levels.

1.4. Aim of this study

The rationale of this thesis was the identification and characterization of miRNAs, whose
expression could explain the aberrant immune checkpoint molecule expression in Tumor cells
and the related immune evasion properties, with particular focus on the immune check-
point molecule NT5E/CD73. New oncomiRs that drive up-regulation of NT5E/CD73 might
give further insight into the mechanisms of cancer progression and immune escape. Thus,
tumor-suppressive miRNAs inhibiting NT5E/CD73 might provide new therapeutic targeting
options.
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CHAPTER 2.

MATERIALS

All materials, instruments and software used in this study are listed in the following tables
2.1-2.14.

2.1. Cell lines

All cell lines used in this study are listed in table 2.1. Cell lines were cultured in medium
supplemented with 10% FBS, without antibiotics at 37 °C and 5 % CO,. Only EO771-OVA-
Luc™ cells were cultured with the following antibiotics: 1 pg/mL puromycin and 0.2 mg/mL
G418. On a regular basis cell lines were checked for mycoplasm contamination by collecting
supernatant of cultured cells. The supernatants were boiled at 95 °C for 5 min and 4 pl
were used as input for PCR to detect mycoplasm. For human cell lines DNA fingerprints
were performed to confirm their authentification at least once a year. For new purchased
cell lines an initial fingerprint was performed directly after arrival of the cell line. To note,
DNA fingerprint identified, that MaMel-02 was wrongly labelled as MaMel-20. EO771 cells
expressing luciferase and OVA antigen were generated by David Eisel [68].

Table 2.1: Cell lines used in this study.

Cell line Species Cell type Entity Provider Medium
4T1 Mus muculus  Epithelial cell Breast cancer DKFZ, S. Wiemann RPMI1640
A375 Human Melanocyte Melanoma ATCC RPMI1640
CCD-18Co Human Colon fibroblast  Healthy ATCC DMEM
CT26 Mus muculus  Colon fibroblast ~ Colon cancer ATCC RPMI1640
HCT-116 Human Epithelial cell Colon cancer ATCC McCoy’s 5A
HEK?293 Human Epithelial cell Healthy DKFZ RPMI1640
HeLa Human Epithelial cell Adenocarcinoma  DKFZ RPMI1640
HT29 Human Epithelial cell Colon cancer ATCC McCoy’s bA
EO771 Mus muculus  Epithelial cell Breast Cancer Tebu-bio RPMI1640
EO771-OVA-Luct  Mus muculus  Epithelial cell Breast Cancer DKFZ, David Eisel RPMI1640*
MaMel-103b Human Melanocyte Melanoma D. Schadendorf [236] RPMI1640
MaMel-02 Human Melanocyte Melanoma D. Schadendorf [236] RPMI1640
MaMel-26a Human Melanocyte Melanoma D. Schadendorf [236] RPMI1640
MaMel-42 Human Melanocyte Melanoma D. Schadendorf [236] RPMI1640
MaMel-05 Human Melanocyte Melanoma D. Schadendorf [236] RPMI1640
MaMel-53a Human Melanocyte Melanoma D. Schadendorf [236] RPMI1640
MaMel-57 Human Melanocyte Melanoma D. Schadendorf [236] RPMI1640
MaMel-61a Human Melanocyte Melanoma D. Schadendorf [236] RPMI1640
MaMel-68 Human Melanocyte Melanoma D. Schadendorf [236] RPMI1640
MaMel-73a Human Melanocyte Melanoma D. Schadendorf [236] RPMI1640
MaMel-79b Human Melanocyte Melanoma D. Schadendorf [236] RPMI1640
MaMel-86b Human Melanocyte Melanoma D. Schadendorf [236] RPMI1640
MCF7 Human Epithelial cell Breast cancer ATCC DMEM
MDA-MB-231 Human Epithelial cell Breast cancer ATCC RPMI1640
MDA-MB-435 Human Melanocyte Melanoma ATCC RPMI1640
MRC5 Human Lung fibroblast Healthy ATCC MEM
SK-Mel-28 Human Melanocyte Melanoma ATCC RPMI1640
SW480 Human Epithelial cell Colon cancer ATCC McCoy’s 5A
T47D Human Epithelial cell Breast cancer ATCC RPMI1640

*: + Puromycin + G418
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2.2. Antibodies

All antibodies used in this study for Western Blot (WB) or Fluorescent Activated Cell Sorting
(FACS) are listed in table 2.2. For FACS staining antibodies were always used at a 1:100
dilution. Only for the miRNA library screen CD73-PE antibody was used at 1:400 dilution.

Table 2.2:

Antibodies used in this study. CN = Catalogue number.

Antibody Type CN Application Manufacturer

PE anti-human CD73 IgG1, & 344003 FACS Biolegend, San Diego, USA

BB515 anti-human CD39 IgG2b, & 565469 FACS Becton Dickinson, Franklin Lakes,
USA

PE-Cy7 anti-human CD274 IgG1, & 25-5983-41  FACS Invitrogen, Carlsbad, USA

PE isotype control 1gG2a, k 12-4714-81 FACS ebioscience, San Diego, USA

PE-Cy7 isotype control IgG1, & 400125 FACS ebioscience, San Diego, USA

BB515 isotype control IgG2, k 564510 FACS Becton Dickinson, Franklin Lakes,
USA

Anti-Actin clone C4 human Mouse mAB 691001 WB MP Biomedical, Illkirch, France

Anti-CD73 mAB Rabbit mAB  ab133582 WB Abcam, Cambridge, United King-
dom

Donkey anti-goat IgG-HRP s¢2020 WB Santa Cruz Biotechnology, Heidel-
berg, Germany

Goat anti-mouse IgG-HRP sc2005 WB Santa Cruz Biotechnology, Heidel-
berg, Germany

Goat anti-rabbit IgG-HRP sc2004 WB Santa Cruz Biotechnology, Heidel-

berg, Germany
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2.3. Primers

All primers used in this study are listed in table 2.3. Primers were purchased from Sigma-
Aldrich and were all HPLC purified.

Table 2.3: Primers used in this study.

Primer

Amplicon

Source

Sequence

B_Actin_ TK_ fwd
B Actin TK rev
CD274_ fwd
CD274 rev

CD39_ fwd

CD39 rev
CD73__fwd
CD73_rev

CD73 Iso2 fwd
CD73_Iso2 rev
CD73__Pagnotta_ fwd
CD73__Pagnotta_ rev
CD73_PBI_ fwd
CD73_PBI_rev
CD73_PBII_ fwd
CD73 PBII rev
CD73_TK_ fwd
CD73 _TK rev
GAPDH_ fwd
GAPDH_rev
HMBS_ fwd

HMBS rev
HPRT_ fwd
HPRT_rev
RPL19_fwd
RPL19

SOX9_ fwd

SOX9_ rev

TBP_ fwd
TBP__rev

TKO01_ fwd

TKO1 rev

TK02_ fwd

TKO02 rev

TKO03_ fwd

TKO03 rev

UBC_ fwd
UBC_rev

184 bp
184 bp
120 bp
120 bp
200 bp
200 bp
198 bp
198 bp
185 bp
185 bp
123 bp
123 bp
196 bp
196 bp
136 bp
136 bp
191 bp
191 bp
238 bp
238 bp
125 bp
125 bp
128 bp
128 bp
198 bp
198 bp
85 bp

85 bp

214 bp
214 bp
82 bp

82 bp

86 bp

86 bp

87 bp

87 bp

123 bp
123 bp

PrimerBank
PrimerBank
PrimerBank
PrimerBank
Feng et al. 2016
Feng et al. 2016
Bonnin 2016
Bonnin 2016
Bonnin 2016
Bonnin 2016
Pagnotta 2013
Pagnotta 2013
PrimerBank
PrimerBank
PrimerBank
PrimerBank
PrimerBlast
PrimerBlast
Bonnin 2016
Bonnin 2016
PrimerBank
PrimerBank
PrimerBank
PrimerBank
Bonnin 2016
Bonnin 2016
PrimerBank
PrimerBank
Bonnin 2016
Bonnin 2016
Own design
Own design
Own design
Own design
Own design
Own design
PrimerBank
PrimerBank

AGAGCTACGAGCTGCCTGAC
AGCACTGTGTTGGCGTACAG
TGGCATTTGCTGAACGCATTT
TGCAGCCAGGTCTAATTGTTTT
AGCAGCTGAAATATGCTGGC
GAGACAGTATCTGCCGAAGTCC
TTATTCGACTGGGACATTCG
AGGCCTGGACTACAGGAACC
TGATGAACGCAACAATGGAAT
TCTGGAACCCATCTCCACCA
ATTGCAAAGTGGTTCAAAGTCA
ACACTTGGCCAGTAAAATAGGG
GCCTGGGAGCTTACGATTTTG
TAGTGCCCTGGTACTGGTCG
CCAGTACCAGGGCACTATCTG
TGGCTCGATCAGTCCTTCCA
CAAACTTCCTGGCCAATGGTG
AGCAAAGCAGGAGGGAGTCA
GAGTCAACGGATTTGGTCGT
TTGATTTTGGAGGGATCTCG
ATGTCTGGTAACGGCAATGC
CCTGTGGTGGACATAGCAATGA
ATTGTTTTCTCCTTCCAGCACC
ACAAGAAGTGTCACCCTAGCC
GGCACATGGGCATAGGTAAG
CCATGAGAATCCGCTTGTTT
AGCGAACGCACATCAAGAC
CTGTAGGCGATCTGTTGGGG
TATAATCCCAAGCGGTTTGC
CACAGCTCCCCACCATATTC
TTGACGAGTGTGAAGCTTCCTT
CCGAAGTCCTTGAGGCAA
TGAAGATGGAAGTCTACATGG
GACAGCCAAATACATCCTTCAA
TTGTACTCTTTAAGAACCCCTTTCTC
TGTGTGTCTGCCTTCTCCAA
CGGTGAACGCCGATGATTAT
ATCTGCATTGTCAAGTGACGA
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Primers used to mutate the NT5E 3’-UTR binding site of miRNAs to prove direct inter-
action are listed in table 2.4. These primers were constructed with the online software tool

QuickChange Primer Design provided by Agilent (https://www.genomics.agilent.com/primerDe-

signProgram.jsp).

Table 2.4: Primers used in this study for QuickChange mutagenesis of pLS-NT5E vector.
In red the nucleotide is marked for which the deletion primer were designed.

Primer miRNA Mutation Sequence

dell670_fwd miR-193a/b GGECAGU ATTTAGGGTTTATTTTTTACACTTGGCAGTAAAATAGGGTAAATC-
CTATTAG

dell670_rev  miR-193a/b GGECAGU CTAATAGGATTTACCCTATTTTACTGCCAAGTGTAAAAAATAAACC-
CTAAAT

dell671_fwd miR-193a/b GGCEAGU TTAGGGTTTATTTTTTACACTTGGCAGTAAAATAGGGTAAATCC-
TATTAG

dell671_rev  miR-193a/b GGCEAGU CTAATAGGATTTACCCTATTTTACTGCCAAGTGTAAAAAATAAACC-
CTAA

del1672_fwd miR-193a/b GGCCAGU GGGTTTATTTTTTACACTTGGCCGTAAAATAGGGTAAATCCTATTA

dell672_rev  miR-193a/b GGCCAGU TAATAGGATTTACCCTATTTTACGGCCAAGTGTAAAAAATAAACCC

dell442_ fwd miR-22-3p GGEAGCU CTTAAAAACAGTGTGCAAATGGAGCTAGAGGTTTTGATAGGAAG

del1442_rev  miR-22-3p GGEAGCU CTTCCTATCAAAACCTCTAGCTCCATTTGCACACTGTTTTTAAG

dell1443_fwd miR-22-3p GGCAGCU AAACAGTGTGCAAATGGCGCTAGAGGTTTTGATAGG

del1443 _rev  miR-22-3p GGCAGCU CCTATCAAAACCTCTAGCGCCATTTGCACACTGTTT

dell444 fwd miR-22-3p GGCAGCU AAAACAGTGTGCAAATGGCACTAGAGGTTTTGATAGGAAG

dell444 rev  miR-22-3p GGCAGCU CTTCCTATCAAAACCTCTAGTGCCATTTGCACACTGTTTT

del984_ fwd miR-1285-5p UGAGAU AGGCAGAGCTGATGGAATCCATAAAATAACAGCTAATGC

del984_ rev miR-1285-5p UGAGAU GCATTAGCTGTTATTTTATGGATTCCATCAGCTCTGCCT

del985_ fwd miR-1285-5p UGAGAU GGCAGAGCTGATGGAATTCATAAAATAACAGCTAATGCC

del985_ rev miR-1285-5p UGAGAU GGCATTAGCTGTTATTTTATGAATTCCATCAGCTCTGCC

del986__fwd miR-1285-5p UGAGAU GAGGCAGAGCTGATGGAACTCATAAAATAACAGCTAATG

del986_ rev miR-1285-5p UGAGAU GCATTAGCTGTTATTTTATGAGTTCCATCAGCTCTGCCTC

del88__ fwd miR-1285-5p GUGAGAU CTAAAAGGCAGATTTGAATCTACTTGAAAAAATGCAGTTTCACA-
CATTA

del88__rev miR-1285-5p GUGAGAU TAATGTGTGAAACTGCATTTTTTCAAGTAGATTCAAATCTGC-
CTTTTAG

del89_ fwd miR-1285-5p GUGAGAU GTCCTAAAAGGCAGATTTGAATCCACTTGAAAAAAT-
GCAGTTTCAC

del89_ rev miR-1285-5p GUGAGAU GTGAAACTGCATTTTTTCAAGTGGATTCAAATCTGCCTTTTAG-
GAC

del90_ fwd miR-1285-5p GUGAGAU TGAAACTGCATTTTTTCAAGTGAATTCAAATCTGCCTTTTAG-
GACC

del90_rev miR-1285-5p GUGAGAU GGTCCTAAAAGGCAGATTTGAATTCACTTGAAAAAAT-
GCAGTTTCA

dell107_fwd miR-148b-3p CCUGEAC GAGTAGAATGAATTCATGCTAGCCTCTTGCTGGAGAG

del1107_rev  miR-148b-3p CCUGEAC CTCTCCAGCAAGAGGCTAGCATGAATTCATTCTACTC

dell106_fwd miR-148b-3p CCUGCAC TGAGTAGAATGAATTCAGGCTAGCCTCTTGCTGGA

dell106_rev  miR-148b-3p CCUGCAC TCCAGCAAGAGGCTAGCCTGAATTCATTCTACTCA

del1105_fwd miR-148b-3p CCHUGCAC GAGTAGAATGAATTCAGTCTAGCCTCTTGCTGGAGA

dell105_rev  miR-148b-3p CCHGCAC TCTCCAGCAAGAGGCTAGACTGAATTCATTCTACTC

del352_ fwd miR-3134 UESCAUC CATATTTTTCTTCTTCATATCCATTTCTAATCATCAAACAGCTTAT-
GTTTACATAAAATTT

del352_rev miR-3134 UECAUC AAATTTTATGTAAACATAAGCTGTTTGATGATTAGAAATGGATAT-
GAAGAAGAAAAATATG

del353_ fwd miR-3134 UCEAUC CATATTTTTCTTCTTCATATCCATTTCTAATCATCAAACAGCTTAT-
GTTTACATAAAATTTTAT

del353_rev miR-3134 UCEAUC ATAAAATTTTATGTAAACATAAGCTGTTTGATGATTAGAAATG-
GATATGAAGAAGAAAAATATG

del354_ fwd miR-3134 UCCAUC TTTTTCTTCTTCATATCCATTTCTAATCCTCAAACAGCTTATGTT-
TACATAAAATTTT

del354_rev miR-~3134 UCCAUC AAAATTTTATGTAAACATAAGCTGTTTGAGGATTAGAAATG-
GATATGAAGAAGAAAAA

del989_ fwd miR-~3134 UECAUC GAGGCAGAGCTGATGAATCTCATAAAATAACAGCTAATGCCG

del989_rev miR-3134 UECAUC CGGCATTAGCTGTTATTTTATGAGATTCATCAGCTCTGCCTC

del990__fwd miR-3134 UCEGAUC GGACAGAGGCAGAGCTGATGAATCTCATAAAATAACAGCT

del990_rev miR-3134 UCEAUC AGCTGTTATTTTATGAGATTCATCAGCTCTGCCTCTGTCC

del991_ fwd miR-3134 UCCAUC GTTATTTTATGAGATTCCTCAGCTCTGCCTCTGTCC

del991_rev miR-~3134 UCCAUC GGACAGAGGCAGAGCTGAGGAATCTCATAAAATAAC
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2.4. miRNAs

All miRNAs used in this study are listed in table 2.5 with their respective mature sequence.

All miRNAs were purchased from Sigma-Aldrich except for hsa-miR-422a which was bought
from Active Motif. Besides individual miRNAs, the MISSTON Human miRNA mimics library
V21 from Sigma-Aldrich was purchased to perform the miRNA library screen. This library
contained 2754 individual miRNAs allotted in 36 96-well plates.

Table 2.5: miRNA used in this study.

miRNA

Sequence

hsa-miR-101
hsa-miR-127-5p
hsa-miR-1233-3p
hsa-miR-1293
hsa-miR-1298-3p
hsa-miR-134-3p
hsa-miR-143-5p
hsa-miR-148b-3p
hsa-miR-17
hsa-miR-182
hsa-miR-192
hsa-miR-193a-3p
hsa-miR~193b-3p
hsa-miR-200c
hsa-miR-22-3p
hsa-miR-224-3p
hsa-miR-30b
hsa-miR-30c-1*
hsa-miR-30d
hsa-miR-30e
hsa-miR-3116
hsa-miR-3118
hsa-miR-3126-5p
hsa-miR-3134
hsa-miR-3190-5p
hsa-miR-422a
hsa-miR-4480
hsa-miR-4672
hsa-miR-4692
hsa-miR-518a
hsa-miR-548I
hsa-miR-507
hsa-miR-557
hsa-miR-6514-3p
hsa-miR-6859-3p

UACAGUACUGUGAUAACUGAA
CUGAAGCUCAGAGGGCUCUGAU
UGAGCCCUGUCCUCCCGCAG
UGGGUGGUCUGGAGAUUUGUGC
CAUCUGGGCAACUGACUGAAC
CCUGUGGGCCACCUAGUCACCAA
GGUGCAGUGCUGCAUCUCUGGU
UCAGUGCAUCACAGAACUUUGU
CAAAGUGCUUACAGUGCAGGUAG
UUUGGCAAUGGUAGAACUCACACU
CUGACCUAUGAAUUGACAGCC
UGGGUCUUUGCGGGCGAGAUGA
AACUGGCCCUCAAAGUCCCGCU
UAAUACUGCCGGGUAAUGAUGGA
AAGCUGCCAGUUGAAGAACUGU
AAAAUGGUGCCCUAGUGACUACA
UGUAAACAUCCUACACUCAGCU
CUGGGAGAGGGUUGUUUACUCC
UGUAAACAUCCCCGACUGGAAG
UGUAAACAUCCUUGACUGGAAG
UGCCUGGAACAUAGUAGGGACU
UGUGACUGCAUUAUGAAAAUUCU
UGAGGGACAGAUGCCAGAAGCA
UGAUGGAUAAAAGACUACAUAUU
UCUGGCCAGCUACGUCCCCA
ACUGGACUUAGGGUCAGAAGGC
AGCCAAGUGGAAGUUACUUUA
UUACACAGCUGGACAGAGGCA
UCAGGCAGUGUGGGUAUCAGAU
CUGCAAAGGGAAGCCCUUUC
AAAAGUAUUUGCGGGUUUUGUC
UUUUGCACCUUUUGGAGUGAA
GUUUGCACGGGUGGGCCUUGUCU
CUGCCUGUUCUUCCACUCCAG
UGACCCCCAUGUCGCCUCUGUAG
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2.5. siRNAs

All siRNAs used in this study are listed in table 2.6.

Table 2.6: siRNAs used in this study.

siRNA Composition Manufacturer
MISSION® esiRNA HFI1A heterogeneous mixture of siIRNAs  Sigma-Aldrich
SMARTpool non-targeting control 4 individual siRNAs Dharmacon
SMARTpool ENTPD1 4 individual siRNAs Dharmacon
SMARTpool NT5E 4 individual siRNAs Dharmacon
SMARTpool Ntbe 4 individual siRNAs Dharmacon
SMARTpool SOX9 4 individual siRNAs Dharmacon
SMARTpool TP73 4 individual siRNAs Dharmacon
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2.6. General instrumentation

All instruments used in this study are listed in table 2.7.

Table 2.7: Devices used for this study.

Machine

Manufacturer

ABI 7300 Real-time PCR. System
Accu-jet pro Pipette Controller
Biofuge Fresco Centrifuge
Biological Safety Cabinet
BioPhotometer

BioRad Mini-gel apparatus
CASY Cell counter

CB 150 Incubator

Centrifuge 5415 D

Centrifuge 5424

Centrifuge 5424 R

Centrifuge 5810 R

ClarioStar Plus

FACS Canto II Flow Cytometer

Fluoroskan Ascent Microplate Fluorometer

Gel Documentation System
Gel iX Imager System

Innova 4230 Incubator Shaker

Leica DM1L Microscope

LSR II Flow Cytometer

Megafuge 2.0R

Micro-centrifuge 2 CMG-060
Microwave intellowave

Mini Laboratory Centrifuge

Mithras LB940

MP220 pH Meter

MR 3002 S Magnetic stirring hot plate
Multipipette E3x

Multifuge x3 FR centrifuge

Pipetboy

Pipette (P2, P10, P100, P200, P1000)
Power PAC 300 power supplier
QuantStudio 3 Real-Time-PCR-Systeme
Qubit fluorometer

Refrigerator

Spectrophotometer NanoDrop 2000
Sorvall RT7 Centrifuge

Thermomixer

Trans-Blot Turbo Transfer System
Verti 96-Well Thermal Cycler
Vortex-Genie 2

Water bath

Applied Biosystems, Foster City, USA
VWR International, Radnor, USA
Heraeus, Hanau, Germany

Heraeus, Hanau, Germany

Eppendorf, Hamburg, Germany
Bio-Rad, Richmond, USA

Schaerfe System, Reutlingen, Germany
Binder, Tuttlingen, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany

BMG LABTECH, Ortenberg, Germany
Becton Dickinson, Franklin Lakes, USA
Thermo Scientific, Dreieich, Germany
Bio-Rad Laboratories, Hercules, USA

Intas Science Imaging Instruments, Gottingen, Ger-

many
New Brunswick Scientific, Edison, USA
Leica, Wetzlar, Germany

Becton Dickinson, Franklin Lakes, USA
Heraeus, Hanau, Germany

neoLab Migge, Heidelberg, Germany
LG, Seoul, South Korea

neoLab Migge, Heidelberg, Germany

Berthold Technologies, Bad Wildbad, Germany

Mettler Toledo, Columbus, USA

Heidolph Instruments, Schwabach, Germany

Eppendorf, Hamburg, Germany

Heraeus, Hanau, Germany

Brand, Wertheim, Germany

Gilson, Bad Camberg, Germany
Bio-Rad, Richmond, Germany

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Liebherr, Ochsenhausen, Germany
Thermo Fisher Scientific, Waltham, USA
Sorvall, Newton, USA

Eppendorf, Hamburg, Germany

Bio-Rad Laboratories, Hercules, USA
Applied Biosystems, Froster City, USA
Scientific Industries, New York, USA
GFL, Burgwedel, Germany

99



2.7. General consumables

General consumables used in this study are listed in table 2.8.

Table 2.8: General consumables used in this study.

Material

Manufacturer

14 mL. Round Bottom High Clarity PP Test Tube
5 mL Polystyrene round bottom tube with cell
strainer cap

Cap for PCR microcentrifuge tubes

CASY ton

CASY cups

Cell culture flask 50 mL

Centrifuge Tube pp with screw cap PE (15, 50 mL)
Corning® 96 well Solid Polystyrene Microplate
Combitips advanced (0.1, 1, 2.5, 5, 25 mL)
Cryotubes

Disposable serological pipette (5, 10, 25, 50 mL)
Einmal-Drigalskispatel Dreiecksform

Eppendorf Micro Test Tube 3810X 1.5 mL
Eppendorf Safe-Lock Microtubes, PCR clean 2.0 mL
Eppendorf Tube 3810X 1.5 mL

Eppendorf Tubes 5.0 mL

Falcon tubes 15 mL, 50 mL

LumaPlate 96

MicroAmp Optical 96-well pate

MicroAmp Optical adhesive film
Mini-PROTEAN® Combs, 15-well, 1.5 mm, 40 nL
Mini-PROTEAN® Short Plates 1.5 mm
Mini-PROTEAN® tetra hadncast Systems, 1.5 mm,
40 pL

MultiScreen-MESH Filter Plate 40 nM
Nitrocellulose membrane

Parafilm M

PCR microcentrifuge tube PP, 0-2 mL, without cap
Pipette filter tips (10, 20, 100, 200, 1000 nL)
Pipette tips (10, 20, 100, 200, 1000 pL)

Plastic serium pipette

Premium Aluminium Foil

Qubit Assay Tubes

Reagent Reservoir

Round and Flat bottom 96-well plates

Safe-Lock tubes (0.5, 1.5, 2 mL)

Sealing Tape

Sterile serological pipettes (5, 10, 25, 50 mL)
Tissue culture flasks (25, 75, 150 cm? )

Tissue culture plates (6, 12, 24, 96 wells )

Corning, New York, USA
Corning, New York, USA

nerbe plus, Winsen, Germany

OMNI Life Science, Bremen, Germany
OMNI Life Science, Bremen, Germany
Greiner Bio-One, Kremsmiinster, Austria
nerbe plus, Winsen, Germany
Sigma-Aldrich, St. Louis, USA
Eppendorf, Hamburg, Germany
Greiner, Frickenhausen, Germany
Corning, New York, USA

neoLab Migge, Heidelberg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Greiner, Frickenhausen, Germany
PerkinElmer, Waltham, USA

Applied Biosytems, Foster City, USA
Applied Biosytems, Foster City, USA
Bio-Rad Laboratories, Hercules, USA
Bio-Rad Laboratories, Hercules, USA
Bio-Rad Laboratories, Hercules, USA

Merck KGaA, Darmstadt, Germany
Whatmann, Dassel, Germany

Pechiney Plastic Packaging, Chicago, USA
nerbe plus, Winsen, Germany

Starlab, Milton Keynes, United Kingdom
Greiner, Frickenhausen, Germany
Greiner Bio-One, Kremsmiinster, Austria
VWR International, Radnor, USA
Thermo Fisher Scientific, Waltham, USA
Corning, New York, USA

TPP, Trasadingen, Switzerland
Eppendorf, Hamburg, Germany

Thermo Fisher Scientific, Waltham, USA
Greiner, Frickenhausen, Germany

TPP, Trasadingen, Switzerland

TPP, Trasadingen, Switzerland
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2.8. General chemicals and reagents

Chemicals used in this study are listed in table 2.9.

Table 2.9: Chemicals used in this study.

Chemical Manufacturer
Actinomycin D MP Biomedical, Illkirch, France
Adenosine Sigma-Aldrich, St. Louis, USA

Adenosine 5-(a,S-methylene)diphosphate
Adenosine-5’-Monophosphat Dinatriumsalz

Ampicillin sodium salt
Agar-Agar

Agarose

Ammonium Persulfate (APS)
B-Mercaptoethanol
Bromphenol blue

Bovine Serum Albumin (BSA)
Dimethyl sulfoxide (DMSO)
Ethanol

Gluocose

Glycine

HEPES

Magnesium chloride

Methanol

Non-fat milk powder
Phenylmethanesulfonyl fluoide
Phosphate Buffered Saline (PBS)
Potassium chloride

Sodium Chloride (NaCl)
Sodium dodecyl sulfate (SDS)
Tetramethylethylendiamine (TMED)
Tris Base

0.25 % Trypsin/EDTA
Tyrptone

Tween20

Yeast Extract

Sigma-Aldrich, St. Louis, USA

VWR International, Radnor, USA
Sigma-Aldrich, St. Louis, USA

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich,, Saint Louis, USA
AppliChem, Darmstadt, Germany
Sigma-Aldrich,, St. Louis, USA

Carl Roth GmbH, Karlsruhe, Germany
GERBU Biotechnik, Gaiberg, Germany
Carl Roth GmbH, Karlsruhe, Germany
Sigma-Aldrich,, St. Louis, USA
Sigma-Aldrich,, St. Louis, USA

Carl Roth GmbH, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA

Gibco, Carlsbad, USA

Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA

Gibco, Carlsbad, USA

Sigma-Aldrich, St. Louis, USA
GERBU Biotechnik, Gaiberg, Germany
Sigma-Aldrich, St. Louis, USA
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All reagents used in this study are listed in table 2.10.

Table 2.10: Reagents used in this study.

Reagent

Manufacturer

10 % SDS

30 % Acrylamide/Bis Solution, 37.5:1

6x Orange Loading Dye

Amersham ECL Prime Western Blotting
Detection Reagent

BD Matrigel Basement Membrane Matrix
Bio-Rad Protein Assay Reagent

Cell Dissociation Reagent

Cell Lysis Buffer

CellTiter Glo Reagent

Cycloheximide

DharmaFect 1 Reagent

DharmaFect 4 Reagent

DharmaFect Duo Reagent

DMEM

DPBS, no calcium, no magnesium
Fetal Calf Serum (FCS)

FCS superior

Gene Ruler 100bp DNA Ladder
Lipofectamine RNAIMAX  Transfection
Reagent

McCoy’s 5A

MEM

O’Gene Ruler 1kb DNA Ladder
Protein Marker IV (Prestained)
Precision Plus Protein Standard

Qubit RNA BR Assay Kit 500 reactons
Restriction enzymes

RPMI 1640

S.0.C. medium

Lonza Group, Basel, Switzerland
Bio-Rad Laboratories, Hercules, USA
Fermantas, St. Leon-Rot, Germany

GE Healthcare Life Sciences, Chalfont St
Giles, USA

BD Biosciences, Bedford, USA

Bio-Rad, Richmond, USA

Trevigen, Gaithersburg, USA

Cell Signaling Technology, Beverly, USA
Promega, Mannheim, Germany

New England Biolabs, Frankfurt am Main,
Germany

GE Dharmacon, Lafayette, USA

GE Dharmacon, Lafayette, USA

GE Dharmacon, Lafayette, USA

Gibco, Carlsbad, USA

Thermo Fisher Scientific, Waltham, USA
PAA Laboratories, Pasching, Austria
Biochrom, Berlin, Germany

Fermantas, St. Leon-Rot, Germany
Thermo Fisher Scientific, Waltham, USA

Gibco, Carlsbad, USA

Gibco, Carlsbad, USA

Fermantas, St. Leon-Rot, Germany
VWR International, Radnor, USA
Bio-Rad, Richmond,USA

Thermo Fisher Scientific, Waltham, USA
Fermantas, St. Leon-Rot, Germany
Gibco, Carlsbad, USA

Thermo Fisher Scientific, Waltham, USA
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2.9. Kits

Kits used in this study are listed in table 2.11.

Table 2.11: Kits used in this study.

Name

Manufacturer

12% Mini-PROTEAN TGX Stain-Free Pro-
tein

CellTiter Glo Luminescencent Cell Viability
Assay

Colorimetric Cell Viability Kit IIT (XTT)
ECL Plus Western blotting Detection Sys-
tem

LightSwitch™ Luciferase Assay Kit
LIVE/DEAD® Fixable Yellow Dead Cell
Stain Kit

Malachite Green PO4 Detect Kit
miRNeasy Mini kit

Pierce BCA Protein Assay Kit

Pierce Renilla Luciferase Glow Assay Kit
QIAGEN Plasmid Maxi Kit

RNAeasy Mini Kit

SYBR green Master Mix

TagMan™ Gene Expression Assays
TagMan™ miRNA Assays

TagMan™ MicroRNA Reverse Transcrip-
tion Kit

TagMan™ Gene Expression Assays
TagMan™ Universal PCR Master Mixture
TGX Stain-Free™ FastCast™ Acrylamide
Kit, 12%

Transcriptor First Strand cDNA Synthesis

Trans-Blot Turbo Transfer Pack, nitrocellu-
ose

Trans-Blot Turbo Transfer Pack, pvdf
QuickChangeMutagenesis 11

Bio-Rad, Richmond, USA
Promega, Mannheim, Germany

PromoKine, Heidelberg, Germany
GE Healthcare, Buckinghamshire, UK

Active Motif, La Hulpe, Belgium
Life Technologies, Carlsbad, USA

R& D Systems, Minneapolis, USA

Qiagen, Hilden, Germany

Thermo Scientific, Boston, USA

Thermo Scientific, Boston, USA

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Thermo Fisher Scientific, Waltham, USA
Applied Biosystems, Foster City, USA
Applied Biosystems, Foster City, CA, USA
Applied Biosystems, Foster City, USA

Applied Biosystems, Foster City, USA
Applied Biosystems, Foster City, USA
Bio-Rad, Richmond, USA

Roche, Applied Science, Mannheim, Ger-
many

Bio-Rad, Richmond, USA

Bio-Rad, Richmond, USA
Agilent, Santa Clara, USA
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2.10. Plasmids

Plasmids used in this study are listed in table 2.12 and plasmid cards are shown in the

Appendix figure 6.2.

Table 2.12: Plasmids used in this study.

Plasmid Manufacturer
pLight Switch 3’'UTR NT5E Active Motif, La Hulpe, Belgium
pLight Switch empty control vector Active Motif, La Hulpe, Belgium

2.11. Bacteria

Bacteria strains used in this study are listed in table 2.13.

Table 2.13: Bacteria strains used in this study.

Strain Manufacturer
TOP10 E.coli competent cells Invitrogen, Carlsbad, USA
XL1 Blue E.coli competent cells Agilent, Santa Clara, USA

2.12. Software

Software used in this study to analyse data and to generate figures are listed in table 2.14.

Table 2.14: Software used in this study.

Name Source

Ascent Software Thermo Scientific, Dreieich, Germany
Excel version 14.0 Microsoft Cooperation, Redmond, USA
FlowJo version 9.6.4 Becton Dickinson, Heidelberg, Germany
GraphPad Prism 7 GraphPad Software, San Diego, USA
Image Lab Software Bio-Rad, Richmond, USA

Inkscape https://inkscape.org/

R 3.0.1 http://www.r-project.org/
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CHAPTER 3.

METHODS

3.1. Bioinformatic analysis
3.1.1 miRNA target prediction

The in silico analysis to find potential miRNAs regulating the immune checkpoint molecules
NT5E, ENTPD1, CTLA4 and CD274 was based on different publicly available data bases.
Overall, ten different data bases were used to assess miRNA - target genes connections. All
data bases were downloaded at 01-05-2017. The following resources for predicting potential
miRNAs were used:

e MircoCosm [170]

o miRanda: microRNA conserved and non conserved [27]

o miRDB V5 [48]

« miRecords [257]

« miRGator [172]

o miRNAMap [107]

o PACCMIT [237]

o PicTar [131]

o PITA Top Score and all predictions [125]

o TargetScan [8]

3.1.2 Prediction of NT5E transcription factors

Concept of Transcription factor activity

To predict gene expression the concept of transcription factor activity was used as described
previously [208]. Briefly, the activity of a transcription factor is defined as the cumulative
effect on its target genes normalized by the overall number of its target genes instead of just
using e.g. the expression value of the transcription factor itself.

n
Z €St * Gij
act;; = = (3.1.1)
Y €St
i=1

where j indicates the cell line, ¢ the gene and ¢ the transcription factor.
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Linear programming and mixed-integer linear programming

Using a linear programming approach and a mixed-integer linear programming model the
gene expression of NTHE for several cancer samples was predicted in order to find the most
important transcription factors that can explain the different NTHE expression levels across
samples. To solve these optimization problems the Gurobi Optimizer 5.5 was utilised [5].
The basic idea of the model was to minimize the differences between the real gene expression
values g;; for genes i expressed in cell lines j and the predicted gene expression values §;;,
which equals minimizing the sum of error terms e;; (3.1.3). The absolute value function had
to be remodelled into two constraints as shown below because the Gurobi Optimizer is not
able to handle absolute values (3.1.4, 3.1.5). The formula for the predicted gene expression
values g;; (3.1.6) included [-coefficients for an offset value and for each transcription factor.
The set of transcription factors was gained from the databases MetaCore™, ChEA and TBA.
Overall a list of 1,053 unique transcription factors were obtained. The transcription factors
were connected to the genes through the edge strength esy, which is exemplary shown in
figure 3.1, and to the cell line via the activity act;;. The task of the Gurobi Optimizer was
the estimation of §-coefficients within the scope given by the constraints in order to minimize
the sum of error terms, which will be referred to as the objective value from now on.

n 1 n 1
DS g — Gl =D e (3.1.2)

i=1j=1 i=1j=1
n 1 n 1
optimisation: min Z Z |gi; — Gij| = min Z Z €ij (3.1.3)
i=1j=1 i=1j=1
=- constraint 1: 9ij — gij — €45 <0 (314)
= constraint 2: —g;; + Gij —€;; <0 (3.1.5)
T
with: Gij = Bo + Zﬁt - €8y; - acty; (3.1.6)
t=1

where j indicates the cell line, ¢ the gene and ¢ the transcription factor

,B0 as an offset value 4 in cell line j.

geney, _gengj

Figure 3.1: Network of genes and their regulative transcription factors. Genes
and transcription factors are connected via the edge strength esy;.
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The model was based on the 5-Platform gene expression data obtained from the U.S. National
Cancer Institute and was downloaded from CellMiner.ll' The NCI-60 compilation contains 60
cancer cell lines arisen from human tumor samples from nine different types of tissues: breast
(BR), central nervous system (CNS), colon (CO), kidney (RE), leukaemia (LE), lung (LC),
melanoma (ME), ovary (OV) and prostate (PR) [216, 145]. The 5-Platform data set is based
on an integration of the following five microarray platforms: HG-U95, HG-U133, HG-U133
Plus 2.0, GH Exon 1.0 ST from Affymetrix and the WHG from Agilent. An average z-score
was ascertained for the respective gene transcript expression value. This data set includes
26,065 genes [194]. All missing values were replaced with the mean of expression values for
the particular genes. The cell line CNS.SF_ 539 was excluded because of a large quantity
(10,404) of undefined (NA) entries.

3.2. miRNA screen
3.2.1 Preparation of miRNA library

To find miRNAs regulating immune checkpoint molecules a FACS-based screen was con-
ducted. Therefore, the human microRNA Mimic Version 21 library was used. The library
contained 2754 miRNAs allotted in 36 96-well plates. Each plate contained the negative
control 1 (ath-miR-416) and negative control 2 (cel-miR-243), which have no homologies to
human genes. Each well of the library plates contained 0.25 nmol of lyophilized powder and
plates were stored at -20 °C. Before transfection, the library plates were centrifuged and stock
solution of 20 pM was prepared by adding 12 pl. RN Ase free water to each well and mixing
was ensured by pipetting up and down. In a new 96-well plate a 2 pnM working solution
was prepared for each library plate shortly before the transfection. Therefore, 2 pL of stock
solution was pipetted in the new plate. Next, 18 nLL RNAse free water was added to each
well.

3.2.2 Transfection of miRNA library

For the screen two human cancer cell lines were used: the breast cancer line MDA-MB-231
and the melanoma line SK-Mel-28. The RNAi Lipofectamine Max reagent was used for
transfection and a final miRNA concentration of 25 nM per well. 2.5:10% cells were seeded
one day before transfection in 96-well culture plates. On the day of transfection medium was
exchanged with 90 pL fresh medium. In a RNAse free Eppendorf the transfection reagent was
prepared. For two cell lines and one library plate 60 pL, RNAi Max was mixed with 1740 pL
serum-free medium (sfm). From the 2 pM library plate, 2.5 pL miRNA was transferred in a
new 96-well plate and 15.5 pLL sfm was added to each well. Next, 18 nL. of the RNAi Max mix
was added to each well. After five minute incubation at RT, 10 nL. of the miRNA-reagent
mix was pipetted onto the cell lines, respectively. One day after transfection 100 pL fresh
medium was added to each well. Two days after transfection the medium was exchanged
with 200 pL fresh medium. On day three, 72 h after transfection, cells were harvested and
prepared for FACS measurement.

il (http://discover.nci.nih.gov /cellminer /)
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3.2.3 Immunofluorescence staining and measurement

Both cell lines were stained for Live/Dead using Pacific orange and NT5E (CD73) expression
using a PE conjugated antibody. SK-Mel-28 was also stained for ENTPD1 (CD39) expression
using a BB515 conjugated antibody and MDA-MB-231 was stained for CD274 (PD-L1) using
a PE-Cy7 conjugated antibody. For the staining cells were always centrifuged for 2 min at
2000 rpm. Before the staining, the cells were washed three times with FACS buffer (PBS +
3% FBS). Then, cells were stained with the respective antibody-mix diluted in FACS buffer.
Pacific orange was used at 1:1000 dilution. ENTPD1-BB515 and CD274-PE-Cy7 were used
at 1:100 dilution. NT5E-PE was used at 1:400 dilution. Per well 100 pL staining mixture was
used and cells were stained for 1 h at 4 °C protected from light. After incubation, cells were
centrifuged, washed three times and finally resuspended in 100 nl. FACS buffer and passed
through a mesh of MultiScreen-MESH Filter 96-well plates. Plates were subsequently read
out on BD LSRFortessa™ Flow Cytometer with HTS system.

Analysis of FACS data was performed with FlowJo version 10. Cells were gated on single
cells and live cells. Using respective isotype controls (see table 2.2), gates were set for NT5E,

ENTPD1 and CD274 channel. On each plate NT5E siRNA and ENTPD1 siRNA controls
were performed to monitor transfection efficacy.

3.2.4 Data Analysis

From all plates the median fluorescence (MFI) values for each miRNA were exported from
FlowJo and the subsequent data analysis was performed using R and RStudio Version 3.5.1.
First z-score calculation was performed for each plate and channel using the scale() function.
The scale function sets the mean value of each plate to zero and the standard deviation
to one. Before z-score calculation untreated, unstained, isotype controls and empty wells
were excluded. The z-scores from all plates were then ranked to find the miRNAs with the
strongest effect on either NT5E, ENTPD1 or CD274. miRNAs were considered to exert a
significant effect, when their z-score was higher 1.645 or below -1.645.

3.3. 3’-UTR reporter assay

Cells were seeded in flat-bottom 96-well culture plates to achieve a confluency of 60 - 70 % at
day of transfection. After 24 h, 50 nM miRNA and 100 ng/pL plasmid (pLS-NT5E-3'UTR
or mutated versions) were transfected with DharmaFect Duo reagent. 48 h post transfection
cells were lysed with 50-100 pnL. Luciferase Cell Lysis Buffer per well and plated were shaken
for 20 min at 300 rpm until at RT complete lysis was achieved. Working solution was prepared
by adding 50 pnL. 100X coelenterazine to 5 ml Renilla Glow Assay Buffer (Thermo Scientific,
Boston, MA, USA) and 50 pL. working solution was added per well. Immediately, luciferase
activity was quantified with a luminescence reader. Luciferase ratios were calculated for
each miRNA and plasmid construct by dividing the luminescence of non-targeting control
according to following the formula:
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iRNA of int t
Luminescence = m — o mteres (3.3.1)
mimic control-1

3.4. miRNA/siRNA transfection

All steps during transfection were performed using RNAse free filter-tips. Cells were seeded
one day prior to transfection in order to achieve a confluency of 60-70 %. For each cell
line a transfection test using a fluorophore coupled siRNA (siR-Cy3) was performed to find
the optimal transfection reagent achieving highest transfection efficacy. For most cell lines
Lipofectamine RNAiMax or DharmaFect 1 was used. Cells were transfected according to the
manufacturer’s protocol with a final miRNA mimic, miRNA inhibitor or siRNA concentration
of 25 nM or 50 nM. After incubation for 24, 48 or 72 h, the medium was aspirated and the
cells were washed with Phosphate-Buffered Saline (PBS), subsequently detached with trypsin
solution and resuspended in medium supplied with serum. After centrifugation for 5 min at
3400 rpm cell pellets were shock frozen in liquid nitrogen and stored at -80 °C until further
usage for protein or RNA isolation. Alternatively, cells were immediately used to perform
FACS staining.

3.5. Plasmid transformation and purification

To amplify pLS plasmids, 25 nL. competent TOP10 Escherichia coli cells were transformed
with 20 ng plasmid. After 5 min incubation on ice, cells were heat-shocked for 45 sec at 42 °C
and subsequently placed on ice for 2 min followed by addition of 250 nL. pre-warmed S.O.C.
medium. Transformed cells were plated 1:10 and 1:100 on selective LB-plates containing
100 pg/mL ampicillin and incubated overnight at 37 °C. Colonies were picked and transferred
to 4 mL LB-medium with ampicillin and incubated for 8 h at 250 rpm. From the pre-culture,
2 mL were transferred to 1 L Erlenmeyer flask containing 200 mL LB-medium with ampicillin
and cultured for 15 h, 37 °C at 250 rpm. Plasmid purification was performed with the Maxi-
Prep kit (Qiagen) according to the manufacturer’s protocol. Plasmid was eluted in 250 pL
sigma water and concentration was measured with a NanoDrop spectrophotometer.

3.6. XTT assay

To measure proliferation of cells e.g. to assess the effect of specific miRNAs on cell prolifera-
tion X'TT assays were performed. Therefore, the XTT Cell Viability Kit from Cell Signaling
was used. This assay is based on the fact that metabolicly active cells have the capability to
convert the yellow tetrazolium salt XT'T to the orange formazan dye. Cells were seeded in 96-
well cell culture plates with 1-10% cells per well. After 24 h, cells were treated e.g. transfected
with miRNA and 24, 48, 72 and 96 h after treatment proliferation was measured by adding
25 pLL XTT detection solution directly onto 100 pL culture medium per well. After 60 min
incubation time at 37 °C absorbance was measured with a ClarioStar microplate reader at
450 nm and 630 nm as a reference absorbance. After measuring, the plate was washed twice
with PBS and 100 pL fresh medium was added to each well. Thus, the same plate was used
to measure each time point. Measurements were performed at least in quintuplicates.
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3.7. RNA isolation and cDNA generation

Total RNA from frozen cell pellets was isolated using miRNeasy Mini Kit according to the
manufacturer’s protocol, which enables analysis of miRNA expression as well as mRNA ex-
pression. Cell pellets were lysed using with QIAzol lysis reagent which is based on phe-
nol/guanidine. Subsequently, RNA was purified with silica-membrane spin columns and
eluted in 30 L nuclease-free water. If only analysis of mRNA expression was relevant, total
RNA was isolated using the RNAeasy Kit according to the manufacturer’s protocol. Until
further usage for cDNA synthesis, RNA samples were stored at -80 °C.

RNA samples were measured using a NanoDrop spectrophotometer or Qubit device using
RNA BR Assay kit. For mRNA, 500 ng of total RNA were reverse transcribed in a 20 pL
reaction utilizing oligo(dT)18 primer using the Transcriptor First Strand cDNA Synthesis Kit
(Roche Applied Science, Mannheim, Germany). For miRNA, 40 ng of total RNA were reverse
transcribed in a 15 pL reaction using TagMan® MicroRNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA) according the manufacturer’s protocol and specific stem-
loop primers for mature miRNA. All PCRs were run on a Veriti 96 well Thermal Cycler and
the thermal conditions are shown in table 3.1.

Table 3.1: Thermal conditions of reverse transcription.

Total RN A reverse transcription

Temperature [°C] Time [min] Cycles

65 10 1
immediately on ice 5 1
50 60 1

85 5 1

4 o0 1

miRNA reverse transcription

Temperature [°C] Time [min] Cycles

16 30 1

42 30 1

85 5 1

4 00 1
3.8. qPCR

To perform qPCR with ¢cDNA synthesized from mRNA, 2 pnl. ¢cDNA diluted 1:5 with PCR-
quality water was used in a 20 uL reaction using the SYBR Green PowerUP PCR Mastermix
for qPCR. The components for one qPCR reaction are summarized in table 3.2. Suitable
House keeping (HK) genes were used to normalize samples. The HK were selected based on
the criteria to have no putative binding site for transfected miRNAs. In general, two different
HK genes were used per experiment. For cDNA synthesized from miRNA, 2 plL were used
in a 20 pL PCR reaction and small nuclear RNA U6 (RNU6B) was used as endogenous control.
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Table 3.2: Composition of one qPCR reaction.

2x Master mix fwd_Primer rev_Primer water
one reaction

10 pL 0.4 pL 0.4 pL 7.2 nL
20 reactions
200 pL 8 uL 8 nL 144 nL

An Applied Biosystems 7300 Real Time PCR system or QuantStudio 3 Real-Time-PCR-
System was utilized to run all gPCRs and the thermal conditions are summarized in table
3.3. For all samples three technical replicates were performed and relative expression was
calculated with the 27 AAC;-method as follows:

ACt = Ctgor — Ctux (3.8.1)
AACt = Ctij_XYZ - thontrol ( )

Fold change: FC = 2~ AAC (3.8.3)
log(FC) = logs (2724") (3.8.4)

Table 3.3: Thermal conditions of gPCR.

Temperature [°C] Time Cycles
50 2 min 1
95 2 min 1
95 15 sec
60 60 sec 40
72 30 sec

3.9. Quick change mutagenesis

To proof direct binding of miRNAs to NT5E-3-UTR the respective binding site of miRNAs
were mutated using the Quick change II site directed mutagenesis according to the manufac-
tures protocol. Briefly, for every miRNA that showed significant reduction of luciferase signal
in 3‘-UTR reporter assay, the respective binding site was mutated by deleting one nucleotide
within the predicted binding site. Preferably, the nucleotide in the middle of the binding
site was deleted. To design the mutation primer the QuickChange Primer Design webtool
was used (https://www.agilent.com/store/primerDesignProgram.jsp). All used Primers are
listed in table 2.4.
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3.10. Western Blot analysis

Protein was isolated from frozen cell pellets by dissociation with appropriate amounts of cell
lysis buffer supplemented with phenylmethylsulfonylfluorid (PMSF). After 15 min incubation
on ice, samples were centrifuged for 30 min at 13,000 rpm, 4 °C. Protein concentrations were
measured using the Pierce™ BCA Protein Assay Kit and cell lysates were stored at -20 °C.
Protein lysates were heat denatured for 5 min at 95 °C and 10-50 pg protein were mixed with
5x loading dye and loaded on 10 % polyacrylamid gel, subsequently electro-transferred onto
a nitrocellulose membrane using the TransTurboBlot system. After transfer, the membrane
was blocked for one hour at RT. The blocking buffers for the different investigated proteins
can be found in table 3.4. The membrane was then incubated with the respective primary
antibody in 5 % blocking solution in TBS-T at 4 °C over night. After extensive washing
(1x 10 min, 4-5x 5 min, washing buffer see table 3.4), the membrane was incubated with the
respective horseradish peroxidase conjugated secondary antibody for one hour at RT. After
washing with TBS-T protein signals were detected with enhanced chemiluminescence (ECL)
system using BioRad ChemiDoc XRS machine. Densitometric quantification of protein bands
was performed using ImageLab software. Actin was used as loading control and protein of
interest levels were normalized by division with actin levels.

Table 3.4: Blocking and washing buffers used in this study.

Protein Blocking Buffer Washing buffer
Actin 5 % non-fat milk TBS-T
CD73 5 % non-fat milk TBS-T

3.11. Measurement of NT5E/CD73 enzymatic activity by Malachite Green assay

To verify, that the change of NT5E levels mediated by transfected miRNAs also alters the
enzymatic activity of NT5E, an assay to infer NT5E activity was established. NTSHE catal-
yses the hydrolisation of AMP to adenosine. Using the Malachite Green assay the released
inorganic phosphate of this hydrolysis reaction can be measured. Using a HPLC-UV based
method, the amount of AMP and adenosine can be directly quantified. But in the scope of
this study only the malachite green assay was deployed.

Based on protocol published by Allard et al. 2019 [13], NT5E/CD73 enzymatic activity
was measured using Malachite green assay. This colorimetric assay measures the amount of
inorganic phosphate in solution which reacts with Malachite green molybdate under acidic
conditions. The amount of the formed complex can be measured with a spectrophotometer
at 620 nm. The amount of inorganic phosphate directly correlates with the NT5E/CD73 en-
zymatic activity, since in the reaction from AMP to adenosine inorganic phosphate is released.

For this assay cells were seeded in 12 well plates and cultured for 24 h until they were
transfected with 50 nM miRNA /siRNA. 48 h post transfection cells were washed twice with
phosphate-free buffer. The recipe for the phosphate-free buffer is listed in table 3.5. 500 pL
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of phosphate-free buffer were added to each well and cells were incubated for 15 min at 37 °C.
4 nL of freshly prepared 50 mM AMP from 1 M frozen AMP stock were added to each well
to achieve a final concentration of 400 pM AMP. Plates were incubated for 30 min, 60 or 90
min at 37 °C. Meanwhile 25 pL. 10 mM EDTA diluted in phosphate-free buffer was added
to a 96-well reading plate in each well. After defined incubation time, 25 pL supernatant
was transferred to the reading plate and mixed with the EDTA. At least quintuplicates were
performed per condition. 10 pL Malachite Green Reagent A were added to each well and
reading plates were incubated for 10 min at RT on a microplate shaker. Then 10 pL. Malachite
Green Reagent B were added to each well and absorbance at 620 nm was measured after 5 min
incubation time.

Table 3.5: Phosphate-free-buffer.

Chemical Stock MW Preparation stock V for 450 mL Final conc.
MgCI2 2 M 203.30 g/mol 0.82 gin 2 mLL 450 nL 2 mM
NaCl 1.25 M 58.44 g/mol 3.65 g in 50 mL 45 mL 125 mM
KC1 1M 74.56 g/mol 3.70 g in 50 mL 450 pLL 1 mM
Glucose 138 mM  198.17 g/mol 1.40 g in 50 mL 32.4 ml 10 mM
HEPES 2M 238.31 g/mol 2.40 g in 10 mL 4.5 mL 10 mM
ddH20 367.2 mL

3.12. RNA-Seq analysis

To assess expression levels of genes of interest and of miRNAs, RNA-Seq was performed for
five normal human melanocyte samples (NHEM) and ten melanoma cell lines. RNA was iso-
lated from the respective samples using miREasy kit. RNA-Seq and miR-Seq was performed
by company GeneWIZ. For Gene expression analysis [llumina® NovaSeq™ was used. For
small RNA analysis HiSeq® was used. Trimming, mapping and differential gene expression
analysis was performed by GeneWIZ.

3.13. Microarray analysis

To investigate the mechanism of NT5E up-regulating miRNAs, gene expression profiling was
performed upon miRNA transfection. MaMel-02 and MDA-MB-231 cells were transfected
with 50 nM miRNA and 48 h post transfection RNA was isolated using RNAEasy kit. Each
condition was performed in triplicates. Samples were sent to the DKFZ - Genomics and
Proteomics Core Facility. The Affymetrix Clariom S human chip was used for all samples.
Raw data was processed by the Core facility. Differentially gene expression analysis was
performed always by comparison to mimic control-1 samples. Venn diagrams were gener-
ated using webtool from Bioinformatics & Evolutionary Genomics department of the Ghent
university (http://bioinformatics.psb.ugent.be/webtools/Venn/) [4].
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CHAPTER 4.

RESULTS

The main aim of this thesis was the elucidation of the post-transcriptional regulation of
immune checkpoint molecule expression, especially NT5E/CD73, exerted by miRNAs. Fur-
thermore, the aim was to gain more insights in the aberrant regulation of immune checkpoint
molecules in cancer cells. The general work-flow of this study is depicted in figure 4.1. The
work-flow can be divided into three main tasks. First, in silico data analysis and predictions
was performed. Second, a miRNA library screen was conducted, to experimentally find miR-
NAs that are capable of changing surface expression of selected immune checkpoint molecules.
The last part was the validation of the screening results including more in-depth analysis of
the miRNA-mediated effects as well as functional assays.

gontrolling the Immune Suppressors

Work-flow

check overlap

| ;::'.':;;; | O» - » -

identify false positive investigate mode of action
» MIRNA prediction: * human miRNA library screen « gPCR - o\
« human & mouse (> 2.500 miRNAs) « FACS ‘\}
« NT5E, ENTPDA, « FACS as read-out « WB R
CD274, CTLA4 mmm ° 3-4 surface molecules « 3'-UTR reporter assay
— © correlation analysis B related to immune evasion o ® « mutagenesis of BS
oo § e gENE EXPression 1"« twocell lines :.o. « functional assays:
. prediction models » breast cancer s « enzymatic activity
=== . data mining _l_ « melanoma e 0 « impairment of CTLs

Figure 4.1: General work-flow of this study. This study can be divided in three
main parts. Firstly, in silico analysis was carried out. Using different prediction algorithms
potential miRNAs regulating immune check point molecules were retrieved. Also different
expression data sets were analysed and based on this suitable cell lines for the following ex-
periments were selected. The second phase was the miRNA library screen, to experimentally
identify miRNAs, that are capable of changing the surface expression of selected immune
evasion relevant proteins. This phase generated the largest share of data of this study and
was the base for the last phase. The final step was the validation phase, to confirm the
screening hits and to investigate their mode of action.
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4.1. in silico predictions identified large number of miRNAs targeting immune
checkpoint molecules

To find potential miRNA candidates regulating immune checkpoint molecules in human, in
silico prediction algorithms were used. Therefore, different miRNA-target prediction tools
were combined. The following resources for predicting potential miRNAs were used: Tar-
getScan Version 6.2, MicroCosm, miRDB Version 5.0, miRecords, miRGator, MicroCosm,
microRNA conserved and non-conserved, PITA, PicTar2 and PACCMIT. Since the different
databases apply different concepts how a miRNA-target interaction is computed and defined,
potential miRNA candidates were selected, which were predicted to regulate the respective
immune checkpoint molecule by at least three databases.

4.1.1 in silico prediction identified 44 miRNAs with strong evidence to
target NT5E/CD73

Ten different data bases were used to find miRNAs that potentially regulate NT5E function
and expression in humans. All data bases were downloaded at 01-05-2017. The different

data bases are listed below with their respective number of miRNAs, that were connected to
NT5E:

¢ MircoCosm # 30

e microRNA # 64 (conserved) #230 (non conserved)
« miRDB V5 # 84

e miRecords # 4

o miRGator # 4

o miRNAMap # 25

« PACCMIT # 244

e PicTar # 0

o PITA # 4 (Top Score) # 197 (all predictions)

TargetScan # 8

Adding up all 10 data bases yielded 584 unique miRNAs. The entries of some data bases
like miRDB or PACCMIT also appeared frequently in other data bases. But for example the
entries of TargetScan were rarely shared with other data bases. This might be due to the
fact that TargetScan combined for example the whole hsa-miR-30 family whereas the other
data bases listed each family member separately.

The top miRNA candidates from in silico prediction for NT5E are listed in table 4.1. hsa-
miR-422a was predicted to regulate NT5E by six different data bases. Overall, ten miRNAs
were predicted by at least four data bases for example hsa-miR-22. In total, 44 miRNAs were
predicted to regulate NT5E by at least three different data bases.
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Table 4.1: miRNAs predicted by at least 3 different data bases to regulate NT5E.

miRNA No. of DBs miRNA No. of DBs
hsa-miR-422a hsa-miR-513a-3p
hsa-miR-518a-5p hsa-miR-580

hsa-miR-5481 hsa-miR-587

hsa-miR-22 hsa-miR-630

hsa-miR-507 hsa-miR-650

hsa-miR-557 hsa-miR-662

hsa-miR-140-5p hsa-miR-654-3p
hsa-miR-590-3p hsa-miR-657

hsa-miR-527
hsa-miR-1246
hsa-miR-448
hsa-miR-524-5p
hsa-miR-363
hsa-miR-30d
hsa-miR-30b
hsa-miR-153
hsa-miR-125a-5p
hsa-miR-193a-3p
hsa-miR-433
hsa-miR-146b-5p
hsa-miR-142-5p
hsa-miR-520h

IO IC RN JC RN SR JU R SO U U JC RN JU R JU RN JU RN N N NG N S S S 3 IS B N

hsa-miR-1296
hsa-miR-1257
hsa-miR-548n
hsa-miR-1827
hsa-miR-378b
hsa-miR-3134
hsa-miR-3163
hsa-miR-3185
hsa-miR-3201
hsa-miR-378c
hsa-miR-4310
hsa-miR-4282
hsa-miR-30a-5p
hsa-miR-30e-5p

W W WWWWWWWWwWwwWwwwwwwwwwwow

A Venn diagram showing the overlap of miRNAs targeting NT5E predicted by the five dif-
ferent data bases: MicroCosm, microRNA (conserved), miRDB, PITA (all entries) and PAC-
CMIT is given in figure 4.2.

microCosm

miR-518a-5p

PITA all

miR-193a-3p

PACCMIT

Figure 4.2: Venn diagram of NT5E targeting miRNAs. The overlap of miRNAs
targeting NTHE predicted by the five data bases MicroCosm, microRNA (conserved), miRDB,
PITA (all entries) and PACCMIT is shown. Only miR-422a was predicted by all resources.
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4.1.2 in silico prediction identified three miRNAs with strong evidence to
target ENTPD1/CD39

Ten different data bases were used to find potential miRNAs that regulate ENTPD1 in
humans. All data bases were downloaded at 01-05-2017. The different data bases are listed
below with their respective number of miRNAs connected to ENTPD1:

e MircoCosm # 98

o microRNA # 17 (conserved) # 55(non conserved)
« miRDB V5 # 70

e miRecords # 0

o TarBase # 16

e miRNAMap # 0

« PACCMIT # 13

o PicTar # 1

o PITA # 1 (Top Score) # 335 (all predictions)

o TargetScan # 46

Combining all data bases yielded overall 563 unique miRNAs that are predicted to regulate
ENTPD1. Compared to NT5E, the overlap of miRNAs between the tools was smaller. Thus,
the stringency for selecting potential ENTPDI1 regulators was relaxed and all miRNAs were
considered which were predicted by at least two different data bases. Those miRNAs are
listed in table 4.2. Only the three miRNAs hsa-miR-421, hsa-miR-140-5p and hsa-miR-346
were predicted by three different tools. Overall, 59 miRNAs were contained in at least two
data bases.
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Table 4.2: miRNAs predicted by at least 2 different data bases to regulate ENTPD1.

miRNA No. of DBs miRNA No. of DBs
hsa-miR-421 3 hsa-miR-30c

hsa-miR-140-5p hsa-miR-30b

hsa-miR-346 hsa-miR-140-3p

hsa-miR-300 hsa-miR-573

hsa-miR-146b-5p hsa-miR-595

hsa-miR-381 hsa-miR-607

hsa-miR-144 hsa-miR-649

hsa-miR-337-5p hsa-miR-802

hsa-miR-520e
hsa-miR-193a-3p
hsa-miR-338-3p
hsa-miR-766
hsa-miR-526b
hsa-miR-936
hsa-miR-520a-5p
hsa-miR-499-5p
hsa-miR-328
hsa-let-7e
hsa-miR-520b
hsa-miR-625
hsa-miR-545*
hsa-miR-23b
hsa-miR-708
hsa-miR-16-2*
hsa-miR-630
hsa-miR-27b*
hsa-miR-920
hsa-miR-493
hsa-miR-545
hsa-miR-30b*

DD DD DD DN DN NN DD DN DD DN DD NN NN NN NN NN W W

hsa-miR-1276
hsa-miR-3175
hsa-miR-15a-5p
hsa-miR~15b-5p
hsa-miR-16-5p
hsa-miR-195-5p
hsa-miR-2110
hsa-miR-424-5p
hsa-miR-429
hsa-miR-4428
hsa-miR-4742-3p
hsa-miR-497-5p
hsa-miR-5481
hsa-miR-641
hsa-miR-590-3p
hsa-miR-331-3p
hsa-miR-330-5p
hsa-miR-136
hsa-miR-326
hsa-miR-194
hsa-miR-205

DO DN DN BN DN DD DN DD DN DD DN DD DN DD NN NN NN NN DN NN NN




4.1.3 in silico prediction identified 39 miRNAs with strong evidence to
target CD274/PD-L1

39 miRNAs were predicted to regulate CD274 by at least three different sources. These
miRNAs are listed in table 4.3. The following three miRNAs were contained in four different
data bases: hsa-miR-140-3p, hsa-miR-28-3p and hsa-miR-384. The top in silico candidate to
regulate NT5E, was also predicted to regulate CD274: hsa-miR-422a.

Table 4.3: miRNAs predicted by at least 3 different data bases to regulate CD274.

miRNA No. of DBs miRNA No. of DBs
hsa-miR-140-3p 4 hsa-miR~1205 3
hsa-miR-28-3p 4 hsa-miR-548e 3
hsa-miR-384 4 hsa-miR-5481 3
hsa-miR-140-5p 3 hsa-miR-1243 3
hsa-miR-429 3 hsa-miR-1270 3
hsa-miR-501-5p 3 hsa-miR-302f 3
hsa-miR-383 3 hsa-miR-513b 3
hsa-miR-422a 3 hsa-miR-1273c 3
hsa-miR-188-3p 3 hsa-miR-378c 3
hsa-miR-219-2-3p 3 hsa-miR-4264 3
hsa-miR-485-3p 3 hsa-miR-4279 3
hsa-miR-520h 3 hsa-miR-17-5p 3
hsa-miR-513a-5p 3 hsa-miR-320a 3
hsa-miR-563 3 hsa-miR-377-3p 3
hsa-miR-576-3p 3 hsa-miR-548a-5p 3
hsa-miR-548a-3p 3 hsa-miR-548b-5p 3
hsa-miR-636 3 hsa-miR-548i 3
hsa-miR-128 3 hsa-miR-559 3
hsa-miR-802 3 hsa-miR-93-5p 3
hsa-miR-1225-3p 3
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4.1.4 in silico prediction identified 33 miRNAs with strong evidence to
target CTLA4/CD152

The miRNAs predicted to target CTLA4 are listed in table 4.4. Overall, 33 miRNAs were
contained in at least three data bases. One miRNA was contained in five data bases: hsa-
miR-561a-3p. The following three miRNAs were predicted by four different tools to regulate
CTLA4: hsa-miR-656, hsa-miR-429 and hsa-miR-324-5p.

Table 4.4: miRNAs predicted by at least 3 different data bases to regulate CTLAA4.

miRNA No.of DBs miRNA No. of DBs
hsa-miR-516a-3p 5 hsa-miR-579 3
hsa-miR-656 4 hsa-miR-581 3
hsa-miR-429 4 hsa-miR-582-3p 3
hsa-miR-324-5p 4 hsa-miR-583 3
hsa-miR-384 3 hsa-miR-548c-3p 3
hsa-miR-380 3 hsa-miR-1200 3
hsa-miR-155 3 hsa-miR-1287 3
hsa-miR-494 3 hsa-miR-1243 3
hsa-miR-496 3 hsa-miR-1248 3
hsa-miR-542-3p 3 hsa-miR-1261 3
hsa-miR-1297 3 hsa-miR-302f 3
hsa-miR-140-3p 3 hsa-miR-548p 3
hsa-miR-127-5p 3 hsa-miR-1279 3
hsa-miR-330-3p 3 hsa-miR-3182 3
hsa-miR-511 3 hsa-miR-4311 3
hsa-miR-502-5p 3 hsa-miR-4282 3
hsa-miR-502-3p 3

4.1.5 Several miRNAs are predicted to target multiple immune checkpoint
molecules

Having performed the in silico prediction for the different immune checkpoint molecules,
miRNAs regulating all four investigated genes or a subset of them were investigated more
closely. In table 4.5 all miRNAs are listed, that were predicted by at least one data base
to bind to the 3-UTR of NT5E, ENTPD1, CD274 and CTLA4. Overall, 49 miRNAs were
predicted to regulate all four targets. Among them was miR-422a, which was the miRNA
predicted by most data bases to regulate NT5E. Also miR-548] seems to be a promising
miRNA involved in regulating genes relevant for immune evasion since it was predicted by
five data bases to regulate NTHE and three data bases predicted it to bind to CD274 3‘-
UTR. And at least two data bases gave evidence of regulation of ENTPD1 by miR-548] and
one for the regulation of CTLA4 by this miRNA. Furthermore, there was also evidence that
miR-193a and miR-193b target all four immune checkpoint molecules.
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Table 4.5: miRNAs predicted to regulate NT5E, ENTPD1, CD274 and CTLA4. For each
target gene the number of data bases that containede miRNA-target interaction is given.

miRNA NT5E ENTPD1 CD274 CTLA4
hsa-miR-422a 6 1 3 1
hsa-miR-548I 5 2 3 1
hsa-miR-590-3p 4 2 1 2
hsa-miR-1246 4 1 2 1
hsa-miR-662 3 1 2 2
hsa-miR-656 2 1 1 4
hsa-miR-338-5p 1 3 2 2
hsa-miR-548n 3 1 1 2
hsa-miR-28-5p 2 2 2 1
hsa-miR-495 2 3 1 1
hsa-miR-330-3p 2 1 1 3
hsa-miR-511 2 1 1 3
hsa-miR-3148 2 1 2 2
hsa-miR-496 1 1 2 3
hsa-miR-485-3p 1 1 3 2
hsa-miR-641 1 2 2 2
hsa-miR-607 1 2 2 2
hsa-miR-490-5p 2 1 1 2
hsa-miR-410 2 1 1 2
hsa-miR-875-5p 2 1 1 2
hsa-miR-708 2 2 1 1
hsa-miR-491-3p 2 1 2 1
hsa-miR-219-2-3p 1 1 3 1
hsa-miR-155 1 1 1 3
hsa-miR-487a 1 1 2 2
hsa-miR-1248 1 1 1 3
hsa-miR-548a-3p 1 1 3 1
hsa-miR-378 2 1 1 1
hsa-miR-374b 2 1 1 1
hsa-miR-582-5p 2 1 1 1
hsa-miR-584 2 1 1 1
hsa-miR-1208 2 1 1 1
hsa-miR-548m 2 1 1 1
hsa-miR-501-3p 1 1 1 2
hsa-miR-193b 1 1 2 1
hsa-miR-335* 1 2 1 1
hsa-miR-548k 1 1 2 1
hsa-miR-326 1 2 1 1
hsa-miR-142-3p 1 1 2 1
hsa-miR-519d 1 1 1 2
hsa-miR-568 1 1 1 2
hsa-miR-548f 1 1 2 1
hsa-miR-1206 1 1 1 2
hsa-miR-29b-2* 1 1 1 1
hsa-miR-512-3p 1 1 1 1
hsa-miR-340-5p 1 1 1 1
hsa-miR-138 1 1 1 1
hsa-miR-150 1 1 1 1
hsa-miR-193a-5p 1 1 1 1
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4.2. Gene expression modelling revealed ATF1, GFI1, SMAD4 and TCF7 as most
important NT5E transcription factors

Since also detection of NT5E enhancing or inhibiting miRNAs lacking a binding site for NT5E
3‘-UTR is expected when conducting the miRNA library screen, the transcriptional regula-
tion of NTHE was analysed in order to explain miRNA mediated indirect effects. Therefore,
an approach that considers the activity of transcription factors was used to explain the change
of target genes expression over a panel of different samples. In this study, the NCI-60 cell
line expression data set was used [194]. As described in the method section and in previous
publication [208], the so called EdgeStrength-Matrix (ES) was employed to obtain a list of
potential NT5HE transcription factors. With the used ES-matrix, 11 potential transcriptional
regulators of NTSE were obtained which had an ES value greater than 0: ATF1, ATF2,
FOXP3, GFI1, SMAD2, SMAD3, SMAD4, SMAD5, SP1, STAT3 and TCF7.

To find the most important regulators that explain the change in NT5E expression across the
NCI-60 panel, a bottom-up approach was implemented. Using MIP models the number of
transcription factors for the model was restricted and the model chose the TFs that could best
account for the changes in NTSE expression. The performance of the model was calculated
by Leave-One-Out cross validation (LOO-CV). The results are summarized in table 4.6.

Table 4.6: Bottom-Up Approach: Prediction of NT5E gene expression in NCI-60 data set
using MIP models to restrict number of TFs. Prediction performance (PP) was calculated
with LOO-CV.

Transcription factors PP
SMAD2 0.37
ATF1, SMAD2 0.51
ATF1,GFI1,SMAD4 0.50
ATF1,GFI1,SMAD4,TCF7 0.53
ATF1,FOXP3,GFI1,SMAD4,TCF7 0.49
ATF1,ATF2,FOXP3,GFI1,SMAD4,TCF7 0.47
ATF1,ATF2 FOXP3,GFI1,SMAD4,SMAD5,TCF7 0.52
ATF1,ATF2,FOXP3,GFI1,SMAD4,SMAD5,SP1, TCF7 0.49
ATF1,ATF2,FOXP3,GFI1,SMAD2,SMAD3,SMAD4,SP1, TCF7 0.46
ATF1,ATF2 FOXP3,GFI1,SMAD2,SMAD3,SMAD4,SMAD5,SP1, TCF7 0.40

ATF1,ATF2,FOXP3,GFI1,SMAD2,SMAD3,SMAD4,SMAD5,SP1,STAT3, TCF7  0.33

SMAD2 was the transcription factor, that alone could best predict NT5E expression. The pre-
diction performance could be further increased by adding a second regulator. The MIP model
picked SMAD2 and ATF1 and the performance reached 0.51. This performance could be only
slightly increased by adding additional regulators. The best performance was achieved with a
model consisting of the following four transcription factors: ATF1, GFI1, SMAD4 and TCF7.
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4.3. NT5E and CD274 are frequently expressed in human cancer cell lines whereas
ENTPD1 and CTLA4 are rarely expressed

To find NT5E expressing human cancer cell lines suitable for the miRNA library screen and
for subsequent experiments, gene expression data sets were used. First, the NCI-60 panel
was examined [194], to check in which cancer entities NT5E is predominantly expressed. The
expression level across eight different cancer types for NT5E mRNA is shown in figure 4.3.
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Figure 4.3: NT5E mRNA levels among cell lines of different tumor entities (NCI-
60 panel). BR: breast cancer; CNS: tumor of central nervous system; CO: colon cancer;
LE: leukaemia; ME: melanoma; LC: non-small-cell lung carcinoma; OV: ovarian cancer; RE:
renal carcinoma.

In most cancer types NT5E expression could be found, except for leukaemia cell lines showing
the lowest NT5E levels (mean z-score = -1.3). The highest mean expression was found in
melanoma (mean z-score = 0.40). To note, one of the cell line with the highest NT5E ex-
pression was the melanoma cell line SK-Mel-28 (z-score = 1.5), closely followed by the breast
cancer cell line MDA-MB-231 (z-score = 1.49). The expression of NT5E in breast cancer was
quite scattered. For example, the breast cancer line T-47D exhibited one of the lowest NTHE
values in the panel (z-score = -1.4).

The NCI-60 panel was also screened for expression of ENTPD1. The result is compiled in
figure 4.4. ENTPD1 was rarely expressed across the different cancer types. One exception
was melanoma exhibiting the highest overall ENTPD1 expression (mean z-score = 1.0). The
cell line with the highest ENTPD1 expression within the NCI-60 panel was the melanoma cell
line SK-Mel-28 (z-score = 4.5), followed by SK-Mel-5 (z-score = 3.6) and SK-Mel-2 (z-score
= 2.4). The lowest ENTPD1 expression was found in colon cancer (mean z-score = -0.4). In
breast cancer (mean z-score = 0.0) only the HS 578T cell line showed sustained ENTPD1
levels (z-score = 0.7). Also in ovarian cancer (mean z-score = 0.0), some cell lines showed
intermediate ENTPD1 levels: OVCAR-3 (z-score = 0.5) and OVCAR-4 (z-score = 0.4).
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Figure 4.4: ENTPD1 mRNA levels among cell lines of different tumor entities
(NCI-60 panel). BR: breast cancer; CNS: tumor of central nervous system; CO: colon
cancer; LE: leukaemia; ME: melanoma; LC: non-small-cell lung carcinoma; OV: ovarian
cancer; RE: renal carcinoma.

Also for CD274, the expression across the NCI-60 panel was checked and the result is shown
in figure 4.5. CD274 expression could be found in most of the cancer types, except for colon
cancer (mean z-score = -0.2) and melanoma (mean z-score = -0.4). Only one melanoma
cell line, LOX-IMVI, showed high CD274 expression (z-score = 1.9). Overall the highest
mean expression was found in CNS cancer (mean z-score = 0.5). The expression of CD274
in breast cancer cell lines was quite varying between the different cell lines (mean z-score =
0.1). For example, MDA-MB-231 was strongly CD274 positive (z-score = 1.5) while T-47D
(z-score = -0.8) or MCF7 were CD274 negative (z-score = -0.8). The cell line with the highest
CD274 levels was the leukaemia cell line SR (z-score = 3.7).

The expression across the NCI-60 panel for CTLA is shown in figure 4.6. In most cancer types
CTLA4 was not expressed or just to small extend e.g. in leukaemia (mean z-score = 0.0).
Only in melanoma CTLA4 was expressed at higher levels (mean z-score = 1.2). The three cell
lines with the highest CTLA4 expression among the panel were UACC-257 (z-score = 4.9),
MALME-3M (z-score = 2.4) and SK-Mel-28 (z-score = 2.0).
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Figure 4.5: CD274 mRNA levels among cell lines of different tumor entities (NCI-
60 panel). BR: breast cancer; CNS: tumor of central nervous system; CO: colon cancer;
LE: leukaemia; ME: melanoma; LC: non-small-cell lung carcinoma; OV: ovarian cancer; RE:
renal carcinoma.
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Figure 4.6: CTLA4 mRNA levels among cell lines of different tumor entities
(NCI-60 panel). BR: breast cancer; CNS: tumor of central nervous system; CO: colon
cancer; LE: leukaemia; ME: melanoma; LC: non-small-cell lung carcinoma; OV: ovarian
cancer; RE: renal carcinoma.
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One focus in this work was human melanoma. Thus, the expression of the studied checkpoint
molecules was also analysed in a panel of human melanoma cell lines. This MaMel panel
consists of 34 human melanoma cell lines [236]. The expression of NT5E, ENTPD1, CD274
and CTLA4 across this panel is shown in figure 4.7. Overall, NT5E had the highest mean
expression (meanntsg = 7.3), followed by CD274 (meancpoyy = 6.0). For most cell lines
ENTPDI1 was not highly expressed (meangntpp1 = 4.7), but few cell lines exhibit high
ENTPD1 mRNA levels. The lowest expression was observed for CTLA4 (meancrpag = 4.6).
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Figure 4.7: Expression of immune checkpoint molecules within MaMel panel.
Comparison of NTS5E, ENTPD1, CD274 and CTLA4 mRNA levels across a panel of human
melanoma cell lines.

To have a closer look on the individual cell lines, the expression data was z-score normalized
and expression of the checkpoint molecules was ranked from low to high expression. Figure
4.8 shows the ranked expression of NTH5E across the MaMel panel. MaMel-61e exhibited
the highest NT5E level (z-scorentsg = 1.66), followed by MaMel-53a (z-scorextsg = 1.48)
and MMO38 (z-scorexTsg = 1.30). NT5E negative were for example the cell lines MaMel-79b
(z-scorenTsg = -1.33), MaMel-35 (z-scorenTsg = -1.32) and MaMel-39a (z-scorenTsg = -1.31).

The ranked expression for ENTPD1 across the MaMel panel is shown in figure 4.9. Seven
cell lines had pronounced ENTPD1 expression. MaMel-86b was the cell line with the highest
ENTPDL1 levels (z-scoregntpp1 = 2.5), followed by MaMel-75 (z-scoregntpp1 = 2.4) and
MaMel-79b (Z—SCOI‘GENTPDl == 2.4). MMO019 (z—scoreENTPDl = —1.0), MM103 (Z—SCOI‘eENTle
= -0.9) and MMS8a (z-scoregnTpp1 = -0.8) exhibited the lowest ENTPD1 mRNA expres-
sion. NT5E/CD73 and ENTPD1/CD39 are enzymes working in a cascade catalysing ATP to
adenosine. Interestingly, both enzymes were not co-expressed in the melanoma panel. The
mRNA levels of NT5E and ENTPD1 were significantly negatively correlated (PCC = -0.42,
p = 0.013). The plot of NT5E against ENTPD1 mRNA levels is shown in figure 4.10.
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Figure 4.10: Correlation of NT5E and ENTPD1 expression across the MaMel
panel. Across the analysed melanoma cell lines, NT5E showed a significantly negative cor-
relation with ENTPD1 mRNA expression.

For five selected cell lines, which showed high ENTPD1 mRNA levels or NT5E levels, also
ENTPD1 and NT5E surface expression was measured by FACS to confirm the mRNA data
and to eventually find additional cell lines expressing both enzymes. The surface expression
of NT5E for those cell lines is given in figure 4.11 A and the surface expression of ENTPD1
is shown in figure 4.11 B.
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Figure 4.11: FACS analysis of surface NT5E (A) and ENTPD1 (B) expression
in selected melanoma cell lines. Only SK-Mel-28 cell line exhibited high levels of both
NT5E and ENTPD1 surface expression.

As expected from the NTS5E mRNA data, SK-Mel-28 and MaMel-103b showed high NT5E

levels. MaMel-86b showed minor surface NT5E expression and MaMel-79b and MaMel-57
were NTHE negative. But those two cell lines exhibited high ENTPD1 surface expression.
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Also SK-Mel-28 and MaMel-86b expressed ENTPDI1 at the cell surface. Only MaMel-103b
exhibited weak ENTPD1 surface levels. Since cell lines expressing both enzymes would have
been most suitable for follow-up experiments, the percentage of NT5E and ENTPDI1 positive
cells was determined and is depicted in figure 4.12. SK-Mel-28 had the highest rate of NTSE™
and ENTPD1T cells with 84 %, followed by MaMel-86b with 61%. MaMel-103b only showed
19 % double positive cells. MaMel-57 only exhibited 4 % double positive cells, although it
was the cell line with the highest ENTPD1 levels. MaMel-79b was NTS5E negative, thus
having 0 % double positive cells. For subsequent experiments, the SK-Mel-28 cell line was
selected since it showed the highest percentage of double positive cells.
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Figure 4.12: Percentage of NT5E and ENTPD1 positive cells. FACS analysis of
surface NTHE and ENTPD1 expression in selected melanoma cell lines.

Figure 4.13 depicts the ranked expression of CD274. Most human melanoma cell lines of the
panel exhibited a rather low CD274 mRNA level, except for three cell lines with quite high
CD274 expression. By far the strongest CD274 expression exhibited MaMel-66b (z-scorecpars
= 4.6), followed by MMO038 (z-scorecpz74 = 1.9) and MaMel-26a (z-scorecpars = 1.0). MM103
and MaMel-13 both had the lowest CD274 levels (z-scorecpars = -1.1).

The ranked expression of CTLA4 in the MaMel panel is given in figure 4.14. Five cell lines
of the panel showed high CTLA4 expression: MaMel-63a (z-scorectpas = 2.2), MaMel-
73a (z-scorecrpas = 2.1), MaMel-67 (z-scorectpas = 2.0), MMO51 (z-scorecrpag = 1.8)
and MaMel-86b (z-scorectpas = 1.8). The lowest expression of the panel had MM6le

(z-scorecTpag = -1.4), followed by MM101 (z-scorecrpas = -1.3) and MMO57 (z-scorecrr,ag
—-1.2).
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Figure 4.14

To note, the expression of CTLA4 showed a significant negative correlation to the expression

of NT5E (PCC = -0.35, p = 0.044) as it is shown in figure 4.15.

90



MaMel panel

6.0-
® 5.5-
>
o o o g [PCC=-0.35p=0.044
< 5.0
% .- o0
. [ ]
E 4.5 Py oy
_ e °3
= 4.0- *
o -
3-5 L 1 1
0 5 10 15

NT5E mRNA level

Figure 4.15: Correlation of NT5E and CTLA4 expression across the MaMel
panel. Across the analysed melanoma cell lines NT5E was significantly negative correlated
with CTLA4 mRNA expression.

4.4. Lipofectamine RNAIMAX reagent achieved best transfection efficacy

To find optimal transfection protocol for the miRNA screen and in general for transfection
experiments, different reagents were tested. Using a fluorophore coupled negative control
siRNA the transfection efficacy was monitored and also the effect on cell viability was mea-
sured by staining with the cell viability dye pacific orange. SK-Mel-28 and MDA-MB-231 cell
lines were used for the test. Cells were transfected with siR-Cy3 at different final concentra-
tions: 5, 10 , 25 or 50 nM. Lipofectamine RNAIMAX and Dharmafect 1 reagents were tested.
Transfection efficacy was measured 48 h post transfection. The results are shown in table 4.7
and 4.8. The Lipofectamine RNAIMAX reagent gave better results for the MDA-MB-231 cell
line with almost complete transfection at 10 nM whereas Dharmafect 1 could only transfect
less than half of all cells at the same concentration. Due to these advantages and the fact,
that the Lipofectamine RNAIMAX protocol was 20 min faster, this reagent was selected for
the library screen and subsequent experiments.

Table 4.7: Testing transfection efficacy using Lipofectamine RNAIMAX reagent.

siRNA-Cy3 Transfection efficacy Dead cells
MDA-MB-231

mock 0.0 % 0.7 %
5 nM 76.9 % 1.2 %
10 nM 98.9 % 1.0 %
25 nM 100 % 0.8 %
50 nM 100 % 1.2 %
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Table 4.8: Testing transfection efficacy using Dharmafect 1 reagent.

siRNA-Cy3 Transfection efficacy Dead cells
MDA-MB-231

mock 0.18 % 2.10 %
5 nM 16.10 % 191 %
10 nM 41.90% 1.93 %
25 nM 71.40 % 2.53 %
50 nM 89.50 % 2.07 %
SK-Mel-28
mock 0.42 % 8.24 %
5 nM 86.50 % 7.65 %
10 nM 93.90 % 6.68 %
25 nM 98.50 % 5.16 %
50 nM 96.90 % 6.75 %

4.5. miRNA transfection is also effective at low concentrations

To find a suitable miRNA concentration for the transfection with the human miRNA library,
different miRNA concentrations were tested. Therefore, SK-Mel-28 cell line was transfected
with NT5E siRNA and with miRNAs known from the bioinformatic analysis to regulate
NT5E: miR-22-3p, miR-193a-3p and miR-30b-5p. Also, one miRNA was included, which
was not predicted by the in silico analysis to regulate NT5E: miR-200c-3p. Two days post
transfection the NT5E surface expression was measured. The results are shown in figure 4.16.
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Figure 4.16: Effect of different miRNA concentrations on NT5E surface levels.
Three different miRNA /siRNA concentrations were tested. Changes in NT5E surface expres-
sion were measured by FACS two days post transfection.
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The transfection reagent itself had a modest decreasing effect on NTS5E surface levels as
it can be seen from the difference of untreated and mock. As expected ENTPD1 siRNA
and hsa-miR-200c-3p had no effect on NT5E levels and are similar to mock. NT5E siRNA
strongly decreased NT5E levels, also at the lowest concentration of 12.5 nM (MFIypsp =
5235), which was similar to the effect of 50 nM (MFInrsr = 5103). For 25 nM the effect
was a little bit weaker, but still NT5E was strongly decreased (MFIn7sp = 6186). The
down-regulation by miR-30b-5p was quite similar for all three concentrations. For miR-22-3p
the effect increased with higher concentrations. But for miR-193a-3p the effect was highest
at 25 nM (MFIypsp = 6747). But overall, at all concentrations sufficient effects on NT5E
surface levels could be observed. In order to save reagents and avoiding off-target effects, a
miRNA /siRNA concentration of 25 nM was chosen for the miRNA library screen.

4.6. Finding optimal time point for miRNA library screen
4.6.1 A half-life of 4 hours was estimated for NT5E mRNA

Treatment with Actinomycin D was used to estimate the half-life of NTS5E mRNA and de-
termine the suitable time point for gPCR analysis after miRNA transfection. Therefore, the
SK-Mel-28 cells were treated with 10 pg/mL Actinomycin D. Actinomycin D is an antibi-
otic that inhibits transcription by blocking the RNA-polymerase thus preventing elongation
[71, 26]. After different time points of treatment, cells were harvested and NT5E mRNA lev-
els were determined by qPCR. The results of this assay are shown in figure 4.17. With time,
the NT5E mRNA levels was decreasing after Actinomycin D treatment resulting in higher
Ct values. From the linear fitted curve a half-life of 4.2 h (250 min) was calculated. For
subsequent qPCR analysis after miRNA transfection, time points of 48 h post transfection
were used for cell harvest and RNA isolation. This allows the miRNA to enter the cells and
due to the estimated half-life, changes in NT5E levels should be measurable.
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Figure 4.17: Estimation of the NT5E mRNA half-life. SK-Mel-28 cells were treated
with 10 pg/mL Actinomycin D and NT5E mRNA levels were measured by qPCR after dif-
ferent time points of treatment.
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4.6.2 A half-life of 14 hours was estimated for NT5E surface levels

To get an impression on the stability of the NT5E protein and its half-life, SK-Mel-28 cells
were treated with cycloheximide. Cycloheximide blocks the translation in eukaryotes thereby
inhibiting protein synthesis. Adding cycloheximide to the cell culture medium allows the
estimation of protein half-life, since no new protein can be produced [211]. SK-Mel-28 cells
were treated with 200 pg cycloheximide for 0, 0.5, 1, 1.5, 2, 3, 4 or 24 h. All conditions
were measured at the same time and NTSHE surface levels were determined by FACS. The
median fluorescence intensities (MFIs) were normalized to untreated (0 h) condition. The
corresponding plot is shown in figure 4.18. With time, the NT5E surface level was decreasing.
From the formula of the linear fit, the half-life of NTSE was calculated. Based on this
experiment the half-life of NT5E surface protein was approximately 820 min (~14 h).

SK-Mel-28 200 ug cycloheximide

-
o

= o8 y = -0.0005x + 0.9088
<™ R? = 0.9411
S 0.6
Ll
n
= 0.4
P
€ 0.2
o
c
0.0

0 250 500 750 1000 1250 1500
Time [min]

Figure 4.18: Estimating NT5E surface protein half-life. SK-Mel-28 cells were treated
with 200 pg cycloheximide and surface NT5E levels were measured by FACS after different
time points of treatment.

4.6.3 miRNA transfection mediated strongest changes 72 h post transfec-
tion on NT5E surface expression

To chose the optimal time point for measuring changes in NT5E surface expression after
transfection with the miRNA library, a time course experiment was carried out. Therefore,
SK-Mel-28 cells were transfected with 25 nM miRNA /siRNA and the change of NT5E surface
levels was measured by FACS 24 h, 48 h and 72 h post transfection. The result is given in
figure 4.19. For all time points the values were normalized to the respective siRNA control
sample. For all three time points mock is very similar to siRNA control. The miRNA controls
mimic control-1 and mimic control-2 are close to siRNA control and mock values only 24 h
and 48 h post transfection. 72 h after transfection mimic control-2 led to increased NT5E
level (normytsg = 1.3) while mimic control-1 had a decreasing effect (normytsg = 0.8). The
knock-down of NT5E by siRNA was more pronounced over time, from 20 % at 24 h to 80%
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knock-down at 72 h. Also the effect of miRNAs was increasing with time and for all three
miRNAs the change in NT5E levels was the highest at 72 h post transfection. Thus, for
the miRNA library screen the 72 h time point was chosen for analysing the change in NT5E
surface levels by FACS after miRNA transfection.
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Figure 4.19: Time course of change in NT5E surface levels. SK-Mel-28 cells were
transfected with 25 nM miRNA /siRNA and changes in NT5E surface levels were measured by
FACS 24, 48 and 72 h post transfection. Values were normalized to siRNA control conditions.

4.7. The immune checkpoint molecules NTS5E, ENTPD1 and CD274 were selected for
the miRNA library screen

The main focus of this work was the regulation of NT5E/CD73 levels by miRNAs. Therefore,
the melanoma cell line SK-Mel-28 and the breast cancer cell line MDA-MB-231 were selected
for the miRNA library screen, since both cell lines express NT5E to high extend on their
cell surfaces. Since the impact of miRNAs on NT5E expression was planned to be analysed
by fluorescence activated cell sorting (FACS), both cell lines were checked for expression of
additional molecules known to be involved in tumor cell killing by cytotoxic T cells.

Figure 4.20 shows the mRNA levels of the selected immune evasion genes for SK-Mel-28.
Besides NTHE, SK-Mel-28 also expressed ENTPD1. Both enzymes work in a cascade pro-
ducing adenosine by hydrolyzation of ATP in a multi-step reaction. Adenosine contributes to
an immunosuppressive cancer microenvironment and for example blocks effector T cell func-
tion. For this reason, both NT5E and ENTPD1 were added to the SK-Mel-28 FACS panel
for the miRNA library screen. But none of the adenosine receptors (ADORA1, ADORA2A,
ADORA2B and ADORA3) were expressed by this cell line. But SK-Mel-28 exhibited ex-
pression of MCAM, MLANA, PMEL and TRYP1, which are all known melanoma antigens,
which can be recognised by T cells. Also CTLA4 was expressed by SK-Mel-28. To small
extend also TFRC was expressed in this melanoma cell line. IDO1 and CD274 exhibited only
low mRNA levels.
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Figure 4.20: Expression of selected genes related to tumor cell killing by cytotoxic
T cells in the human melanoma cell line SK-Mel-28. Expression levels were obtained

from NCI-60 data.

Figure 4.21 shows the mRNA levels of the selected immune evasion genes for MDA-MB-231.
Besides high expression of NT5E, also CD274 was highly expressed in MDA-MB-231. As
expected this cell line was negative for the melanoma associated antigens MCAM, MLANA,
PMEL and TYRP1. Also CTLA4, ENTPD1, IDO1 and TFRC were not expressed. But one
adenosine receptor ADORA2B showed high expression and two additional adenosine receptors
were expressed at intermediate level: ADORA2A and ADORA3. Hence, changes in adenosine
levels could also have direct effects on MDA-MB-231 cells. Indeed, it was previously shown
that adenosine can enhance MDA-MB-231 proliferation via ADORA2B signalling [75]. For
the miRNA library screen, CD274 was selected for the FACS panel besides NT5E.
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Figure 4.21: Expression of selected genes related to tumor cell killing by cytotoxic
T cells in the human breast cancer cell line MDA-MB-231. Expression levels were

obtained from NCI-60 data.
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4.8. miRNA library screen

To find miRNAs that alter the surface expression of the immune checkpoint molecule NT5E,
a miRNA library screen was conducted using FACS as readout. Two cancer cell lines were
tested: the human melanoma line SK-Mel-28 and the human breast cancer line MDA-MB-
231. The work-flow of the miRNA library screen is illustrated in figure 4.22. Briefly, cells were
transfected in 96-well plate format and three days post transfection cells were measured by
FACS. For SK-Mel-28, changes in NT5E and ENTPD1 were measured and for MDA-MB-231
changes in NTH5E and CD274 were recorded.
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Figure 4.22: Work-flow of miRNA library screen.

In order to compare the data of different screening plates, the median expression values were
normalized with z-score normalization method.

4.8.1 Control samples confirmed successful implementation of miRNA li-
brary screen

In total, 36 96-well plates were screened for each cell line. On each plate one well was
transfected with mimic control-1, mimic control-2 and transfection reagent only (mock), re-
spectively. Furthermore, one each plate two wells were transfected with ENTPD1 siRNA
and NT5E siRNA, respectively. The siRNA controls were used to monitor transfection ef-
ficacy. In theory, the mimic control-1 and 2 are designed to have no effects in human cell lines.

The effect of the controls on NT5E surface expression levels in SK-Mel-28 is shown in figure
4.23. Mimic control-1 and mock showed no effect on NT5E levels. Mimic control-2 had an
increasing effect on NT5HE levels, and is therefore not suited as a negative control. ENTPD1
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siRNA led to slightly decreased NT5HE levels, but overall no significant effect was observed.
As expected, NT5E siRNA led to strong and significant decrease in NT5E levels.

SKMel-28 control plots

2- ;
«* »

— 0 . s
L
= . . s
L 2 < .s
] -
|_
=
02"
=
o
5}
U) L]
) -8
N -

4-

control-1 control-2 ENTPD1 siRNA mock NT5E siRNA

Figure 4.23: SK-Mel-28 NT5E controls. From all screening plates the effect of the
control samples on NT5E surface expression was plotted.

The effect of the controls on ENTPD1 surface expression levels in SK-Mel-28 is shown in
figure 4.24. All negative controls (mimic control-1, mimic control-2 and mock) had no effect
on ENTPDI levels. ENTPD1 siRNA led to significantly decreased ENTPDI1 levels with only
few exceptions. NT5E siRNA had a minor decreasing effect on ENTPD1 levels.

SKMel-28 control plots

.0 -. - - . - W
> <
LT 4 L] -
! . . T 1 .' .' :
i a ' g " o, .
0 g ‘ fu' Ml o' & = "
™ j ", . : T T
E -
-— o '.
]
o -2- .
E s oF
L Y
o) S
Pt a al ea
: g
B -4 < et
N J e
- .
control-1 control-2 ENTPD1 siRNA mock MNTSE siRNA

Figure 4.24: SK-Mel-28 ENTPD1 controls. From all screening plates the effect of the
control samples on ENTPD1 surface expression was plotted.
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The effect of the control in MDA-MB-231 cell line is shown in figure 4.25 for NT5E and in
figure 4.26 for CD274. The negative controls mimic control-1 and mock had no effect on
NT5E levels. Mimic control-2 showed again an increasing effect similar as observed in SK-

Mel-28. ENTPD1 siRNA led to no significant change in NT5E levels.
led to strong decrease of NT5E surface expression with few exceptions.
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Figure 4.25: MDA-MB-231 NT5E controls. From all screening plates the effect of the
control samples on NT5E surface expression was plotted.

None of the controls had a significant effect on CD274 surface levels in MDA-MB-231 cells.
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Figure 4.26: MDA-MB-231 CD274 controls. From all screening plates the effect of the
control samples on CD274 surface expression was plotted.
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4.8.2 Several miRNAs impacting NT5E surface expression were newly-
discovered

After evaluating the control samples, the effect of miRNAs on NT5E surface expression was
analysed. Therefore, miRNA mediated changes in NT5E MFI values were ranked based on
their z-score for the two screened cell lines, respectively. In table 4.9 19 miRNAs are listed that
had a strong increasing effect (z-score > 2) on NT5E surface level in SK-Mel-28 cells. miR-
134-3p led to the highest NT5E level (z-score = 4.75) followed by miR-8485 (z-score = 3.16).
Also miR~34b-5p led to strong increase of NT5E (z-score = 2.01). Interestingly, this miRNA
had three predicted binding sites for NT5E.

Table 4.9: miRNAs up-regulating NT5E in SK-Mel-28.

miRNA z-score plate target sites
hsa-miR-134-3p 4.75 plate25 0
hsa-miR-8485 3.16 plate36 2
hsa-miR-7854-3p 3.04 plate3b 1
hsa-miR-6514-3p 2.93 plate29 0
hsa-miR-6132 2.82 plate29 0
hsa-miR-3152-5p 2.52 plate20 0
hsa-miR-146b-3p 2.52 plate3 0
hsa-miR-6736-3p 2.47 plate30 0
hsa-miR-3605-5p 2.23 platel6 1
hsa-miR-5697 2.13 plate28 1
hsa-miR-593-5p 2.13 platell 0
hsa-miR-34b-5p 2.10 plate? 3
hsa-miR-548au-3p 2.10 plate27 0
hsa-miR-6818-5p 2.08 plate32 1
hsa-miR-4692 2.05 plate22 1
hsa-miR-555 2.04 platelO 0
hsa-miR-516b-5p 2.02 plate9 1
hsa-miR-520a-5p 2.02 plate9 0
hsa-miR-34b-3p 2.01 plate7 0

Compared to up-regulating miRNAs, more miRNAs had a strong decreasing effect (z-score <
-2) on NT5HE surface levels in SK-Mel-28. Those 26 miRNAs are listed in table 4.10. Also
miRNA 27 and 28 were included in the table, since miR-193a-3p was extensively analysed in
further experiments. miR-6787-3p led to the lowest NT5E levels (z-score = -3.03) followed by
miR-22-3p (z-score = -2.80). miR-22-3p had one predicted binding site for NT5E. Also miR-
193a-3p (z-score = -1.91) led to significantly reduced NT5E levels and had also one binding
site for NT5E 3‘-UTR. Eight out of 19 miRNAs up-regulating NT5E in SK-Mel-28 harboured
at least one binding site for NTS5E. miRNAs down-regulating NT5E levels contained more
often a binding site with 20 miRNAs out of 28 (p = 0.0695, two-sided Fishers exact test).
Waterfall plots for all miRNAs, that had an significant effect on NT5E surface expression in
SK-Mel-28 are shown in figure 4.27 and 4.28.
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Table 4.10: miRNAs down-regulating NT5E in SK-Mel-28.

miRNA z-score plate target sites
hsa-miR-6787-3p -3.03  plate3l 0
hsa-miR-22-3p -2.80 plated

hsa-miR-92b-3p -2.57  platel2
hsa-miR-1285-5p -2.45 plate25
hsa-miR-6795-3p -2.41 plate3l
hsa-miR-1233-3p -2.39 platel

hsa-miR-6888-3p -2.37  plate34
hsa-miR-921 -2.34 platel2
hsa-miR-4647 -2.28 plate21
hsa-miR-6876-3p -2.27  plate33
hsa-miR-5584-3p -2.23 plate28
hsa-miR-4714-5p -2.21 plate22
hsa-miR-3134 -2.20 platel4
hsa-miR-6780a-3p  -2.17  plate3l
hsa-miR-6759-3p -2.14 plate30
hsa-miR-373-3p -2.14 plate7

hsa-miR-3176 -2.12  plateld
hsa-miR-6820-3p -2.10  plate32
hsa-miR-3942-3p -2.09 plate21
hsa-miR-548t-3p -2.08 platel8
hsa-miR~199a-5p -2.08  plateb

hsa-miR-3118 -2.04 platel3
hsa-miR-578 -2.03 platelO
hsa-miR-885-5p -2.02 platel2
hsa-miR-124-3p -2.02 plate2
hsa-miR-664b-3p -2.00 plate29
hsa-miR-34a-3p -1.92 plate7

— O R W HEF FF NOFEFEBRNF OONEFEFNWFHONOODN - =

hsa-miR-193a-3p -1.91 plate4

miRNAs that had a strong increasing effect on NT5E levels for MDA-MB-231 cells are listed
in table 4.11. In total, 29 miRNAs had an increasing effect with z-score > 2. miR-196a-3p
had the strongest up-regulating effect on NT5E (z-score = 3.49). Also miR-134-3p had an
increasing effect on NT5E levels (z-score = 1.99) in concordance with the effect in SK-Mel-28
cell line.
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Figure 4.27: Waterfall plot of NT5E enhancing miRNAs in SK-Mel-28 cells.
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Figure 4.28: Waterfall plot of miRNAs significantly decreasing NT5E surface

levels in SK-Mel-28 cells.
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Table 4.11: miRNAs up-regulating NT5E in MDA-MB-231.

miRNA z-score plate target sites
hsa-miR-196a-3p 3.49 plateb 0

hsa-miR-5589-3p 2.93 plate28
hsa-miR-181d-3p 2.70 plate25
hsa-miR-3189-3p 2.70 platelb

hsa-miR-4673 2.63 plate22
hsa-miR-6514-3p 2.63 plate29
hsa-miR-191-5p 2.57 plated

hsa-miR-6859-3p 2.50 plate33
hsa-miR-3116 2.50 platel3
hsa-miR-5689 2.48 plate28
hsa-miR-608 2.44 platell

hsa-miR-1249-5p 2.38 plate36
hsa-miR-6819-5p 2.34 plate32
hsa-miR-4664-5p 2.34 plate21

hsa-miR-4514 2.31 plate20
hsa-miR-8073 2.27 plate3b
hsa-miR-4672 2.26 plate22
hsa-miR-4732-5p 2.23 plate23
hsa-miR-593-5p 2.21 platell

hsa-miR-92a-1-5p 2.17 platel2
hsa-miR-5589-5p 2.17 plate28
hsa-miR-6804-3p 2.15 plate32
hsa-miR-16-5p 2.10 plated

hsa-miR-3126-5p 2.07 platel4
hsa-miR-3616-3p 2.05 platel6
hsa-miR-3918 2.05 platel8
hsa-miR-4688 2.03 plate22
hsa-miR-6515-5p 2.02 plate29
hsa-miR-1199-3p 2.02 plate25
hsa-miR-134-3p 1.99 plate25

OO R OO O R OO0 OFR OO0 oocoo o

In contrast to SK-Mel-28, less miRNAs showed a down-regulating effect on NT5E levels in
MDA-MB-231 cells. 20 miRNAs had a strong decreasing effect and are listed in table 4.12.
miR~512-3p caused the lowest NT5E levels (z-score = -4.99) and exhibits one binding site for
NT5E 3‘-UTR. Similar to the SK-Mel-28 cell line, miR-193a-3p also decreased NT5E levels
in MDA-MB-231 cells (z-score = -2.48).

Five out of 30 miRNAs up-regulating NT5E in MDA-MB-231 cells exhibited at least one
binding site for NT5E. miRNAs down-regulating NT5E levels harboured significantly more
often a binding site with 11 miRNAs out of 20 (p = 0.0063, two-sided Fishers exact test).
This observation was similar to SK-Mel-28 cells. Waterfall plots for all miRNAs, that had an
significant effect on NT5E surface expression in MDA-MB-231 cells are shown in figure 4.30
for the NTHE enhancing miRNAs and in figure 4.31 for the NT5E inhibiting miRNAs.

Having analysed the NT5HE affecting miRNAs separately for each cell line, it was searched

104



Table 4.12: miRNAs down-regulating NT5E in MDA-MB-231.

miRNA z-score plate target sites
hsa-miR-512-3p -4.99 plate8 1
hsa-miR-1225-3p -4.08 platel 0
hsa-miR-1233-3p -4.07  platel 0
hsa-miR-1206 -4.06 platel 0
hsa-miR-2467-3p -2.57  plate24 4
hsa-miR-455-5p -2.54 plate8 0
hsa-miR-193a-3p -2.48 plated 1
hsa-miR-376¢-5p -2.47 plate26 1
hsa-miR-659-3p -2.38 platel2 0
hsa-miR-203b-3p -2.29  plate22 0
hsa-miR-376b-5p -2.28 plate26 1
hsa-miR-550b-2-5p  -2.23 plate27 0
hsa-miR-3134 -2.27  plateld 2
hsa-miR-5190 -2.27 plate27 1
hsa-miR-1285-5p -2.27  plate2b 2
hsa-miR-4480 -2.20 platel9 1
hsa-miR-4703-5p -2.14  plate22 0
hsa-miR-143-5p -2.09 plate3 1
hsa-miR-519a-3p -2.02 plate9 1
hsa-miR-181-2-3p -2.01 plate36 0

for miRNAs, that had an significant effect on both SK-Mel-28 and MDA-MB-231 cells. The
overlap of miRNAs affecting NT5E surface levels in both cell lines is illustrated in figure 4.29.
For this figure all miRNAs with a significant effect on NT5E levels were considered (z-score <
-1.645 or > 1.645). The following nine miRNAs led to increased NT5E levels in both cell lines:

miR-134-3p, miR-6514-3p, miR-593-5p, miR-4692, miR-4672, miR-3126-5p, miR-
224-3p, miR-6859-3p and miR-127-5p.

The following 15 miRNAs led to decreased NT5E levels in both cell lines:

miR-193a-3p, miR-22-3p, miR-143-5p, miR-5190, miR-8056, miR-4480, miR-
520d-3p, miR-148b-3p, miR-1298-3p, miR-3118, miR-1285-5p, miR-4676-5p, miR-
3134, miR-5584-3p and miR-1233-3p.

Only one miRNA had a contrary effect on NT5E surface levels in both lines: miR-3190-
5p. In SK-Mel-28, miR-3190-5p led to enhanced NT5E levels, whereas in MDA-MB-231 cells
NT5E expression was decreased. miR-3190-5p had two binding sites for the 3’-UTR of NT5E,
which could explain the reduced expression levels in MDA-MB-231 cells. This miRNA also
contained two bindings site for the transcriptional repressor ZNF814, one binding site for the
transcription factor SOX9 and one binding site for two receptors binding and transmitting
TGFBI signal (TGFBR1 and TGFBR3), which might explain the increasing effect of miR-
3190-5p.
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Figure 4.29: Venn diagram of miRNAs affecting NT5E surface expression. Overlap
of miRNAs with significant effect on NT5E surface levels for two screened cell lines SK-Mel-28
(SK28) and MDA-MB-231 (MB231).

Common targets of miRNAs that impacted NT5E surface expression

For the 15 miRNAs that caused decrease of NT5E surface levels in both cell lines, target
prediction was performed. The list of shared targets is shown in table 4.13. Six of this ten
miRNAs exhibit a binding site for NT5E 3‘-UTR. But nine miRNAs did not exhibit a bind-
ing site. Thus, the observed down-regulation of NT5E levels during the screen was not only
caused by direct interactions of miRNA with the 3‘-UTR of NT5E, but also through indirect
effects e.g. by targeting a positive regulator of NT5E. Table 4.13 lists the target genes with
the highest number of miRNAs having a binding site for this particular gene (Hits). A short
description of the gene function is given. For each gene it was also tested whether the expres-
sion is beneficial for patient survival in breast cancer using Kaplan Meier Plotter (KM breast
cancer) [90]. Three genes were targeted by ten out of the fifteen miRNAs: Cyclin Dependent
Kinase 14 (CDK14), Cell Adhesion Molecule 2 (CADM2) and EPH Receptor A4 (EPHAA4).
25 genes exhibited binding sites for nine out of the fifteen miRNAs. The assumption was,
that miRNAs target a positive regulator of NT5E, thereby leading to lower NT5E levels.
Thus, especially transcription factors and proteins involved in signalling cascades were of
particular interest like PHD Finger Protein 6 (PHF6), Grainyhead Like Transcription Factor
2 (GRHL2) or CDK14. Furthermore, it was assumed, that a high expression of a positive
NT5E regulator would also be worse for patient survival in breast cancer. Thus, target genes
with low expression beneficial were also of particular interest like WEE1 G2 Checkpoint Ki-
nase (WEEL) or the transcriptional regulators PHF6 and GRHL2. PHF6 was found to be
over-expressed in many cancer types e.g. in breast cancer and colorectal cancer [92]. Also
high expression of GRHL2 was found in different cancer types and its expression could be
used as a biomarker for breast cancer metastasis [264]. For further analysis CDK14, PHF6
and GRHL2 might be the most interesting candidates.
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Figure 4.30: Waterfall plot of miRNAs significantly increasing NT5E surface

levels in MDA-MB-231 cells.
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Figure 4.31: Waterfall plot of NT5E decreasing miRNAs in MDA-MB-231 cells.
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Table 4.13: Shared targets of miRNAs down-regulating NT5E in MDA-MB-231 as well as
SK-Mel-28 cells. For each gene it was tested whether its expression is beneficial for patient

survival in breast cancer using Kaplan Meier Plotter tool (KM breast cancer).

Gene Hits gene function KM breast cancer
CDK14 10  PFTK1: regulator of cell prolif- high expression beneficial
eration
CADM2 10  adhesion molecule high expression beneficial
EPHA4 10 receptor tyrosine kinase no effect
PAFAH1B2 9 inactivates PAF high expression beneficial
CXCL12 9 chemoattractant high expression beneficial
KCNMA1 9 potassium channel high expression beneficial
NUP205 9 NPC assembly low expression beneficial
WEE1 9 negative regulator of mitosis low expression beneficial
NTRK?2 9 receptor tyrosine kinase high expression beneficial
UNC5D 9 neuronal cell survival no effect
HAS3 9 hyaluronan synthase no effect
PHF20L1 9 — no effect
PCDH9 9 calcium-dependent cell-adhesion high expression beneficial
protein
SLC30A4 9 zinc transport no effect
BMPR2 9 MP receptor no effect
PDK1 9 pyruvate dehydrogenase kinase no effect
MAP3K1 9 serine/threonine kinase high expression beneficial
CHIC1 9 — high expression beneficial
STK4 9 pro-apoptotic kinase high expression beneficial
FAM168B 9 negative regulator of CDC42 and no effect
STAT3; positive regulator of
STMN?2
GRHL2 9 transcription factor low expression beneficial
KCTD21 9 inhibits cell growth high expression beneficial
PHF6 9 transcriptional regulator low expression beneficial
SVOP 9 — high expression beneficial
SBF2 9 GEF high expression beneficial
GPDI1L 9 regulates cardiac sodium high expression beneficial
LNX2 9 — no effect
RPP30 9 component of ribonuclease P high expession beneficial

Also for the nine miRNAs, that up-regulated NT5E in both cell lines during the screen, target
prediction was performed. The list of targets shared by at least six out of the nine miRNAs
is shown in table 4.14. Only one gene was targeted by seven miRNAs. 13 genes were targeted
by six miRNAs. Of particular interest was the transcriptional repressor Forkhead Box P2
(FOXP2). Blocking of FOXP2 by binding of miRNAs could explain the observed increase
of NT5E levels. Interestingly, high expression of FOXP2 was beneficial for patient survival
in breast cancer. It was reported, that FOXP2 has a binding site for NT5E promoter [193].
Thus, FOXP2 was selected for further analysis.
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Table 4.14: Shared targets of miRNAs up-regulating NT5E in MDA-MB-231 as well as

SK-Mel-28 cells.

Gene Hits gene function KM breast cancer
SLC26A7 7 gastric acid secretion no effect
SYPL2 6 communication between the T- high expression beneficial
tubular and junctional sarcoplas-
mic reticulum (SR) membranes
DAGLA 6 diacylglycerol lipase high expression beneficial
PDGFRB 6 tyrosine-protein kinase high expression beneficial
ANO6 6 small-conductance calcium- high expression beneficial
activated non-selective cation
(SCAN) channel
PEAK1 6 non-receptor tyrosine kinase high expression beneficial
BBX 6 transcription factor no effect
DLG2 6 membrane-associated guanylate high expression beneficial
kinase
MBNL1 6 pre-mRNA alternative splicing no effect
regulation
FOXP2 6 transcriptional repressor high expression beneficial
AGFG1 6 mediate nucleocytoplasmic trans- no effect
port
LMO7 6 protein-protein interactions high expression beneficial
SLC41A1 6 magnesium transporter no effect
WASF3 6 tranduce signals that involve no effect

changes in cell shape, motility or
function

For the shared targets, that were at least predicted to be regulated by four of the NT5E
enhancing miRNAs, GeneSet enrichment analysis (GSEA) was performed using MSigDB.

The focus was set on finding common transcription factors for these target genes.

The

results for the top ten enriched motifs with a known associated transcription factor are listed

in table 4.15.

Table 4.15: GSEA analysis of target genes from NT5E enhancing miRNAs. Also the number
of miRNAs with a binding site is given from the nine selected NT5E enhancing miRNAs for

validation.
Gene Set Name Gene in overlap p value FDR q value No miR BS
TGGAAA-NFAT-Q4-01 115 7.46E-25 3.57E-22 4
TGACAGNY-MEIS1-01 62 7.84E-18 1.87E-15 5
GCM2-TARGET-GENES 102 9.30E-18 1.87E-15 3
ZNF618-TARGET-GENES 84 9.77E-18 1.87E-15 9
SALL4-TARGET-GENES 94 2.44E-16 3.64E-14 1
CTTTGA-LEF1-Q2 74 3.76E-16 4.50E-14 3
RTAAACA-FREAC2-01 62 8.18E-16 8.71E-14 0
YTATTTTNR-MEF2-02 53 1.07E-15 9.29E-14 7
CATTGTYY-SOX9-B1 37 2.27E-15 1.72E-13 6
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4.8.3 Several miRNAs impacting ENTPD1 surface expression were newly-
discovered

The effect of miRNAs on ENTPDI1 expression was only tested in SK-Mel-28 cells, because
for MDA-MB-231 cell line no ENTPDI1 expression could be detected. miRNAs that caused
an strong up-regulation (z-score > 2) of ENTPDI1 surface levels on SK-Mel-28 cells are listed
in table 4.16. In total, 25 miRNAs showed a strong enhancement of ENTPD1. miR-6733-3p
exhibited the strongest increase of ENTPDI1 levels (z-score = 3.49), followed by miR-34b-3p
(z-score = 3.33).

Table 4.16: miRNAs up-regulating ENTPD1 in SK-Mel-28.

miRNA z-score plate target sites
hsa-miR-6733-3p 3.49 plate30 1
hsa-miR-34b-3p 3.33 plate? 0
hsa-miR-208a-3p 3.13 plateb 0
hsa-miR-499a-5p 2.93 plate8 1
hsa-miR-6778-3p 2.78 plate31 0
hsa-miR~1250-3p 2.71 plate25 0
hsa-miR-6834-3p 2.59 plate32 0
hsa-miR-1269b 2.46 plate20 0
hsa-miR-887-5p 2.41 plate3b 0
hsa-miR-1273e 2.37 platel? 0
hsa-miR-30b-5p 2.29 plate6 0
hsa-miR-1295b-5p 2.26 plate25 0
hsa-miR-7978 2.21 plate3b 0
hsa-miR-1273h-3p 2.20 plate25 0
hsa-miR-6826-3p 2.18 plate32 0
hsa-miR-203a-3p 2.18 plateb 0
hsa-miR-6514-3p 2.14 plate29 0
hsa-miR-1252-3p 2.13 plate25 0
hsa-miR-193b-3p 2.10 plated 1
hsa-miR-299-3p 2.09 plate6 0
hsa-miR-491-3p 2.03 plate8 0
hsa-miR-~1273-3p 2.03 plate25 NA
hsa-miR-605-3p 2.02 plate28 0
hsa-miR-5589-3p 2.00 plate28 0
hsa-miR-8068 2.00 plate25 0

miRNAs that strongly decreased (z-score < -2) ENTPDI1 levels in SK-Mel-28 cells are listed
in table 4.17. From this 14 miRNAs, miR-6730-5p led to the lowest ENTPD1 levels (z-
score = -3.26), followed by miR-5681a (z-score = -3.22) and miR-585-3p (z-score = -2.85).
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Table 4.17: miRNAs down-regulating ENTPD1 in SK-Mel-28.

miRNA z-score plate target sites
hsa-miR-6730-5p -3.26 plate30 1
hsa-miR-5681a -3.22 plate28 2
hsa-miR-585-3p -2.85  platell 0
hsa-miR-575 -2.69 platelO 1
hsa-miR-203a-5p -2.61 plate36 0
hsa-miR-181-2-3p -2.59 plate36 0
hsa-miR-6717-5p -2.35  plate29 0
hsa-miR-221-3p -2.21 plateb 0
hsa-miR-6787-3p -2.20 plate31 0
hsa-miR-921 -2.17 platel2 0
hsa-miR-1538 -2.07 plate4 0
hsa-miR-516b-3p -2.06 plate9 1
hsa-miR-124-3p -2.05 plate2 0
hsa-miR-4645-3p -2.05 plate21 1

4.8.4 Several miRNAs affecting CD274 surface expression were newly-
discovered

The effect of miRNAs on CD274 surface expression was only tested in MDA-MB-231 cells,
since SK-Mel-28 did not express CD274. miRNAs that caused an strong increase of CD274
surface levels (z-score > 2) are listed in table 4.18 and 4.19. Overall, 75 miRNAs had a
strong effect on CD274 levels. miR-3928-5p led to the highest CD274 surface expression
(z-score = 5.07), followed by miR-5701 (z-score = 4.48), miR-6513-3p (z-score = 4.22) and
miR-5589-5p (z-score = 4.21).

In total, 48 miRNAs led to a strong decrease (z-score < -2) of CD274 surface levels in MDA-
MB-231 cells. These miRNAs are listed in table 4.20 and 4.21. miR-1233-3p caused the lowest
CD274 surface levels (z-score = -4.69), closely followed by miR-1225-3p (z-score = -4.69) and
miR-1206 (z-score = -4.69). miR-1233-3p and miR-1225-3p also exhibited two binding sites
for CD274.

35 out of 75 miRNAs that strongly enhanced CD274 surface levels, harboured at least one
binding site for CD274. miRNAs strongly decreasing CD274 surface levels exhibited signifi-
cantly more often at least one binding site for the 3*-UTR of CD274 (p = 0.0125, two-sided
Fishers exact test). More than 80 % of the inhibiting miRNAs, 40, had at least one binding
site.
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Table 4.18: miRNAs up-regulating CD274 in MDA-MB-231 part I.

miRNA z-score plate target sites
hsa-miR-3928-5p 5.07 plate26 1
hsa-miR-5701 4.48 plate28

hsa-miR-6513-3p 4.22 plate29
hsa-miR-5589-5p 4.21 plate28
hsa-miR-1539 ,3.65 plate4

hsa-miR-6516-5p 3.61 plate29
hsa-miR-6804-3p 3.58 plate32
hsa-miR-128-1-5p 3.53 plate25
hsa-miR-605-5p 3.45 platell
hsa-miR-4474-5p 3.35 plate21
hsa-miR-1237-3p 3.29 plate2

hsa-miR-92a-1-5p 3.20 platel2
hsa-miR-7855-5p 3.20 plate35
hsa-miR-4435 3.13 platel8
hsa-miR-4536-5p 2.93 plate20
hsa-miR-548az-3p 2.91 plate27
hsa-miR-4485-3p 2.88 platel9
hsa-miR-3190-5p 2.83 plate36
hsa-miR-7157-3p 2.83 plate34
hsa-miR-1972 2.78 plated

hsa-miR-548f-3p 2.73 platel0
hsa-miR-6736-5p 2.72 plate30

hsa-miR-299-3p 2.72 plateb
hsa-miR-2114-5p 2.71 platel3
hsa-miR-140-3p 2.69 plate3

hsa-miR-6737-3p 2.69 plate30
hsa-miR-203b-5p 2.67 plate22

hsa-miR-629-3p 2.65 platell
hsa-miR-6768-5p 2.62 plate31
hsa-miR-3683 2.60 platel?
hsa-miR-4300 2.58 platelb
hsa-miR-4684-3p 2.56 plate22
hsa-miR-29¢c-3p 2.56 plate6

hsa-miR-6781-5p 2.52 plate31
hsa-miR-33a-3p 2.51 plate?

hsa-miR-451b 2.50 plate23
hsa-miR-4660 2.47 plate21
hsa-miR-8068 2.47 plate3b

hsa-miR-6769a-5p 2.44 plate31
hsa-miR-3922-3p 2.42 platel8
hsa-miR-6893-3p 2.40 plate34
hsa-miR-3186-3p 2.38 platelb
hsa-miR-203a-3p 2.38 plateb

hsa-miR-548b-3p 2.37 platel0

OO R HFHF WHFFHFNWOHONFRFOFOOHFOOHF WINHFHFOURR FERFRFOHFOOHFOFOOODONOFOOOOO

hsa-miR-18b-5p 2.37 plate4
hsa-miR-3620-3p 2.33 platel6
hsa-miR-124-3p 2.31 plate2
hsa-miR-4494 2.31 platel9
hsa-miR-4703-3p 2.29 plate22
hsa-miR-5096 2.27 plate25
hsa-miR-541-3p 2.26 plate9
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Table 4.19: miRNAs up-regulating CD274 in MDA-MB-231 part II.

miRNA z-score plate target sites
hsa-miR-3666 2.26 platel7 1
hsa-miR-197-3p 2.22 plateb

hsa-miR-513a-3p 2.20 plate9

hsa-miR-3679-3p 2.19 platel?
hsa-miR-7156-5p 2.17 plate34
hsa-miR-6752-3p 2.15 plate30
hsa-miR-6797-3p 2.15 plate31
hsa-miR-19b-2-5p 2.14 plated

hsa-miR-595 2.13 platell
hsa-miR-301b-5p 2.11 plate36
hsa-miR-6830-3p 2.10 plate32
hsa-miR-3177-3p 2.09 platelb

hsa-miR-409-3p 2.09 plate7

hsa-miR-7151-3p 2.08 plate34
hsa-miR-4435 2.06 platel8
hsa-miR-4763-3p 2.06 plate24
hsa-miR-8075 2.04 plate3b

hsa-miR-6511a-3p 2.03 plate29
hsa-miR-3074-5p 2.03 plate20
hsa-miR-3138 2.03 platel4
hsa-miR-6856-3p 2.02 plate33
hsa-miR-6868-5p 2.00 plate33
hsa-miR-548{-3p 2.00 platel0
hsa-miR-5580-3p 2.00 plate27

WH WODOODOHOF NODODODWHOOHFEFEFOFNO

Table 4.20: miRNAs down-regulating CD274 in MDA-MB-231 part 1.

miRNA z-score plate target sites
hsa-miR-1233-3p  -4.69 platel 2
hsa-miR-1225-3p -4.69 platel 2
hsa-miR-1206 -4.69 platel 0
hsa-miR-512-3p -3.93 plate8 1
hsa-miR-1273c¢ -3.88 platel4 1
hsa-miR-3117-3p  -2.97  platel3 3
hsa-miR-4633-5p  -2.68  plate2l 1
hsa-miR-2467-3p  -2.66  plate24 0
hsa-miR-631 -2.65 platell 0
hsa-miR-769-5p -2.49 platel2 1
hsa-miR-7114-3p -2.46 plate34 0
hsa-miR-4754 -2.45  plate23 0
hsa-miR-1299 -2.42 plate3 1
hsa-miR-1293 -2.42 plate3 2
hsa-miR-151a-5p  -2.40 plate3 0
hsa-miR-4522 -2.37  plate20 1
hsa-miR-6821-3p -2.37 plate32 2
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Table 4.21: miRNAs down-regulating CD274 in MDA-MB-231 part II.

miRNA z-score plate target sites
hsa-miR-3116 -2.36 platel3 1
hsa-miR-2467-5p -2.35 plate24 2
hsa-miR-6733-5p -2.35  plate30 6
hsa-miR-3188 -2.34  platels 2
hsa-miR-641 -2.31 platell 1
hsa-miR-4504 -2.30 plate20 2
hsa-miR-6894-3p -2.26  plate34 3
hsa-miR-7853-5p -2.24 plate3b 2
hsa-miR-4285 -2.23 platel6 0
hsa-miR-6880-5p -2.23 plate34 2
hsa-miR-4678 -2.22 plate22 2
hsa-miR-4786-5p -2.22 plate24 1
hsa-miR-511-5p -2.21 plate8 3
hsa-miR-3173-3p -2.21 platel4 2
hsa-miR-1273a -2.19 plate2 1
hsa-miR-876-3p -2.19 platel2 2
hsa-miR-214-3p -2.19 plated 1
hsa-miR-4475 -2.17  platel9 1
hsa-miR-3921 -2.14 platel8 1
hsa-miR-6744-3p -2.13 plate30 3
hsa-miR-4662a-5p  -2.13  plate2l 0
hsa-miR-5008-5p -2.13 plate26 0
hsa-miR-3910 -2.13 platel? 3
hsa-miR-4269 -2.10 platel6 1
hsa-miR-3672 -2.10 platel? 2
hsa-miR-6807-5p -2.09 plate32 1
hsa-miR-3689d -2.05 platel9 0
hsa-miR-6717-5p -2.03 plate29 0
hsa-miR-1287-5p -2.01 plate2 1
hsa-miR-766-5p -2.00 plate3b 2
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4.8.5 27 miRNAs affected both NT5E and CD274 surface expression

The overlap of miRNAs affecting NTS5E and CD274 surface levels in MDA-MB-231 cells is
illustrated in figure 4.32. For this figure all miRNAs with a significant effect on NT5E or
CD274 levels were considered. The following five miRNAs led to increased NT5E and CD274
levels:

miR-92a-1-5p, miR-6804-3p, miR-134-3p, miR-4482-3p and miR-5589-5p.
The following seven miRNAs led to decreased NT5E and CD274 surface expression:

miR-6800-3p, miR-2467-3p, miR-1206, miR-1233-3p, miR-1225-3p, miR-5190
and miR-512-3p.

Interestingly, there are miRNAs with opposed effects on NT5E and CD274 in MDA-MB-231
cells. The following four miRNAs caused enhanced NT5E levels but lowered CD274 expres-
sion:

miR-3116, miR-4514, miR-5008-3p and miR-1293.
The following six miRNAs caused increased NT5E, but decreased CD274 surface expression:

miR-~3190-5p, miR-6811-5p, miR-378g, miR-519a-3p, miR-4480 and miR-203b-
3p.

MDA-MB-231

CD274 up CD274 down

116 92
5 Y 7
NT5E up NT5E down
52 0 0 29

0

4 6

0 0

0

Figure 4.32: Venn diagram of miRNAs affecting NT5E and CD274 surface ex-
pression. Overlap of miRNAs with significant effect on NT5E or CD274 surface levels in
MDA-MB-231 (MB231) is depicted.
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The overlap of miRNAs affecting CD274 in MDA-MB-231 cells and NT5E in SK-Mel-28 cells
is shown in figure 4.33. Five miRNAs up-regulated NT5E in SK-Mel-28 as well as CD274 in
MDA-MB-231 cells:

miR-134-3p, miR-146b-3p, miR-29¢c-3p, miR-3190-5p and miR-147a.

Only two miRNAs miR-1233-3p and miR-5190 caused reduced CD274 levels in MDA-
MB-231 as well as reduced NT5E expression in SK-Mel-28 cells.

Overall, there were seven miRNAs with contrary effects. Two miRNAs, miR-6884-5p and
miR-5093, led to increased NT5E levels in SK-Mel-28, but lower CD274 levels in MDA-MB-
231 cells.

Up-regulation of CD274 in MDA-MB-231, but down-regulation of NT5E in SK-Mel-28 cells
was caused by the following five miRNAs:

miR-203b-5p, miR-502-5p, miR-4480, miR-124-3p and miR-92b-3p.

But in view of the high number of miRNAs with an significant effect on either NT5E or CD274,
the overlap of miRNAs regulating both immune checkpoint molecules was very minor.

MB231 CD274 up MB231 CD274 down
117 99
5 0 2
SK28 NT5E up SK28 NT5E down
51 0 0 52

0

2 5

0 0

0

Figure 4.33: Venn diagram of miRNAs affecting surface expression of NT5E and
CD274. Overlap of miRNAs with significant effect on NT5E in SK-Mel-28 (SK28) or CD274
surface levels in MDA-MB-231 (MB231) is depicted.
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4.8.6 12 miRNAs affected both ENTPD1 and CD274 surface expression

The overlap of miRNAs affecting CD274 in MDA-MB-231 cells and ENTPD1 in SK-Mel-28
cells is shown in figure 4.34. Six miRNAs up-regulated ENTPD1 in SK-Mel-28 as well as
CD274 in MDA-MB-231 cells:

miR-134-3p, miR-6778-3p, miR-203a-3p, miR-299-3p, miR-8068 and miR-6804-
3p.

Only miR-6717-5p caused reduced CD274 levels in MDA-MB-231 and reduced ENTPD1
levels in SK-Mel-28 cells.

Overall, there were five miRNAs with opposed effects on ENTPD1 and CD274. Two miR-
NAs, miR-511-5p and miR-219a-2-3p, led to increased ENTPD1 levels in SK-Mel-28,
but lower CD274 levels in MDA-MB-231 cells.

Up-regulation of CD274 in MDA-MB-231, but down-regulation of ENTPDI1 in SK-Mel-28
cells was caused by the following three miRNAs:

miR-124-3p, miR-365b-3p and miR-137-3p.

But in general, the overlap of miRNAs regulating both ENTPD1 and CD274 was very low in
view of the high number of miRNAs with an significant effect on one of the immune evasion
relevant genes alone.

MB231 CD274 up MB231 CD274 down
118 100
6 0 1
SK28 ENTPD1 up SK28 ENTPD1 down
53 0 0 41

0

2 3

0 0

0

Figure 4.34: Venn diagram of miRNAs affecting surface expression of ENTPD1
and CD274. Overlap of miRNAs with significant effect on ENTPD1 in SK-Mel-28 (SK28)
or CD274 surface levels in MDA-MB-231 (MB231) is depicted.
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4.8.7 18 miRNAs affected NT5E as well as ENTPD1 surface expression

The overlap of miRNAs regulating ENTPD1 and NT5E in SK-Mel-28 cells is shown in figure
4.35. The following six miRNAs led to enhanced NT5E and ENTPD1 levels:

miR-134-3p, miR-6867-5p, miR-6514-3p, miR-3152-5p, miR-34b-3p and miR-
499a-5p.

Ten miRNAs reduced both, NT5E and ENTPD1 surface expression levels in SK-Mel-28 cells:

miR-4662b, miR-585-3p, miR-939-3p, miR-3118, miR-124-3p, miR-1538, -miR-
4647, miR-921,miR-6876-3p and miR-6787-3p.

Only two miRNA exhibited opposed effects on NT5E and ENTPD1. miR-5681a caused
reduced ENTPD1 expression but increased NTHE levels in SK-Mel-28 cells. Whereas miR-
1252-3p increased ENTPD1 and decreased NT5E surface levels.

SK-Mel-28

ENTPD1 up ENTPD1 down

54 32
6 g 10
NT5E up NT5E down
51 0 0 47
0
1 1
0 0
0

Figure 4.35: Venn diagram of miRNAs affecting surface expression of NT5E and
ENTPD1. The overlap of miRNAs with an significant effect on NTS5E and ENTPD1 in
SK-Mel-28 cells is depicted.
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For the six miRNAs that caused increase of NT5E and ENTPDI1 surface levels, target pre-
diction was performed to unravel the underlying mechanism of the up-regulation. The list of

shared targets is shown in table 4.22 and table 4.23.

Table 4.22: Shared targets of miRNAs upregulating NT5E and ENTPD1 part 1.

Gene Hits gene function KM breast cancer
LCOR 5 transcriptional corepressor high expression beneficial
ZEB2 5 transcriptional inhibitor high expression beneficial
RIMS1 5 RAB effector involved in exocytosis  high expression beneficial
RTKN2 4 involved in lymphopoiesis no effect
KIAA1468 4 regulates intracellular cholesterol dis-  high expression beneficial
tribution
VAMP4 4 involved in docking of synaptic vesi- high expression beneficial
cles
FLRT2 4 cell-cell adhesion, cell migration high expression beneficial
NMO000706 4 receptor for arginine vasopressin
CREBZF 4 transcription factor high expression beneficial
RC3H1 4 binds CDE in the 3'UTR of mRNAs, high expression beneficial
leading to mRNA degradation
BNC2 4 transcription factor specific for ker- high expression beneficial
atinocytes
CDK14 4 kinase associated with transcrip- high expression beneficial
tional misregulation in cancer
EIF3J 4 component of the translation initia- low expression beneficial
tion factor
ELAVL2 4 binds to 3’UTR of target mRNAs low expression beneficial
FGF2 4 involved in cell survival, cell differen- high expression beneficial
tiation and migration
FOXG1 4 transcriptional repressor high expression beneficial
NRIP1 4 modulates transcriptional activation high expression beneficial
and inhibition
SERTAD?2 4 coactivator or corepressor low expression beneficial
SH3BGRL2 4 — high expression beneficial
STAU2 4 required for microtubule-dependent no effect
transport
SYT1 4 calcium sensor high expression beneficial
TGFBR1 4 TFGp receptor, regulation of cellular no effect
processes
TRIM67 4 — high expression beneficial
XKR4 4 — high expression beneficial
YY1 4 transcriptional activator and in- no effect
hibitor
ZBTB10 4 zinc finger TF no effect
SSX3 4 modulator of transcription high expression beneficial
KIF1B 4 transports mitochondria no effect
ZFP3 4 zinc finger TF high expression beneficial
PCDH11Y 4 cell-adhesion high expression beneficial
PLCL1 4 inositol phospholipid-based intracel- high expression beneficial
lular signaling
MBNL1 4 pre-mRNA alternative splicing regu- no effect
lation
DMD 4 anchors extracellular matrix to cy- no effect
toskeleton
MBL2 4 innate immune defense high expression beneficial
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Table 4.23: Shared targets of miRNAs upregulating NTS5E and ENTPD1 part II.

Gene Hits gene function KM breast cancer

NHS 4 actin remodeling no effect

PHF20L1 4 — no effect

PIK3R5 4 regulatory subunit of PI3K complex  high expression beneficial

VASH?2 4 activator of angiogenesis no effect

TSN 4 activator of RISC no effect

RABG6B 4 retrograde membrane traffic high expression beneficial

RNF144A 4 E3 ubiquitin ligase no effect

SLITRK3 4 suppresses neurite outgrowth high expression beneficial

LRAT 4 catalyzes esterification of all-trans- high expression beneficial
retinol

NSF 4 vesicle-mediated transport no effect

IL1IRAP 4 component of the interleukin 1 recep- low expression beneficial
tor complex

MICAL3 4 monooxygenase no effect

LYRMT7 4 mitochondrial respiratory chain high expression beneficial

NEK11 4 response to DNA damage high expression beneficial

LRP2BP 4 regulates LRP2 function no effect

TRIM?2 4 E3 ubiquitin ligase no effect

To understand the mechanisms of miRNAs up-regulating NT5E and ENTPD1, transcrip-
tional regulators, especially repressors are interesting candidates for further investigations.
In total, 50 genes were predicted to be targets of at least four of the NTS5E and ENTPD1
enhancing miRNAs. None of these genes was predicted to be targeted by all six relevant
miRNAs. Only three genes were targeted by five of the NT5E and ENTPD1 enhancing
miRNAs. These were Ligand Dependent Nuclear Receptor Corepressor (LCOR), Zinc Fin-
ger E-Box Binding Homeobox 2 (ZEB2) and Regulating Synaptic Membrane Exocytosis 1
(RIMS1). Interestingly, LCOR and ZEB2 are both transcriptional inhibitors. miRNA medi-
ated decrease in their expression, could explain the observed increase in NT5E and ENTPD1
surface expression levels upon miRNA transfection. ZEB2 for example is known to be in-
volved in melanoma progression. High ZEB2 expression promotes melanoma cell prolifera-
tion, but inhibits melanoma cell invasion. Whereas ZEB1 drives melanoma cell invasion [239].

Also for the miRNAs that enhanced NT5E and ENTPD1 GSEA analysis was performed to
find enriched transcription factor motifs within the target genes of these miRNAs. The list
of predicted target genes that were shared by at least three of the six NTHE and ENTPD1
activating miRNAs was used as input for GSEA. In total, 465 genes were used as input and
analysis was restricted to transcription factor targets. The results for the top ten enriched
motifs with a known associated transcription factor are compiled in table 4.24. Among the
significantly enriched motifs were several transcription factors that were also enriched for the
NT5E enhancing miRNAs alone. For example SOX9, NFAT, MEIS1 and GCM2 were again
amongst the top ten enriched regulators. Additionally, target genes from six miRNAs that
enhanced NT5E as well as ENTPD1 were also enriched for motifs of PAX3, NFY, CHX10,
NAB2, ZSCAN30 and FREAC2.
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Table 4.24: GSEA analysis of target genes from NT5E enhancing miRNAs. Also the number
of miRNAs with a binding site is given from the six NT5E and ENTPD1 enhancing miRNAs.

Gene Set Name Gene in overlap p value FDR q value No miR BS
TGGAAA-NFAT-Q4-01 76 1.04E-20 4.98E-18 3
RTAAACA-FREAC2-01 44 6.33E-15 1.21E-12 1
GATTGGY-NFY-Q6-01 49 1.63E-14 2.23E-12 5
TGACAGNY-MEIS1-01 41 2.23E-14 2.66E-12 3
GCM2-TARGET-GENES 65 4.19E-14 4.46E-12 1
PAX3-TARGET-GENES 61 7.91E-14 7.58E-12 3
TAATTA-CHX10-01 39 1.72E-13 1.49E-11 5
NAB2-TARGET-GENES 54 1.89E-13 1.49E-11 1
ZSCAN30-TARGET-GENES 59 2.02E-13 1.49E-11 3
CATTGTYY-SOX9-B1 26 3.23E-13 2.21E-11 3

4.8.8 miR-134-3p and miR-6804-3p increased the expression of all three
investigated immune checkpoint molecules

Since miRNAs that are capable of simultaneously regulate several immune checkpoint molecules
would be of greater interest for potential therapeutical intervention it was checked, whether
there were miRNAs, that enhanced NT5E, ENTPD1 and CD274 or decreased NT5E, ENTPD1
and CD274 surface levels. Therefore, all miRNAs that had a significant effect in either of the
two screened cell lines were analysed and only miRNAs were considered, that led to uniform
changes: increasing or decreasing all three investigated immune checkpoint molecules. Inter-
estingly, no miRNA led to significant decrease of all three immune checkpoint molecules. Two
miRNAs, miR-134-3p and miR-6804-3p, could significantly increase NT5E, ENTPD1 as
well as CD274 surface levels. To note, only miR-134-3p led to significant increase of NT5E
in both SK-Mel-28 (z-score = 4.9) and MDA-MB-231 (z-score = 2.0). miR-6804-3p had only
a significant enhancing effect on NT5E levels in MDA-MB-231 cells (z-score = 2.2). In SK-
Mel-28 miR-6804-3p even reduced surface expression of NT5E, but not to a significant extend
(z-score = -1.2). But the increase of CD274 by miR-6804-3p was very strong and among the
top ten CD274 up-regulating miRNAs (z-score = 3.6). For ENTPDI1 the up-regulation of
miR-~6804-3p was not so pronounced as for CD274 but significant (z-score = 1.9). Also miR-
134-3p enhanced ENTPD1 to similar extend as miR~-6804-3p (z-score = 1.9). The increase of
CD274 by miR-134-3p was not amongst the strongest hits, but still a significant enhancement
was measured (z-score = 1.8). Especially miR-134-3p was an interesting hit and might be an
important miRNA driving cancer cell immune evasion by multiple mechanisms.
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4.9. Validation of miRNA hits

Based on the miRNA library screen the most promising miRNAs were selected for further
validation. The main focus was set to miRNAs that had a significant effect on NT5E surface
expression in both screened cancer cell lines to avoid false positive hits. In total, 24 miRNAs
fulfilled this criteria. They are listed in table 4.25 with their respective z-score in the screen for
MDA-MB-231 and SK-Mel-28. The miRNAs were ranked by their sum of z-scores. Also the
information from miRBase about the respective read number from deep sequencing (Reads)
was included to preferentially select confirmed miRNAs. Also the number of predicted binding
sites (BS) within the NT5E 3‘-UTR for the respective miRNA was included in table 4.25.

Table 4.25: Top miRNA hits from library screen affecting NT5E surface expression in both
MDA-MB-231 (MDA) and SK-Mel-28 (SK28). miRNAs marked with * were only significant

in one cell line.

NTS5E enhancing miRNAs

miRNA BS z-score MDA z-score SK-28 Sum Reads
miR-134-3p 0 2.0 4.8 6.8 199
miR-6514-3p 0 2.6 2.9 5.5 786
miR-593-3p 1 2.2 2.1 4.3 10
miR-6859-3p 0 2.5 1.7 4.2 1388
miR-4672 1 2.2 1.9 4.1 44
miR-3126-5p 1 2.1 1.9 4.0 241
miR-4692 1 1.8 2.1 39 6
miR-127-5p 1 1.7 1.7 3.4 207374
miR-224-3p 1 1.6 1.7 3.3 5757
miR-34b-3p* 0 1.4 2.0 3.4 3180
miR-1293* 0 1.8 1.4 3.2 173
miR-3116%* 0 2.5 1.0 3.5 303
NTS5E inhibiting miRNAs
miRNA BS z-score MDA z-score SK-28 Sum Reads
miR-1233-3p 0 -4.1 -2.4 -6.5 80
miR-1285-5p 2 -2.3 -2.5 -4.8 17819
miR-3134 2 -2.3 -2.2 -4.5 132
miR-22-3p 1 -1.7 -2.8 -4.5 1254963
miR-193a-3p 1 -2.5 -1.9 -4.4 72316
miR-5584-3p 2 -1.8 -2.2 -40 5
miR-5190 1 -2.3 -1.7 -4.0 31
miR-4480 1 -2.2 -1.7 -39 5
miR-143-5p 1 -2.1 -1.7 -3.8 458908
miR-3118-3p 2 -1.7 -2.0 -3.7 344
miR-1298-3p 1 -1.9 -1.8 -3.7 487
miR-4676-5p 1 -1.8 -1.8 -3.6 40
miR-148b-3p 1 -1.8 -1.8 -3.6 1313333
miR-8056 2 -1.8 -1.7 -3.5 3
miR-520d-3p 1 -1.7 -1.8 -3.5 58
miR-193b-3p* 1 -1.8 -0.4 -2.2 163980
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Also four additional miRNAs were included, that were only significant hits in one of the cell
lines, but also showed the same tendency on the second cell line. These miRNAs are marked
with * in table 4.25. miR-3116 and miR-1293 were included since they enhanced NT5E
and CD274 in MDA-MB-231 cells. miR-34b-3p was included, since it enhanced NT5E and
ENTPD1 in SK-Mel-28 cells. miR-193b-3p was included, since it has the same binding site
as miR-193a-3p and they belong to the same family of miRNAs. But in the library screen
miR-193b-3p only had a significant effect on NT5E surface expression in MDA-MB-231 cells.
In SK-Mel-28 the inhibition of NT5E was very minor. Also miR-3190-5p was included for
validation experiments since it was the only miRNA that exhibited opposed effects in the
two screened cell lines although it only had 16 reads. Interestingly, from the NT5E inhibiting
miRNAs almost all had a binding site for the NT5E 3‘-UTR. Only one of these miRNAs,
miR-1233-3p, did not exhibit a binding site for the NT5E 3‘-UTR. There was evidence, that
the inhibiting miRNAs mediate the observed effects directly by binding to 3‘-UTR of NT5HE.
But also six of the enhancing miRNAs were predicted to be binders of the NT5E 3-UTR.
Either their binding to NTHE 3-UTR was not altering the NT5E translation or other indi-
rect effects outweighed their potential NT5E inhibiting activity. Overall, the selected NT5E
inhibiting miRNAs had significantly more often a binding site for NT5E 3-UTR than the
selected NT5E up-regulating miRNAs (p = 0.0228, Fisher s Exact test).

For the further validation experiments, only miRNAs were selected, that had a read number
greater than 40. Hence, seven miRNAs were excluded. For the remaining miRNAs the effects
observed in the screen were validated by individual miRNA transfections in a broader panel
of cell lines.

4.9.1 Individual miRNA transfections could confirm majority of the hits
discovered by the library screen

For most miRNAs their effect on NT5E surface expression could be verified

The selected miRNAs were transfected into various cancer cell lines. Up to twelve different
cell lines were tested to assess the consistency of the observed effects, especially for the
NT5E enhancing miRNAs. Briefly, the cells were transfected with 50 nM miRNA and 72 h
post transfection, changes in NT5E surface levels were monitored by FACS. Using NT5E
siRNA, the transfection efficacy was monitored for each individual experiment. Transfection
was repeated with different cell passages to collect biological replicates. Fold changes were
calculated to the respective mimic control-1 sample. Significance was assessed by one-sample
T-tests. In figure 4.36 the compendious results of changes in NT5E surface levels upon
transfection with NT5E inhibiting miRNAs are shown. For miR-1233-3p, the results are
separately shown in figure 4.37. The two cell lines used for the miRNA library screen were
tested, as well as nine additional melanoma cell lines. For some miRNAs, also the colon cancer
line HCT-116 was tested once as well as fibroblast cell lines MRC5 and CCD-18Co. To note,
MaMel-68, MaMel-73a and MaMel-57 exhibited only a very low basal expression level of
NT5E. Thus, in those cell lines a reduction of NT5E levels could not be easily monitored by
FACS. Also the NT5E siRNA pool only had modest to no effect on NT5E surface levels in
these three cell lines.
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Figure 4.36: Validation of NT5E down-regulating miRNAs by FACS. Each dot
represents an independent experiment. Cell lines were transfected with 50 nM miRNA.
Three days post transfection cells were harvested and stained for FACS analysis. Cells were
gated on live cells and isotype control staining was used to set the NTHE positive gate.
Median fluorescence intensity of NT5E was determined for every condition. Fold changes
were calculated compared to mimic control-1 samples. Significance was assessed by one-
sample T-test. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.

miR-1285-5p led to a decrease of NT5E surface levels in ten out of 12 tested cell lines. In
seven cell lines this effect was statistically significant. miR-3134 decreased N'TSE surface
expression in eight out of 12 tested cell lines with a significant reduction in four cell lines.
Also, the effect of miR-22-3p was quite consistent over different cell lines. In 11 out of 14
tested cell lines a reduction of NT5E expression could be measured with a significant effect
in four cell lines. The NT5E inhibitory effect of miR-193a-3p could be observed in 11 out
of 14 tested cell lines. But overall, the effect of miR-193a-3p and miR-193b-3p was lower
compared to miR-1285-5p and only significant for the two cell lines SK-Mel-28 and MDA-
MB-231, which were also used for the miRNA library screen. miR-143-5p and miR-148b-3p
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only had significant effect on NT5E surface levels in SK-Mel-28 and MDA-MB-231 cells. In
SK-Mel-28 the effect was only minor with a mean fold change of -0.12 for miR-143-5p and
-0.44 for miR-148b-5p. miR-3118-3p exerted mixed effects on NTHE surface levels in different
cell lines. For example, miR-3118-3p significantly reduced NT5E expression in SK-Mel-28,
but significantly increased it in MaMel-2. In the scope of this thesis miR-1298 could only
be tested in three cell lines and significant reduction of surface NT5E levels was measured
for SK-Mel-28, MDA-MB-231 and MaMel-05. miR-~1233-3p was the strongest hit form the
screen. However, in the validation it was the only miRNA, that showed an opposite effect.
Instead of the expected NTSH5E down-regulation, miR-1233-3p led to significant increase in
NT5E surface expression in SK-Mel-28 and MaMel-02 cells as shown in figure 4.37. And also
in the other two tested cell lines the tendency was towards up-regulation. For this reason,
miR-1233-3p was excluded from further analysis.

Effect of miR-1233-3p
on NT5E surface levels
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Figure 4.37: Validation of miR-1233-3p by FACS. Each dot represents an independent
experiment. Fold changes were calculated compared to mimic control-1 samples. Significance
was assessed by one-sample T-test. *: p < 0.05; **: p < 0.01; *** p < 0.001; ****
p < 0.0001.

The changes in NT5E surface levels for the up-regulating miRNAs are shown in figure 4.38.
Notably, the up-regulatory effect of these miRNAs was quite consistent across the different
cell lines. Especially miR-134-3p increased NT5H5E surface expression in all 12 tested cell lines
and for nine cell lines this effect was even statistically significant. In ten out of 11 cell lines
tested, miR-1293 increased NT5E surface levels and in three cell lines SK-Mel-28, MDA-MB-
231 and MaMel-02 this effect was significant. miR-6514-3p also enhanced N'T5E levels in 10
out of 12 cell lines. But the effect was not as strong as for example for miR-134-3p. The effect
on NTHE surface expression upon miR-6514-3p transfection was significant for the cell lines
MaMel-68, SK-Mel-28, MDA-MB-231, MaMel-05 and MaMel-02. miR-34b-3p, miR-4672,
miR-6859-3p, miR-3116 and miR-3126-5p significantly increased NT5E surface levels in SK-
Mel-28, MDA-MB-231 and MaMel-02 cell lines. For miR-4672 and miR~34b-3p the effect was
also significant for MaMel-05 and for miR-6859-3p also for MaMel-05 and MaMel-53a cells.
miR~224-3p significantly enhanced NT5E levels in MDA-MB-231, MaMel-02, MaMel-05 and
MaMel-68 cells. In SK-Mel-28 cells, miR-224-3p showed a tendency towards increasing NT5HE
levels as well. miR-3190-5p was excluded from further analysis, since the strong opposed ef-
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fects as seen in the miRNA library screen could not be recapitulated.

In the scope of this study miR-127-5p could be only tested in four different cell lines. But
in all transfected cell lines an increase in NTSHE surface expression could be observed with
significant effects in SK-Mel-28, MDA-MB-231, MaMel-53a and MaMel-05 cells. To note,
the effect in SK-Mel-28 was not very strong with a mean fold change of 0.13. Although it
was suspected that the NT5E enhancing miRNAs might act via indirect mechanism, e.g. by
targeting a N'TSHE inhibitor, it was quite astonishing that the up-regulation caused by these
miRNAs was so consistent between different cell lines and tumor entities.

Most miRNAs inhibiting NT5E surface expression also decreased NT5E mRNA
levels

Having validated the effect of the top screen hits on NTHE surface expression, it was tested
whether the selected miRNAs would also change NTS5E mRNA levels. Therefore, SK-Mel-28
and MDA-MB-231 cell lines were transfected with 50 nM miRNA and RNA was isolated two
days post transfection and NT5E mRNA levels were subsequently measured by qPCR. Sam-
ples were normalized to house keeping gene RPL19, since none of the miRNAs was predicted
to regulate this gene. Additionally TBP or UBC were used as a second house keeping gene.
Biological replicates were performed with individual experiments using different cell passage
numbers. For some miRNAs, also the MaMel-42 and MaMel-68 cell lines were tested. The
compiled results for the NT5E inhibiting miRNAs are shown in figure 4.39. To note, miRNA
binding to the 3‘-UTR does not necessarily lead to lower mRNA levels. Depending on the
degree of complimentary base pair binding it is also possible, that only the translation is
blocked, and the target gene’s mRNA is not degraded.

miR-1285-5p not only decreased NT5SE surface levels, but also significantly reduced its mRNA
levels in transfected SK-Mel-28 and MDA-MB-231 cells. miR~3134 led to a significant reduc-
ton in NT5E mRNA expression in these two cell lines, too. Also in MaMel-42 and MaMel-68
cells, the reduction of NT5E by miR-3134 could be observed. Furthermore, miR-22-3p, miR-
193a-3p and miR-~193b-3p lowered NT5E mRNA levels in the four tested cell lines with signifi-
cant reduction in SK-Mel-28 and MDA-MB-231 cells. miR-143-5p had no effect in SK-Mel-28
cells, but here only one experiment was performed. In MDA-MB-231 cells, miR-143-5p could
significantly reduce NT5E expression. miR-148b-3p only had minor inhibiting effect in the
tested cell lines and also miR-3118-3p could not significantly reduce NTS5E mRNA levels.

Additionally, the effect of the NT5E enhancing miRNAs was tested by qPCR and the results
are compiled in figure 4.40. From the NT5E up-regulating miRNAs only miR-3116 showed
significant increase in NT5E levels on both MDA-MB-231 and SK-Mel-28 cells. Furthermore,
miR-134-3p and miR-~1293 had a significant NT5E mRNA enhancing effect in MDA-MB-231
cell line. But also the other miRNAs at least showed a tendency of increasing NTSE mRNA
levels, although the observed effects were not statistically significant. It could be, that the
effect of the up-regulating miRNAs takes a little longer to be measurable on NT5E mRNA
level, since indirect mechanisms might need more time than the direct inhibition by miRNA
binding to NT5E 3-UTR.
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fluorescence intensity of NT5E was determined for every condition. Fold changes were calcu-

Figure 4.38

lated compared to mimic control-1 samples. Significance was assessed by one-sample T-test.

* p < 0.05; ¥*: p < 0.01; ¥**: p < 0.001; ****: p < 0.0001.
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Validation of NT5E down-regulating miRNAs by qPCR. Each dot

. Cell lines were transfected with 50 nM miRNA and
two days post transfection cells were harvested and RNA was isolated. NT5E mRNA level
were determined by qPCR. Fold changes were calculated compared to mimic control-1 sam-
ples. RPL19 was used as housekeeping gene. Significance was assessed by one-sample T-test.
* p < 0.05; ¥ p < 0.01.
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Figure 4.40: Validation of NT5E up-regulating miRNAs by qPCR. Each dot rep-
resents an independent experiment. Cell lines were transfected with 50 nM miRNA and two
days post transfection cells were harvested and RNA was isolated. NTS5E mRNA level were
determined by qPCR. Fold changes were calculated compared to mimic control-1 samples.
RPL19 was used as housekeeping gene. Significance was assessed by one-sample T-test.

* p < 0.05; ¥*: p < 0.01; ¥*: p < 0.001; ****: p < 0.0001.
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miR-1285-5p decreased cellular NT5E protein expression

For six selected miRNAs, their effect on cellular NT5E protein expression was quantified
by Western Blot analysis. Therefore, the NT5E high expressing cell line MaMel-53a was
transfected with 50 nM miRNA or NT5E siRNA pool. Two days post transfection cells were
harvested and protein was isolated and used for Western Blot procedure. 35 ng protein were
loaded per lane. Actin was used as reference protein. The result is shown in figure 4.41.
A NT5E siRNA pool was used as a positive control and to monitor transfection efficacy.
The siRNA strongly decreased the total NT5E protein level. Compared to mimic control-1
condition the NT5E siRNA decreased NT5E level about 73.4 %. Also miR-1285-5p clearly
decreased NT5E protein expression by 78.8 % and exhibited an even stronger effect than the
NT5E siRNA. Furthermore, miR-193a-3p decreased NT5E protein level by 57.3 %. miR-148b
and miR-22-3p only had minor decreasing effect on NTHE total protein levels. miR-148b de-
creased NT5E about 12.1 % compared to mimic control-1 and miR-22-3p only led to a 2 %
decrease. To note, also in validation by FACS miR-22-3p did not clearly reduce NT5E sur-
face expression on the MaMel-53a cell line. miR~-4672 and miR-134-3p belong to the NT5E
enhancing miRNAs identified by the miRNA library screen. But only miR-134-3p could
slightly increase total NT5E protein levels in MaMel-53a about 16.4 % compared to mimic
control-1. However, miR-4672 decreased total NT5E protein levels about 52.5 %, although
it caused slight up-regulation of NT5E surface expression on MaMel-53a (see figure 4.38).
Interestingly, this miRNA has a potential binding site for NT5E 3°-UTR. It might be, that
this miRNA is on the one-hand directly inhibiting NT5E translation, but on the other hand

by indirect mechanisms enhancing its surface expression levels.
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Figure 4.41: Effect of miRNA transfection on cellular NT5E protein expression
in MaMel-53a cells. MaMel-53a cells were transfected with 50 nM miRNA /siRNA and
48 h post transfection cells were harvested and protein was isolated subsequently. Total
NT5HE protein levels were determined by Western Blot. 35 pg protein were loaded per lane
on a 12 % SDS-PAGE gel. Actin was used as normalization control.
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4.10. Investigating mode of action of miRNA-mediated changes of NTHE expression

Having validated the effect of the top miRNA hits from the library screen on NT5E expression,
their mode of action was elucidated. For the validated NT5E inhibiting miRNAs a direct
interaction with NT5E 3°-UTR was suspected thereby blocking NT5E protein translation.
Thus, luciferase reporter assays were performed to verify this hypothesis.

4.10.1 Validating direct interactions

To verify a direct interaction of miRNAs with their target gene, 3‘-“UTR reporter assays
were performed. Briefly, the 3’-UTR of target gene is linked to a luciferase encoding gene.
By measuring the luciferase signal, it can be determined, whether a miRNA can block the
target gene translation by binding to its 3’-UTR. If a miRNA can bind, the luciferase signal
is decreasing. To verify a direct interaction, the miRNA binding site within the 3’-UTR is
mutated e.g. by deleting one nucleotide of the core binding region. Binding of the miRNA
to the mutated 3’-UTR should not decrease the luciferase signal.

Binding of miR-22-3p, miR-193a-3p, miR-3134, miR-1285-5p and miR-148b-3p
to NT5E 3’-UTR could be proven by reporter assays

Luciferase reporter assays were performed for all miRNAs, that had a predicted binding site
for the NT5E 3-UTR. Also the NT5E enhancing miRNAs that exhibited a binding site were
tested. To note, luciferase assays for miR-22-3p and miR-193a/b-3p were performed sepa-
rately, because these miRNAs were validated before the library screen was finished, since
these were promising candidates from the in silico predictions. Briefly, reporter assays were
performed by co-transfecting a plasmid containing the gene for renilla luciferase fused with
NT5E s 3*-UTR. Ideally, miRNAs with a binding site should lower the translation of lu-
ciferase enzyme leading to lower luminescence signal. This assay was performed in several
cell lines like HeLa, HEK293, SK-Mel-28 and MDA-MB-231 to account for cell line specific
effects. The compiled results are shown in figure 4.42.

miR-1285-5p strongly decreased the luciferase signal in all four tested cell lines. This miRNA
exhibited two bindings sites within the NT5E 3°-UTR, which could explain the strong con-
sistent inhibition. Besides miR-1285-5p, also miR-3134 had two binding sites for the NTHE
3‘-UTR and led to significant decrease in luciferase signal in all studied cell lines. miR-148b-
3p also significantly lowered luciferase signal in all cell lines, but only to weaker extend in
HeLa cells. This miRNA had only one binding site for NT5E 3‘-UTR. miR-3118-3p also sig-
nificantly reduced the luciferase expression, but to lower extend in HeLa and MDA-MB-231
cells. miR-4480 only exhibited a significant effect in HEK293 cells. Notably, miRNA-143-5p
was the only miRNA that showed no effect in any of the cell lines tested. Interestingly, for
the miRNAs that up-regulate NT5E expression, also reduction of luciferase activity could
be observed. In fact, miR-224-3p and miR-3126-5p had significant effects in HEK293 and
MDA-MB-231 cells, but not in the other two cell lines.
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Figure 4.42: NT5E 3’-UTR reporter assay. Cells were transfected with 100 ng pLS-
NT5E plasmid and 50 nM miRNA. Luciferase signal was measured 24 h post transfection.
Four cell lines were tested: HEK293, HeLa, SK-Mel-28 and MDA-MB-231. Significance was
assessed by one-way ANOVA using Dunnett‘s multiple comparison test. All samples were
compared to mimic control-1. At least four replicates were performed per miRNA.

*: p < 0.05, ¥ p < 0.01, ¥***: p < 0.001, ****: p < 0.0001.

For the cell lines MDA-MB-231 and SK-Mel-28 the luciferase reporter assay was performed
three times. The results of all NT5E 3‘-UTR reporter assays performed with the wild-type
plasmid are compiled in table 4.26. Arrows indicate the effect of the miRNA on the luciferase
signal. Strong significant effects (p < 0.001) are highlighted yellow. miR-~1285-5p and miR-
3134 were the two best performing miRNAs with the strongest reduction of luciferase signal
in all four tested cell lines. miR-~1285-5p reduced lucifease signal in all eight experiments per-
formed and miR-3134 in seven out of eight experiments. Also miR-193a-3p and miR-3118-3p
reduced luciferase signal in all four cell lines as well as miR-148b-3p. The effect of miR-22-3p
was not as consistent as for the other NT5E inhibiting miRNAs, and the luciferase signal
was only reduced in four out of eight experiments. miR-143-5p did not show the expected
effect and only slightly reduced the luciferase signal in one assay for MDA-MB-231 cells.
Since miR-143-5p had only weak effect in the SK-Mel-28 cell line in FACS validation and
almost no effect in the reporter assay, it was decided to exclude this miRNA from subsequent
mutagenesis experiments.
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Table 4.26: Compilation of miRNA mediated effects on luciferase signal in NT5E 3-UTR
reporter assays.

miRNA MDA-MB-231 SK-Mel-28 HelLa Hek293
miR-1285-5p | B W 1 1
miR-3134 - H 1 \ \J
miR-22-3p -- ] 1 - +
miR-193a-3p -1l - W 3 4
miR-148b-3p - W - W 3 b
miR-143-5p --1 --- - -
miR-3118-3p -1 4 -1 $ $
miR-4480 --1 -1 - i)
miR-3190-5p™ixed --1 --1 - -
miR-224-3p"P (RS --- - 3
miR-3126-5p"P -4 -- 1 - 4
miR-4672" --- --1 - -
miR-6859-3p"P --4 --4 - -

l: strong significant effect (at least *** p < 0.001).
up: miRNAs that enhanced NT5E surface expression.
mixed: miRNA that had mixed effects on NT5E surface expression in different cell lines.

Although miR-3118-3p performed quite well in the reporter assay, also this miRNA was ex-
cluded from further in-depth analysis, since in the validation it showed mixed effects across
different cell lines. Also miR-4480 was not further investigated. miR-3190-5p, which showed
mixed effect in the miRNA library screen, only slightly reduced luciferase signal in two assays.
Since this miRNA only showed very weak to no effects in the validation, this miRNA was not
considered for further analysis. The NT5E enhancing miRNAs did not show as strong and
consistent effects as most of the NT5E inhibiting miRNAs. miR-4672 and miR-6859-3p had
almost no effect on luciferase signal. miR-3126-5p had an effect in four out of eight experi-
ments. miR-224-3p seems to have cell-type specific effects, since it clearly reduced luciferase
signal in all experiments performed in MDA-MB-231, but in none performed in SK-Mel-28 or
HeLa cells. Since overall the effect of the NT5E activating miRNAs was not so pronounced in
the reporter assays, no mutagenesis experiments were performed for these miRNAs. For these
miRNAs, a indirect mechanisms was suspected, since they clearly enhanced NT5E surface
expression as well as mRNA levels. To note, there are a few studies describing activating
effects on protein expression mediated by miRNA binding to 3‘-UTR, which is contrary to
their normal functioning. Whether a miRNA inhibits or activates translation seems to be
dependent on proteins binding to miRNA and 3‘-UTR like AGO2 and FXR1 [202].

But in this study the focus was set on NT5E inhibiting miRNAs that clearly had a reducing
effect on luciferase signal in reporter assays to perform subsequent mutation of their respective
binding site to verify direct interaction with the NT5E 3-UTR.
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Mutagenesis of NT5E 3’-UTR verified direct binding of miR-22-3p, miR-193b-3p
and miR-193a-3p

In table 4.27 the mutations are listed, which were generated within the NT5HE 3’-UTR to
verify direct miRNA binding. The seed sequences, consisting of six to seven nucleotides, are
marked in yellow and the deleted nucleotide is marked in red. The primers used to insert the
deletion are listed in table 2.4 in the materials and method section. For miR-193b-3p and
miR-193a-3p the same deletion at position 1670 was used, since both miRNAs share the same
seed sequence. Deletions at position 1671 and 1672 could not successfully be generated by
quick change mutagenesis during this study. Regarding miR-22-3p, deletions at three different
positions could be generated, respectively. For miR-148b-3p, two deletions at position 1106
and 1107 were introduced, respectively. miR-1285-5p and miR-3134 have two distinct binding
sites within the NT5E 3-UTR. For these two miRNAs constructs harbouring a deletion in
only one of the two binding sites as well as constructs with a single nucleotide deletion in
each of the two binding sites were planned to generate, respectively. Within the scope of this
Thesis only the single mutated constructs were generated so far.

Table 4.27: List of deletions created in NT5E 3’-UTR for reporter assays to verify direct
miRNA interaction. The seed sequence is highlighted in yellow. The deleted nucleotide is
marked in red.

miRNA position binding site

miR-193a-3p del-1670 UACACUU GGZCAGU AAAAUA

miR-193b-3p del-1670 UACACUU GGZCAGU AAAAUA

miR-22-3p del-1442 UGCAAAU GGZAGCU AGAGGUUUU
miR-22-3p del-1443 UGCAAAU GGCAGCU AGAGGUUUU
miR-22-3p del-1444 UGCAAAU GGCAGCU AGAGGUUUU
miR-1285-5p del-984 UAUUUUA UGAGAU UCCAUC

miR-1285-5p del-985 UAUUUUA UGAGAU UCCAUC

miR-1285-5p  del-986 UAUUUUA UGAGAXU UCCAUC

miR-1285-5p del-88 UUUUCAA GUGAGAU UCAAAUC
miR-1285-5p del-89 UUUUCAA GUGAXGAU UCAAAUC
miR-1285-5p  del-90 UUUUCAA GUGAGAU UCAAAUC

miR-3134 del-989 AUGAGAU UZCAUC AGCUCUGCCUC
miR-3134 del-990 AUGAGAU UCZAUC AGCUCUGCCUC
miR-3134 del-991 AUGAGAU UCCAUC AGCUCUGCCUC
miR-148b-3p del-1106 CAGCAAGAGGCUA GCACUG AAUUCAUUC
miR-148b-3p del-1107 CAGCAAGAGGCUA GCA¢ZUG AAUUCAUUC

135



The first 3’-UTR assay with mutated pLS-NT5E plasmids was performed in SK-Mel-28 cells
transfected with 100 ng plasmid containing either the wild type NT5E 3-UTR or a mu-
tated version with a deleted nucleotide at position 1670. The results are depicted in figure
4.43. This assay was performed prior the miRNA library screen. Here, mimic control-2 was
used as control miRNA. But from the screen it was obvious, that this control miRNAs itself
had strong effects on NT5E levels per se. In the screen it constantly led to up-regulated
NT5E surface levels. In this reporter assay mimic control-2 led to a significant strong de-
crease in luminescence signal meanywr.ct;12 = 7710, p < 0.0001) compared to the vector only
(meanwm.onty = 38400). Also miR-193a-3p (meanwT:.mir-193a = 18728, p < 0.0001), miR-
193b-3p (meanwr.mir-193o = 19050, p < 0.0001) and miR-22-3p (meanwr.mir-22 = 15560, p <
0.0001) led to reduced luciferase expression by binding to the NT5E 3’-UTR. If the vector with
mutation at position 1670 is co-transfected with miR-193a-3p (meangei1670:mir-193a = 48504,
p = 0.0002) or miR~-193b-3p (meanigro.mir-193p = 39914, p = 0.0143), the luminescence
signal is restored and even significantly higher than the pLS-NT5E-dell670 vector only
(meangeligro:only = 27623). Interestingly, mimic control-2 co-transfected with the mutated
3-UTR led to no significant change compared to the vector only (meange1670.ctri2 = 22360).
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Figure 4.43: NT5E 3-UTR assay in SK-Mel-28 cells. Cells were transfected with
100 ng pLS-NT5E plasmid and 50 nM miRNA. Luciferase signal was measured 24 h post
transfection. One-way ANOVA was performed to calculate p-values always comparing to the
corresponding pLS-vector only. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

For subsequent reporter assays, mimic control-1 was used as reference control. SK-Mel-28
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cells were again co-transfected with 50 nM miRNA and 100 ng of plasmid containing either
the wild type NTHE 3’-UTR or mutated version. The outcome of this reporter assay in SK-
Mel-28 cells is shown in figure 4.44. The luciferase signal was measured 24 h post transfection.
Compared to pLS-NT5E WT + mimic control-1 (meanwr.ct;11 = 36820), miR-22-3p signifi-
cantly reduced the luciferase signal (meanwr.mir-22 = 22122, p = 0.0024). Also miR-193a-3p
significantly reduced the luciferase signal (meanwr.mir-193a = 26996, p = 0.0297). The trans-
fection with miR-193a-3p (meanig7o:mir-193a = 30548) and the mutated NT5E 3-UTR with
a deletion at position 1670 did not lead to a change in luciferase signal compared to mimic
control-1 (meanjgrg.ctri1 = 29788). Also for miR-22-3p (meanjgqq:mir-22 = 52463) there was
no significant change in luciferase signal compared to mimic control-1 (meanjgq4.ct;11 = 56468)
when the position 1444 was deleted within the NT5E 3’-UTR.

3'-UTR assay SK-Mel-28 cells
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Figure 4.44: Mutated NT5E 3’-UTR assay in SK-Mel-28 cells. Cells were transfected
with 100 ng pLS-NT5E plasmid and 50 nM miRNA. Luciferase signal was measured 24 h
post transfection. One-way ANOVA was performed to calculate p-values for transfections
with WT plasmid comparing to mimic control-1 *: p < 0.05, **: p < 0.01. For the deletions
significance was assessed with two-sided T-test.

For miR-22-3p two additional deletions at position 1442 and 1443 were generated and tested,
respectively. The result of the corresponding luciferase reporter assay is shown in figure
4.45. For deletion at position 1442 the luminescence values for the plasmid pLS-NT5E-
del1442 only (meanjgqo = 29043), plasmid with mimic control-1 (meanjsgo.ct;11 = 36606)
and miR-22-3p (meanjq4o.mi-r22 = 30292) were similar and no significant difference could be
observed. For deletion at position 1443 of the NT5E 3’-UTR there was no significant difference
between plasmid only (meanjqq3 = 45423) and miR-22-3p (meanjgq3.mir-22 = 47702). But the
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transfection with pLS-NT5E-del1443 and mimic control-1 (meanjgys.ct;11 = 33004, p = 0.014)
led to significantly lower luciferase activity compared to transfection with miR-22-3p. Overall,
all three deletions within the binding site of miR-~22-3p in NT5E 3’-UTR rescued the luciferase
signal compared to wild type 3‘-UTR proofing the direct binding of miR-22-3p to NT5E 3’-
UTR.
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Figure 4.45: Mutated NT5E 3’-UTR assay in SK-Mel-28 cells. Cells were transfected
with 100 ng pLS-NT5E plasmid and 50 nM miRNA. Luciferase signal was measured 24 h
post transfection. Significance was assessed with two-sided T-test. *: p < 0.05.

Another reporter assay performed in A375 cells for miR-22-3p and miR-193a/b-3p is shown
in figure 4.46. Only the wild type NT5E 3’-UTR was co-transfected with miRNAs. As
reference mimic control-1 was used. To note, transfection with mimic control-1 compared
to pLS-NT5E only led to a significantly higher luminescence signal (meanwr.ct;11 = 10778,
p = 0.017, two-sided T-test). But based on the one-way ANOVA analysis this change was
not significant. For all transfected miRNAs the luminescence signal was significantly reduced
compared to mimic control-1. miR-422a was used as a positive control, since this miRNAs
was already published to target NTHE 3‘-UTR.

Also in the breast cancer cell line MDA-MB-231 the NT5E 3’-UTR assay with the wild type
plasmid was conducted. The results are shown in figure 4.47. In this cell line mimic control-1
led to a significant lower luminescence signal compared to pLS-NT5E only (meanwr.ct;11 = 9224,
p = 0.006, two-sided T-test). Compared to mimic control-1, only miR-22-3p (meanwr.mir-22 =
8800, p = 0.0376) and miR-193a-3p (meanwr.mir-193a = 8773, p = 0.0365) significantly de-
creased the luciferase activity.
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Figure 4.46: NT5E 3’-UTR assay in A375 cells. Cells were transfected with 100 ng
pLS-NT5E plasmid and 50 nM miRNA. Luciferase signal was measured 24 h post transfection.

One-way ANOVA was performed to calculate p-values always comparing to mimic control-1.
*: p < 0.05, ¥ p < 0.01, ¥*: p < 0.001.
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Figure 4.47: NT5E 3’-UTR assay in MDA-MB-231 cells. Cells were transfected with
100 ng pLS-NT5E plasmid and 50 nM miRNA. Luciferase signal was measured 24 h post

transfection. One-way ANOVA was performed to calculate p-values always comparing to
mimic control-1. *: p < 0.05.
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4.10.2 Investigating indirect mechanisms

Especially for the NTS5E enhancing miRNAs, indirect mechanisms were suspected to drive
the observed up-regulation of NT5E surface expression upon miRNA transfection. During
the validation of the library screen candidates it was seen, that the up-regulatory effects had
a high consistency across different cancer cell lines. It was assumed, that the miRNAs, which
drove NT5E surface expression, inhibit regulatory proteins such as transcription factors, that
normally would repress NT5E expression. Thus, different strategies were applied to find the
missing link between the miRNAs and the up-regulated NT5E levels. First, different in silico
analyse were used to find promising targets. Then, it was globally screened for genes that
are altered upon miRNA transfection by microarray gene expression profiling. Finally, the
most promising targets were individually tested by siRNA knock-down experiments.

Bioinformatic predictions yielded several potential candidates explaining miRNA -
mediated up-regulation of NT5E levels

Analysis of shared targets of miRNAs, that up-regulated NT5E in both cell lines used for the
miRNA library screen, was already performed and is shown in table 4.14. From this analysis
FOXP2 came up as an potential candidates, since this is a transcriptional repressor. Thus,
FOXP2 was included for subsequent experiments. But based on NCI-60 expression data, we
know, that FOXP2 was only weakly expressed in SK-Mel-28 and MDA-MB-231. It might be,
that the NT5SE enhancing miRNAs are regulating FOXP2, but that FOXP2 is not the effec-
tor driving the observed changes in NT5E expression. Next, TransmiR v2.0 database [233]
was used to find transcription factors that are connected with the list of NT5E enhancing
miRNAs. The enrichment analysis of TransmiR was used and the following miRNAs were
entered for analysis: hsa-mir-134, hsa-mir-6514, hsa-mir-6859, hsa-mir-4672, hsa-mir-3126,
hsa-mir-224, hsa-mir-34b, hsa-mir-1293 and hsa-mir-3116. The results are summarized in
table 4.28. Only transcription factors with significant enrichment are shown. For these tran-
scription factors it was checked, how many of the NT5E enhancing miRNAs exhibit a binding
site based on miRmap. Also, the correlation of the transcription factor expression with the
NT5E mRNA level was calculated for the NCI-60 data set. Furthermore, ten melanoma sam-
ples and five NHEM samples were sent for RNA sequencing and correlation of the selected
transcription factors with NT5E levels was checked in this data set.

Table 4.28: Enrichment analysis with TransmiR v2.0. For the enriched TFs correlation with
NT5E expression in two data sets was performed: NCI-60 data and expression data from ten
melanoma and five NHEM samples (MM).

TF Count p-value miR with BS PCC NCI-60 PCC MM
KDM4A 3 0.03354925 9/10 -0.04 -0.57
FOXO03 1 0.03560158 8/10 0.09 0.37
MAZ 6 0.04064093 4/10 -0.59 -0.55
FOXA1 7 0.04372247 5/10 -0.27 0.18
TP73 2 0.04666879 8/10 -0.11 -0.11
SNAI1 1 0.05299111 6/10 -0.05 0.04
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The transcription factor MYC Associated Zinc Finger Protein (MAZ) was connected to six
of the miRNAs and showed strong negative correlation with NT5E expression in both data
sets. But only four miRNAs also exhibited a binding site for MAZ. These four miRNAs were
miR-134-3p, miR-1293, miR-6859-3p and miR-3126-5p. Lysine Demethylase 4A (KDM4A)
exhibited a strong negative correlation with NT5E in the MM data set and nine miRNAs
exhibited a potential binding site for the KDM4A 3‘-UTR. Only miR-3126-5p had no binding
site for KDM4A. TP73 expression was only slightly negatively correlated with NT5E levels
but eight miRNAs could bind to TP73 3°-UTR. All transcription factors from table 4.28 were
selected for further analysis.

For the revealed 11 transcription factors based on the EdgeStrength-Matrix, their correlation
with NT5E expression in the NCI-60 data set was tested to extract the potential transcrip-
tional repressors. The results of the correlation analysis are shown in table 4.29. Significant
correlations with NT5E are marked in red or blue. Four transcription factors exhibited a
significant correlation with NT5E expression across the NCI-60 panel. SMAD3 and SMAD5
were strongly positively correlated with NT5E and are likely transcriptional activators. But
to find the missing link the focus was set on potential NT5E inhibitors. Thus, GFI1 and
SP1, which showed significant negative correlation with NT5E, were of most interest. These
two regulators are likely to be transcriptional repressors. Indeed, GFI1 is a transcriptional
repressor and has been already described in literature to inhibit NT5E in murine cells [40].
SP1 is a transcription factor, that can activate or inhibit target gene expression. For these
two potential NT5E inhibitors it was checked, whether the NT5E enhancing miRNAs would
exhibit binding sites for their respective 3‘-UTR. For SP1 only miR-6859-3p had a binding
site. The other nine miRNAs were not predicted to interact with SP1 3*-UTR. Also, the
expression level of SP1 in MDA-MB-231 and especially in SK-Mel-28 was really low. Thus,
it was unlikely, that SP1 was the missing link. GFI1 was also weakly expressed in the two
cell lines, but the levels were not as low as for SP1. And for GFI1, seven out of ten miRNAs
exhibited a binding site for the GFI1 3’-UTR. Thus, GFI1 was included for further analysis.

Table 4.29: Correlation analysis with NTHE expression. NCI-60 data was used to assess the
correlation of selected transcriptional regulators with NT5E. Also expression levels (z-score)
for MDA-MB-231 and SK-Mel-28 are given. Significant correlations are marked in red or
blue.

Transcription factor Correlation MDA-MB-231 SK-Mel-28

ATF1 -0.31 -0.30 -2.12
ATF2 -0.01 0.37 0.75
FOXP3 -0.17 -0.80 0.58
GFI1 -0.40 -0.20 -0.38
SMAD2 -0.06 -0.31 0.02
SMAD3 0.51 0.57 -0.40
SMAD4 0.12 0.09 -0.45
SMADS5 0.42 0.59 -0.55
SP1 -0.48 -0.45 -1.69
STATS3 -0.02 0.15 -0.99
TCFE7 -0.17 -0.49 -0.50
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For the RNA-Seq data from ten melanoma cell lines and five NHEM samples generated
in this study, it was searched for genes that are significantly negatively associated with
NT5E mRNA levels. The top ten genes with the highest negative correlation to NTHE
expression are given in table 4.30. Also a short gene information is given as well as the
number of NT5E enhancing miRNAs that harboured a potential binding site for the respective
gene based on miRmap. There were some genes with a very strong negative association to
NT5E levels like C-Terminal Src Kinase (CSK) or COMM Domain Containing 4 (COMMDA4).
Also the transcriptional repressor TCF25 exhibited a very strong negative correlation with
NT5E expression. Nevertheless, none of the relevant miRNAs had a binding site for this
transcription factor. Since overall only one gene was associated with more than half of the
NT5E enhancing miRNAs, correlation analysis was repeated with a focus on genes, that are
predicted to be regulated by a set of NTS5E enhancing miRNAs. The results are shown in
table 4.30. Only genes with negative correlation (PCC < -0.4) were considered. The top ten
genes with highest number of predicted miRNAs regulating them are shown. Five genes were
predicted to be regulated by seven of ten NT5E enhancing miRNAs. Especially Zinc Finger
Protein 346 (ZNF346) appeared as promising, since its function involves binding to specific
miRNA hairpins. Also CCR4-NOT Transcription Complex Subunit 6 Like (CNOT6L) was
an interesting candidate targeted by six miRNAs. It has a 3’-5’ poly(A) exoribonuclease
activity and is linked to miRNA-mediated repression, translational repression and mRNA
degradation. Since NT5E has a quite big 3’-UTR and is heavily regulated by miRNAs, a
knock-down of a gene involved in this miRNA-mediated repression might enhance the overall
NT5E levels observed upon transfection of the selected miRNAs. Also Ring Finger Protein 4
(RNF4) could be interesting to further study since it is known to involved in transcriptional
regulation. But the negative correlation in this data set was not significant. CNOT6L and
ZNF 346 were selected for subsequent experiments.

Table 4.30: Correlation analysis with NT5E expression. RNAseq data was used to find
genes with strongest negative correlation to NTS5E mRNA level across ten melanoma cell
lines and five NHEM specimens. Top ten genes with highest negative Pearsons correlation
coefficient (PCC) are shown. Also the number of NT5E enhancing miRNAs with potential
binding sites (BS) are given.

Gene PCC p-value Gene info miR with BS

CSK -0.91 < 0.0001 Non-receptor tyrosine-protein kinase 1/10

COMMD4  -0.91 < 0.0001 Downregulates NFKB 0/10

NELFA -0.87 < 0.0001 Negative Elongation Factor Complex 4/10
Member

POLR2E -0.83  0.00013 RNA Polymerase I, I And III Subunit 0/10
E

TIMM13 -0.82  0.00021  Mitochondrial intermembrane chap- 6/10
eron

TCF25 -0.81  0.00024  Acts as a transcriptional repressor 0/10

YBX1P1 -0.80  0.00033 Pseudogene no data

AC012306.2 -0.80 0.00038 Novel Transcript no data

AAMP -0.78  0.00055 Angio Associated Migratory Cell Pro- 2/10
tein

TARBP2 -0.78  0.00055  Subunit of RISC Complex 1/10
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Table 4.31: Correlation analysis with NT5E expression. RNAseq data was used to find
genes with strongest negative correlation to NTS5E mRNA level across ten melanoma cell
lines and five NHEM specimens. Top ten gene with highest number of predicted miRNAs
are given.

Gene PCC p-value Gene info miR with BS

ACAD9 -0.59 0.01942 acyl-CoA dehydrogenase 7/10

TRIM2 -0.54  0.03964 E3 ubiquitin-protein ligase 7/10

HNRNPAO -0.51 0.05346 mRNA-binding component of ribonu- 7/10
cleosomes

ZINF346 -0.49 0.06622 may bind to specific miRNA hairpins 7/10

RANBP10 -0.45 0.09251 act as an adapter protein 7/10

DNAJB12 -0.64 0.01042 acts as a co-chaperone 6/10

CNOT6L -0.57  0.02685 mRNA degradation, miRNA-mediated 6/10
repression

DRG2 -0.56  0.02898 GTP-binding protein known to func- 6/10
tion in the regulation of cell growth and
differentiation

SORT1 -0.54  0.0382  sorting receptor in the Golgi compart- 6/10
ment

RNF4 -0.47  0.07778 acts as a transcription regulator 6/10

Microarray analysis identified ARNT2 and MYBL2 as potential repressors of
NT5E expression

To globally assess the changes upon miRNA transfection, microarray gene expression pro-
filing was used. Therefore, MaMel-02 and MDA-MB-231 cells were transfected with NT5E
enhancing miRNAs and RNA was isolated two days post transfection and sent for microarray
profiling using Affymetrix Clarion S human chip. The transfection of MDA-MB-231 cells was
performed by the master student Tsu-Yang Chao in our lab. Each condition was performed
in triplicates and fold changes were calculated relative to mimic control-1 samples. There was
a special interest in the down-regulated genes upon miRNA transfection. Thus, the analysis
was focussed on genes, that were down-regulated compared to mimic control-1 which is re-
flected by fold change smaller than 0.5. The number of down-regulated genes for each miRNA
and cell line are given in table 4.32. Also the overlap between the cell lines is given. To note,
miR-1293 and miR-3116 were only tested in MaMel-02. miR-6514-3p and miR-224-3p were
only tested in MDA-MB-231 cells. A mock condition (transfection reagent only) was tested
and it was found that the difference between mock samples and mimic control-1 transfected
samples was marginal. For MaMel-02, only six genes were down-regulated (FC < 0.5) com-
pared to control-1, and in MDA-MB-231 only one gene was differentially lower expressed in
mock. The first priority was to find common down-regulated target gene shared by most of
transfected miRNAs and ideally also consistent between the different cell lines tested. Thus,
it was searched for genes with the highest overlap between conditions. Overall, miR-34b-3p
led to the lowest number of strongly decreased genes and seven targets were inhibited in
both cell lines. For miR-~134-3p, the highest overlap between the cell lines could be observed
with 36 shared genes. For miR-4672, 25 genes were down-regulated in both cell lines and
22 genes for miR-6859-3p. For miR-3126-5p, 13 genes overlapped between MaMel-02 and
MDA-MB-231.
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Table 4.32: Number of genes with a fold change < 0.5 compared to mimic control-1 samples.

Gene MaMel-02 MDA-MB-231 Overlap
miR-134-3p 99 168 36
miR-34b-3p 20 41 7
miR-3126-5p 87 155 13
miR-4672 125 82 25
miR-6859-3p 73 51 22
miR-6514-3p NA 288 -
miR-224-3p NA 98 -
miR-1293 158 NA -
miR-3116 170 NA -
mock 6 1 0

The overlap of down-regulated genes for MaMel-02 are depicted in figure 4.48. miR-34b-3p
and miR-3116 were not included in this Venn diagram, since five gene lists was the maximum
number for generating a Venn diagram with the tool used. But in table 4.33 the top-shared
targets for all miRNAs are listed including information about how many miRNAs have a
predicted binding site for the respective 3*-UTR. Nine genes were inhibited by at least four
miRNAs. TKTL1 was inhibited by six of the seven miRNAs followed by PPTC7, which was
decreased by five miRNAs. But both genes encode for enzymes rather related to metabolism
and are probably not related to NT5E regulation. More interesting were transcription factors
like ARNT2 and MYBL2, which were inhibited by four miRNAs.

ek
R

Figure 4.48: Venn diagram of down-regulated genes in MaMel-02. Overlap of
down-regulated genes (fold change < 0.5) between different miRNAs are depicted.
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Interestingly, the ARNT2 3-UTR had binding sites for all seven miRNAs and the MYBL2
3-UTR for five miRNAs, which made them promising candidates for further investigations.
Also RAB15 and FURIN might be interesting for further testing. RAB15 is a GTPase
involved in autophagy and protein metabolism. FURIN is a endoprotease that is important
for activating TGFB1.

Table 4.33: Top shared genes with a fold change < 0.5 compared to mimic control-1 samples
for transfected MaMel-02. All genes, that were down-regulated by at least four miRNAs are
shown.

Gene No down No BS Gene info

TKTL1 6 2 Transketolase Like 1; This reaction links the pentose
phosphate pathway with the glycolytic pathway; Pro-
tein phosphatase which positively regulates biosynthe-

sis of the ubiquinone, coenzyme Q
PPTCT7 5 6 Protein Phosphatase Targeting COQ7

RAB15 4 5 Member RAS Oncogene Family; Among its related
pathways are Metabolism of proteins and Autophagy
Pathway

ARNT?2 4 7 Aryl Hydrocarbon Receptor Nuclear Translocator 2;

Among its related pathways are Transcriptional mis-
regulation in cancer; Transcripion factor

MYBL2 4 5 MYB Proto-Oncogene Like 2, Transcription factor in-
volved in the regulation of cell survival, proliferation,
and differentiation. Transactivates the expression of
the CLU gene

FURIN 4 6 Ubiquitous endoprotease; Mediates processing of
TGFBI, an essential step in TGF-beta-1 activation

MFSD2A 4 2 Sodium-dependent lysophosphatidylcholine (LPC)
symporter

SLC28A3 4 4 Nucleoside transporters, such as SLC28A3, regulate

multiple cellular processes, including neurotransmis-
sion, vascular tone, adenosine concentration in the
vicinity of cell surface receptors

KCNN4 4 1 Forms a voltage-independent potassium channel that
is activated by intracellular calcium

The overlap of down-regulated genes for MDA-MB-231 cells is depicted in figure 4.49. miR-
34b-3p and miR-224-3p were not included in this Venn diagram. In table 4.34 the top-shared
genes with a decreased expression for all miRNAs are listed. Overall, 20 genes were down-
regulated compared to mimic control-1 (Fold change < 0.5) for at least five of the seven
individually transfected miRNAs. 40 genes were inhibited by at least four miRNAs. Sur-
prisingly, a majority of these genes were histones. But none of the histone genes except
HIST2H2A A3 exhibited any binding sites for the investigated miRNAs within their 3*-UTR.
Only miR-~6514-3p had a predicted binding site for HIST2H2A A3 3‘-UTR. Only the two genes
Denticleless E3 Ubiquitin Protein Ligase Homolog (DTL) and Aurora Kinase A And Ninein
Interacting Protein (AUNIP) exhibited a binding site for four miRNAs. DTL is involved in
DNA damage pathways, cell cycle control and also has connection to TGF/ signalling.
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Also AUNIP is involved in DNA damage mechanisms. A direct link of these genes to NT5E
seems unlikely. To uncover further more relevant genes, it was decided to specifically look for
genes exhibiting a significant negative correlation with NTS5E mRNA levels. Therefore, the
Pearsons correlation coefficient was calculated for all genes with NTHE levels across all 27
MaMel-02 samples and all 27 MDA-MB-231 samples, respectively. In total, there were 194
genes with a significant negative correlation (PCC < -0.38) in both cell lines. For the ten
genes, with the best correlation in both cell lines, it was checked whether these genes have
potential binding sites within their 3‘-UTR for the ten NT5E enhancing miRNAs. The re-
sults are summarized in table 4.35. The strongest negative correlation with NT5E expression
was found for Proline Rich Coiled-Coil 2A (PRRC2A). But none of the ten NT5E enhancing
miRNAs had a predicted binding site for this gene. The second strongest negative correlation
was observed for ARNT2. Excitingly, all ten NT5E enhancing miNRAs had a predicted bind-
ing site for ARNT2 3--UTR. The ARNT?2 transcription factor was a very promising candidate
for the missing link and will be further investigated. The ARNT and ARNT2 transcription
factors belong to the family of basic helix-loop-helix Period/ARNT /Single-minded (bHLH
PAS) and form heterodimers with hypoxia-inducible factors 1 and 2 (HIF-1/2) or aryl hy-
drocarbon receptor (AHR) [97].

DTL
LMNB1
CDC6
CCNE2

HIST2H2AA3
HIST2H2AA4

HIST2H2AB
NOX5
HIST1H2BH
HIST1H2B)
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Figure 4.49: Venn diagram of down-regulated genes in MDA-MB-231. Overlap of
down-regulated genes (fold change < 0.5) between different miRNAs are depicted.
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Table 4.34: Top shared genes with a fold change < 0.5 compared to mimic control-1 samples
for transfected MDA-MB-231. All genes, that were down-regulated for by least five miRNAs

are shown.
Gene No down No BS Gene info
HIST1H2BM 7 0 Histone, core component of nucleosome
HIST1H2BL 7 0 Histone, core component of nucleosome
HIST1H2AM 7 0 Histone, core component of nucleosome
HIST2H2AA3 6 1 Histone, core component of nucleosome
HIST2H2AA4 6 0 Histone, core component of nucleosome
HIST1H2AL 6 0 Histone, core component of nucleosome
HIST1H2BJ 6 0 Histone, core component of nucleosome
DTL 5 4 Denticleless E3 Ubiquitin Protein Ligase Homolog
AUNIP 5 4 Aurora Kinase A And Ninein Interacting Protein
HIST2H2AB 5 0 Histone, core component of nucleosome
RFC4 5 1 Replication Factor C Subunit 4
CENPU 5 2 Centromere Protein U
HIST1H2BH 5 0 Histone, core component of nucleosome
HIST1H3B 5 0 Histone, core component of nucleosome
CCNE2 5 3 Cyclin E2
FAM111B 5 1 trypsin-like cysteine/serine peptidase
POLE2 5 1 DNA polymerase epsilon, which is involved in DNA repair and

replication

NOX5 5 1 NADPH Oxidase 5
CDC6 5 3 Cell Division Cycle 6
KIF15 5 1 Kinesin Family Member 15

Table 4.35: Top ten genes with highest negative correlation to NTS5E mRNA levels. Pear-
son’s correlation coefficient (PCC) were calculated for all 27 MDA-MB-231 (MDA231) and
all 27 MaMel-02 (MMO02) samples, respectively. Potential binding sites for NT5HE enhancing
miRNAs were obtained with miRmap.

Gene PCC MDA231 PCC MMO02 No BS Gene info

PRRC2A -0.884 -0.573 0 may play a role in the regulation of pre-
mRNA splicing

ARNT2 -0.537 -0.913 10 transcription factor

WDRS2 -0.775 -0.628 6 regulatory component of the SET1
complex implicated in the tethering of
this complex to transcriptional start
sites of active genes

ACSL1 -0.577 -0.791 5 long-chain fatty-acid-coenzyme A lig-
ase

STXBP1 -0.552 -0.816 8 Syntaxin Binding Protein 1

TMEM214 -0.814 -0.527 4 critical mediator, in cooperation with
CASP4, of endoplasmic reticulum-
stress induced apoptosis

FBL -0.761 -0.562 0 S-adenosyl-L-methionine-dependent
methyltransferase

WDR5H -0.645 -0.667 3 contributes to histone modification

TMISF4 -0.761 -0.536 7 associates with proteins harboring
glycine-rich transmembrane

ZNHIT3 -0.665 -0.628 4 Zinc Finger HIT-Type Containing 3

To find the missing link between miRNAs and elevated NT5E levels, the following genes were
selected for further analysis: ARNT2, CNOT6L, COMMD4, FOXP2, FURIN, GFI1,
MAZ, MYBL2, PPTC7, TP73 and ZNF346.
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The expression of these genes and changes upon miRNA transfection are shown in figure 4.50
for MaMel-02 and in figure 4.51 for MDA-MB-231. Also the effect on NT5E was included.
For both cell lines all transfected miRNAs could significantly increase NT5E expression.

MaMel-20 MaMel-20 MaMel-20
NT5E mRNA level ARNT2 mRNA level CNOT6L mRNA level
£ 8000 2 1500 2 500
© © ©
> > >
2 6000 5w & 2 2400 z %
] - & B 1000 > 2 - -J_- -» A{"
g = 2 g - % g 300
£ 4000 re < - £ ? -
% £ 500 = m § 20
o b o
& 2000 & B - bt &
£ g ¢ 100
R e — S o S o
& SR ﬂ?'s‘? R SR «.,Q D;5Q o ¢,<z Ngﬂ’ & S RNE R R R P
e“‘n}*e-x'be-'@@ o“@""’\"-“’@q.’(vq. & P B o 0
€ FTEF TS & @S EE S € FTELFE TS
<& & <« RS & <« RS &
MaMel-20 MaMel-20 MaMel-20
COMMD4 mRNA level FOXP2 mRNA level FURIN mRNA level
2 1500 8 150 2 600
s s s
> > >
z z . % z %
2 1000 ® 100 ® @ 400 rxx .
c =2 c - c =
g & 5 . & g -I- [ 4- g i U
E L E - & 1 E [ T
] - Y I ‘ 3 R i
S 500 3 50 3 200 M Gy oo
o o o -
£ £ £
2 ol —— 2 ol —— 2 e
N oaR Q R AV R P N oR 2 R QR P NoF aR o0& aR aR AV R P
& g & S & E g B S
& & & P NSy o & & & F N 50*’ F N g & PENEENE
8 6‘(&\ & € < &8 (@@q. «“&\q. & < &8 &(&@Q. 6‘&3. &
MaMel-20 MaMel-20 MaMel-20
GFI1 mRNA level MAZ mRNA level MYBL2 mRNA level
2 800 g 800 g 1500
= = = *xwx
> > > fos
2 600 - 2 600 2z ©
® ] ;I; - @ » L e % 1000
k] | k] pa— fid % = 2
€ 400 > T+ S 400{ - %= E > & .
[ 3 3 E
§ $ S e E
o 200 o 200 o * .§.
g : : &%
2 o 2 o 2 o
N 0*‘0?‘8 5\'@ h?ﬁ on »g;\q' QbQ 09'5 o" &S R 5\\ aR 5Q ¢ R 09'5 o\'\ og’}‘ R ";\\ >I5Q 5Q bc,Q '39'5
SHERIE P Y Y SR Y .g: N \‘&u..;hqg:>.;».
F @ EFEESE & & E S «“‘@ & & LTSS E
& & & & & & & S & & & S
MaMel-20 MaMel-20 MaMel-20
PPTC7 mRNA level TP73 mRNA level ZNF346 mRNA level
8 1500 g 110 g 400
® © ©
> > >
%‘ %‘100 o %‘300
1000 ¥ .
3 1=
E E 9 E 200
3 * N o S .;. ° =t i @ E
Q o *x Q -3
S 500 - 8 {! % g
a L - a 80 a 100
£ £ £
£ £ £
2 T 2ol 2 ol —
N N
O F GRS R G R & »}’?’Q e »6\'1' R P & & S Vnﬁ ‘;’Q Tt
§ ST P N R S € & T ELLE
d é{% &(&@ & &ég: <& < @Q-@Q-(&Q. & <~‘ <€ d & &&‘Q'\@" @@Q_. &

Figure 4.50: Expression of selected genes in MaMel-02 cells. Expression data from
microarray experiment are shown for candidates genes that might drive the observed NT5HE
up-regulation upon miRNA transfection. One-way ANOVA was performed to calculate p-
values always comparing to mimic control-1. *: p < 0.05, **: p < 0.01, ***: p < 0.001,
Rk p < 0.0001.
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Strikingly, ARNT2 expression was significantly lower for all transfected miRNAs except miR-
6514-3p in both cell lines. Only the decrease mediated by miR-6514-3p in MDA-MB-231 was
not significant. For CNOTG6L no significant changes in MaMel-02 could be observed. In
MDA-MB-231 cells, miR-224-3p, miR-134-3p and miR-4672 led to significant inhibition of
CNOT6L.

FOXP2 expression was very low in both cell lines, and no changes upon miRNA transfec-
tion could be measured. COMMD4 showed quite sustained expression in both cell lines. In
MaMel-02 cells miR-134-3p and miR-3126-5p could lower COMMD4 expression whereas miR-
4672 increased COMMD4 levels. For MDA-MB-231 cells five of seven transfected miRNAs
significantly reduced COMMD4 mRNA levels. Only miR-4672 and miR-224-3p had no ef-
fect. FURIN levels were strongly decreased by all transfected miRNAs for MaMel-02. In
MDA-MB-231 cells, only miR-34b-3p and miR-3126-5p could decrease FURIN mRNA levels
and miR~224-3p even led to an increase in expression levels. For the already known NTSHE
inhibitor GFI1, no significant alterations could be detected upon miRNA transfection. MAZ
mRNA levels could be significantly repressed in MaMel-02 cells by miR-134-3p, miR-6859-
3p, miR-3126-5p and miR-~1293. In MDA-MB-231 cells also a significant reduction of MAZ
levels caused by miR-134-3p, miR-3126-5p and miR-~6859-3p were observed. But miR-224-3p
and miR-4672 strongly enhanced MAZ expression. MYBL2 levels were lowered by six of the
seven transfected miRNAs in MDA-MB-231 cells. Only miR-4672 had no significant effect.
In MaMel-02 cells also most miRNAs drastically decreased MYBL2 levels, except for miR-
34b-3p and even a strong increase could be measured upon miR-4672 treatment. For TP73,
the basal expression levels were quite low and only in MDA-MB-231 cells a significant reduc-
tion caused by miR-224-3p and miR-6514-3p could be detected. Regarding the ZNF346 no
changes in both cell lines were determined. But PPTCT7 levels were significantly altered. In
MDA-MB-231 cells, miR-224-3p, miR-6859-3p, miR-4672 and miR-6514-3p reduced PPTC7
levels whereas miR-3126-5p caused an up-regulation. In MaMel-02 cells six miRNAs caused
a significant reduction of PPTC7 expression and only miR-3126-5p had no effect compared
to mimic control-1.

The next step would be to test by siRNA-mediated knock-down, whether the selected genes
really have an impact on NT5E expression levels. Ideally, the siRNA treatment would en-
hance NT5E expression and mimic the observed effects of the NT5E enhancing miRNAs.
Most promising candidates for such knock-down experiments were ARNT2, MAZ, MYBL2
and COMMD4. Furthermore, the miRNA mediated inhibition of those genes should be
verified in additional independent experiments and a direct interaction must be proven by
luciferase reporter assays.

To get more information on the selected genes and their potential interaction with NT5E, the
ConTraV3 tool was used to check for potential binding sites within the NT5E promoter [130].
It was investigated whether the following transcription factors have a binding site within the
NT5E promoter: ARNT2, FOXP2, GFI1, MAZ, MITF, MYBL2, SOX9 and TP73. SOX9
was included, since this transcription factor was enriched for target genes of NT5E enhancing
miRNAs as well as for the miRNAs that activated NT5E and ENTPD1 surface expression.
SOX9 might be a relevant regulator of both surface enzymes. FOXP2 was included, since it
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Figure 4.51: Expression of selected genes in MDA-MB-231 cells. Expression data
from microarray experiment are shown for candidates genes that might drive the observed
NT5E up-regulation upon miRNA transfection. One-way ANOVA was performed to calculate
p-values always comparing to mimic control-1. *: p < 0.05, **: p < 0.01, ***: p < 0.001,
REX p < 0.0001.

was among the top shared targets of miRNAs up-regulating NT5E in both cell lines used for
the library screen. GFI1 was included, since it was one of the few already known transcrip-
tional repressors of NT5E. MITF was also used for this analysis, since this key regulator in
melanocytes and melanoma cells was identified by Tsu-Yang Chao in our lab to be amongst
the most important regulators of differentially expressed genes caused by miRNA transfec-
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tion. The outcome of the ConTraV3 analysis is shown in figure 4.52. For five transcription
factors, binding motifs within the NT5E promoter were found. MITF exhibits one binding
site within the front part of the promoter. MYBL2 exhibits three distinct binding sites as
well as GFI1. For SOX9 also one binding site could be determined. The highest number
of potential binding sites was found for FOXP2. In total, the NT5E promoter contained
four distinct motifs for potential FOXP2 binding. For ARNT2, MAZ and TP73 no motifs
were found within the NT5E promoter. Either these regulators can bind to other regulatory
elements e.g. in 5-UTR or 3-UTR of NT5E or they might exert their potential negative
function indirectly e.g. by targeting other regulators involved in controlling NT5E expres-
sion. Interestingly, comparison with the mouse Ntbe promoter revealed several binding sites
for SOX9 and one binding site for MYBL2 and FOXP2, respectively.

Foxp2  NT5E chr6:86159301, NM_002526

: : S

human ‘ l

) ‘ | 5:v 100 l/ 15:\| z:-g‘ :sc| w0 250 \|/4c3 ‘ 450 \\5:: 550 600

MITF MYBL2 GFIl SOX9 FOXP2 MYBL2 GFI1

T T T T T T T T T
200 250 200 350 400 450 500 550 800

Figure 4.52: Binding motifs within human NT5E promoter. ConTraV3 tool was
used to assess potential binding sites of transcriptional regulators suspected to inhibit NT5HE
expression. The NMO002526 RefSeq data was used as the input sequence for NT5E and it
was searched for binding sites within the promoter region (500-bp upstream). The stringency
parameters were set to core = 0.95 and similarity matrix = 0.85.
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4.11. From human to mouse

For the top miRNA candidates regulating immune checkpoint molecules NT5E or CD274 it
was checked, whether these miRNAs are conserved between mouse and man and whether
these miRNAs also regulate the corresponding target gene in Mus muculus.

4.11.1 Several miRNAs regulating NT5E are conserved between man and
mouse

Search for orthologous miRNAs was performed for 18 selected miRNAs, that showed a down-
regulation of NT5E levels in the miRNA library screen in both tested cell lines. In addition,
also the miRNAs showing the strongest effect for each individual cell lines were included.
Here, only miRNAs with a predicted binding site within the 3‘-UTR of NT5E were consid-
ered. In table 4.37 the human miRNAs with their corresponding sequences are compared
with the murine miRNA sequence. Non matching nucleotides are marked in red. For ten
miRNAs no corresponding mouse miRNA could be found. The following five miRNAs were
fully conserved between mouse and man: miR-92b-3p, miR-22-3p, miR-~193a-3p, miR-143-5p
and miR-148b-3p. miR-1298-3p also had a corresponding mouse orthologous miRNA only
differing by one nucleotide at the end of the mmu-miR-1298-3p sequence. Also miR-376¢-3p
had a mouse orthologous miRNA only differing in one nucleotide compared to the human
sequence. For miR-520d-3p also a corresponding mouse miRNA could be found by searching
for sequence similarity. The matching mouse miRNA was mmu-miR-294-3p, differing in four
nucleotides to hsa-miR-520d-3p. For the eight miRNAs which were conserved in mouse, it
was tested whether these miRNAs also exhibited binding sites in the mouse Ntbe 3’-UTR.
Using miRmap the number of binding sites was checked and the results are summarized in
table 4.38.

Five of the eight conserved miRNAs had one binding site within the mouse Nt5e 3’-UTR. The
direct binding of hsa-miR-22-3p and hsa-193a-3p in the human NT5E 3’-UTR, was proven
by luciferase reporter assay. Also the orthologous miRNAs in Mus muculus could bind Ntbe
3*-UTR.

Table 4.36: Binding sites of conserved miRNAs in Nt5e 3’-UTR.

miRNA Number binding sites
mmu-miR~22-3p 1
mmu-miR~193a-3p
mmu-miR~92b-3p
mmu-miR~1298-3p
mmu-miR-376¢-3p
mmu-miR~143-5p
mmu-miR~148b-3p
mmu-miR~294-3p

_ =0 OO O =
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Table 4.37: Sequence comparison of miRNAs regulating NT5E in humans.

miRNA

miRNA sequence

hsa-miR-92b-3p
mmu-miR-92b-3p

UAUUGCACUCGUCCCGGCCUCC
UAUUGCACUCGUCCCGGCCUCC

hsa-miR-22-3p
mmu-miR-22-3p

AAGCUGCCAGUUGAAGAACUGU
AAGCUGCCAGUUGAAGAACUGU

hsa-miR-193a-3p
mmu-miR-193a-3p

AACUGGCCUACAAAGUCCCAGU
AACUGGCCUACAAAGUCCCAGU

hsa-miR-8056

not conserved

CGUGGAUUGUCUGGAUGCAU

hsa-miR-1298-3p
mmu-miR-1298-3p

CAUCUGGGCAACUGACUGAAC
CAUCUGGGCAACUGAUUGAACU

hsa-miR-3118

not conserved

UGUGACUGCAUUAUGAAAAUUCU

hsa-miR-1285-5p
not conserved

GAUCUCACUUUGUUGCCCAGG

hsa-miR-4647-5p
not conserved

GAAGAUGGUGCUGUGCUGAGGAA

hsa-miR-3134
not conserved

UGAUGGAUAAAAGACUACAUAUU

hsa-miR-5584-3p
not conserved

UAGUUCUUCCCUUUGCCCAAUU

hsa-miR-1233-3p

not conserved

UGAGCCCUGUCCUCCCGCAG

hsa-miR-512-3p
not conserved

AAGUGCUGUCAUAGCUGAGGUC

hsa-miR-376¢-3p
mmu-miR-376¢c-3p

AACAUAGAGGAAAUUCCACGU
AACAUAGAGGAAAUUUCACGU

hsa-miR-143-5p
mmu-miR-143-5p

GGUGCAGUGCUGCAUCUCUGGU
GGUGCAGUGCUGCAUCUCUGG

hsa-miR-5190 CCAGUGACUGAGCUGGAGCCA
not conserved —
hsa-miR-4480 AGCCAAGUGGAAGUUACUUUA

not conserved

hsa-miR-520d-3p
mmu-miR-294-3p

AAAGUGCUUCUCUUUGGUGGGU
AAAGUGCUUCCCUUUUGUGUGU

hsa-miR-148b-3p
mmu-miR-148b-3p

UCAGUGCAUCACAGAACUUUGU
UCAGUGCAUCACAGAACUUUGU
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4.11.2 Compared to NT5E less miRNAs regulating CD274 are conserved
between man and mouse

Among the miRNAs which showed the strongest decreasing effect (z-score < -2.0) on CD274
expression in the miRNA library screen, only four miRNAs were conserved in mouse. Thus,
all 111 miRNAs with a significant decreasing effect on CD274 levels (z-score < -1.645) were
analysed for murine orthologous miRNAs. Only for 15 miRNAs orthologous miRNAs were
found. These miRNAs are listed in table 4.39. Six miRNAs including miR-151a-5p, miR-
330-3p or miR-214-3p were fully conserved between man and mouse with 100 % sequence
similarity. Four miRNAs differed in only one or two nucleotides like miR-222-3p or miR-
380-5p. For five miRNAs the sequences between man and mouse were more dissimilar e.g.
miR-7-2-3p.

Seven of the fifteen conserved miRNAs exhibited at least one binding site within the mouse
(Cd274 3’-UTR. The highest amount of distinct binding sites was found for mmu-miR-7a-3p
with six binding sites, followed by mmu-miR-146a-5p with four binding sites.

Table 4.38: Binding sites of conserved miRNAs in Cd274/Pdll 3’-UTR.

miRNA Number binding sites
mmu-miR~222-3p 0
mmu-miR~380-5p
mmu-miR~6769b-3p
mmu-miR-218-1-3p
mmu-miR~330-3p
mmu-miR-219a-2-3p
mmu-miR-~6769b-5p
mmu-miR~122b-5p
mmu-miR-146a-5p
mmu-miR~330-5p
mmu-miR-7a-2-3p
mmu-miR~214-3p
mmu-miR-876-3p
mmu-miR-~511-5p
mmu-miR-~151-5p
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miRNA

miRNA sequence

hsa-miR-222-3p
mmu-miR-222-3p

AGCUACAUCUGGCUACUGGGU
AGCUACAUCUGGCUACUGGGUCU

hsa-miR-380-5p
mmu-miR-380-5p

UGGUUGACCAUAGAACAUGCGC
AUGGUUGACCAUAGAACAUGCG

hsa-miR-6769b-3p
mmu-miR-6769b-3p

CCCUCUCUGUCCCACCCAUAG
CAUCUUCCCUGUCCCACCCAG

hsa-miR-218-1-3p
mmu-miR-218-1-3p

AUGGUUCCGUCAAGCACCAUGG
AAACAUGGUUCCGUCAAGCACC

hsa-miR-330-3p
mmu-miR-330-3p

GCAAAGCACACGGCCUGCAGAGA
GCAAAGCACAGGGCCUGCAGAGA

hsa-miR-219a-2-3p
mmu-miR-219a-2-3p

AGAAUUGUGGCUGGACAUCUGU
AGAAUUGUGGCUGGACAUCUGU

hsa-miR-6769b-5p
mmu-miR-6769b-5p

UGGUGGGUGGGGAGGAGAAGUGC

CCUGGUGGGUGGGGAAGAGC

hsa-miR-122b-5p
mmu-miR-122b-5p

UUUAGUGUGAUAAUGGCGUUUGA
UUUAGUGUGAUAAUGGCGUUUG

hsa-miR-146a-5p
mmu-miR-146a-5p

UGAGAACUGAAUUCCAUGGGUU
UGAGAACUGAAUUCCAUGGGUU

hsa-miR-330-5p
mmu-miR-330-5p

UCUCUGGGCCUGUGUCUUAGGC
UCUCUGGGCCUGUGUCUUAGGC

hsa-miR-7-2-3p
mmu-miR-7a-2-3p

CAACAAAUCCCAGUCUACCUAA
CAACAAGUCCCAGUCUGCCACA

hsa-miR-214-3p
mmu-miR-214-3p

ACAGCAGGCACAGACAGGCAGU
ACAGCAGGCACAGACAGGCAGU

hsa-miR-876-3p
mmu-miR-876-3p

UGGUGGUUUACAAAGUAAUUCA
UAGUGGUUUACAAAGUAAUUCA

hsa-miR-511-5p
mmu-miR-511-5p

GUGUCUUUUGCUCUGCAGUCA
AUGCCUUUUGCUCUGCACUCA

hsa-miR-151a-5p
mmu-miR-151-5p

UCGAGGAGCUCACAGUCUAGU
UCGAGGAGCUCACAGUCUAGU

Table 4.39: Sequence comparison of miRNAs regulating CD274 in humans. Differences in
sequences are marked in red.
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4.11.3 Effect of miRNAs on NT5E could not be recapitulated in mouse
cell line EO771-OVA-Luct

Since T cell assays and in vivo experiments could be more easily implemented in mouse model,
the effect of validated miRNAs was tested also in the murine breast cancer cell line EOQ771-
OVA-Luc™, which is known to express Ntbe [212, 224]. After comparing sequence similarities
between human and murine miRNAs that could potentially regulate Nt5e and Cd274 in the
murine system, the effects of the miRNAs in mouse breast cancer cell line EO771-OVA-Luc™
were tested. Also the non-conserved miRNAs were tested. For the following experiments
EQOT771 cell line stably expressing OVA and luciferase was utilized. Since this cell line is a
suitable target for killing assays, as there is an established OVA specific CTL line available
in our lab. By measuring luciferase signal intensity, the amount of killed cancer cells can be
easily monitored.

EO771-OVA-Luc™ cells were transfected with 50 nM miRNA or siRNA pool targeting Ntbe.
Two days post transfection the effect on Ntbe mRNA levels was assessed by qPCR and three
days post transfection the effect on Ntbe surface expression was measured by FACS. Also,
the change in Cd274 mRNA and surface levels were measured, since this could also impair
the T cell mediated killing. The results are shown in figure 4.53 and figure 4.54. miR-22-3p
and miR-193a/b-3p showed strong decreasing effect on NT5E in human cancer cells. But
in EO771-OVA-Luc™ cells this could not be detected on mRNA levels as well as on surface
expression levels. Although these miRNAs are conserved between mouse and human and are
also predicted to bind to the murine Nt5e 3‘-UTR. miR-4480, miR-1285-5p and miR-3134
showed, similar to human cells, a reduction in Ntbe mRNA levels. Interestingly, none of the
up-regulatory miRNAs showed a comparative effect in murine EO771-OVA-Luc™ cells. Most
of them even led to contrary results and decreased Nt5e mRNA levels upon transfection, like
miR-6514-3p and miR-224-3p. To note, miR-4480 and miR-3134 not only strongly decreased
Ntbe, but also Cd274 mRNA levels. Regarding cell surface levels miR-6514-3p, miR-4672
and miR-3126-5p enhanced Ntbe expression like in human cancer cells. But miR-134-3p,
which was one of the top-enhancing miRNAs, exerts an opposite effect in EO771-OVA-Luc™
cells and led to decreased Ntbe levels. Also, the top inhibiting miRNA miR-1285-5p did not
show the same effect in murine cells. miR-~-422a, miR-~3118 and miR-~3134 could decrease Nt5e
surface levels. Also, miR-4480 and miR-193a-3p slightly decreased Ntbe surface expression.
But only the siRNA pool could strongly decrease Nt5e expression at cell surface.
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TK114: EO771-OVA-Luc” 48 h p.t.
Nt5e mRNA level
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Cd274 mRNA level
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Figure 4.53: Change in Nt5e and Cd274 mRNA levels in transfected EO771-
OVA-Luct cells. 48 h post transfection with 50 nM miRNA or siRNA cells were harvested

and expression levels were measured by qPCR using Ubc and Actb as housekeeping genes.

Fold changes were calculated to mimic control-1 condition.
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TK116: EO771-OVA-Luc* 72 h p.t.
Nt5e surface level
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Figure 4.54: Change in Nt5e and Cd274 surface levels in transfected EOT771-

OVA-Luc™t cells.

Three days post transfection Ntbe and Cd274 surface expression was

measured by FACS
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4.11.4 Effect of miRNAs on CTL lysis

First, the effect of AMP addition to the co-culture of the OVA-specific CTL line with EO771-
OVA-Luc™ cells was tested. 6000 CTLs per well were co-cultured with 10.000 tumor cells for
24 h. The luciferase signal was measured to assess the amount of remaining viable cancer
cells. As shown in figure 4.55, the addition of CTLs without addition of AMP killed around
94 % of all cancer cells. With the addition to AMP to the co-culture, significantly less cancer
cells were killed compared to 0 mM AMP. For example, upon addition of 1 mM AMP the
CTLs killed around 87.5 % of all cancer cells. Compared to 0 mM AMP twice as much
cancer cells survived. But still killing was quite strong and in further assays a lower effector
to target ratio should be used, so that miRNA-mediated changes in killing can be monitored
more easily.
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Figure 4.55: Effect of AMP on CTL mediated killing of EO771-OVA-Luc™ cancer
cells. 10.000 EO771-OVA-Luc™ cells were co-cultured with 6000 OVA-specific CTLs per well
in 96-well plate without AMP or with addition of different concentrations of AMP. After 24
h, the luciferase signal intensity was measured to estimate the amount of viable cancer cells.
Significance was assessed by one-way ANOVA using Dunnett‘s multiple comparison test.
Samples with AMP addition were compared to 0 nM AMP. Four replicates were performed
per condition. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001

Before testing effect of miRNAs on CTL lysis, their effect on EO771-OVA-Luc™ cell viability
per se was tested since this could interfere with the CTL activity in the functional assays.
Therefore, EO771-OVA-Luc™ cells were seeded in 96-well plate and transfected with 50 nM
miRNA or Ntbe siRNA pool. After two days cell viability <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>