





““The only source of knowledge is experience’’

- Albert Einstein
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1 Introduction

1.1 Pancreatic Ductal Adenocarcinoma

Pancreatic cancer, also known as pancreatic carcinoma or adenocarcinoma of the
pancreas, is a relatively rare but very aggressive cancer, which accounts for about
3 % of all cancers in Germany. This kind of cancer is indeed responsible for about
6 % of all cancer deaths and is respectively classified as the ninth and tenth most
common cause of cancer death (Christmann, 2015). Pancreatic cancers can be
classified into different subgroups: cystic adenocarcinomas, acinar tumor as well
as ductal adenocarcinomas. Pancreatic ductal adenocarcinoma (PDAC) accounts
for over 95 % of pancreatic cancers making it the most common pancreatic cancer
type (Herrmann, 2018). PDAC holds the highest mortality rate of all solid organ
cancers and is classified as the fourth leading cause of cancer related deaths with
an approximate 5 year survival rate of around 9 % (Siegel et al., 2020). PDAC
results from the malignant transformation of exocrine pancreas cells which coat
the small excretory ducts of the glandular portion responsible for digestive
secretions (Christmann, 2015). The aggressive nature of cancer, which is
responsible for metastasis, late detection due to nonspecific symptoms, and
resistance to therapy speak to the poor prognosis of PDAC, which is also reflected
in the low survival rate of affected individuals (Siegel et al., 2020; Bartsch et al.,
2018). For instance, PDAC is known to be one of the most chemoresistant
carcinomas. The effect of therapies targeting cancer-associated molecular
pathways in this disease has therefore been unsuccessful. At the time of diagnosis,
metastasis has already occurred in 90 % of patients (Song et al., 2020). However,
no screening methods are currently available. To date, the best curative treatment
is complete surgical tumor resection (Springer Medizin, 2019). Since symptoms
of this disease appear very late and metastasis has already occurred in 90 % of
patients at the time of diagnosis, only a remaining 10 % of PDAC patients have re
sectable PDAC stages (Song et al., 2020; Orth et al., 2019). Consequently, to
detect PDAC at early stages, there is an enormous need for research in this area to
develop new therapies and discover better diagnostic markers. Indeed, very few
biomarkers only are routinely used to detect its presence and lesions before its
development (Bartsch ef al., 2018). The prognosis of increasing incidence is based
on causes of PDAC such as demographic risk factors due to aging in society, but

also environmental and lifestyle factors such as obesity, type 2 diabetes, chronic



pancreatitis, and increased alcohol and tobacco use. In a small proportion of
PDAC patients, genetic predispositions due to germline mutations in Breast
cancer genes 1 and 2 (BRCA1/2), Ataxia telangiectasia mutated (ATM), MutL
homolog 1 (MLH1), tumor suppressor protein p53 (TP53) and cyclin-dependent
kinase inhibitor 2A (CDKN2A), were found to be additional risk factors (Petersen
et al., 2010; Pihlak et al., 2017; Hu et al., 2018).

1.1.1 Pancreatic Ductal Adenocarcinoma Precursor Lesions

The development of PDAC is based on a process called "acinar-to-ductal
metaplasia" (ADM). This involves transdifferentiation of exocrine gland cells
(acinar) to epithelial-like (ductal) cells in response to various stimuli from the
tumor microenvironment (TME), such as tissue damage and inflammatory or
stress-related influences. Since the pancreas, unlike other organs of the
gastrointestinal tract, does not have a defined stem cell compartment, the
maintenance of pancreatic homeostasis and tissue regeneration is provided by the
exocrine (acinar) glandular cells. For this purpose, acinar cells are characterized
by high plasticity. These acinar cells acquire "progenitor" properties during the
before mentioned transdifferentiation process, which makes them more
susceptible to pro-oncogenic changes. This includes e. g., a gain-of-function
mutation of the proto-oncogene Kirsten Rat Sarcoma virus (KRAS). It is known
that 95 % of PDAC:s originate in mutations of the KRAS gene. The onset of the
ADM process is characterized as the initial step in the development of PDAC
(Orth et al.,2019). However, in most cases, there is an initial formation of
precursor lesions called pancreatic intra-epithelial neoplasias (PanINs) in various
stages of severity, PanIN1-3 with intermediate forms (Klimstra et al., 1994;
Hruban et al., 2008). Next-generation sequencing showed that mutations in the
KRAS gene as well as in tumor suppressor genes, such as TP53, CDNK2A,
and SMADA4, are very common in PDAC.

The development of pancreatic adenocarcinoma starting from an initial PanIN
(PanIN1) is accompanied by the acquisition of early mutations of the KRAS
oncogene, which is the most common mutation in PDACs (Hingorani et
al., 2003). In the vast majority of cases, inactivation of the pl 6INK4A protein and
the ARF-P53 tumor suppressor pathway follow in PanIN3, which corresponds to
the form of carcinoma in situ (Weinberg, 2014). Additional mutations of cancer-

related genes, such as overexpression of RAC-beta serine/threonine-protein kinase



(Akt2) and increased activity of its upstream regulator phosphoinositide 3-kinase
(PI3K) lead to invasive pancreatic cancer in stepwise progression, resulting in an

overall increase of tumor cell survival (Orth et al., 2019; Weinberg, 2014).

1.2 Tumor Microenvironment in PDAC

In the theory of immune surveillance of tumors, Paul Ehrlich (Ehrlich, 1909) as
well as Lewis Thomas (Thomas and Lawrence, 1959), and Macfarlane Burnet
(Burnet, 1970) already postulated that changes in a cell during the development of
a tumor can be recognized by the immune system as foreign and attacked. Cancer
cells can efficiently present their own antigens and activate immune responses
leading to their elimination. To escape immune surveillance and attack by the
immune system, tumor cells develop various strategies (Ribatti, 2017). These
include antigen loss, downregulation of major histocompatibility complex (MHC)
molecules, deregulation or loss of components of the endogenous antigen priming
signaling pathway, tumor-induced immunosuppression driven by cytokine release,
or direct interactions between tumor ligands and immune cell receptors (Garcia-
Lora et al., 2003). Immunoediting also contributes to this process by causing the
selection of tumor cell subpopulations that are recognized and eliminated by the
immune system, leaving behind resistant tumor cells that can continue to
proliferate and thus contribute to tumor formation (Bui and Schreiber, 2007).
Tumor stroma and the TME continue to play a critical role in PDAC progression
and metastasis. A desmoplastic stromal reaction (desmoplasia) is considered as
one of the characteristic features for PDACs, leading to massive activation of
stroma and stromal cells in the TME (Huber et al., 2020). Tumor stroma is the
term used to describe the connective tissue around carcinoma foci, which is very
rich in collagen (Chu et al., 2007). The cellular components of the PDAC stroma
include the extracellular matrix (ECM), endothelial cells, cancer-associated
fibroblasts (CAFs), mesenchymal stem cells, and various innate immune cells
such as macrophages, T cells, natural killer cells (NK cells), and neutrophils
(Ungefroren et al., 2011). Among themselves, these components communicate
and interact by means of either autocrine or paracrine signal transduction
(Grivennikov et al., 2010). An extensive stroma is not only present in PDAC, but

also chronic pancreatitis (Helm et al., 2014). This indicates that the beginning of



stromal development can be observed in the environment of the earliest PanIN
lesions before the maturing of PDAC (Detlefsen et al., 2005; Clark et al., 2007).

Stromal cells strongly influence TME as well as immune system interaction with
tumors (Coussens and Werb, 2002; Vasievich and Huang, 2011). Immune cells
residing in the TME, especially tumor-associated macrophages (TMAs), were

initially viewed as the body’s response to eliminate the tumor. There is now some

evidence that tumor-associated immune cells contribute significantly to
tumor development.

As early as 1863, the German pathologist Rudolf Virchow provided due to his
observations of the presence of immune cells within tumors the first indication of
a possible link between inflammation and cancer (Balkwill and Mantovani, 2001).
Yet, in the last decade, clear evidence has been obtained that the TME with its
inflammatory nature is an essential component of all tumors (Mantovani et al.,
2008) and inflammation has a tumor-promoting effect (Karin, 2006).

Also, in PDAC, immune cells and their involvement in tissue inflammation play a
significant role. This is reflected by the fact that chronic pancreatitis is a
recognized risk factor for the formation of pancreatic cancer (Grover and Syngal,
2010). In 2012, the Rhim et al. group was able to demonstrate a link between
tumor cell dissemination and inflammation in their PDAC mouse model, whereby
induction of pancreatitis allowed an increase in circulating pancreatic ductal
epithelial cells to be detected in the blood. In contrast, anti-inflammatory
treatment of pancreatitis with dexamethasone blocked cell dissemination.
Histological examination of the inflammatory areas showed numerous pancreatic
ductal epithelial cells with a mesenchymal and invasive phenotype already
detected in the PanIN stages. It can be concluded that inflammation enhances
cancer progression by entry into the circulation (Rhim et al., 2012).

Normal pancreatic tissue exhibits low infiltration of immune cells, in contrast, the
pancreatic stromal compartment undergoes fundamental changes during
progression to invasive PDAC (Protti and De Monte, 2013). With the formation of
an immunosuppressive milieu, there is an accumulation of diverse immune cells
(Helm et al., 2014). The main part of the immune infiltrate in the tumor stroma of
PDAC is formed by high numbers of TAMs and T cells (Komura ef al., 2015).
The TAMs represent the largest fraction and are present in chronic pancreatitis,

PanIN as well as in PDAC (Clark et al., 2007; Kurahara et al., 2011).



1.2.1 T cells in PDAC

T lymphocytes are the central effectors of specific cellular immunity. The totality
of T cells is detected with the surface protein CD3. This is expressed on
thymocytes and T cells. After their differentiation in the thymus, they are divided
into the main subgroups of CD8" and CD4" T cells, according to their surface
marker. Depending on their function (killing, activation, regulation) and
immunophenotypic surface molecules, these immune cells can be distinguished
(Janeway and Murphy, 2009). Under healthy conditions, the number of CD3" T
cells in the blood is higher than that of their subpopulations and the number of
CD4" T cells is higher than the number of CD8* T cells (Bosire et al., 2013).
During PDAC progression, there is an enrichment of CD4" T cells. In contrast, the
number of cytotoxic CD8" T cells declines (Clark et al., 2007). This statement
was also confirmed by the Hiraoka et al group. Their studies showed that there is
an accumulation of CD4" T cells during progression from PanIN to invasive
PDAC compared with the non-neoplastic inflammatory pancreatic stroma
(Hiraoka et al., 2006). Conversely, there was a decrease in intraepithelial
cytotoxic CD8" T cells during progression from PanIN to invasive PDAC.
Moreover, PDAC escapes immune surveillance by attracting and accumulating
CD4" T cells. Although the proportions of CD4" and CD8" T cells were
significantly lower in PDAC, the number of CD4" regulatory T cells was higher
than in chronic pancreatitis (Helm et al, 2014). The CD4" accumulation is
observed in blood and tumor tissue of PDAC patients, which correlates with poor
prognosis (Grivennikov et al., 2010; Hiraoka et al., 2006; Liyanage et al., 2002).
In contrast, high CD8" T cell density is associated with longer survival (Fukunage
et al., 2004). However, the study by Ino et al. reported that higher expression
levels of CD3" T, CD4" T, and CD8" T cells significantly correlate with longer
and disease-free survival in PDAC patients, whereas the opposite was observed
with lower expression levels of CD8" T (Ino et al., 2019). It is also known that
increased activation of CD4" T cells leads to increased inflammation in PDAC
and as well as accelerated tumor progression (Ochi et al., 2012; Grage-Griebenov
et al., 2014). All in all, T lymphocytes, as one of the predominant subsets of
immune cells, exert both tumor-promoting and tumor-suppressing effects on

PDAC (Liu et al., 2019).



1.2.2 Macrophages in PDAC

Macrophage infiltration can be observed in the early precursor lesions of PDAC
(Clark et al., 2007). Many studies demonstrate that for many human tumors, a
correlation can be identified between the number of infiltrating macrophages and
the prognosis for the patient. This observation indicates that macrophages are
important for tumor biology, for instance in invasive breast carcinoma, prostate
cancer, oral squamous cell carcinoma, gastric cancer, uveal melanoma, lung
adenocarcinoma, and in PDAC (Clark et al., 2007; Leek et al., 1996; Lissbrant et
al., 2000; Fujii et al., 2012; Zhang et al., 2011; Kawahara et al., 2010; Mékitje et
al., 2001; Steidl et al., 2010). For example, it has been demonstrated that
compared to normal pancreatic tissue, there is an increase in CD68" macrophage
number in PDAC tissue (Esposito et al., 2004).

It is well known that this increased amount of macrophages in some human
tumors such as invasive breast carcinoma, prostate cancer, oral squamous cell
carcinoma, gastric cancer, uveal melanoma, lung adenocarcinoma, and in PDAC
correlates with a worse prognosis and a decreased average survival time (Leek et
al., 1996; Lissbrant et al., 2000; Fujii et al., 2012; Zhang et al., 2011; Kawahara
et al., 2010; Mikitje et al., 2001; Steidl et al., 2010; Ino et al., 2013). In contrast,
the study by the Esposito et al. group provided that a correlation with cumulative
survival could not be observed in PDAC tissue (Esposito et al., 2004). Several
scientific studies demonstrate that M2- polarized macrophages from PDAC
patients exhibit a progression-promoting effect on tumors (Kurahara et al., 2011;
Ino et al., 2013). It has been shown that the number of M1- (HLA-DR") polarized
macrophages decrease with progression from chronic pancreatitis to PDAC,
whereas heavy infiltration of M2 polarized macrophages (CD163", CD204"), on
the other hand, significantly correlates with poorer prognosis and survival (Ino et
al., 2013). In addition, the research group of Kurahara et al. demonstrated that a
high incidence of M2 polarized TMAs (CD163", CD204") correlates with
increased lymphangiogenesis as well as lymph node metastasis and poor
prognosis (Kurahara et al., 2013). However, in the scientific studies, the group of
Helm et al. showed that the CD68" macrophages were more abundant in chronic
pancreatitis compared with PDACs but localized more closely to carcinoma cells
in PDAC. A similar observation was made for both M1- and M2- polarized
TMAs. Thereby, M1- (HLA-DR") macrophages also show up in areas with high



numbers of M2- (CD163") macrophages. This leads to the assumption that
macrophages of the PDAC infiltrate show M1 and M2 characteristics equally and
that it is primarily a mixed phenotype (Helm ef al., 2014). These results suggest
that TAMs have both anti-inflammatory and pro-inflammatory properties, through
which they equally influence the induction of epithelial-mesenchymal transition
and the development of PDAC (Helm ef al., 2014). Although it is known that high
numbers of TAMs are associated with poor prognosis, the role of this cell type in

pancreatic cancer remains partially still elusive.

1.3 Extracellular Vesicles

Extracellular vesicles (EVs) are membrane vesicles that are released by various
types of mammalian cells into the extracellular space. Based on their biogenesis,
EVs can be classified in microvesicles, exosomes (Van Niel et al., 2018), and
apoptotic bodies (Yafiez-M6 et al., 2015). Microvesicles arise by outward
budding from the plasma membrane and range from 50-500 nm
(Van Niel et al., 2018). Apoptotic bodies are membrane blebs released by cells
undergoing apoptosis and are 50-5000 nm in diameter (Raposo and Stoorvogel,
2013). The exosomes ranging in size from 30 to 100 nm originate from the
multivesicular endosome and are released by the fusion of multivesicular bodies

(MVB) with the plasma membrane (Sumrin et al.,18) (Figure 1).



Microvesicles

Exosomes

Cell of origin

.

Apoptotic bodies

Figure 1. Illustration of the biogenesis of several types of EVs, including microvesicles,
apoptotic bodies and exosomes. Exosomes are released upon fusion with the plasma membrane
(PM) of multivesicular bodies (MVBs). Microvesicles are formed by outward budding from the
plasma membrane and apoptotic bodies are released from cells undergoing apoptosis.

1.3.1 Exosomes in Cancer

In addition to immune cells, tumor cells are also capable of secreting EVs that are
related to cancer immunity used as a means of intercellular communication

(Sumrin et al., 2018). Several cancer cells produce elevated levels of exosomes,
for instance, in the breast (King et al., 2012), glioblastoma (Skog et al., 2008),
colorectal (Silva et al., 2012), brain (Graner et al., 2009), ovarian (Escrevente et
al., 2011), prostate (Mitchell et al., 2009; Nilsson et al., 2009), bladder (Welton et
al., 2010) and lung cancer patients compared to that of healthy individuals

(Rabinowits et al., 2009). In 2016, it has been demonstrated by Chiarugi and Cirri
that tumor cells even release at least 10 - fold higher number of exosomes into the
microenvironment than normal cells do. This leads to a manipulation of their
microenvironment from a normal state to a tumor state making it more favorable
for tumor growth, invasion, and drug resistance (Chiarugi and Cirri, 2016). For
instance, exosomes released from glioblastoma were found to be enriched in
angiogenic proteins that allowed them to stimulate angiogenesis in endothelial

cells (Skog et al., 2008). Besides the fact that tumor cells release a larger number



of exosomes compared to healthy individuals, it was shown by Akers et al. in
2013 that tumor-derived exosomes are capable of facilitating communication
between tumor and normal cells through the transport of growth factors,
chemokines, miRNAs, and other tumor molecular signatures that may contribute
to facilitating the discrimination between cancer afflicted patients and healthy
individuals (Akers et al., 2013). Moreover, tumor-derived exosomes seem to be
capable of playing different roles. In 2001, the research group Wolfers published
that tumor-derived exosomes serve as promoters of an anti-tumor immune
response by transferring tumor antigens to dendritic cells, resulting in CD8" T
cell-dependent anti-tumor effects (Wolfers et al, 2001). In contrast to the last-
mentioned case, exosomes released by tumor cells have also been implicated in
promoting tumor immune resistance as Andreola et al. showed that melanoma
cell derived exosomes induce apoptosis of T cells (Andreola et al., 2002). Thus,

exosomes from tumor cell seem to be involved in both, immunosurveillance and

immunotolerance. As it is previously reported exosomes play an important role in
pancreatic cancer progression. Pancreatic cancer exosomes induce the formation
of pre-metastatic niches in the liver by allowing the fibrotic environment
associated with exosomes to lead to the recruitment of macrophages from the
bone marrow, thus creating a pro-metastatic inflammatory environment (Costa-
Silva et al., 2015). It is known from various research groups that there are good
diagnostic markers for early detection of pancreatic cancer such as lipocalin 2
(Chakraborty et al,2012) or miRNA-196a/-b and even combinations of
biomarkers (Bartsch et al., 2018; Slater et al., 2013; Slater et al., 2014). Glypican-
1 was suggested as a biomarker in PDAC exosomes (Melo et al., 2015), however,
not found to be a good diagnostic marker for detection of PDAC in early stages
(Bartsch et al., 2018). For this reason, the search for more specific biomarkers

released by PDAC exosomes, in particular, will continue.



1.3.2 Exosome encapsulated miRNAs as based prognostic biomarkers for
PDAC

It is known that exosomes carry a characteristic and cell type-specific composition
of molecular cargo including proteins, lipids, miRNA, and mRNA inherited from
the parental cell (Raposo and Stoorvogel, 2013). In addition, EV mediated
miRNA transfer between immune cells, recent reports have suggested a
pathological significance for EV-mediated transport of tumor cell-associated

miRNAs.

MiRNAs, which were first described in 1993, are small noncoding RNAs and
consist of only 18-24 nucleotides in length (Lee ef al., 1993). They are involved in
the negative regulation of gene expression at the post-transcriptional level by
binding to the highly conserved 3' untranslated region (3'-UTR) of target mRNAs.
These target mRNAs are either inhibited from translation or degraded by cutting,
depending on the complementarity of the binding sequence and the proteins
involved. Thus, they participate in cellular protein synthesis, however, perform a
function virtually opposite to that of mRNA (He and Hannon, 2004).

MiRNAs undergo a processing procedure for maturation. Like all RNAs, miRNAs
are transcribed from DNA. The primary transcripts originate either from introns of
mRNA precursors, specific genes, or clusters from which multiple miRNAs can
be produced (Treiber et al.,2017). Initially, multiple primary miRNAs (pri-
miRNAs) are present in a large transcript. These pri-mRNAs are several hundred
to a thousand nucleotides long and contain the sequences of at least one miRNA.
At some sites, "stem-loop" structures of about 70 nucleotides in length are formed
(Lodish et al., 2013). These are recognized by the nuclear double-strand-specific
RNAse III DROSHA in the nucleus and excised from this transcript, giving rise to
individual precursor miRNAs (pre-miRNAs) (Treiber et al., 2017). Then the pre-
miRNAs can be transported from the nucleus into the cytoplasm with the help of
the transport protein "Exportin 5". There, they are trimmed by another RNAse III
(Dicer), thus forming a mature double-stranded miRNA called miRNA duplex.
One of these two miRNA strands is now incorporated into the RNA-induced
silencing complex, which is an enzyme complex abbreviated as "RISC". The
bound miRNA now associates with complementary regions of the 3'UTR of the

corresponding target mRNA. Here, more than one RISC loaded with miRNA bind
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to the mRNA for translational inhibition to occur (Lodish et al., 2013). Finally,
either inhibition of translation or degradation by cutting is initiated. Which of the
two effects occurs depends on the extent of complementarity between miRNA and
mRNA: in the case of full complementarity, cleavage of the mRNA occurs; in the
case of partial complementarity, only translational inhibition occurs (He and

Hannon, 2004) (Figure 2).

pri-miRNAs pre-miRNA

¥

Cy’[oplasm pre-miRNA '
=4

miRNA duplex

,
/\

mRNA cleavage Translational repression

Figure 2. Pathway of the microRNA maturation and the mechanism of post-transcriptional
repression of protein biosynthesis. In the nucleus the pri-miRNA is processed to pre-miRNA by the
RNAse DROSHA. Pre-miRNAs are transported into the cytoplasm with the help of exportin 5, where
it is converted into the mature double-stranded miRNA by the RNase Dicer. One strand of
the miRNA duplex is loaded onto the RNA induced silencing complex (RISC). This fusion associates
with the target mRNA and induces inhibition of translation or mRNA degradation by cutting.

There is plenty of evidence that miRNAs are dysregulated in different types of
cancer. Depending on which mRNA they affect, microRNAs can function either
as tumor suppressors, such as let-7b, miRNA-15a, and miRNA-16-1, or
oncogenes like miRNA-21 and -155 (Croce, 2009).

Many miRNAs show aberrantly high levels in cancer, contributing to
tumorigenesis and metastasis. In 2007, Szafranska et al. performed the first

analysis to study miRNA expression in PDAC in PDAC tissue cells (Szafranska et
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al., 2007). Many research groups have discovered that, for instance, miRNA-21, -
155, and -196 were consistently dysregulated in PDAC, indicating that these
miRNAs may serve as potential biomarkers for lesions and early-stage cancer
(Szafranska et al., 2007; Lee et al., 2007; Hernandez and Lucas, 2016). In this
regard, Lee et al. developed a survey of the expression pattern of microRNAs
associated with pancreatic cancer. They found that increased expression levels of
miRNA-221, -100, -125b, and -21 are observed in both exocrine and endocrine
pancreatic tumors (Lee et al., 2007). Based on these findings, Schultz et al.
attempted to compare the miRNA profile in the blood of pancreatic cancer
patients with healthy controls (Schultz et al., 2014). This new approach aims to
use EV encapsulated miRNAs as prognostic biomarkers for PDAC to enable early
diagnosis. In addition, ADAMS will be investigated as a potential biomarker in
the context of miRNAs encapsulated in EVs and as a surface protein of EVs for

the early diagnosis of PDAC.

1.4 ADAMS

ADAMS is a member of a disintegrin and metalloproteinase family which consists
of 21 human ADAM proteins (Murphy, 2008). It is a membrane-bound
metalloproteinase located on the surface of EVs with proteolytic activity
(Shimoda and Khokha, 2017; Das et al, 2016). This metalloproteinase is
composed of a basic modular structure of three entities with several segments as
seen in figure 3. ADAMS is initially synthesized as a proteolytically inactive
proform protein with multiple domains of 120 kDa. Autocatalytic cleavage of the
prodomain results in an active membrane-bound metalloprotease with a molecular
weight of 90 kDa, which can be further processed to a residual form of 60 kDa by
the release of the metalloproteinase domain into the extracellular matrix (Das et
al., 2016; Schlomann et al., 2015) (Figure 3).

As a cell surface protein, it fulfills important roles in many biological processes
(Roemer et al., 2004). With the help of its multidomain structure, ADAMS can
perform diverse cellular functions ranging from cell adhesion, cell fusion, cell
signaling to proteolysis. The metalloprotease-disintegrin ADAMS is also involved
in promoting PDAC tumor progression, invasion, and metastasis (Schlomann et
al., 2015). However, the expression profile of ADAMS in the TME remains still

elusive.
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Figure 3. Basic modular structure of ADAMS with possible three entities. ADAMS consists of
an N-terminal prodomain, a metalloprotease domain, a disintegrin domain, a cysteine-rich region,
an EGF-like (epidermal growth factor) domain followed by a single-span transmembrane domain
and a cytoplasmic tail at the C-terminal. Totally, three entities of ADAMS are possible (Das !"#$i,
2016; Schlomann !"#$#, 2015).

Since ADAMS is secreted by pancreatic cancer exosomes and these exosomes have
been shown to modulate TME through mechanisms that ADAMS can provide,
ADAMS serves as a mediator of signal transduction (Costa-Silva et al., 2015).
High levels of ADAMS expression negatively correlate with patient prognosis,
resulting in shortened survival and an increased metastatic spread in PDAC
(Valkovskaya et al., 2007). Further, ADAMS was reported to be highly expressed
in the vast majority of lung cancers (Ishikawa et al., 2004), in renal cancer (Roemer
et al., 2004) and in PDAC (Schlomann et al., 2015). An increased ADAMS
expression was also observed in TAMs as shown in glioblastoma (Gjorgjevski et
al., 2019). 1t is known that in triple-negative breast cancer (TNBC) patient serum
ADAMS specifically is involved in inducing miR-720 which results in increased
tumor migration and invasion (Das et al., 2016).

This novel approach aims to use ADAMS as a potential biomarker in the context of

EVs as well as of miRNAs for the early diagnosis of PDAC.
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1.5 Protein Arginine Methyltransferases

To relate to the research question, protein arginine methyltransferases (PRMTs)
are presented in this section, as well as previous findings related to PDAC.

PRMTs are enzymes that are involved in several cellular functions. The main task
of PRMTs is to transfer a methyl group from the methyl donor S-
adenosylmethionine (SAM) to the N-terminal of arginine residues of either
cytoplasmic or nuclear proteins, including histones (Jahan and Davie, 2015). This
transfer highlights the importance of PRMTs as key regulators in post-
translational modifications (Kim et al., 2016). Based on this, histone methylation
can alter chromatin architecture. Thus, the recruitment of protein complexes such
as transcription factors is facilitated and gene expression is influenced (Kim et al.,
2020). Besides the remodeling of the chromatin, arginine methylation plays a role
in various cellular processes, such as DNA repair, signal transduction, regulation
of gene expression like mRNA splicing, cell proliferation, translocations, protein-
protein interactions, and also immunological processes, for instance (Kim et al.,
2016). There are currently nine identified members of the PRMT family in
mammals. As seen in figure 4, PRMTs are classified into three types and catalyze
the formation of monomethyl arginine (MMA), which later develop to
dimethylarginines in Type II symmetric- (SDMA) or Type I asymmetric (ADMA)
conformation of the methyl groups by placing the second methyl group on the

substrate (Bedford and Richard, 2005) (Figure 4).
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Figure 4. PRMT catalysis and classification. Nine members of the PRMT family are identified in
mammals. The formation of monomethylarginine (MMA) is catalyzed by type I, I and III PRMTs.
By placing the second methyl group on the substrate Type I PRMTs catalyse asymmetric
dimethylarginine (ADMA), while type Il PRMTs form symmetric dimethylarginine (SDMA). The
PRMTs 1, 2, 3, 4, 6 and 8 belong to Type I PRMTs while type II PRMT includes PRMTS and 7 is a
type III PRMT. The enzymatic activity of PRMT9 remains still elusive (Morettin !"#$}., 2015).

According to the substrate, PRMTs can function as a transcriptional activator but
also as a suppressor in pancreatic cancer (Kim et al., 2016; Wang et al., 2016) and
are deregulated (Wang et al., 2016) or hyperactive (Song et al., 2020) in tumor
cells. Many PRMT-related publications focused on cancer show that PRMTs
promote oncogenesis in PDAC tumor cells (Song et al., 2020; Jarrold and Davies,
2019). In particular, the members of the type I PRMTs, namely PRMTI and
PRMT4, were those proteins we were interested in, as their biological functions of

expression in PDAC remain still elusive.
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1.6 Aim of the study

The main goal of this study is to identify good diagnostic markers to diagnose
PDAC at early stages, as the search for new potential biomarkers is a major
challenge for oncology and early detection is key to reducing disease and
mortality. In this context, exosomes are promising candidates for early PDAC
diagnosis. They are released by all cell types but play a poorly understood role in
cell communication. For this reason, I performed my experimental analyses on
serum exosomes based on both the protein and miRNA levels to detect promising
candidates as diagnostic markers to discriminate precursor lesions or PDAC from
healthy controls.

ADAMS, a disintegrin and metalloprotease 8, was detected on the surface of
serum exosomes and leads to increased metastatic capacity in PDAC. To achieve
the main objective of this work, my task was to determine the localization,
distribution, and amount of ADAMS in PDAC and tumor microenvironment by
IHC. Evaluations were performed to elucidate ADAMS8dependent signaling and
its effects on the TME of the PDAC.

In addition, dysregulations in the expression pattern of serum exosome miRNAs
reported to be differentially expressed in different cancer types were to be
identified. In this context, I investigated miRNAs in ADAMS-positive serum
exosomes, which could also serve as potential biomarkers for the prognosis and
diagnosis of PDAC.

A total cohort of 72 PDAC patients was studied, and 20 healthy individuals were
used as a comparison. All experiments were performed with the same patient
cohort to build an information network about PDAC and its potential biomarkers.
To establish a correlation between the regulation of serum exosome miRNAs and
protein arginine methyltransferases and to investigate their role in PDAC and its
microenvironment, PRMT1 and PRMT4 were investigated as potential biomarker
proteins in PDAC by IHC. Based on the knowledge already gained, the expression
of PRMT1 and PRMT4 should be investigated in the same patient cohort as
before, which is currently being continued in another ongoing project.
Asymmetric arginine dimethylation is catalyzed by type | PRMTs such as PRMT1
and PRMT4. Further functional characterization of the serum proteins PRMT1
and PRMT4 in PDAC will be one of the tasks in the further course of the project
already started.
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2 Summary of the publications

2.1 Cohort Analysis of ADAMS Expression in the PDAC Tumor Stroma

Christian Jaworek!”, Yesim Verel Yilmaz?#, Sarah Driesch?, Sarah Ostgathe!, Len
a Cook!, Steffen Wagner®, Detlef K. Bartsch?, Emily P. Slater?, Jorg W. Bartsch!

# These authors have contributed equally to this work

(2021). Cohort analysis of ADAMS expression in the PDAC tumor stroma.
Journal of Personalized Medicine, 11(2), 113.

2.1.1 Scientific summary of the publication

Tumor stroma and the TME continue to play a critical role in PDAC progression
and metastasis. A desmoplastic stromal reaction, desmoplasia, is considered as
one of the characteristic features for PDACs, leading to massive activation of
stroma and stromal cells in the TME. There is now some evidence that tumor-
associated immune cells can be observed in the environment of the earliest PanIN
lesions secreted by tumor cellsand that these immune cells contribute
significantly to tumor development. ADAMS is highly expressed in pancreatic
cancer cells, modulates cell migration and invasion and promotes tumor
progression and metastasis of PDAC. Based on a scientific study of glioblastoma
in which ADAMS was strongly expressed in tumor-associated immune cells, we
examined ADAMS expression in the stroma of PDAC tumor tissue sections
derived of a cohort of 72 patients. These sections were recruited by the
Department of Visceral Surgery at the University Hospital Marburg, histologically
evaluated, and classified according to the Union for International Cancer Control;
Tumor, Node, Metastasis (UICC-TNM) classification for preparing this study.

50 PDAC patients of the cohort were split into two groups depending on their
median survival time with less than 22 months or longer than 22 months
(Figure 1). Immunohistochemical (IHC) single staining was performed of PDAC
tissue sections with 3,3’-diaminobenzidine (DAB)-stained for ADAMS. Signal

intensities and IHC scores were determined or each section ranging from 0 to 3
with no (Figure 1A), low (Figure 1B), moderate (Figure 1C) and strong
(Figure 1D) ADAMS expression levels in PDAC tumor cells. With the exception
of two PDAC sections, which hardly showed any ADAMS expression, all tumor

tissues stained positive for ADAMS. However, no significant difference in
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ADAMS expression was observed between the two survival groups (Figure 1E).
To investigate the expression cluster of ADAMS in specific tumor-associated cells
and for a deeper understanding of their association in the tumor
microenvironment, immunhistochemical double staining of 10 PDAC tissue
sections was performed with ADAMS and several stromal cell markers (Figure 2).
Co-localization of ADAMS was observed with macrophage marker (CD68S;
Figure 2B) for 0-17 %, NK-cell marker (CD56; Figure 2F) for 18-75 %, and
neutrophil marker myeloperoxidase (MPO; Figure 2H) for 30-90 %. No
significant expression revealed for T-cell markers CD3 (Figure 2C), CD4 (Figure
2D), CD8 (Figure 2E), and stellate cell marker smooth-muscle actin
(SMA; Figure 2G).

A quantification of the co-localization of ADAMS with several stromal cells in
PDAC sections as performed in figure 2 revealed or reflected the same results of
expression levels of ADAMS positive cells (Figure 3).

Furthermore, a common observation of ADAMS expression in neutrophils was
mainly in the post-capillary veins (Figure 4C-D) from where neutrophils normally
enter the tissue beside its expression in ducti (Figure 4A) and in tumor stroma of
PDAC (Figure 4B).

For further analysis, ADAMS&-positive neutrophil density (n/um?) was quantified
by scoring neutrophils in at least three independent postcapillary veins with an
area of >2000 pm? in PDAC tumor tissue (Figure 5). It was confirmed that an
increased number of ADAMS positive neutrophils in post-capillary veins
negatively correlates with PDAC patient survival (Figure 5A). Moreover, density
of neutrophils was significantly higher in PDAC patients with a median survival
of fewer than 18 months compared to PDAC patients with a median survival of
more than 18 months (Figure 5B). However, there was no correlation between
neutrophils present in peripheral blood (Figure 5C) and the neutrophil-to-
leukocyte ratio (Figure 5D) with PDAC patient survival.

2.1.2 Description of the personal contribution

Personal contribution to the preparation of this scientific research article includes
involvement in the experimental design, conduct and data analysis of tables 1 and
2, figures 1A-E, 2A-H, 3 and 4, as well as all staining procedures in PDAC

patients in a cohort of 72 patients.
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2.2 PRMT1 promotes the tumor suppressor function of p144RF and is
indicative for pancreatic cancer prognosis

Antje Repenning!f, Daniela Happel', Caroline Bouchard!, Marion Meixner!,
Yesim Verel-Yilmaz?, Hartmann Raifer’*, Lena Holembowski', Eberhard
Kraused, Elisabeth Kremmer®, Regina Feederle’, Corinna U Keber®, Michael
Lohoff*, Emily P Slater?, Detlef K Bartsch?, Uta-Maria Bauer!”

T These authors have contributed equally to this work

(2021). PRMT1 promotes the tumor suppressor function of pl4ARF and is
indicative for pancreatic cancer prognosis. The EMBO Journal, 40(13), e106777.

2.2.1 Scientific summary of the publication

pl42RF is a nucleolar protein with tumor suppressor function and bound to its
nucleolar interaction partner nucleophosmin (NPM) in unstressed situation. The
protein arginine methyltransferase 1 (PRMT1), is mainly located in the nucleus
and covers vital functions. Therefore, a complete deletion of PRMT1 expression
leads to loss of cell viability and embryonic mortality in mice, indicating an
essential role of arginine methylation in embryonic development. Moreover, in the
absence of cellular stress, PRMTI ensures that pl142RF is more stable in the
nucleolus. If the cell is under genotoxic stress, pl14ARF has been activated by
PRMT1-mediated arginine methylation of the C-terminal residues of p14ARF, In
this case, the methylated p14ARF leaves the nucleolus and migrates to nucleo- and
cytoplasm, where it functions as a tumor suppressor and promotes cell apoptosis
as an emergency case, associated with reduced protein stability.

The hypothesis is that this PRMTI1-p144RF cooperation is tumor-relevant and
predictive of PDAC prognosis, as a cell with stress-induced over-expression of
PRMT1 and thus apoptosis triggered by p144RF is well-equipped to respond to
stress signals such as chemotherapy, possibly resulting in longer survival of
PDAC patients. PRMT1-mediated arginine methylation is an important trigger for
the stress-induced tumor suppressive function of p144RF, Therefore, this study
focused on verifying the role of PRMT1-mediated methylation of p14ARE,

To verify that pl14ARF is arginine methylated a metabolic labelling of methylated
pl4ARF was performed. Methylation of pl4ARF was detected by fluorography
(Figure 1A). To determine, which of the PRMT members is involved in the
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methylation of p14ARF, a methyl transferase (MT) assay was performed using
labelled p142RF and PRMTs. As a result, PRMT1 and PRMT5 were found to
methylate arginine residues in pl144RF, whereas PRMT4 showed no signal for
pl4ARf-modification (Figure 1B-C). Using GST-tagged pl4ARY deletion
constructs, it was verified that the methylation site of PRMT]1 is located within the
C-terminus of pl4*RY (aa 65-132) (Figure 1D). In particular, by mass
spectrometric analysis two specific arginine residues (R96/R99) in the C-terminal
nuclear/nucleolar localization sequence (NLS/NoLS) of pl4ARF modified by
PRMTT1 as the major mono- and dimethylation sites were identified (Figure 1E).
Furthermore, PRMT1 was confirmed to modify the arginine residues in p14ARF
(Figure 1F). Moreover, westernblot analysis of co-immunoprecipitation

experiments verified that there is an interaction between Myc-tagged PRMT1 and

Flag-tagged p144RF interact (Figure 1G). All these data indicate that PRMT]I is an

4ARF 4ARF

interaction partner of pl

minus by PRMT1 (Figure 1A-G).

, since pl is arginine methylated within its C ter

Examination of the subcellular localization of endogenous p14RF in HeLa cells b
y immunofluorescenct staining revealed that endogenous pl4RF in control-
transfected HeLa cells was mainly localized in the nucleolus (*) and only rarely
(<) in the nucleus and cytoplasm, whereas p144RF after overexpression of PRMT]1
showed an altered cellular distribution with predominant localization in the
nucleus and cytoplasm (Figure 2A). This finding was also confirmed by cell
counting, where the number of cells with nucleolar localization of exogenous
pl4ARF was greatly reduced with PRMTI1 overexpression (Figure 2B) and the
exogenous pl14°RF mainly found in the nucleoli of U20S cells (Figure 2C-D). By
PRMT]1 overexpression, an increased translocation of endogenous p144RF to the
nucleolus and cytoplasm was observed, relative to the translocation that was
reduced when the mutated PRMT1 was overexpressed (Figure 2C-E).
Furthermore, it was observed in several experiments that siRNA-mediated
PRMT1 depletion resulted mainly in nucleolar p144RF localization compared to
the controls (Figure 2F-I). All in all, these findings suggest that PRMT1

regulates the cellular localization of p14ARE,

To examine whether the arginine residues within the NLS/NoLS of pl4ARF

methylated by PRMT1 crucial for the mainly nucleolar localization of p14ARF,
four mutant arginines (R87/88/96/99) of pl4ARF (glycines (RG), phenylalanines

(RF) or lysines (RK)) were constellated. Overexpression of EGFP-tagged-p14ARE
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wild type and these four mutant arginines (R87/88/96/99) of p14ARF in U20S cells
showed under three localization conditions that the mutant RK of pl144RF was
localized as the highest in the nucleolus, like p144%F wild type (Figure 3A-B). In
contrast, the RG and RF arginine mutants of p144®F showed significant nucleolus-
to-cytoplasm localization, whereas the RF-mutant is most abundant in the
cytoplasm (Figure 3A-B). These results suggest that the charge of the arginine
residues determines the localization of p14ARf. Furthermore, overexpression of
PRMT1 was found to result in a higher number of cells with nucleo-/cytoplasmic

localization of wild-type p14ARF

compared to the RK mutant (Figure 3C). To
investigate whether PRMT] is involved in the association of p14ARF with NPM, a
co-immunoprecipitation analyses were performed. This revealed that when

4ARF interacts at a lower level with

PRMT1 is overexpressed, endogenous pl
endogenous NPM in HeLa cell extracts (Figure 3D). Stable p14ARF is known to
interact with NPM in the nucleolus, while NPM associates with several protein

regions of pl4ARE

, such as the C-terminal NLS/NoLS containing the arginine
methylation sites R96 and R99 of PRMT]1. To investigate whether methylation of
these arginines affects the interaction between pl144RF and NPM, a pull-down
assay was performed using two NLS/NoLS peptides of p144RF (aa 91-99, aa 92-
103) and their methylated versions. The NPM protein showed a stronger binding
interaction with unmodified NLS/NoLS peptides than with modified peptides.
These data suggest that PRMT1 regulates the nucleolar localization of p144RF as
the arginine methylation of the NLS/NoLS of p14ARF by PRMTI results in the
release of its nucleolar binding partner NPM (Figure 3E).

By Western blot analysis an overexpression of Flag-pl14ARF wild type and its
mutant arginines (RG/ RF/ RK) in several human cell lines showed that the
mutant RK of p14ARF was overexpressed similarly to p144RF wild type in U20S
and HelLa cells and even higher in HEK293 cells. In contrast, the RG and RF

arginine mutants of pl4ARE

showed reduced protein levels (Figure 4A).
Considering their transcript levels, it can be observed that transcript levels of RK
and RG are higher than p14ARF wild type, whereas RK is the most abundant and
RF is similar to p142®F wild type (Figure 4B). In addition, a depletion of PRMTI
caused by siRNA resulted in an increased expression of endogenous pl4ARE
protein levels, while overexpression of PRMTI1 caused a decrease in pl4ARF
protein levels (Figure 4C-D). To investigate whether PRMT1 affects the stability

of pl14ARF protein, a doxycycline (Dox)-inducible ShARNA was used to deactivate
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the endogenous PRMT1 in HeLa cells, which conversely leads to an enrichment
of p14ARF protein levels and its stability (Figure 4E-G), similar to the addition of
the translation inhibitor cycloheximide (CHX) (Figure 4F-G). Taken together,
these results suggest that a redistribution of nucleolar p144®F into the nucleo- and
cytoplasm caused by PRMT1-mediated methylation is associated with reduced
protein stability.

To investigate if stress-induced p14ARF activation is affected by PRMT], in wild-
type and PRMT1-depleted HeLa cells were exposed to UVC and then location of

4ARF

pl was examined by immunofluorescence staining. After treatment with UVC

radiation, the nucleolar localization of p14ARF

was strongly reduced in wild-type
cells compared to the untreated conditions (Figure SA-B). Observing the PRMTI1-
depleted HeLa cells, there was a clear trend of increase of p14ARF located in the
nucleolus from untreated to treated UVC radiation conditions (Figure 5A-B).
Additionally, in the case of PRMT1 knockdown, there was an accumulation of
pl144RF protein levels in both treated and untreated UVC cells (Figure 5C). To

detect methylated pl4ARE

, an amonoclonal methyl-arginine-specific antibody
(a-me-p14ARY) was developed that recognizes PRMTI-induced methylation of
arginine residues of p14*RF (R96 and R99) as confirmed by Western blot analyses,
overexpressed wild-type pl14ARF compared to the RK mutant and PRMTI-
depleted cell extracts (Figure SD-E). After couple of hours of UVC treatment of
HeLa cells a trend of increase of methylated p14ARF protein levels could be
observed whereas the endogenous pl14ARF got reduced, indicating that pl14ARE
methylation and p142R®F protein stability counter-correlate (Figure 5F). Moreover,
PRMT1 knockout and PRMT1 control HelLa cell lines were established by
CRISPR/Cas9 technology, to check whether PRMTI-mediated arginine
methylation of pl144RF is triggered by UVC radiation. As a result, control cells

revealed UVC-dependent methylation and reduced protein levels of endogenous

4ARF 4 ARF

pl , while PRMT1 knockout cells demonstrated increased levels of pl

protein and no detectable methylation of p144RF (Figure 5G). Observing a stress-
dependent role of PRMTI1 in pl4ARF regulation in co-immunoprecipitation
experiments with wild-type HeLa cells, the interaction between endogenous

4ARF

pl and endogenous PRMT1 was increased upon UVC radiation and coexisted

with endogenous p14ARE

methylation (Figure 5SH). Altogether, these data suggest
that genotoxic stress triggers the interaction between p14ARF and PRMT1, together

with methylation and nuclear release of pl14ARF, resulting in a less stable but
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probably functionally active tumor suppressor protein.

To investigate whether PRMT]1 affects the tumor suppressor activities of p144RF,
such as induction of apoptosis, the cell cycle distribution in PRMT1-depleted
HeLa cells was analyzed by FACS upon stressed or unstressed conditions. Under
unstressed conditions, siRNA-mediated depletion of PRMT]1 did not result in any
significant changes in the cell cycle distribution compared to the control cells,
whereas after stress supply by UVC radiation, PRMT1-depleted HeLa cells had a
significantly lower number of cells in subG1 phase than the control cells (Figure
6A-B). In Addition, there was no significant difference between endogenous
p14ARF methylation levels before and after stress treatment in PRMT1-depleted
cells (Figure 6C). In respect to the hypothesis that PRMT1 expression induced by
genotoxic stress causes apoptosis in the cell, apoptosis indication by PARP
cleavage and AnnexinV staining, were used in the PRMT1 knockout HeLa cell
lines. It was found that the PRMT1 knockout HeLa cell lines had less PARP
cleavage and AnnexinV-positive cells after UVC treatment compared to the
control clones (Figure 6D-E). To investigate whether apoptosis is promoted by
PRMT1 through its arginine methylation sites in p14ARE, the p14ARF mutants RK
and RF, were overexpressed in PRMT1 knockout HeLa cells. It was observed that
the RF mutant had more AnnexinV-positive cells after UVC treatment compared
to the RK (Figure 6F), suggesting that PRMT1 and arginine methylation of
pl4ARE contribute to the activation of apoptosis upon genotoxic stress. It was
investigated whether the PRMT1 methylation sites in p14ARF affect its binding
ability towards the pro-apoptotic protein p32. The p32 were identified as direct
interaction partners of p14ARF, This p14ARF-p32 association induces apoptosis in
cellular stress situations. The corresponding pull-down experiments showed that
the p14AR* mutant has a stronger interaction with p32 than the wild type p14ARE
(Figure 6G). By endogenous co-immunoprecipitation analyses, it is obvious that
pl4ARF interacts less efficiently with p32 in HeLa cell lines with PRMTI
knockout than in control cell lines (Figure 6H). Taken together, these data suggest
that methylation of pl4ARF by PRMTI promotes p144RF-p32 association.
In order to further investigate not only the tumor suppressive activity of PRMT],
but also the clinical relevance of PRMTI in association with p14ARF in PDAC,
known as one of the most aggressive and lethal solid human tumors, the
expression analyses of PRMT1 were performed on transcript and protein level

with respect to survival of 75 PDAC patients. In this context, high transcript
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levels of PRMT1 were found to correlate significantly with longer survival of
PDAC patients (>500 days), while there was no significant difference for the short
survival group (<500 days) (Figure 7A). To perform protein-level expression
analysis of PRMTI and p14RF in PDAC, IHC was carried out on surgically
resected tissue samples from 75 PDAC patients receiving postoperative adjuvant
chemotherapy with gemcitabine. Here, the expression levels of PRMT1 in PDAC
tumor cells were categorized into three categories, namely highly elevated,
moderately elevated, and not elevated PRMT1 protein levels compared to the
expression levels in normal pancreatic tissue, in which PRMT1 is expressed in
islet and acinar cells but not in ductal cells (Figure 7B). Based on this analysis it
revealed that 45 % of 75 PDAC patients presented highly elevated, 32 %
moderately elevated and 23 % not elevated PRMT1 expression levels (Figure 7C),
indicating that the majority of PDAC patients (77 %, n=58) had elevated PRMT1
expression levels in their tumor cells. Significantly, out of the 31 PDAC patients
with survival of at least 24 months after surgery, 55 % had highly elevated, 26 %
moderately elevated and only 19 % no elevated PRMT]1 expression levels (Figure
7D), indicating that highly elevated PRMT1 expression levels correlate with a
favorable prognosis of PDAC patients after curative resection. IF staining was
performed to determine the expression levels of p14ARF in the PDAC tumor cell
cohort. It was found that 29 % of PDAC patients had strong nucleolar and
cytoplasmic/nuclear p14-RF expression levels in their PDAC cells, indicating high
p14ARE expression levels like normal pancreatic tissue (Figure 7E). Considering
the short- and long-term survival of p144RF-positive patients in terms of PRMTI
expression, it was found that the percentage of pl14*Rf-positive PDAC patients
who had highly elevated PRMT1 levels was significantly greater in the group with
survival of at least 24 months (35 %) than in the group with short-term survival of
12 months or less (12.5 %) (Figure 7F). These data highlight that long-term

survival of PDAC patients may profit from co-expression of pl14ARF

with only
high PRMTT1 expression levels.

It is usual for PDAC patients to be treated with postoperative adjuvant
chemotherapy with nucleoside analogues (gemcitabine or 5-fluorouracil as being
part of folfirinox) to destroy remaining tumor cells. Based on this knowledge, the
question arose whether DNA damage caused by gemcitabine would also trigger

4ARF

pl activation. Therefore, several human pancreatic tumour cell lines were

examined for their pl14ARY expression. All PDAC cell lines that were tested
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showed high PRMT1 expression. However, only PaTu8988t cells showed high
levels of p14ARF expression located in the nucleolus (Figure 8A). The treatment of
paTu8988t cells with gemcitabine resulted in a decrease in p144RF-protein content
and increased pl4°Rf-methylation (Figure 8B-C), suggesting that p144RF also
functions as a stress indicator. To test whether PRMT 1 affects the effectiveness of
anticancer drugs such as gemcitabine, PDAC cell lines PaTu8988t (pl14ARE-
proficient) and MiaPaCa-2 (p14“RF-deficient) were treated with gemcitabine in
the presence or absence of PRMT1 using the PRMT-type I inhibitor MS023. It
can be observed that after gemcitabine treatment, cell death is induced in all

4ARE " with apoptosis

PDAC cell lines both in the presence or absence of pl
indicated by AnnexinV staining. However, an inhibition of PRMT1 by MS023
resulted in a reduced gemcitabine-induced apoptosis of PaTu8988t but not in the
case of MiaPaCa-2 cells and also not compared to the untreated PaTu8988t cells
(Figure 8D). Western blot analysis also confirmed that apoptotic cell expression
was reduced when PaTu8988 cells were treated simultaneously with gemcitabine
and MS023, compared to treating these cells with gemcitabine alone. In this case,
apoptosis was indicated by PARP cleavage. Additionally, the treatment with
MS023 led to an increased p14~RF protein level expression (Figure 8E). To further
investigate the specific influence of the PDAC cell lines PaTu8988t and MiaPaCa-
2 on apoptosis due to their mutations, these cell lines were generated as p14ARE
depleted (PaTu8988t) and pl4~RF expressing (MiaPaCa-2) which were then
assessed for their ability to undergo gemcitabine-induced apoptosis and for their
reaction to MS023 treatment. As confirmed in Figure 8D with wild-type
PaTu8988t cells, it was shown that in control siRNA transfected PaTu9888t cells,
gemcitabine-induced apoptosis was reduced by treatment with MS023, whereas
siRNA-mediated depletion of pl4ARF resulted in predominantly increased
gemcitabine-induced apoptosis of PaTu8988t cells by treatment with MS023
(Figure 8G). These data may indicate that pl14ARf and PRMTI functionally
cooperate in apoptosis-induction of PaTu8988t cells. Overexpression of p144RF in
MiaPaCa-2 cells did not alter apoptosis numbers under gemcitabine-induced
apoptosis without MS023 treatment. In contrast, there is a decrease in apoptosis
number with MS023 and MS023/gemcitabine treatment compared to transfected
control cells (Figure 81). Altogether, these results strongly support that p144RF and

PRMT]1 functionally cooperate in their tumor suppressive behavior in vivo.
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2.2.2 Description of the personal contribution

Personal contribution to the preparation of this scientific research article includes
involvement in the experimental design, conduct and data analysis of figures 7A-
D, 7F as well as all staining procedures in PDAC patients in a cohort of 75

patients, not all of which are published.

2.3 Extracellular Vesicle-Based Detection of Pancreatic Cancer

Yesim Verel-Yilmaz'!, Juan Pablo Fernandez'?, Agnes Schifer?, Sheila
Nevermann', Lena Cook?, Norman Gercke!, Frederik Helmprobst®, Christian
Jaworek?, Elke Pogge von Strandmann®, Axel Pagenstecher®, Detlef K. Bartsch!,
Jorg W. Bartsch?f, Emily P. Slater'™™

T These authors have contributed equally to this work

(2021). Extracellular Vesicle Based Detection of Pancreatic Cancer. Frontiers in
Cell and Developmental Biology, 9.

2.3.1 Scientific summary of the publication

PDAC is a cancer with a very poor survival rate. However, little is known about
its diagnosis at early stages. For this reason, there is an urgent need to find
potential biomarkers to detect PDAC at early stages. In this context, exosomes
obtained from bodily fluids such as blood of PDAC patients are promising
candidates for early tumor detection because their composition is specific to their
donor cell. Therefore, exosomes were investigated at their protein and mRNA
level.

The protein ADAMS (disintegrin and metalloprotease 8), which is highly
expressed in PDAC and negatively correlated with patient survival, is associated
with exosomes as a protein cargo. In addition, ADAMS induces miR720 in triple-
negative breast cancer, which serves as a diagnostic marker. These microRNAs
(miRNAs) are small non-coding RNAs which are 18-22 nucleotides in size. It is
known that typical tumor cell processes such as proliferation, migration and
invasion are influenced by miRNA-mediated dysregulation of certain genes.
Therefore, investigating the role of exosomal miRNAs in tumor cross-talk, which
could potentially provide new diagnostic markers for the early detection of PDAC
became popular in the scientific field.

Based on these facts, the aim of this study was to analyze the ability of ADAMS-
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positive extracellular vesicles (EVs) isolated from the serum of PDAC patients
and miRNAs as cargo of serum EVs to find good potential biomarkers in order to
distinguish precursor lesions or PDAC from healthy controls.

Firstly, exosomal vesicles were isolated by appropriate methods like
ultracentrifugation and filtration from blood-sera of 20 healthy individuals, 7
patients with precursor lesions and 72 PDAC patients in total in order to examine
their characteristic properties. As a pre-taste an electron microscopy of a
representative serum-exosome allowed the typical bilayer structure like an
erythrocyte shaped and its size of 100 nm (Figure 1A). By ZetaView measurement
the size of a serum EV of 100 nm was measured in healthy individuals (Figure
1B) and PDAC patients (Figure 1C). Among the serum EV preparations from the
different sources, ranging from healthy individuals to PDAC patients, the mean
particle size (Figure 1D) and mean vesicle concentration remained relatively
constant (Figure 1E). The EV-associated protein CD9, used as an EV biomarker,
was successfully detected in all serum EV samples. The only difference was that
the control samples had a relatively stable amount of CD9 levels (Figure 1F),
whereas the PDAC samples did vary in the abundance of CD9 levels (Figure 1G).
A Dbead-coupled fluorescence activated cell sorting (FACS) analysis was
performed to detect A8 located on the surface of exosomes (Figure 2A). As a
result, A8 was detected in all kinds of samples (Figure 2B-H) and a clear trend of
increase of ADAMS levels ranging from healthy individuals to PDAC patients
was observed isolated from serum EVs (Figure 2B-H). Flotillin-1 was used as a
normalization control (Figure 2E-G).

To check if ADAMS in serum EVs is active, a proteolytic activity assay was
performed by using exosomes derived from PDAC patients on a forster resonance
energy transfer (FRET)-based CD23 substrate. As a result, the proteolytic activity
of serum EVs derived from PDAC patients was higher (Figure 3B) compared to
the healthy controls (Figure 3A) means that ADAMS which is located on the
surface of EVs is given in an activated form in PDAC. By microarray analysis a
set of miRNAs derived from serum EVs appeared to be differentially expressed in
PDAC as compared to the control samples. Among all 7 potential candidates,
miR-451 showed the significantly strongest upregulation and miR-720 the
significantly strongest downregulation in PDAC patients compared to healthy
individuals (Figure 3C). A quantitative polymerase chain reaction (qPCR)

analysis of the entire patient cohort also confirmed these results by observing an
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upregulation of exo-miRNA451 levels (Figure 3D-E) and a downregulation of
exo-miRNA720 levels in PDAC patients compared to controls (Figure 3F-G).
Based on this experimental design, exosomes derived from Panc89 wild-type cells
expressing ADAMS and Panc89 ADAMS knockout cells served to validate the
remaining miRNA-ADAMS association in PDAC. As a result, it arised that in
Panc89 ADAMS knockout cells the exo-miR-451 expression levels were 11-fold
down, and exo-miR-720 3.2-fold upregulated in compared to exosomes derived

from Panc89 wild-type cells expressing ADAMS (Figure 3H).

2.3.2 Description of the personal contribution

Personal contribution to the preparation of this scientific research article includes
participation in the experimental design, the execution, and data analysis of table
1, figures 1A-G and 3D-H, and the isolation of serum-exosomes from healthy
individuals, precursor lesions and PDAC patients by appropriate methods for

experimental preparation of a cohort of 72 patients.
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3 Discussion

3.1 The impact of EVs on PDAC

The search for specific and sensitive biomarkers remains a major oncological
challenge and its early detection is the key to disease and mortality reduction.
As mentioned before, there already exist diagnostic markers for the early
detection of PDAC such as lipocalin 2 (LCN2) (Chakraborty et al., 2012),
miRNA-196a /-196b, and even combinations of biomarkers (Bartsch et al., 2018;
Slater et al., 2013; Slater et al., 2014) which are presently used in the screening
program. But the search for more specific biomarkers released by PDAC
exosomes is still ongoing. It is to mention that we have already tested Glypican 1
in EVs, however, it did not prove to be a reliable biomarker for PDAC. For this
reason, there is an urgent need to discover and test new potential biomarkers in
order to trace PDAC and its precursor lesions at an early stage. We had the idea to
investigate many better biomarkers focusing on both the protein as well as at the
miRNA level in exosomes.

In view of the scientific papers published recently, much attention has been paid
to EVs, which can serve as very promising and mostly undiscovered biomarkers
for early tumor diagnostics in the field of PDAC research.
A blood-based test as part of the concept of liquid biopsy allows diagnosis and
monitoring of various types of cancer. To date, only 1 % of the literature
addresses PDAC (Otandault e al., 2019). Liquid biopsy, especially of serum-
based EVs in PDAC, with analysis of their molecular content, has provided a very
promising diagnostic tool for the early detection of PDAC. However, the
workflow for the isolation and analysis of EVs from serum still needs to be
optimized (Yee et al., 2020).

These EVs are extracellular membrane-derived nanovesicles that arise by
exocytosis of multivesicular endosomes. They are secreted by all cell types,
including cancer cells (Sumrin ef al., 2018), and can be isolated from body fluids
such as blood, saliva, urine, and breast milk (H Rashed et al., 2017). Because of
their small size of about 30 - 100 nm exosomes can reach distant parts of the body
with the help of the bloodstream and other body fluids mentioned above (Raposo
and Stoorvogel, 2013). In 1983, the research groups of Harding and Stahl
(Harding and Stahl, 1983) as well as Pan and Johnstone (Pan and Johnstone,

1983) independently reported in the same week that reticulocytes secreted these
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vesicles during the maturation to erythrocytes. A few years later, Johnstone coined
the term “exosome” as it is used today: vesicles originating from the endosome
that is externalized (Johnstone ef al., 1987).

Originally, these vesicles were first considered as cellular garbage bins which
eliminate excessive proteins and other undesirable molecular components from
the releasing cells (Johnston, 1992). Until 1996 it was not thought that exosomes

have an immunological function when Raposo’s group found that Epstein-Barr-

Virus transformed B cell lines released exosomes containing Major
histocompatibility class II molecules that were capable of stimulating CD4" T
cells in vitro. This was the first evidence that these vesicles derived from immune
cells function as activators of the immune system (Raposo et al., 1996). In 1998,
Zitvogel et al. revealed that human dendritic cells secreted antigen-presenting
exosomes that were capable of suppressing tumor growth in vivo (Zitvogel et al.,
1998). Importantly, the dendritic cell-derived exosomes served as a novel cell-free
vaccine. Since then, a number of studies have confirmed that exosomes play an
important role in intercellular communication and they are involved in several
physiological functions and cellular processes, both normal and pathological.
These findings established the concept that exosomes are not only regulators of
the immune system, they might also be a potential immunotherapeutic candidate
(Colombo et al., 2014). Accordingly, there are many reports showing that various
types of cells release exosomes with functions that mirror those of their
originating cells despite the differences between the contents of exosomes and
those of the cells from which they originate (Sheldon efal.,2010).
It is known that exosomes carry a characteristic and cell type-specific composition
of molecular cargo including proteins, lipids, miRNA and mRNA inherited from
the parental cell (Raposo and Stoorvogel, 2013). The function of exosomes, their
mechanisms, biogenesis, secretion and their molecular composition including
proteins, lipids and nucleic acids, have been comprehensively studied (Théry et
al., 2002). For instance, release of exosomes is regulated in a calcium-dependent

manner (Savina et al., 2003). Kosaka’s group revealed that reduced activity of neu

tral nSMase2 (sphingomyelinase 2), a rate-limiting enzyme in ceramide
biosynthesis, leads to in the decreased secretion of miRNAs (Kosaka et al., 2010).
However, the mechanisms regarding the exsosome packaging process remains
still elusive. According to the statement of Katsuda et al., a selective enrichment

of certain molecules in exosomes could be observed (Katsuda et al., 2013). The
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detection of functional mRNA and miRNA in exosomes crystallized as an
additional major breakthrough in the field of scientific research. This phenomenon
has sparked enormous interest in the study of human diseases and their
development (Sumrin et al., 2018). As reported by Ratajczak et al. in 2006,
mRNA can be transferred by exosomes to the target cells and translated into the
corresponding proteins (Ratajczak et al., 2006). Moreover, in 2010, the groups of
Pegtel, Zhang and Kosaka independently from each other found that miRNA
delivery via exosomes suppresses the expression of target genes in recipient cell
showing the first evidence of intercellular transfer of miRNAs (Kosaka et al.,
2010; Pegtel et al., 2010; Zhang et al., 2010). The research group of Mittelbrunn
also reported exosome mediated unidirectional transfer of miRNAs from T cells to
antigen-presenting cells and that an immune synapse between these two cell types
significantly enhanced the efficiency of exosome mediated delivery of the
miRNAs (Mittelbrunn ef al., 2011).

Observing all the aspects above, it is very likely that exosomes serve as a medium
of intercellular cargo exchange and cell-cell communication between different cell
types in the body and thus affecting normal and pathological conditions including
neurodegenerative diseases and tumors (Sumrin et al., 2018). It is to mention that
molecules retrieved from exosomes can still help the parent cells play their roles
(Colombo et al., 2014; Sheldon et al., 2010).

In general, there are biomarkers that are similarly present in all EVs because they
are related to the pathway of exosome biogenesis. These proteins are, for example,
tetraspanins (CD9, CD63, CD81, CD82) or flotillins (flotillin-1/ 2), that are parent
cell-characteristic in exosomes. It is to mention, that, although the content of the
exosomes does not completely resemble the profile of the parental cell, the partial
similarity inspired the idea of using exosomes as biomarkers for tumors.
Beside these general used EV biomarkers, the search for specific biomarkers
released by exosomes in tumors, particularly PDAC exosomes, does still exist, in
order to facilitate the detection of PDAC in early stages.

Based on these aspects, EVs were isolated from sera of PDAC patients by
ultracentrifugation and proteins such as ADAMS, flotillin-1 and CD9 were
successfully detected by western blotting and FACS analysis method as a
preliminary work as a pre-taste. These biomarkers could be used in the future to
determine any differences between PDAC EVs and healthy single EVs. However,
CDS81 was only detected in serum EVs by Western blotting and not in FACS
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analysis of serum EVs whereas it is published to be a marker for all EVs (Kowal
et al., 2016). Therefore, it is important to investigate whether and how the PDAC
or the TME regulates the CD81 content in serum EVs. Furthermore, Bartsch et al.
have found some evidence of a correlation between a high CD81 content and a
significantly longer median survival time of the patients (unpublished data).
Therefore, in the future, it may be important to compare the mean survival time of
PDAC patients with high CD81 levels to the mean survival time of patients with

low or no CD8]1 levels.

3.2 ADAMS-positive serum EVs as a promising biomarker in PDAC

Moreover, this work aimed to investigate the hypothesis whether ADAMS
mediates pancreatic cancer progression through secretion in serum EVs from
PDAC patients and precursor lesions, as it has been previously shown that pancre
atic cancer EVs modulate not only the TME but also distant organs, through
mechanisms that ADAMS can provide (Costa-Silva et al., 2015).

In the search for diagnostic markers in early diagnosis of PDAC, ADAMS has previously
been observed as a potential candidate for PDAC with high expression levels and
correlating with poor patient survival (Schlomann !"#$#, 2015; Valkovskaya !"#$%, 2007),
as it has already been proposed as a biomarker for lung cancer (Ishikawa !"#$#, 2004) and
renal cancer (Roemer 1"#$¥, 2004). It is also well known that the ADAMS is involved in
promoting PDAC progression, invasion and metastasis (Schlomann !"{$, 2015) and its
expression is associated with poor patient survival in PDAC (Valkovskaya !"{$¥, 2007).
However, the expression profile of ADAMS in the TME of PDAC is still elusive.

To address these aspects and to continue the research on ADAMS not only in PDAC, but
also in the TME of PDAC, we first introduced a bead-based FACS analysis method to
detect ADAMBS on the surface of EVs. Indeed, it could be proved that ADAMS is located
on the surface of EVs. By FACS analysis it was observed a clear trend of increase of
ADAMS-positive EVs from healthy controls to PDAC patients. This is a very new result
in the history of scientific research which means on the diagnostic aspect that ADAMS
protein levels in EVs from patients' serum could be a promising biomarker for PDAC.
However, the normalization remains still elusive, because we did the amount of proteins
and the number of vesicles which were performed by Zeta-View in collaboration with AG
Pogge von Strandmann but the levels of flotillin-1 and CD9 vary. Therefore, in this case
one does not know what to use as normalization. This has to be further examined in the

future.
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After demonstrating that ADAMS is present in serum EVs, the next hypothesis
was to check if ADAMS in serum EVs is active with the help of PrAMA assay
(Miller et al., 2011). The result was an activity enrichment of ADAMS-related
EVs in PDAC compared to the control samples, which means that ADAMS,
which is located on the surface of EVs, is present in an activated form in PDAC.
Additionally, in collaboration with AG Pagenstecher as a pre-taste in deed we
have taken an electron micrograph of one EV in native form, clearly showing its
double membrane in the form of an erythrocyte and its size of 100 nm. As a
possible model for the extension of this study in order to check the amount of
ADAMS on the surface of only one EV, we have started immunogold labelling of
PDAC serum EVs as preliminary work, which is presently being optimized. Since
we do not know exactly how many ADAMS proteins are on just one EV, we also
do not know how strongly each ADAMS protein influences the progression of
PDAC. This aspect needs further analysis.

Among others, the association between ADAMS and immune cells like
macrophages and neutrophils was already demonstrated when ADAMS was found
to play a critical role in the development of allergic asthma in mice (Naus et al.,
2010). In this respect, to describe the role of ADAMS in the TME of PDAC, in
particular to investigate the effect of ADAMS in stromal cells on tumor growth,
what has not yet been investigated, IHC was performed with stromal cell types
expressing ADAMS on PDAC tissue. Hence, in PDAC, ADAMS is significantly
expressed in tumor-associated stromal cells, most notably in macrophages (6 %),
natural killer cells (40 %) and neutrophils (63 %) as seen in publication 2.2.
Moreover, the determination of neutrophil density in the venules of tumor areas
crystallized as a promising indicator associated with progression and patient
survival of PDAC that could be used to trace PDAC in early stages. Further
analysis need to be done to understand ADAMS-dependent signaling and its
impact on TME in PDAC. Based on these results of this study, it is an important
aspect to investigate the effect of ADAMS in macrophages and neutrophils on
PDAC growth in vivo with the help of for example KPC cells.

Beside all these aspects, it is well known as already mentioned that increased
ADAMS levels in TNBC patient serum correlate with increased miR-720 levels.
There, elevated miR-720 levels serve as a diagnostic marker (Das et al., 2016).
Based on this fact and the actual detection of ADAMS on the surface of EVs, we

investigated a number of potential exosomal miRNAs showing the highest
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expression profile such as miR-451, miR-21, miR-16, miR-320, miR-155 and let-
7b in addition to miR-720 as EV cargos that could serve as potential diagnostic
markers in PDAC and that could be regulated by ADAMS. For this study, we used
the same patient cohort that we had used for the FACS analysis, too. One more
reason of this objective was to understand the ADAMS dependent communication
between miRNAs and PDAC cells. Therefore, miRNA was isolated from
ADAMS-positive serum EVs of patients with precursor lesions, with PDAC and
healthy control individuals. Among all miRNAs examined, exosomal miRNA-720
and exosomal miRNA-451 were the most significantly dysregulated.

Based on literature it is already known that mRNA, as a cargo component of EVs,
can be transferred to target cells through exosomes (Ratajczak et al., 2006) and
can regulate the expression of target genes in the recipient cell (Kosaka et al.,
2010; Pegtel et al., 2010; Zhang et al., 2010). It is even reported that miRNA-720
is up-regulated in TNBC and its regulation is dependent on ADAMS expression
levels (Das et al., 2016). However, there is also evidence that miRNA-720 is
down regulated in primary breast cancer which occurs frequently and miRNA-720
inhibits tumor invasion and migration (Li et al., 2014). In addition, miRNA-720 is
decreased in pancreatic cancer where it functions as a suppressor of pancreatic
cancer cell proliferation and invasion (Zhang et al., 2017). In contrast, miRNA-
451 is over-expressed in PDAC where its elevated expression contributes to
promotion of cell proliferation and metastasis (Guo et al., 2017). But one does not
know whether the expression profile of both of these miRNAs, miRNA-720 and
miRNA-451, isolated from ADAMS-positive serum EVs suppresses ore positively
influences the progression of PDAC. This issue needs to be investigated further in
the future.

Observing our results, we found that exosomal miRNA-720 was significantly
down-regulated in serum samples of PDAC patients, whereas exosomal miRNA-
451 showed the highest expression in PDAC as well as in its precursor lesions
correlating with a higher ADAMS expression for both of these miRNAs. These
results indicated a perfect discrimination between patients with precursor lesions
or PDAC and healthy individuals with high accuracy in the diagnosis of PDAC. It
might be that miRNA-720 expression at low levels in PDAC patients as observed
in Zhang et al., in 2017 could have a potential tumor-suppressing effect, too

(Zhang et al., 2017). Thus, as observed in Guo et al., in 2017 elevated miRNA-
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451 levels in PDAC might promote cell proliferation and metastasis (Guo et al.,
2017).

By the way, it is possible that ADAMS induces the expression of certain miRNAs
via the ERK1/2 pathway, as it has been described in TNBC with miR720 as
already mentioned (Das et al., 2016), leading to increased metastasis or induction
of a pre-metastatic niche in surrounding tissues, possibly through release with
serum EVs (Costa-Silva et al., 2015).

Thus, placing ADAMS in serum EVs could be a way for cells to modulate the
content of EVs or remodel the TME. The secretion of ADAMS into EVs may
even transfer these capabilities to target cells (Shimoda and Khokha, 2017).
Furthermore, to understand the influence of ADAMS8 on PDAC development,
many more analysis could be done with Adam8-knockout KPC mice. Since the
function of ADAMS in PDAC cells is already known (Schlomann et al., 2015), an
ADAMS inhibitor therapy could be started to stop PDAC progression as a more
forward-looking future perspective to extend this experiment.

All in all, downregulated levels of exosomal miRNA-720 and elevated levels of
exosomal miRNA-451 could be used as biomarkers in blood screening in PDAC.
Furthermore, in this study, a clear trend of increasing ADAMS-positive EVs from
healthy controls to PDAC patients could be observed and since we already know
that high expression levels of ADAMS correlate with poor survival of PDAC
patients (Schlomann et al., 2015; Valkovskaya et al., 2007), the increase of
ADAMS in serum EVs could be used for the early diagnosis of PDAC patients.
Extracellular vesicles from a cohort of 72 PDAC patients and 20 control
individuals were isolated via ultra-centrifugation. The same samples were used for
all experiments in IHC in order to make a better comparison and to form a
network of communication among the PDAC patients and the TME in order to
trace PDAC in early stages. Of course, this experiment could be expanded with
many more individuals to achieve the highest possible reliability in the early
diagnosis of PDAC. As the amount of ADAMS proteins located on only one EV
is still unknown, we do not really know how strongly a single ADAMS protein
influences the progression of PDAC. This aspect has to be further analyzed. This
study also shows that ADAMS is significantly expressed in PDAC in tumour-
associated stromal cells such as macrophages (6 %), natural killer cells (40 %) and
neutrophils (63 %). A further experiment to explain the communication between

PDAC and TME could be started, for example, with a Boyden chamber assay.
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Since the expression profile of ADAMS in the TME of PDAC was poorly known,

this study could make a positive contribution to science.

3.2.1 Domains of ADAMS

The prodomain of ADAM proteins facilitates correct protein folding during
biosynthesis (Van Goor ef al., 2009). It also maintains the metalloprotease domain
in an inactive form (Schlomann et al., 2015). Most of the ADAM family members
possess a consensus sequence localized between the pro- and metalloprotease
domains for activation by furin-like proteases (Yoshida et al., 1990). As ADAMS
does not contain this consensus sequence, ADAMS is activated in the trans-Golgi
by autocatalytic cleavage of the prodomain (Schlomann et al., 2002).

The main function of the metalloprotease domain is thought to be in
proteolytically cleaving and releasing (or shedding) signaling molecules as well as
their receptors from cell surfaces (Das et al., 2016). Prominent examples of such
factors are TNF-a (Black et al., 1997) or the degradation of ECM components
such as collagen (Mochizuki and Okada, 2007).

In this way, ADAMS is involved in extracellular matrix remodeling, which is
important for the massive infiltration of PDACs (Schlomann et al, 2015).
Considering these mechanisms, it is clear that ADAMs play an important role in
cell-cell signaling as well as cell-ECM interactions, which explains their ability to
promote tumor growth and proliferation, as previously observed in
pancreatic cancer (Valkovskaya et al., 2007).

Cell adhesion is enabled by the disintegrin- and cysteine-rich domains, as they are
able to bind integrins and other receptors. This interaction is probably facilitated
by the three-dimensional structure of the disintegrin loop (Das ef al., 2016). As a
disintegrin, it binds to B1-integrin on the cell surface and activates the ERK1/2
signaling pathway, leading to increased migration and proliferation ability
(Schlomann et al., 2015). Moreover, the disintegrin, cysteine-rich and EGF-like
domains of ADAMS specifically are involved in inducing miR-720 through an
ERK1/2 signaling pathway in TNBC cells. At the same time, increased ADAMS
levels in TNBC patient serum correlated with increased miR-720 levels which
results in increased tumor migration and invasion (Das et al., 2016). Therefore,
ADAMBS8 might be capable of promoting tumor progression directly and indirectly.

The transmembrane domain is responsible for anchoring the protein to the cell
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membrane, while the cytoplasmic domain is involved in intracellular signaling

(Edwards et al., 2008).

3.3 PRMTs as a diagnostic in PDAC

PRMTs are deregulated (Wang et al., 2016) or hyperactive (Song et al., 2002) in
tumor cells and in TME (Tang et al., 2000). Many PRMT-related publications
focusing on cancer show that PRMTs promote oncogenesis in PDAC tumor cells
(Song et al., 2002; Jarrold and Davies, 2019). However, their biological functions
in PDAC are not completely understood. According to the substrate, PRMTs can
function as a transcriptional activator but also as a suppressor in pancreatic cancer
(Kim et al., 2016; Wang et al., 2016) as shown in the publication 2.3.

Of all nine members of the PRMT family, PRMT1, PRMT4 and PRMTS5 are the
most expressed in cancer (Kim and Ze'ev, 2020). Since this work focuses on the
study of the members of the type | PRMTs in PDAC, PRMT1 and PRMT4 were
investigated, as their biological functions of expression in PDAC remain still
elusive. In this purpose, many more members of PRMT could be investigated on
protein and mRNA levels in the future as in the case of experiments dealing with
ADAMS in this study.

It is well known that inflammation is an important defense response of the body
that can cause various types of diseases, including some cancers. There is
evidence of a link between PRMTs and inflammatory responses, as PRMTs
appear to have an important function in regulating the inflammatory system (Kim
et al., 2016). However, studies linking PRMTs to inflammation are still at a very
early stage, and current evidence is circumstantial. Recent data indicate that
PRMTs are highly expressed in immune cells of the PDAC especially in T-cells
(Mowen et al., 2004). Therefore, in this study, immunohistochemical stainings of
PRMTI1* tumor and stromal cell types including macrophages and T cells was
performed on PanIN and PDAC tissue sections and healthy controls to further
understand its biological role in TME and to show its localization and the
expression profile. Tissue sections from PDAC patients and healthy controls were
used for comparison. The same procedure was also performed with PRMT4 by
me. However, our work is presently being optimized will and be carried out in

another project that has already started at the current time.
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3.3.1 PRMT1 as a novel therapeutic target in PDAC

PRMT1 represents the most abundant form among PRMTs, is ubiquitously
expressed in most tissues and is responsible for approximately 85 % of the total
arginine methylation activity in mammalian cells (Tang et al., 2000). As PRMT1
covers vital functions like transcription activation, signal transduction, RNA
splicing and DNA repair. A complete deletion of PRMT1 expression leads to loss
of cell viability and embryonic mortality in mice, indicating an essential role of
arginine methylation in embryonic development (Nicholson et al., 2009;
Morettinet et al., 2015). PRMT1 is the major enzyme responsible for histone H4
methylation and is primarily localized in the nucleus (Wang et al., 2001). PRMT1
methylates the transcription factor forkhead box Ol (FOXOI1) and increases its
transcriptional activity as it is retained in the nucleus by methylation (Yamagata et
al., 2008). Numerous reports demonstrate that PRMT1 is upregulated in various
types of tumors, including in PDAC. The research group of Song demonstrated
that increased PRMTT1 expression in PDAC is associated with an increasing tumor
size and a worse survival in postoperative patients (Song et al., 2002). It was also
found that PRMT1 contributes to pancreatic cancer growth and an inhibition of
PRMT1 in pancreatic progenitor cells in mice leads to hyperglycemia and a
hypoplastic pancreas (Lee et al., 2019).

Treiber et al. 2017, defined PRMT1, among others, as an RNA-binding protein, as
it binds miRNA precursors and thus influences their maturation. Since miRNAs
are considered as regulatory RNAs for mRNAs, it indirectly affects the
biosynthesis of the corresponding proteins. Treiber et al, showed an interaction of
PRMT1 and miRNA-451, indicating that PRMTs regulate the synthesis of certain
proteins. It would be possible to perform further experimental analyses in the
future to more clearly establish the relationship between EV encapsulated
miRNAs and PRMTs. Moreover, the fact that PRMT1 binds to miRNA-451 as an
RNA-binding protein and that PRMTT is involved in its biogenesis suggests a link
between PRMTs and the regulation of miRNA expression. Therefore, the
increased expression pattern of miRNA-451 in PDAC may substantially correlate
with PRMTT1 expression, which can be further expanded experimentally (Treiber
etal.,2017).

38



PRMTT1 interacts in a similar way as CARMI1 with the C-terminal activator
domain 2 (AD2) of pl60 proteins. In this transcription regulated by nuclear
hormone receptors, the binding of CARMI1 and PRMTI to AD?2 is essential for

their coactivator function (Koh ez al., 2001).

3.3.2 PRMT4 as a novel therapeutic target in PDAC - paper in review

PRMT4, also referred to as coactivator-associated arginine methyltransferase 1
(CARMI), acts as a co-activator for estrogen receptor alpha (ERa) mediated
transcriptional activation in a ligand-independent manner (Xu ef al., 2004).
According to the substrate, PRMT4 can function as a transcriptional activator but
also as a suppressor in pancreatic cancer (Kim et al., 2016; Wang et al., 2016). It
has been experimentally demonstrated that CARMI1 is active for histone H3
methylation in vitro (Schurter et al., 2001).

Mice expressing catalytically inactive CARM1 survive pregnancy, are smaller in
size than their wild type siblings and die soon after birth (Kim ez al., 2010).
CARMI-deficient embryos show differentiation defects in T cells (Kim et al.,
2004), adipose tissue (Yadav et al., 2008), chondrocytes (Ito et al., 2009), muscle
(Dacwag et al., 2009) and lung (O'Brien et al., 2010). A number of studies have
described the functions of CARMI in a variety of cellular processes, for instance
transcriptional regulation (Chen et al., 1999), cell cycle progression (El
Messaoudi et al., 2006), mRNA splicing (Cheng ef al., 2007) and DNA damage
response (Lee and Stallcup, 2011). Although Kim et al. 2020 published that
PRMT4 is highly expressed in cancer (Kim and Ze'ev, 2020), others report that
the PRMT4 protein expression is significantly down-regulated in pancreatic
cancer cells (Wang et al., 2016).

However, CARMI has also been shown to positively influence the expression of
matrix metalloproteinases (MMP), which are thought to play a role in the
metastasis of degenerated cells by altering the TME (Fauquier et al., 2008). This
study established a connection between the MMP member, like ADAMS
(Schlomann et al., 2015) and PRMTs. Therefore, the focus of this work has been
set on the investigation of role of ADAMS8 and PRMTs in tumor-stroma

interactions in PDAC, among others.
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3.3.3 Determination of serum ADMA levels in PDAC - paper in review

Asymmetric arginine dimethylation is catalyzed by type I PRMTs like PRMT1
and PRMT4 (Bedford and Richard, 2005). From a number of previous studies, it
is known that serum ADMA level serves as a good diagnostic marker in
cardiovascular disease and pulmonary dysfunction by demonstrating increased
PRMT1 activity (Sibal et al., 2010; Zakrzewicz and Eickelberg, 2009; Zakrzewicz
et al., 2012; Pullamsetti et al., 2005). The current knowledge of the role of
ADMA in PDAC pathogenesis, however, it remains not clearly understood
because ADMA containing proteins in pancreatic cancer cells have not been
extensively characterized (Pan et al., 2002).

As the main goal of this research project addresses to find good diagnostic
markers to detect PDAC in early stages, a further objective was to test whether
serum ADMA could also serve as potential diagnostic markers in PDAC by
measuring increased PRMTI1 activity. Based on the measurement method of
Teerlink et al. 2002, our clinical research group at Marburg University Hospital
VTG-Chirurgie have already started an ongoing project to determine serum
ADMA levels by the HPLC method in PDAC in collaborating with the research
groups of AG Bartsch and AG Bauer (Teerlin ef al., 2002).

Preliminary results, which are currently being optimized, suggest that an increase
in serum ADMA levels correlates with increased PRMT]1 activity in PDAC. For
this ongoing research we use PRMT1-positive and -negative sera from the same
set of PDAC patients previously used for publications 2.2 and 2.3.

In order to further investigate the function of type I PRMT in tumor stroma cross-
talk or immune escape mechanisms in vitro, single and co-culture assays such as
the Boyden Chamber assay could be performed with stromal and tumor cells to

monitor proliferation, migration, invasion and cytokine synthesis.
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4 Summary

The search for new potential biomarkers is a major challenge for oncology, and
early detection is key to reducing disease and mortality. Pancreatic ductal
adenocarcinoma (PDAC) is a cancer entity with a very poor survival rate.
However, its diagnosis in early stages and the interaction partners in tumor stroma
cross-talk remains still elusive. Therefore, the main aim of this study is to identify
potential diagnostic biomarkers to detect PDAC at early stages.

In this context, extracellular vesicles (EVs) are promising candidates for early
PDAC diagnosis. They are released by virtually all cell types but play a poorly
understood role in cell communication.

A disintegrin and metalloprotease 8 (ADAMS) which was detected on the surface
of serum-EVs by FACS analysis is highly expressed in PDAC and correlates
negatively with patient survival. While the function of ADAMS in PDAC cells is
already known, its role in tumor-associated cells remains elusive and no
information is available on the expression profile of ADAMS in cells of TME.
Thus, the goal of this study was to analyze the ability of ADAMS-positive EVs
isolated from the serum of PDAC patients and miRNAs as cargo of serum EVs,
also involving PRMT1 and PRMTH4, to distinguish precursor lesions or PDAC fro
m healthy controls.

Firstly, to describe the stromal cell types expressing ADAMS in PDAC,
immunohistochemical staining was performed on human PDAC tissue and the
results were evaluated. ADAMS8 was found to be significantly expressed in
macrophages (6 %), natural killer cells (40 %), and neutrophils (63 %), which,
among other stromal cells, have the highest percentage of stromal cells expressing
ADAMS in PDAC tissue. From these data, it can be concluded that ADAMS is
not only present in PDAC cells but also in tumor-associated stromal macrophages,
NK cells, and neutrophils in the TME and that ADAMS8-expressing stromal cells
may be a promising parameter that can serve for the early diagnosis of PDAC.

A total cohort of 72 PDAC patients and 20 healthy individuals as a comparison
was used in this entire study. All experiments were performed with the same
cohort of patients to build an information network about PDAC and its potential
biomarkers.

Then, a set of miRNAs as cargo of ADAMS8-positive serum EVs, which were

differentially expressed in PDAC, were investigated. A downregulation was
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significantly observed for miRNA-720 and an elevated expression profile for
miRNA-451 in PDAC compared to healthy controls to distinguish PDAC from
healthy controls. Thus, the detection of miR-720 and miR-451 cargo from
ADAMS8-positive EVs could provide a specific biomarker and thus a positive
contribution to the screening of individuals at risk of PDAC.

To investigate the role of PRMT-1 and 4 on TME in PDAC,
immunohistochemical staining was performed with the same stromal cells on
human PDAC tissue as previously used to build a network of correlation. The
expression levels revealed that PRMT1 promotes the tumor-suppressing effect of
pl4ARF, a tumor suppressor protein, and a correlation between patient survival
and PRMT1 was observed suggesting that PRMT1 is a promising diagnostic
marker. Research on PRMT4, which has already been carried out in this work,

will be published in a project that has already been started.
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S Zusammenfassung

Die Suche nach neuen potenziellen Biomarkern ist eine groBe Herausforderung
fiir die Onkologie, und die Fritherkennung ist der Schliissel zur Reduzierung von
Krankheit und Sterblichkeit. Das duktale Adenokarzinom der Bauchspeicheldriise
(PDAC) ist eine Krebsart mit einer sehr schlechten Uberlebensrate. Uber seine
Diagnose in frithen Stadien ist jedoch nur wenig bekannt. Ziel dieser Studie ist es
daher, potenzielle diagnostische Biomarker zu finden, um PDAC in frithen
Stadien zu erkennen.

In diesem Zusammenhang sind extrazelluldre Vesikel (EVs) vielversprechende
Kandidaten fiir die PDAC-Friihdiagnose. Sie werden von nahezu allen Zelltypen
freigesetzt, spielen aber eine wenig verstandene Rolle in der Zellkommunikation.
ADAMS, das mittels FACS-Analyse auf der Oberfliche von Serum-EVs
nachgewiesen wurde, ist in PDAC stark exprimiert und korreliert negativ mit dem
Uberleben von PDAC-Patienten. Wihrend die Funktion von ADAMS in PDAC-
Zellen bereits bekannt ist, bleibt seine Rolle in tumorassoziierten Zellen schwer
fassbar und es liegen keine Informationen {iber das Expressionsprofil von
ADAMS in Zellen der TME vor.

Ziel dieser Studie war es daher, die Féhigkeit von ADAMS-positiven EVs, die aus
dem Serum von PDAC-Patienten isoliert wurden und von miRNAs als Ladung
von Serum-EVs zu analysieren, wobei auch PRMT1 und PRMT4 einbezogen
wurden, um Vorlduferldsionen oder PDAC von gesunden Patienten abzugrenzen.
Um die Stromazelltypen zu beschreiben, die ADAMS in PDAC exprimieren,
wurde zunédchst eine immunhistochemische Férbung von menschlichem PDAC-
Gewebe durchgefiihrt und die Ergebnisse ausgewertet. Es zeigte sich, dass
ADAMBS signifikant in Makrophagen (6 %), natiirlichen Killerzellen (40 %) und
Neutrophilen (63 %) exprimiert wird, die unter den anderen Stromazellen den
hochsten Prozentsatz an Stromazellen aufweisen, die ADAMS in PDAC-Gewebe
exprimieren. Aus diesen Daten ldsst sich schlieBen, dass ADAMS nicht nur in
PDAC-Zellen, sondern auch in tumorassoziierten stromalen Makrophagen, NK-
Zellen und Neutrophilen im TME vorkommt und dass ADAMS-exprimierende
Stromazellen ein vielversprechender Parameter sein konnen, der zur
Frithdiagnose von PDAC-Patienten dienen kann.

Fiir die gesamte Studie wurde eine Kohorte von 72 PDAC-Patienten und 20

gesunden Personen als Vergleich herangezogen. Alle Experimente wurden mit der
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gleichen Patientenkohorte durchgefiihrt, um ein Informationsnetzwerk iiber
PDAC und seine potenziellen Biomarker aufzubauen.

AnschlieBend wurde eine Reihe von miRNAs als ,,Cargo® von ADAMS-positiven
Serum-EVs untersucht, die bei PDAC unterschiedlich exprimiert wurden. Als
Ergebnis wurde eine signifikante Herabregulierung der miRNA-720 und ein
erhohtes Expressionsprofil der miRNA-451 bei PDAC im Vergleich zu gesunden
Kontrollen beobachtet, um PDAC von gesunden Kontrollen zu unterscheiden.
Somit konnte der Nachweis von miR-720 und miR-451 aus ADAMS-positiven
EVs einen spezifischen Biomarker darstellen und auf diese Weise einen positiven
Beitrag zum Screening von Personen mit PDAC-Risiko leisten.

Um die Rolle von PRMT1 und PRMT4 im TME bei PDAC zu untersuchen,
wurde eine immunhistochemische Féarbung mit denselben Stromazellen auf
menschlichem PDAC-Gewebe durchgefiihrt, die zuvor zum Aufbau -eines
Korrelationsnetzes verwendet wurde. Die Expressionswerte zeigten, dass PRMTI1

4ARE - einem Tumorsuppressorprotein,

die tumorsuppressive Wirkung von pl
fordert, und es wurde eine Korrelation zwischen dem Uberleben der Patienten und
PRMT1 beobachtet, was darauf hindeutet, dass PRMT1 ein vielversprechender
diagnostischer Marker ist. Die Forschung zu PRMT4, die im Rahmen dieser
Arbeit bereits durchgefiihrt wurde, wird in einem bereits begonnenen Projekt

verOffentlicht.
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is a cancer type with one of the highest mor-
talities. The metalloprotease-disintegrin ADAMS is highly expressed in pancreatic cancer cells
and is correlated with an unfavorable patient prognosis. However, no information is available on
ADAMS expression in cells of the tumor microenvironment. We used immunohistochemistry (IHC)
to describe the stromal cell types expressing ADAMS in PDAC patients using a cohort of 72 PDAC
patients. We found ADAMS expressed significantly in macrophages (6%), natural killer cells (40%),
and neutrophils (63%), which showed the highest percentage of ADAMS expressing stromal cells.
We quantified the amount of ADAMS" neutrophils in post-capillary venules in PDAC sections
by IHC. Notably, the amount of ADAMS8" neutrophils could be correlated with post-operative
patient survival times. In contrast, neither the total neutrophil count in peripheral blood nor the
neutrophil-to-lymphocyte ratio showed a comparable correlation. We conclude from our data that
ADAMS is, in addition to high expression levels in tumor cells, present in tumor-associated stromal
macrophages, NK cells, and neutrophils and, in addition to functional implications, the ADAMS-
expressing neutrophil density in post-capillary venules is a diagnostic parameter for PDAC patients
when the numbers of ADAMS8* neutrophils are quantified.

Keywords: pancreatic cancer; tumor microenvironment; tumor stroma; neutrophils; ADAMS protease

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly heterogeneous tumor entity
with a grim prognosis with a 5-year survival rate of less than 8% [1]. Desmoplastic
reaction is very common in PDAC and accounts for a massive activation of stroma and
stromal cells in the tumor microenvironment. The PDAC tumor microenvironment (TME)
with its inflammatory nature activates many immune cell types in response to tumor
cell derived signals (reviewed in [2]). As creators of and responders to signals in the
tumor microenvironment, ADAM proteases (A disintegrin and metalloprotease) have been
found to be associated with numerous functions ranging from immune cell migration
and invasion [3], degradation of extracellular matrix molecules (Collagens I, IV) [4] to
proteolytic inactivation of immune checkpoint inhibitors such as PD-L1 [5,6]. With their
multidomain structures, ADAM proteases are capable of multiple physiological functions
associated with cell adhesion, cell fusion, cell signaling, and proteolysis. Proteolysis of
membrane-anchored precursor proteins by ADAMs is a key event for the generation
of signaling cascades within the TME. In PDAC, a significant contribution of ADAM
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proteases to tumor progression was reported for ADAMS [4], ADAM9 [7,8], ADAMI10 [Y],
ADAMI12 [10], and ADAMI17 [11]. Notably, higher expression levels of these ADAM
proteases were reported to be associated with a poor patient prognosis in PDAC. Similar to
other solid cancers, shedding of EGF-ligands and EGFR by ADAMI10 and 17 are clearly
relevant for tumor signaling in pancreatic cancer [11,12]. Furthermore, there are a number of
ADAM proteases lacking phenotypes in knockout mice but with a possible role in different
tumor entities and specifically in PDAC, which applies for ADAMS8 and ADAM? [8].
In particular, high expression levels of ADAMS and 9 are associated with a worsened
patient prognosis [13]. In previous studies, ADAMS in particular was described in tumor
cells and functional analyses revealed a tumor-promoting effect of ADAMS in pancreatic
cancer cells [4], so that inhibition of ADAMS in pancreatic cancer (KPC) mice using a cyclic
ADAMS inhibiting peptide (BK-1361) leads to prolonged survival and improved metrics of
pathological parameters (metastasis formation, invasion of tumor cells, acinar structures).
However, since ADAMS was reported to be highly expressed in tumor-associated immune
cells as shown in glioblastoma [14], the goal of the present study was to analyze the
presence of ADAMS in tumor stroma of PDAC in a cohort of 72 in-house patients.

2. Materials and Methods
2.1. Patients and Tissue Samples

A total of 72 patients with PDAC who underwent a pancreas resection in the De-
partment of Visceral Surgery at the University Hospital Marburg were enrolled in our
study (see Table 1). All tumors were histologically staged by an experienced pathologist
according to UICC-TNM (Union for International Cancer Control; tumor, node, metastasis)
classification 2017 [15]. All samples were obtained from the tumor bank of the Department
of Pathology. Ethical approval was obtained by the local ethics committee at Marburg
University, Faculty of Medicine (File Nr. 5/03). All patients provided written informed
consent prior to participating in this study.

Table 1. Clinical data on pancreatic ductal adenocarcinoma (PDAC) patient cohort used in this study
(n = 72); abbreviations used: *: NLR: neutrophil-to-lymphocyte ratio; UICC: Union for International
Cancer Control.

Males (%) 37 (51%)
KCemcee Females (%) 35 (49%)
Median Age at Surgery, Years (Range) 68 (47 to 85)
I 11 (15.3%)
11 10 (13.9%)
UICC Stage, Number of Patients (%)
M 46 (63.9%)
v 5(6.9%)
Median Survival, Months (Range) 22 (1t092)
. head 65 (90%)
Location body o tail 7 (10%)
Median NLR * (Range) 3.14 (1.53 t0 31.67)

2.2. Immunohistochemistry (IHC)

For ADAMS immunostaining, formalin-fixed and paraffin-embedded archived tumor
samples and corresponding normal tissues were stained as follows. Paraffin sections (4 um
thickness) from PDAC patients were stained for ADAMS using a polyclonal anti-ADAMS
antibody and a standard VectaStain Protocol. For double-staining of PDAC sections,
sections were stained for ADAMS and the respective markers for T cell markers CD3,
CD4, and CDS8, stellate cell marker SMA, macrophage marker CD68, natural killer cell
marker CD56, and neutrophil marker myeloperoxidase (MPO). Antibodies, concentrations,

58



J. Pers. Med. 2021, 11, 113

30f10

and sources of primary antibodies are listed below (Table 2). Briefly, slides were heated
to 60 °C for 1 h, deparaffinized using xylene, and hydrated by a graded series of ethanol
washes. Antigen retrieval was accomplished by steam-heating in Target Retrieval Solu-
tion, pH9 (Agilent Dako, Waldbronn, Germany) for 30 min. For immunohistochemistry,
endogenous peroxidase activity was quenched by 5 min incubation in 3% H;O,. Sections
were then incubated with primary antibodies for 45 min at RT followed by biotinylated
secondary antibodies for 20 min also at RT. Bound antibodies were detected using the
avidin-biotin complex (ABC) peroxidase method (ABC Elite Kit; Vector Labs, Burlingame,
CA, USA). Final staining was developed with the Dako DAB peroxidase substrate kit.
For double staining, HRP Magenta Substrate Chromogen System was employed. Counter-
staining was performed using hematoxylin. All steps following the antigen retrieval were
performed using the DakoCytomation Autostainer Plus.

Table 2. Concentrations and sources of primary antibodies.

Antibody Species Working Dilution Source
ADAMS rabbit 1:200 R&D Systems (AF1031)
CD3 mouse 1:50 Dako (M7254)
CD56 mouse 1:10 Monosan (MON 9006)
CD68 mouse 1:200 Novus Biologicals (NB100-683)
CD163 mouse 1:50 ThermoFisher (MA5-11458)
CD4 mouse 1:100 Dako (M7310)
CD8 mouse 1:200 R&D Systems (MAB3801)
« Smooth muscle actin mouse 1:2000 R&D Systems (MAB1420)
MPO mouse 1:50 R&D systems (MAB3174)

2.3. Selection of Patient Samples for Double-Staining

A total of 10 patients were selected for double-staining that reflect our total cohort
by having 7 stage III (among them 2 R0) and 3 stage Il samples and from these 5 patients
with survival times of less than 18 months and 5 patients with survival time longer than
18 months (one patient alive with disease).

2.4. Quantitation

The quantitation of ADAMS-positive and marker-positive cells in paraffin-embedded
and stained sections was performed using the virtual software programs Fiji Image J [16].

2.5. Cell Counting and Scoring of Neutrophils in PDAC Patients

Samples from 51 patients were included in neutrophil analyses and none of these
patients received a neoadjuvant therapy. Planimetry measurements of three venous blood
vessels on each ADAMS-stained section were performed. Later, the number of ADAMS*
neutrophils in the lumen of the blood vessels was scored and a ratio was calculated (cells
per area). The sum of the three data sets of each patient are listed in the last column of
Table Al. The blood vessels analyzed fulfilled the following criteria. The vessels were
located in the center of tumor with a minimal luminal area of 2000 um?. The distance
between the vessels was such that three different areas of the tumor could be analyzed
randomly. Blood vessels displaying fixation-related artifacts were excluded. Only cells that
could be identified clearly as neutrophils with a positive staining for ADAMS were counted.

2.6. Statistical Analysis

Two-way ANOVA was used for stroma cell quantifications and survival analyses.
For neutrophil/survival analyses, a Pearson correlation coefficient was determined in
conjunction with f statistics and p-value. Analyses were performed using Prism 6 for
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Mac OSX from GraphPad, San Diego, CA, USA. A value of p < 0.05 was considered to
be significant.

3. Results
3.1. ADAMS Expression in PDAC

The PDAC patient cohort (tumor, stromal cells, co-localization) consists of patients
who were clinically diagnosed with PDAC in the department of visceral surgery and
included in the study (see Materials and Methods section for information on exclusion
criteria). From all tumor patients, paraffin-embedded sections were stained and scored for
ADAMS expression (Figure 1).

E

4=
8
8 34 A
0
o
; 2+ oo re e ALLAAALD
«©
=
g 14 eesslesse
<

0~ T sl

< 18 months > 18 months
Survival Time

Figure 1. Correlation of ADAMS staining scores with survival in patients of the PDAC cohort (1 = 50).
Four exemplary images illustrating varying levels of ADAMS staining in patient samples. The scale
bar is 25 um. Staining intensities were determined for each section based on analysis of 5 viewing
fields per section and were between 0 and 3 with no (0; (A)), low (1; (B)), moderate (2; (C)) and strong
(3; (D)) ADAMS staining. (E): Patients in the cohort were split into 2 groups with group 1, survival
less than 18 months (e; n = 16) and group 2 (A; n = 34), patient survival longer than 18 months.
Note that only two PDAC sections were almost negative for ADAMS. Difference is not significant.

Staining intensities in tumor cells were assessed by IHC score (0-3) according to earlier
studies [17] in our in house cohort. Groups were separated into two according to median
survival times either shorter or longer than 18 months. No significant differences were
observed between the two groups with regard to ADAMS IHC scores.

3.2. Co-Localization of ADAMS and Stromal Cell Markers in PDAC Tissue

In all PDAC sections stained for ADAMS, a notable expression was also observed in
stromal cells (Figure 2A). To identify the stromal cell types expressing ADAMS in PDAC,
double staining of tissue with respective cell markers for T cells (CD3, CD4, CD8), natural
killer (NK) cells (CD56), macrophages (CD68), neutrophils (MPO), and smooth muscle
actin for stellate cells (SMA) was performed on a representative cohort of ten patients
reflecting our total cohort (see Materials and Methods section for details).

We identified ADAMS-positive cells not only in the duct-like structures of the tumor
area (Figure 2A), but also in the tumor microenvironment (Figure 2A-H). Stromal cells
show moderate to high levels of ADAMS staining. Significant co-staining of ADAMS with
markers for CD68 (macrophages, Figure 2B), for CD56 (NK cells, Figure 2F), and for MPO
(neutrophils, Figure 2H) can be seen in Figure 2. Cells stained positively for both MPO and
ADAMS were identified to be neutrophils as evidenced by their granulocytic morphology.
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Figure 2. ADAMS staining (A) in PDAC sections and co-localization of ADAMS (brown) with markers (pink) for CD68
(macrophages, (B)), CD3 (CD3" T cells, (C)), CD4 (CD4" T cells, (D)), CD8 (CD8" T cells, (E)), CD56 (NK cells, (F)),
SMA (stellate cells, (G)), and MPO (neutrophils, (H)). In (A), a control stain for ADAMS alone is shown. Bar in A, 800 um;
bar in insert (A), 100 pm.

3.3. Quantitative Analysis of Co-Localization

Image] analysis on double-stained sections from a representative group of 10 patients
was performed to quantify the number of specific stromal cells that were ADAMS positive
(Figure 3). Whereas T cells identified with distinct markers (CD3, CD4, and CD8) and
pancreatic stellate cells (SMA) show a low percentage of co-localization, significant ADAMS-
positive cell populations were observed for macrophages (CD68, 0-17%), NK cells (CD56,
18-75%), and neutrophils (MPO, 30-90%).
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Figure 3. Scatter dot plot of the percentage of double-positive ADAMS/marker cells as analyzed
in 10 representative PDAC sections stained for CD68 (e), CD3 (M), CD4 (A), CDS8 (V¥), CD56 (4),
SMA (©) and MPO (LJ). Note that the frequency of ADAMS" stromal cells is highest for macrophages
(CD68), NK cells (CD56), and neutrophils (MPO). For each section analyzed, data are derived
from quantification of 5 viewing fields in the tumor proximal stroma areas. Median values with
interquartile ranges are indicated. Note that the highest frequency of co-localization of ADAMS with
stromal markers is observed for MPO (neutrophils).

3.4. ADAMS Expression in Neutrophils

We confirmed ADAMS expression in neutrophils and their association with blood
vessels in PDAC sections (Figure 3). Neutrophils enter the tissue from post-capillary
venules in a process called leukodiapedesis. Thus, the likelihood of detecting neutrophils
in these blood vessels is higher than in any other type of capillaries. Since post-capillary
venules are large vessels, we sought to determine their frequency in PDAC sections.
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To obtain comparable results, neutrophils were quantified in at least 3 independent post-
capillary venules with an area of >2000 um? in the core tumor tissue (Figure 4 and Table A1
in Appendix A).

Figure 4. ADAMS positive neutrophils located in tumor stromal post-capillary venules. (A), ADAMS staining in duct-
like structures; (B), ADAMS staining in PDAC tumor stroma adjacent to duct-like structures reveals mainly ADAMS*
neutrophils; (C) and (D) overview venules in tumor areas with ADAMS8* neutrophils. (E), detailed view of venules with
ADAMS* neutrophils in vessels (asterisks) and adjacent infiltrated neutrophils (arrowheads) in a representative PDAC
section. Scale bar in (A), valid for (A-D), 120 um; Scale bar in (E), 55 um.

Neutrophil numbers were correlated with patient survival data in the entire PDAC
patient cohort (Figure 5A,B) where respective structures (venules) were analyzable. More-
over, we determined the neutrophil-to-leukocyte ratio (NLR) in PDAC patients where data
were available and correlated these and the total blood neutrophil counts (Figure 5C,D)
with survival data, respectively.
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Figure 5. (A) Correlation analyses of ADAMS8* neutrophil counts in post-capillary venules. Each data
point is the average of 3 independent post-capillary venules of an area > 2000 um? in the core tumor
tissue (n = 50). Pearson correlation revealed r = —0.463 with p = 0.0006. (B) Neutrophil density
diagram from our PDAC patient cohort split into survival time less than and greater than 18 months,
p = 0.0128. (C) Neutrophil counts in peripheral blood of PDAC patients from the same cohort,
p = 0.2797. (D) Neutrophil-to-lymphocyte ratio in the PDAC patient cohort, p = 0.5143. Note that only
the ADAMS8* neutrophil counts in post-capillary venules are significantly correlated with PDAC
patient survival.
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4, Discussion

Due to high expression levels in PDAC tumor cells, ADAMS was previously identified
as a potential therapeutic target in PDAC [4,13]. Here we confirmed earlier results in our
cohort that ADAMS is expressed in almost all PDAC samples, but no significant correlation
between ADAMS expression in tumors and survival could be drawn. Interestingly, no pre-
vious study has mentioned expression of ADAMS in stromal cells of PDAC. Given a distinct
physiological expression profile of ADAMS in immune cells such as macrophages and
leukocytes, an ADAMS expression in stromal cells of PDAC is likely and suggests an impor-
tant role of ADAMS in the tumor microenvironment of PDAC. However, the relatively low
abundance of ADAMS-positive macrophages is unexpected as under physiological condi-
tions, e.g., in the bone marrow, macrophages are constitutively expressing ADAMS [14,18].
In macrophages, there is experimental evidence that ADAMS can trigger their migratory
behavior into the tissue under inflammatory conditions. This has been demonstrated in
muscle regeneration when ADAMS-deficient macrophages are unable to remove muscle
cell debris after muscle degeneration due to lack of motility [19]. A more general effect of
ADAMS on several immune related cells was observed in allergic asthma in mice where
deficiency in ADAMS caused a significantly reduced recruitment of macrophages, neu-
trophils, and eosinophils to the airway inflammation site to dampen the allergic response
and the asthma severity [20]. By analyzing ADAMS expression in neutrophils, we were
able to show that an increased number of ADAMS-positive neutrophils particularly in
venules of the tumor areas can be of prognostic value for PDAC patients. Mechanistically,
this observation could point towards a detrimental effect of ADAMS-positive neutrophils
in PDAC by regulating neutrophil transmigration from the vasculature to the tumor site.
A neutrophil-to-lymphocyte ratio (NLR) has been reported to be a predictive parameter
in clinical studies with PDAC patients. Higher ratios have been associated with poor
outcome in some studies [21-23]. However, the value of this ratio in terms of prognosis
is controversial [24]. In addition, whereas low tumor infiltration of neutrophils has been
associated with poor prognosis [25], others report neutrophil infiltration to be observed in
pancreatic tumors with the poorest prognosis [26]. It is interesting to note that the number
of ADAMS-positive neutrophils in venules of PDAC patients shows a better correlation
than either peripheral blood neutrophil count or the NLR. Although controversial, the gen-
eral findings suggest that, in pretherapy PDAC patients, the NLR is not indicative for
overall survival [24], which is in accordance with our findings.

5. Conclusions

In PDAC, ADAMS is significantly expressed in stromal cells, in particular in
macrophages, NK cells, and neutrophils. Given the diagnostic value of neutrophil counts
as reported previously [21-23], we propose that determination of neutrophil density in
venules of tumor areas is a reliable indicator of disease progression and patient survival
and could be used to stratify PDAC patients.
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Appendix A

Table Al. Summarizes clinical data and neutrophil counts in venules of PDAC patients in the cohort investigated.
Abbreviations used: UICC: Union for International Cancer Control.; NLR: neutrophil-to-lymphocyte ratio.

Number Gender Age(ayteas::;gery UICC Stage (?\:;\lt‘;:sl) Location NLR Densnty(:jll‘\:zt;trophxls

1 f 71 11 92 head 4.60

2 m 85 v 20 head n.a. 334 x 108
3 f 75 11 11 head 2.64 360 x 106
4 m 65 I 31 head 4.29 216 x 10°
5 m 74 11 30 head na. 878 x 10°
6 m 61 11 55 head 2.83 84 x 100
7 m 56 1 62 head 3.09 81 x 10°
8 f 55 111 19 head 3.84 305 x 108
9 m 73 1 6 body 2.87 831 x 10°
10 m 49 1l 8 head 2.39 856 x 10°
1 m 67 111 5 head n.a. 139 x 10°
12 f 51 I 40 head 3.58 146 x 10°
13 m 68 11 50 head na. 134 x 10°
14 w 77 | 34 head 31.67 260 x 10°
15 f 85 I 0 head 3.84 1061 x 10°
16 m 52 v 16 body na. 603 x 10°
17 f 68 11 20 tail na. 1573 x 10°
18 f 82 111 22 head 6.00 643 x 106
19 f 53 1 35 head n.a.

20 f 69 v 15 body na. 540 x 108
21 f 74 1 4 head 1.53 501 x 10°
22 m 68 111 4 head n.a.

23 f 78 111 39 head na. 159 x 108
24 m 56 11 30 head na.

25 f 65 1 38 head n.a. 672 x 100
26 f 50 111 13 head 2.81 484 x 10°
27 f 62 1 42 head n.a.

28 m 78 1 31 head 3.35 800 x 10°
29 f 75 1 32 head n.a.

30 m 68 | 1 head 3.50 831 x 106
31 m 72 11 36 head n.a.

32 m 66 I 33 head n.a.

33 m 78 1 28 head n.a.

34 f 75 I 35 head 6.83

35 f 79 m 22 head n.a. 168 x 10¢
36 m 60 11 9 head 287 519 x 108
37 f 60 I 33 head 2.75

38 f 58 I 27 head 2.79

39 f 57 11 19 head 3.10 616 x 10°
40 m 67 11 28 head na.

11 m 64 111 24 head n.a. 836 x 10°
42 f 68 1 29 head n.a.

43 m 60 1 n.a. head n.a.

44 m 60 i 28 head 2.87

45 f 51 il 16 head n.a. 682 x 10°
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Table A1. Cont.

Number  Gender As"&‘:;’f"" UICC Stage (i::::‘},.asl) Locaion  NLR De“’“y(:;:'nfz“)""ph"s

46 f 78 1 28 head 2.00

47 f 79 | 26 head n.a.

48 m 47 11 10 head n.a. 1117 x 105
19 m 65 11 12 body 16.50 1154 x 10°
50 f 79 111 13 head 2.86 569 x 10°
51 m 72 1 13 head 2.86 1398 x 10°
52 m 58 1 48 head na. 230 x 10°
53 f 71 11 75 head 2.67

54 m 78 11 12 head na. 926 x 10°
55 m 64 1l 54 head na. 438 x 10°
56 m 70 I 36 body 3.79 425 x 10°
57 f 61 1 31 head 5.36 733 x 106
58 m 71 111 13 head na. 1164 x 10°
59 m 68 11 21 head na. 1099 x 10°
60 m 75 11 47 head 6.42 179 x 108
61 f 77 1 57 head 3.14

62 f 75 il 9 head 1.94 349 x 10°
63 m 80 11 8 head 411 252 x 106
64 m 52 111 13 head n.a. 991 x 108
65 f 78 1 7 head 7.60 529 x 108
66 m 80 11 9 head 10.67 308 x 106
67 m 67 1l 15 head na. 643 x 10°
68 f 64 v 13 body 3.09 553 x 100
69 f 68 v 18 head n.a. 658 x 10°
70 f 73 1 5 head 3.74 1342 x 10°
71 f 72 11 8 head na. 506 x 10°
72 m 7 1 16 head n.a.
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Abstract

The p14** protein is a well-known regulator of p53-dependent and
pS3-independent tumor-supp activities. In unstressed cells,
p14*%F is predominantly sequestered in the nucleoli, bound to its
nucleolar interaction partner NPM. Upon genotoxic stress, p14"**
undergoes an immediate redistribution to the nucleo- and cyto-
plasm, where it promotes activation of cell cycle arrest and apoptosis.
Here, we identify p14*** as a novel interaction partner and substrate
of PRMT1 (protein arginine methyltransferase 1). PRMT1 methylates
several arginine residues in the C-terminal nuclear/nucleolar local-
ization sequence (NLS/NoLS) of p14**, In the absence of cellular
stress, these arginines are crucial for nucleolar localization of p14**",
Genotoxic stress causes augmented interaction between PRMT1 and
p14**, accompanied by arginine methylation of p14**F. PRMT1-
dependent NLS/NoLS methylation promotes the release of p14"*"
from NPM and nucleolar sequestration, subsequently leading to p53-
independent apoptosis. This PRMT1-p14** cooperation is cancer-
relevant and indicative for PDAC (pancreatic ductal adenocarcinoma)
prognosis and chemotherapy response of pancreatic tumor cells. Our
data reveal that PRMT1-mediated arginine methylation is an impor-
tant trigger for p14"*"s stress-induced tumor-suppressive function.
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post-translational modification; tumor suppression
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Introduction

The INK4a/ARF (CDKN2A) gene locus on human chromosome 9p21
encodes two structurally unrelated proteins with distinct tumor
suppressor functions, p14** and p16"™***. While p16™*** blocks
the kinase activity of CDK4/CDK®, thus preventing Rb phosphoryla-
tion and subsequently S-phase entry, p14**¥ exerts p53-dependent
and p53-independent cell cycle arrest and apoptosis (Kim & Sharpless,
2006). Consistent with these functions, the INK4a/ARF locus is
frequently mutated in human malignancies, e.g., in = 80% of sporadic
pancreatic ductal adenocarcinomas (PDACs; Hezel et al, 2006), indicat-
ing that inactivation of this locus is essential for abnormal cell prolifer-
ation and loss of genomic stability.

p14**¥ s an important sensor of different types of cellular stress
and hence positively regulated in response to oncogenic signals and
genotoxic stress (Ozenne et al, 2010). In unstressed healthy cells,
p14*%F is usually expressed at low levels as a result of efficient N-
terminal ubiquitination and subsequent proteasomal degradation
(Kuo et al, 2004; Chen et al, 2010). Moreover, in the absence of
DNA damage, p14**F is sequestered in the nucleoli due to its inter-
action with the abundant nucleolar protein NPM (nucleophosmin)
leading to a functionally inactive, but more stable protein fraction
(Rodway et al, 2004; Korgaonkar et al, 2005). Upon genotoxic
stress, p14**F redistributes from the nucleolus to the nucleo- and
cytoplasm, where it, among others, promotes activation of the p53
pathway by inhibiting the E3 ubiquitin ligase MDM2 (Lee et al,
2005; Sherr, 2006). Importantly, p14**" governs also tumor-
suppressive activities independent of p53 and interacts with a vari-
ety of proteins, such as TIP60, TOPO I, and p32 (C1QBP), thereby
regulating their function in DNA damage signaling, DNA repair, and
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apoptosis (Karayan et al, 2001; Ayrault et al, 2003; Eymin et al,
2006; Itahana & Zhang, 2008). Enforced nucleolar retention of
p14*%F inhibits these tumor-suppressive activities (Korgaonkar et al,
2005). The molecular mechanisms, which lead to the stress-induced
redistribution of p14**¥, have not been elucidated.

Targeting of p14**F to the nucleus and nucleolus is mediated by
an arginine-rich sequence motif (amino acids 85-101) in its C-terminus
(Zhang & Xiong, 1999; Rizos et al, 2000). Tumor-associated muta-
tions of several arginine residues within this nuclear/nucleolar local-
ization sequence (NLS/NoLS) have been reported to cause an altered
subcellular localization of the protein. These NLS/NoLS mutations
disrupt the p53-independent pro-apoptotic functions of p14**¥, for
example, attenuating p32-mediated apoptosis (Itahana & Zhang,
2008). The fact that p14**¥ is a highly basic protein, overall composed
of 20% arginine residues, raises the question whether arginine methy-
lation participates in the functional regulation of p14™¥ The enzymes
responsible for this post-translational modification are the protein
arginine methyltransferases (PRMTs), which constitute a family
of nine members in mammals (Yang & Bedford, 2013). They
transfer methyl groups from the ubiquitous methyl-group donor
S-adenosyl-L-methionine (SAM) to the terminal guanidino nitrogens
of arginine residues, catalyzing monomethyl arginine (MMA), asym-
metric dimethyl-arginine (ADMA), or symmetric dimethyl-arginine
(SDMA). A multitude of nuclear and cytoplasmic proteins are post-
translationally modified by arginine methylation. Thereby, PRMTs
regulate a wide range of essential cellular processes, for example,
signal transduction, nucleo-cytoplasmic transport, transcriptional
regulation, and RNA splicing (Yang & Bedford, 2013).

In the present study, we investigated the potential impact of argi-
nine methylation on the function of p14***. We show that p14**F is
arginine-methylated in vivo and that PRMT1 is responsible for the
generation of ADMA-modified p14**". Using mass spectrometry, we
identified four arginine residues (R87/88/96/99) within the NLS/
NoLS of p14** as the major methylation sites of PRMT1. Overexpres-
sion or depletion of PRMT1 leads to perturbed subcellular localization
and turnover of endogenous p14**" and defects in apoptosis signaling.
Moreover, mutation of these PRMT1 methylation sites to amino acids
that do not preserve the basic charge causes relocalization of the
mutant p14** proteins from the nucleoli to the nucleo- and cyto-
plasm. Genotoxic stress, such as UVC irradiation, results in an
enhanced interaction between PRMT1 and p14** and concomitantly
increased levels of arginine-methylated p14***, which contribute to
the release from its nucleolar binding partner NPM. In addition,
arginine methylation of p14*** enforces its interaction with the pro-
apoptotic factor p32 and promotes apoptosis. Our data suggest that
PRMT1-mediated arginine methylation causes crucial changes in the
interaction network of p14** and triggers stress-induced relocalization
and tumor-suppressive functions of p14***. Finally, we find that the
PRMT1-p14** cooperation is cancer-relevant and indicative for PDAC
prognosis and chemotherapy response of pancreatic tumor cells.

Results
Arginine residues in p14*** are methylated by PRMT1 and PRMTS

Given that cancer-associated mutations of certain arginine residues
within p14** disclose an important role in the regulation of
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apoptosis (Itahana & Zhang, 2008), we raised the question whether
p14ARF jg arginine methylated and whether this post-translational
modification is relevant for its tumor suppressor function. To this
end, we analyzed the occurrence of in vivo methylation of p14*** by
metabolic labeling. EGFP-tagged p14** and empty vector (control)
expressing HEK293 cells (Appendix Fig S1A) were cultured in the
presence of L-[*H-methyl]-methionine, which is intracellularly
metabolized to SAM. Additionally, cells were treated with transla-
tional inhibitors to avoid incorporation of radiolabelled methionine
by de novo-protein biosynthesis (Liu & Dreyfuss, 1995). Subsequent
to immunoprecipitation and SDS-PAGE, p14**" methylation was
detected by fluorography, as depicted in Fig 1A (upper panel). Treat-
ment with the global methyltransferase inhibitor adenosine dialde-
hyde (AdOx) resulted in hypomethylated cell extracts and in the loss
of detection of methylated p14**" (Appendix Fig S1B, Fig 1A, upper
panel). The overexpression and precipitation of EGFP-tagged pl4‘"‘F 5
which typically occurred in a doublet band, were verified by Western
blot analysis (Fig 1A, lower panel). Since p14** does not contain
any lysine residues, but a high number of arginines, this result indi-
cates that p14*** is methylated at arginine residues in vivo.

To identify responsible PRMTs, we performed in vitro methyl-
transferase (MT) assays using bacterially expressed and purified
GST-tagged p14*"F and PRMTs (expressed/purified either from
E.coli, mammalian cells or Sf9 cells) in the presence of radiolabeled
methyl-group donor SAM. Here, PRMT1 and PRMTS5 were found to
methylate p14**", whereas PRMT4 did not modify the protein
(Fig 1B and C). PRMT1 and PRMTS5 are known to share common
substrates, but deposit different dimethylation marks, ADMA, and
SDMA, respectively, which elicit diverse functional properties (Favia
et al, 2019). In the present study, we focussed on the role of
PRMT1-mediated methylation of p14***. Using recombinant GST-
tagged p14™*¥ deletion constructs, we mapped the methylation sites
of PRMT1 within the C-terminus of p14*%F (aa 65-132), which
encompasses an arginine-rich NoLS/NLS, whereas the N-terminal
region (aa 1-64) also containing a basic charged NoLS/NLS was
not modified by PRMT1 (Fig 1D). Mass-spectrometric analysis of
in vitro methylated full-length GST-tagged p14™* protein was
performed to identify the specific arginine residues that are modified
by PRMT1. After tryptic digestion, LC-MS/MS identified two argi-
nine residues (R96/R99) within the NoLS/NLS of p14** as the
major mono- and dimethylation sites (Fig 1E). In addition, fragment
ion spectra provided some evidence of methylation of arginine 87
and 88 (R87/R88) with a lower degree of modification (data not
shown). Remarkably, these four amino acid positions overlap with
published cancer-associated mutations within the C-terminus of
p14**F (Zhang & Xiong, 1999). Mutation of the four arginines to
glycines in the full-length p14*** protein (p14**" RG) abolished
in vitro methylation by PRMT1 and confirmed that PRMT1 predomi-
nantly modifies these four arginines in p14**" (Fig 1F). Further-
more, co-immunoprecipitation experiments showed that overexpressed
Myc-tagged PRMT1 and Flag-tagged p14**F interact in U20S cell
extracts (Fig 1G). These results identify p14**" as a novel substrate
and interaction partner of PRMT1.

PRMT1 regulates the cellular localization of p14"**

Given that p14** is arginine methylated within its C-terminal
NLS/NoLS by PRMTI1, we investigated the subcellular localization

© 2021 The Authors
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Figure 1. Arginine methylation of p14*"* by PRMT1.

Antje Repenning et al

A For in vivo methyltransferase (MT) assay, HEK293 cells were transfected wnh ecther empty vector (ev., control) or EGFP-tagged p14***-containing plasmid.

Subsequently, cells were treated with the global meth

dialdehyde, AdOx (+) or left untreated () for 72 h and then cultured in the

presence of L-[*H-methyl]-methionine. Cell lysates were subjected to x-GFP immunoprecipitation (IP) and then assayed by fluorography (upper panel) and
immunoblotting using «-GFP anuhody (lower panel). EGFP-epitope tagged p14™*" typically migrated as a doublet band, indicated by the bracket. Corresponding
Appendix Fig 51 confirms p14*** overexpression in the cell lysates and hypomethylation caused by AdOx treatment.

B Recombinant GST-tagged sub

(p14™", GAR) and PRMT1/PRMT4 enzyme purified from bacteria or PRMTS p dfi precipitated from Hela cells

(HA-tagged PRMTS/Myc-tagged MEPS0) were subjected to in vitro methyltransferase (MT) assays in the presence of [*“C-methyl]-SAM. Reactions were separated by
SDS-PAGE, blotted, and assayed by autoradiography. GST-GAR, histone H3, and bulk histones served as a positive control for PRMT1, PRMT4, and PRMTS activity,
respectively. The two depicted negative controls () for PRMT1 are identical. The asterisks indicate the methylated p14*** protein. Corresponding autoradiography
results show representative images and derive from the same blots and exposure times with white lines indicating where tracks were cut. Size markers (in kDa) are

shown on the right.

C Recombinant GST-tagged p14** purified from bacteria and Flag-tagged PRMT1, PRMT4, or PRMTS enzyme purified from baculoviral infected S cells were subjected
1o in vitro methyltransferase (MT) assays in the presence of [*C-methyl]-SAM. Reactions were separated by SDS-PAGE, blotted and assayed by autoradiography.
Histone proteins H4, H3 and bulk histones served as a positive control for PRMT1, PRMT4 and PRMTS activity, respectively. The asterisk indicates the methylated

p14*" protein. Size markers (in kDa) are shown on the right.

D GST-tagged full-length ORF (aa 1-132) and deletion constructs (aa 1-64, aa 65-132, and aa 31-132) of p14™™ as well as GST alone were subjected to in vitro MT
assays in the presence of GST-PRMT1 as described in (B). Methylation activities were detected by autoradiography (upper panei) Asterisks mdncat: methylated p14***

alone were visualized by i
(in kDa) are shown on the left.

g using 2-GST

E NLS/NoLS of p14™" (aa 85-101) is depicted at the top, with the PRMT1-methyl

the head marks p14***-unrelated background signals (likely deriving from PRMT1 of p14*4¢
ibody (lower panel), Asterisks highlight the expected size and focation of the different pru(ems Size markers

and GST

phenylalanine (F), or lysine (K) in red. For mass spectrometry, GST-tagged p14**" (full-length protein) was in vitro

idues distinguished in green and muuuonsmgly:ine (G).
hylated by PRMTY, sep d by SDS-PAGE, in-

gel digested with trypsin and analyzed by LC-MS/MS. Fragment ion spectrum resulted from mz doub!y charged precursor ion of the R99-methylated (upper panel)

and the R96-methylated (lower panel) p14**" peptides showing y-ions and b-ions by ¢ g
by detection of

the accepted nomenclature. Dimethylation of R99 was confi
of R96 was detected in the mass of the b7, y6 and y7 ions.

reactions, ions were labeled according to

| y-ions. Dimethylati

hylated N inal b-ions and h dC

Y

F Full-length GST-tagged wild-type (wt) and RG mutant p14™" protein, GST alone as well as GST-PRMT1 were purified from bacteria, as visualized by SDS-PAGE and
Coomassie Blue staining (left and middle panel), with asterisks indicating the corresponding PRMT1 and p14**" protein bands. GST and GST-p14™*" proteins (wt, RG)
were subjected 1o in vitro MT assays in the presence of GST-PRMT1 as described in (B). Methylation activities were detected subsequent to protein blotting by

autoradiography (upper right panel). The astensl: highlights the methylated p1.

(likely deriving from PRMT1 of p14** py
(lower right panel). Size markers (in I:Da) are shown on the left.

wt protein, whereas the arrowhead indicates p14** -unrelated background signals
were detected by i ining of the diog

d blot using x-p14** antibody

G U208 cells were transfected with the indicated plasmids (e.v., empty vector/control). Imnmunoprecipitation (IP) from cell lysates was performed using «-Myc antibody
(exogenous PRMT1) or IgG as negative control. IP reactions and input lysates were analyzed by immunoblotting using the indicated antibodies.

Source data are available online for this figure.

of endogenous p14**" in different human cells upon ectopic

expression of PRMT1 by immunofluorescence staining. In control
transfected HeLa cells, endogenous p14**" displayed predomi-
nantly nucleolar localization (*) with rare detection in the nucleo-
and cytoplasm (<), as illustrated in Fig 2A. Upon overexpression
of PRMT1, p14** showed an altered cellular distribution, namely
predominant localization in the nucleo- and cytoplasm (Fig 2A).
This finding was further corroborated by cell counting, in which
the cell number with exclusively nucleolar p14** staining was
strongly reduced upon PRMT1 overexpression (Fig 2B). The
PRMT]1-dependent alteration of p14**™s localization was not due
to nucleolar disruption, as staining of the nucleolar protein NPM
indicates the regular presence of nucleoli also in PRMT1-overex-
pressing cells (Appendix Fig S2). Similar observations were
obtained in U20S cells, which do not endogenously express
p14*R¥ (Stott et al, 1998). Exogenous p14*** was primarily found
in the nucleoli of U20S cells (Fig 2C and D). Overexpression of
PRMT]1 coincided with a redistribution of p14**F to the nucleo-
and cytoplasm, whereas this redistribution was diminished upon
overexpression of catalytically inactive PRMT1 (Fig 2C-E). More-
over, siRNA-mediated depletion of PRMT1 resulted in a more
pronounced, exclusively nucleolar localization of p14** (Fig 2F-
1). In the PRMT1 depletion analysis, p14**™s relocalization into
the nucleoli was subtle due to the already predominant nucleolar
localization of p14*"" in the siControl transfected HeLa cells

4 0f 21 The EMBO Journal 40: 106777 | 2021

(Fig 2H and 1). Altogether, these results indicate that PRMT1 regu-
lates the cellular localization of p14** and that its methyltrans-
ferase activity contributes to this function.

The basic charge of the PRMT1-targeted arginine residues is
important for the nucleolar localization of p14***

To investigate whether the PRMT1-targeted arginine residues within
the NLS/NoLS are important for mediating the cellular localization
of p14™¥, we established several methyl-deficient mutant p14°**
proteins. To this end, the four arginines (R87/88/96/99) were either
mutated to glycines (RG) or phenylalanines (RF), which do not
preserve the basic charge, or to lysines (RK), which retain the basic
charge, but cannot be methylated by PRMTs (Fig 1E). EGFP-tagged
p14**F wild-type and mutant proteins were overexpressed in U20S
cells and their cellular distribution (either exclusively nucleolar,
not-exclusively nucleolar but additionally nucleo-/cytoplasmic or
exclusively cytoplasmic) was investigated. Mutation of the four
arginines to lysines resulted in a mutant protein (p14™* RK) with
predominant, exclusively nucleolar localization similar to the wild-
type protein (Fig 3A and B). In contrast, p14**¥ RG- and RF-mutant
proteins showed a significant redistribution from the nucleolus to
the nucleo- and cytoplasm, with the p14**" RF mutant displaying
the highest cell number with exclusive localization in the cytoplasm
(Fig 3A and B). Our results conform with the literature (Rizos et al,

© 2021 The Authors
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Figure 2. PRMT1-depend of nucleolar p14***,

A B Hela cells were transfected with empty vector (e.v., control) or Myc-tagged wild-type PRMT1-c
using a-p14™** (red, endogenous p14™*"), x-Myc (green, exogenous PRMT1) antibodies, DAPI (blue, nuciellDNA), and Phalloidin (gray, cytopl.

Antje Repenning et al

ence (IF) staining was performed
JF-actin). In (A),

representative IF results are shown, with asterisks indicating cells with exclusive nucleolar and arrowheads indicating cells with predominantly

nucleo-/cy ic p14™* Ic lays the ¢

pcalization. The merge di

of p14**" and PRMT1 staining. Scale bars: 15 um. The quantification of exclusive

nucleolar p14** was performed by cell counting (percentage of cells) and is shown for three independent experiments in (B) (mean + SD).

C,D U205 cells were transfected with EGFP-tagged p14™" alone or in combination with Myc-tagged wild-type PRMT1-containing plasmids. p14"**-EGFP
(green), DAPI (blue, nuclei/DNA), and PRMT1 (red, using «-Myc antibody) were visualized by fluorescence microscopy, for which representative results are
shown in (C), with the lower images displaying a magnification as indicated in the upper images by the rectangles. Scale bars: 10 pm. The subcellular

distribution of p14**"-EGFP (exclusively nucleolar or not-exclusively nucleolar but predominantly nucleo-/cytop

ic) was quantified in p14*™-positive and

p14™*/Myc-PRMT1-double-positive cells by cell counting (percentage of cells) for three independent experiments in (D) (mean = SD, ***P < 0.001 using

Welch's t-test).

E U205 cells were transfected with EGFP-tagged p14™** alone or in combination with Myc-tagged wild-type (wt) or catalytically inactive (mut) PRMT1-

containing plasmids. The cellular distribution of pl4**"-EGFP was quantified as in (D). The relocalization of p14***

out of the nucleolus upon

overexpression of PRMT1 (wt or mut) was determined by cell counting (percentage of cells) for four independent experiments (mean + SD, *P < 0.05 using

the paired t-test).

F-1  Hela cells were transfected with the indicated siRNAs (two control/non-targeting siRNAs and three PRMT1-specific SIRNAs). PRMT1 depletion was verified by

immunoblotting using «-PRMT1 and «-f-TUBULIN (loadi:

g control)

((F): depicted

g results derive from the same blot as well as exposure times

with white lines indicating where tracks were cut). The cellular p14** distribution was determined by immunofiuorescence staining (IF) using a-p14**" antibody.
Representative IF images for the siControl_1 and siPRMT1_1 condition are shown in (G) (endogenous p14*™ in red and the merge add»uonalry with DAPI in blue

for nuclei/DNA). Scale bars: 15 pm. The subcellular localization of p14™** (exclusively nucleolar or not-exclusively nucleolar but p

d ly nucleo-/cytoplasmic)

was quantified by cell counting (percentage of cells) for all used siRNAs in (H) and for siControl_1/siPRMT1_1 from three inaependem expenrnem.s in (1)

(mean = SD, ***P < 0.001 using Welch’s t-test).

2000) that the basic charge of these arginine residues is crucial for
the predominant nucleolar localization of p14***,

To answer the question whether the four arginines R87/88/96/
99 and their potential to be methylated are pivotal for the influence
of PRMT1 on the p14*%* localization, we determined the effect of
PRMT]1 overexpression on the relocalization of wild-type p14°*F¥
into the nucleo- and cytoplasm compared to p14**f RK. Thereby,
exogenous PRMT1 caused a higher cell fraction with predominant
nucleo-/cytoplasmic localization of wild-type p14*** compared to
the RK mutant (Fig 3C). Thus, our results suggest that these specific
arginines in the NLS/NoLS are important for the PRMT1-mediated
redistribution of nucleolar p14**¥ into the nucleo- and cytoplasm,
possibly due to their capability to be methylated.

Given that the nucleolar protein NPM has been reported to
sequester p14*** in the nucleoli (Korgaonkar et al, 2005), we exam-
ined next whether the association of p14*** with NPM is influenced
by PRMTI. Co-immunoprecipitation analyses showed that upon
overexpression of PRMT1, endogenous p14**" interacts less effi-
ciently with endogenous NPM in HeLa cell extracts, which was also
confirmed in reciprocal precipitations (Fig 3D). Interestingly, NPM
has previously been found to associate with multiple protein regions
of p14*** including also the C-terminus encompassing the arginine
methylation sites of PRMT1 (Moulin et al, 2008). Therefore, we
raised the question whether methylation of these arginines directly
influences the interaction between p14**F and NPM. We performed
peptide pull-down assays using two NLS/NoLS peptides of p14***
(aa 91-99 and aa 92-103) comprising the adjacent methylation sites
R96 and R99, either unmodified or premodified by asymmetric
dimethylation (single-modified R96me2a in peptide aa 91-99 and
double-modified R96/R99me2a in peptide aa 92-103). Recombinant
NPM protein displayed a binding preference for the unmodified
NLS/NoLS peptides, whereas the single R96me2a and the double
R96/R99me2a modification led to reduced NPM binding (Fig 3E).
These data suggest that arginine methylation of the NLS/NoLS of
p14™* by PRMTI1 contributes to the release from its nucleolar
binding partner NPM.
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PRMT1 regulates p14** protein stability

Previously, several reports showed that redistribution of nucleolar
p14**F into the nucleo- and cytoplasm is accompanied by reduced
protein stability (Rodway et al, 2004; Moulin et al, 2008). We
therefore examined the protein levels of wild-type p14**" versus
mutant proteins by Western blot. Of note, the «-p14*** antibodies
used in this study were able to equally efficiently recognize
p14** wild-type and mutant (RG/RF/RK) proteins, as confirmed
by Western blot analysis of recombinant GST-tagged p14**"
proteins (Fig 1F, Appendix Fig S3A). Upon overexpression of the
different p14**F proteins in various human cell lines, the p14*fF
RG and RF mutants showed strongly reduced protein levels
compared to wild-type p14**" (Fig 4A), which was not due to
diminished transcript levels of the RG and RF mutants (Fig 4B,
Appendix Fig S3B and C). In contrast, the RK mutant displayed
only moderately altered protein levels, which were not reflected
by transcriptional changes in U20S and HeLa cells, but in HEK293
cells. Furthermore, siRNA-mediated depletion of PRMT1 led to
elevated endogenous p14*** protein levels, while overexpression
of PRMT1 caused a reduction in p14*** protein levels (Fig 4C and
D). Since these observations could also not be explained by an
alteration of pM"‘er gene transcription (Appendix Fig S3D), we
investigated whether PRMT]1 influences p14™** protein stability.
We applied doxycycline (Dox)-inducible shRNA to knock down
endogenous PRMT1 in HeLa cells (Fig 4E) and monitored p14***
protein turnover following addition of the translational inhibitor
cycloheximide (CHX). Depletion of PRMT1 upon doxycycline addi-
tion caused an increase in the level and stability of p14** protein
(Fig 4E-G). However, the interaction between pl4**" and its
reported ubiquitin ligases ULF, MKRN, and SIVA1 was not influ-
enced by PRMT1 (data not shown; Chen et al, 2010; Ko et al,
2012; Wang et al, 2013). Together, these results indicate that
PRMT1-mediated displacement of p14**¥ from the nucleolus leads
to a reduction in protein stability likely due to its release from
nucleolar sequestration (Rodway et al, 2004).

© 2021 The Authors
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B Localization of p14**F wt and mutants (U20S)
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Figure 3. Involvement of the PRMT1-targeted arginines in p14*"™s nucleolar localization.

A B U20S cells were transfected with EGFP-tagged wild-type (wt) or mutant (RG, RF, RK) p14**-containing plasmids. p14***-EGFP (green), endogenous NPM as a
nucleolar marker (red, using 2-NPM antibody), DAPI (blue, nuclei/DNA), and Phalloidin (gray, cytoplasm/F-actin) were visualized by fluorescence microscopy, for
which representative results are shown in (A). Scale bars: 10 um. The subcellular distribution of p14*™-EGFP (exclusively nucleolar, not-exclusively nucleolar but
additionally nucleo-/cytoplasmic or exclusively cytoplasmic) was quantified by cell counting (percentage of cells) for three independent experiments in (8)

(mean £ SD, **P < 0.005 using Welch’s t-test)

C U20S cells were transfected with EGFP-tagged wild-type (wt) or mutant (RK) p14™* either alone or in combination with Myc-tagged wild-type PRMT1-containing
plasmids. Cells with predominant nucleo-/cytoplasmic localization of p14**-EGFP (for both wt and RK) were quantified in the absence or presence of PRMT1
overexpression, i.e, in p14***-positive as well as p14***/Myc-PRMT1-double-positive cells, by immunofiuorescence staining and cell counting. Relocalization of
p14*" wt and RK into the nucleo/cytoplasm upon overexpression of PRMT1 was defined in percentage of cells for five independent experiments (mean + SD)

D Hela cells were transfected with empty vector (e.v., control) or Myc-tagged wild-type PRMT1-containing plasmid. Immunoprecipitation (IP) of endogenous p14~**
or NPM was performed from cell lysates using the corresponding antibodies or IgG as negative control, IP reactions and input lysates were analyzed by
immunoblotting using the indicated antibodies. Staining results of the IP reactions derive from the same blot and exposure times with the white lines indicating
where tracks were cut.

E Indicated NLS/NoLS p14*™ peptides (aa 91-99 or aa 92-103) either unmodified or premodified (asymmetric dimethylation of R96 in peptide aa 91-99 and of R96/
R99 in peptide aa 92-103) were covalently coupled to Sulfolink-beads and incubated with recombinant, baculoviral purified Flag-tagged NPM. Pull-down reactions
and input of NPM protein were resolved by SDS-PAGE and analyzed by «-NPM immunoblotting.
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DNA damage leads to PRMT1-dependent methylation of p14***

Next, we investigated which cellular pathways might utilize the
PRMTI-mediated regulation of p14**™s function. Interestingly,
when cells encounter genotoxic stress, p14**" has been described to
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be activated, namely to redistribute from the nucleolar compartment
to the nucleo- and cytoplasm, where it functions as a tumor
suppressor, coinciding with decreased protein stability (Lee et al,
2005; Gallagher et al, 2006; Chen et al, 2013). To address whether
stress-induced p14**" activation is influenced by PRMT1, we
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Figure 4. Influence of PRMT1 and PRMT1-targeted arginines on p14*"* protein stability.

AB

E-G

U208, Hela, and HEK293 cells were transfected with Flag-! lagged wild-type (wt) or mutam (RG, RF, RK) p14*** ¢ ini lasmids. Oy ion was analyzed
by i lotting using a-Flag (exog p14*** ins) and a-B-TUBULIN (| g control) antibodies (A). As visualized here, pu““ with the Flag-epitope
tagged reproducibly showed a clear migration d-fference between wt and mutant 914“" proteins, with the mutants (especially the RK mutant) migrating slowlier
than wt protein in the SDS-PAGE. The staining signals of the p14”*" bands were densitometrically quantified and normalized to the respective B-TUBULIN signal,
as specified by the numbers below the blats, with the protein signals of p14*™ wt set to 1. Transcript levels of wt and mutant p14™ were determined by RT-qPCR
in U20S cells (B) as well as in Hela and HEK293 cells (Appendix Fig S3B and C). Values were d to GAPDH expression and p d relative to wt p14™",
mean + SD of triplicates.

Hela cells were transfected with the indicated siRNAs (five control/non-targeting siRNAs and four PRMT1-specific siRNAs). PRMT1 depletion and endogenous
p14*%* protein levels were analyzed by immunoblotting using a-PRMT1, a-p14** and a-B-TUBULIN (loading control) antibodies. The p14*** signals were
densitometrically quantified and normalized to the respective 3-TUBULIN signal, as specified by the numbers below the blot, with the siControl_2 condition set to
1. Transcript levels of p14* were determined by RT-qPCR (Appendix Fig S3D).

Hela cells were infected with recombinant adenovirus encoding GFP (control) or wild-type PRMT1. PRMT1 ion and endog p14*™ protein levels
were analyzed by immunoblotting using a-PRMT1, a-p14*"*, and 2-CDK2 (loading control) antibodies. The pla“" signals were densitometrically quantified and
normalized to the respective CDK2 signal, as specified by the numbers below the biot, with the control condition set to 1.

Hela cells expressing a doxycycline-inducible shRNA targeting PRMT1 were treated or not with doxycycline (Dox) for 6 days. PRMT1 depletion was monitored by
immunoblotting using the indicated antibodies (E). The p14** signals were densitometrically quantified and normalized to the respective B-TUBULIN signal, as
specified by the numbers below the blot, with the -Dox condition set to 1. PRMT1-proficient (—Dox) and PRMT1-depleted cells (+Dox) were further treated with the

protein synthesis i cycloh ide (CHX) and harvested after 0, 05, 1, 2, 3, 4, and 6 h. Cell lysates were subjected to immunoblotting using -p14*** and a-
B-TUBULIN (loading control) antibodies and jonal ECL detemon (F). For precise quantification of the p14™** protein stability in the —/+ Dox conditions
during the CHX time course, i blotting was p d with i cell lysates and primary antibodies, as in (F), which were then dewcted usmg
fluorescence dye-coupled secondary antibodies and the LI-COR Odyssey system. The quantitative p14™*" signals were lized to the ¢ g

B-TUBULIN signals and displayed in (G). The CHX-untreated samples (O h) were set to 100% for each condition.

irradiated wild-type and PRMT1-depleted HeLa cells with UVC and
subsequently assessed p14™*¥ Jocalization by immunofluorescence
staining. Upon exposure to UVC radiation, nucleolar staining of
p14** was strongly reduced in wild-type cells compared to the
untreated condition (Fig SA and B) in agreement with previous
reports (Lee et al, 2005). However, PRMT1 depletion led to a higher
accumulation of p14**¥ in the nucleolar compartment of unstressed
cells, as observed before (Fig 2G-1). This effect was even more
pronounced in UVC-stressed cells (Fig SA and B) indicating that
PRMT1 depletion antagonizes the UVC-induced redistribution of
p14™* into the nucleo- and cytoplasm. Furthermore, PRMT1 knock-
down increased the p14**" protein levels also in UVC-treated cells,
which was not due to enhanced p14*** gene transcription (Fig 5C,
Appendix Fig S4A). Similar results were obtained upon treatment
with the DNA-damaging agent etoposide, where PRMT1 depletion
counteracted the damage-stimulated relocalization and destabiliza-
tion of p14*** (Appendix Fig S4B and C). Together, these data
suggest that PRMT1-mediated p14*** regulation might be relevant
for DNA damage-induced cellular responses.

To test this hypothesis, we screened commercially available pan-
methyl-arginine antibodies, but could not identify any antibodies
specifically binding methylated p14**f. We therefore generated a
monoclonal methyl-arginine-specific antibody (a-me-p14**F) that
recognizes the PRMT1-dependent methylation of R96 and R99 in
p14**¥, as validated by peptide dot blot analysis and Western blot
analyses of in vitro MT assays, overexpressed wild-type p14***
versus RK mutant and PRMT1-depleted cell extracts (Appendix Fig
S5A and Fig 5D and E, Appendix Fig S5B). By using the anti-
me-pl4™* antibody, we observed that UVC radiation caused an
increase in the methylation of endogenous p14*** protein compared
to low methylation levels in unstressed HeLa cells (Fig 5F). Detec-
tion of this DNA damage-induced methylation coincided with
decreased p14*** protein levels indicating that p14**" methylation
and p14™* protein stability counter-correlate. To address whether
UVC-dependent arginine methylation of p14**" is mediated by

© 2021 The Authors

PRMT]1, we established PRMT1 knockout and control HeLa cell lines
using the CRISPR/Cas9 technology (Appendix Fig $6). Control cells
displayed UVC-dependent methylation and reduced protein levels of
endogenous p14***, whereas PRMT1 knockout cells showed
elevated p14**" protein levels and no detectable methylation of
p14** (Fig 5G). To ensure that this lower level of p14**" detected
in control cells is actually caused by reduced protein levels and not
by impaired antibody recognition of the endogenous protein due to
epitope masking, we investigated the behavior of N-terminally Flag-
tagged p14**F protein overexpressed in HelLa cells by x-Flag and
2-p14**F immunostaining. The exogenous p14**¥ also exhibited an
UVC-mediated reduction of its protein levels, similar to the endoge-
nous p14™* protein (Appendix Fig $7). Consistent with the observa-
tion of a stress-dependent role of PRMT1 in p14**F regulation, the
interaction between endogenous p14**" and endogenous PRMT1
was enhanced in co-immunoprecipitation experiments using wild-
type HeLa cells upon UVC irradiation and coincided with endoge-
nous p14**" methylation (Fig SH). Altogether, these data suggest
that genotoxic stress triggers the interaction between p14**" and
PRMT1 accompanied by methylation and nucleolar release of
p14*"F which results in a less stable but likely functionally active
tumor suppressor protein.

Depletion of PRMT1 results in defects of apoptosis signaling

To assess whether PRMT1 influences the tumor suppressor activities
of p14**F such as cell cycle arrest and apoptosis induction, we
examined the cell cycle distribution by flow cytometry using propid-
ium iodide staining (PI-FACS) in PRMTI-depleted HeLa cells. In
unstressed cells, siRNA-mediated depletion of PRMT1 did not cause
significant changes in the cell cycle distribution compared to control
cells (Fig 6A and B, Appendix Fig S8). Likewise, overexpression of
wild-type p14**F and methyl-deficient mutant proteins (RG, RF, RK)
caused a similar extent of G, phase arrest in U20S cells
(Appendix Fig S9A). Furthermore, wild-type p14** and mutants
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