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Nephronectin i brystkreftutvikling og metastaser

Brystkreft i seg selv er vanligivs ikke dgdelig for pasientene som far det, men dersom sykdommen far
anledning til & spre seg (metastasere) til andre organer kan utkomme bli alvorlig. Kreftsvulster kan virke
kaotiske med en blanding av mange celletyper omgitt av en kompleks matrix av extracelluleere proteiner
som legger til rette for at kreftcellene kan vokse. Faktisk er det slik at kreftsvulster som vokser pa mange
mater kan ligne utviklingen av organer som foregar pa fosterstadiet. Nephronectin (NPNT) er et protein
som vanligvis kun uttrykkes i organer som er under utvikling, og normalt ikke uttrykt i for eksempel
normalt brystvev. Arbeidet i denne avhandlingen avdekker at NPNT kan spille en rolle for utvikling og
metastasering av brystkreft. Resultatene vare viser at i et materiale med kreftprgver fra 842 pasienter var
NPNT uttrykt i 596 av pasientene. Videre har vi vist at et vesikulaer/granulaert uttrykk av NPNT i mindre
enn 10% av kreftcellene i svulstene var korrelert med darlig prognose. Dette granuleere mgnsteret fikk oss
til & spekulere i at NPNT muligens er involvert i kommunikasjon via vesikler. Extracelluleere vesikler fra
kreftceller er kjent for a bidra i intercellulaer kommunikasjon bade lokalt i svulsten og systemisk i hele
kroppen. Slike vesikler skilt ut fra kreftsvulster er gjerne pakket med ulike onkogene molekyler som kan
pavirke kreftutviklingen og spredning til andre organer. Resultatene vare viser at NPNT er ett av
proteinene som finnes i extracellulaere vesikler fra brystkreftceller, og vi har funnet en ny trunkert form
av proteinet som er oppkonsentrert i disse vesiklene. Videre har vi vist at den totale

proteinsammensetningen i extracellulzere vesikler endrer seg nar cellene uttrykker hgyt nivad av NPNT.

Brystkreft sprer seg vanligvis til bein, lever, lunge og hjerne. Normalt er det utfordrende for celler fra et
organ a overleve og vokse i et annet organ med et annet mikromiljg enn det opprinnelige. Denne
avhandlingen beskriver de onkogene egenskapene til NPNT og hvordan NPNT bidrar til @ fremme
kreftutvikling. Vi har funnet at NPNT fremmer viabilitet, adhesjon og tilknytningsuavhengig cellevekst via
proteinets integrin-bindingsmotiver. Disse onkogene egenskapene til NPNT-proteinet gjgr kreftcellene
bedre i stand til 3 metastasere til for eksempel lunger. Ulike ligander kan aktivere ulike intracelluleere
signalveier, til tross for binding til samme reseptor. Derfor er det viktig & undersgke hvilke signalveier som
pavirkes av ulike ligander i ulike celletyper. Resultatene vare viser at NPNT induserer fosforylering av p38
via integrin interaksjonssetet som forsterker bindingen av NPNT til reseptoren og at dette fremmer
viablitet i 66cl4 celler. Pa bakgrunn av dette foreslas det at malrettet blokkering av begge

integrininteraksjonssetene kan vaere en mulig strategi for a blokkere de kreftfremmende egenskapene til

NPNT.
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Abstract

Breast cancer is life threatening due to its ability to spread and invade other tissues. The best
approach in solving a problem of this sort is to be able to reason backwards. Tumors appear
chaotic as they are composed of multiple abnormal cell types and a complex matrix of
proteins that cushions the tumor cells extracellularly. In fact, some characteristics of tumor
development resemble those seen in developing organs. Nephronectin (NPNT) is identified in
several developing organs, but it is absent in normal healthy breast tissue. However for breast
cancer progression and metastasis, NPNT appears to play a significant role, as elaborated in
this thesis. Our results show that 596 out of 842 breast cancer cases stain positive for NPNT
and the cytoplasmic granular staining pattern in less than 10% of the tumor cells correlates
with poor prognosis. This granular staining pattern could indicate the involvement of vesicular
communication. Extracellular vesicles derived from tumor cells facilitate intercellular
communication both locally and systemically in the body. These vesicles are packed with
oncogenic traits that can influence cancer progression, and metastasis. As per our
investigation, NPNT is one the signaling molecules packed in the extracellular vesicles derived
from breast cancer cells. Interestingly, the truncated form of NPNT was concentrated in these
vesicles. We further show that the protein of small extracellular vesicles is altered upon NPNT

expression in 66¢l4 mouse breast cancer cells.

Breast cancer cells mainly spread to bones, liver, lungs and brain. It is challenging for the
cancer cells to survive and adapt to a distant tissue microenvironment which is different
compared to the primary tumor. In this thesis we highlight several oncogenic properties which
are enhanced in presence of NPNT. We found that NPNT promotes viability, adhesion and
anchorage-independent growth via its integrin-binding motifs. These oncogenic properties
bestowed on tumor cells by NPNT enables them to colonize the lungs more efficiently.
Different ligands can activate different intracellular signaling pathways, although binding to
the same receptor. Therefore, it is important to investigate and document key signaling
molecules triggered by different ligands in specific cell types. Our results indicate that NPNT
induces phosphorylation of p38 MAPK via its enhancer motif to promote viability in 66cl4
cells. Therefore, we suggest that targeting both the enhancer and the RGD motif

simultaneously would be more effective in rendering NPNT protein inactive.

Vi



Introduction

Breast cancer is the most common form of cancer in women. Understanding the molecular
mechanisms governing breast cancer progression and metastasis is vital for improving the
patient outcomes. The steps in cancer progression are comparable to that of a chronic wound.
The abnormal proliferation of tumor cells may disrupt the tissue homeostasis leading to
increase in acidosis and hypoxia [1]. These changes activates wound repair mechanisms in the
host tissue such as increasing vascularization to supply nutrients/remove waste, recruiting
bone marrow derived cells (BMDCs) and leukocytes similar to an inflammatory response at
the site of growing tumor. An aberrant reactive microenvironment is created by this abnormal
mix of cells, surrounding the primary tumor (reviewed in [2, 3]). Several extracellular matrix
(ECM) proteins in the microenvironment are deregulated in cancer progression and
metastasis (reviewed in [4-6]). Though preparing a comprehensive list of ECM proteins is not
straight forward [7, 8], array screens have enabled identification of ECM genes which have

often been upregulated in tumor and metastases [9-12].

Nephronectin (NPNT) is a secreted ECM molecule [13-15]. In highly metastatic mouse
mammary tumors, the expression of NPNT has been found to increase 30- to 80-fold
facilitating the cells to metastasize; whereas metastasis to lung, spine, and kidney was
significantly reduced upon NPNT knockdown [9]. Higher levels of NPNT have also been
reported in metastatic breast cancer cells compared to non-metastatic cells in a different
syngeneic mouse model of breast cancer [16]. Furthermore, NPNT orthologue (LOC255743)
has been detected in libraries derived from two patients with invasive ductal breast
carcinoma, one patient with metastatic gastric cancer, and one patient with a grade Il brain
astrocytoma [9]. These preliminary findings were enticing and called for characterization of
NPNT’s role in breast cancer. Using mouse models and patient samples, we have investigated
the role of NPNT in breast cancer progression and metastasis. We have also utilized cell lines

which can be genetically manipulated to study the specific molecular functions of NPNT.



Metastatic breast cancer

Breast cancer has the ability to invade surrounding normal tissue, but can also spread
regionally (to nearby lymph nodes) and to distant organs of the body, known as metastasis.
Staging of breast cancer patients is based on the TNM system, where the combination of
information about the primary tumor (T), the regional lymph nodes (N) and distant metastasis
(M) is used to determine the stage of breast cancer progression (0, |, Il, lll, IV) [17]/(Fig 1).
Metastatic breast cancer (stage V), accounts for 90% of the mortality [18, 19]. Metastatic
cancer cells are often different than cells in the primary tumor, both in genetic composition

and behavior, thus extremely difficult to treat [20].

* Abnormal cells are present but have not spread to the nearby tissue.

* Tumors upto 2 cms have started invading nearby tissues
* No lymph node involvement.

* Tumor size 2-5 cms and tumor cells have spread to axillary lymph nodes
* No tumor in the breast but there are tumor cells in the axillary lymph nodes.

e Tumor is larger than 5 cms with several lymph nodes involved.
e Tumor cells may have spread to breastbone and chest wall.

 Tumor cells have spread to distant organs such as bones, liver, lungs, brain and
distant lymph nodes. This stage is called ‘advanced or metastatic cancer.’

€L£LLL£L

Figure 1: The stages of breast cancer progression (modified from [21]).
There are seven basic steps involved in establishment of a metastatic tumor [22, 23]/(Fig 2):

1) Invasion and infiltration of surrounding normal host tissue by primary tumor cells. The
population of cells in primary tumor may vary genetically and phenotypically. Most
human tumor cells migrate collectively as opposed to most cells in vivo or in vitro

where the tumor cells migrate individually [24].




2)

3)

4)

5)

6)

Intravasation is the release of neoplastic cells into the blood stream or lymphatic
vessels. This step could be active or passive depending on the tumor type, surrounding
tissue microenvironment and vasculature [25]. The contribution of epithelial

mesenchymal transition for intravasation of tumor cells remains elusive [26].

Transport and survival of tumor cells in the circulation is challenging. Tumor cells that
have entered the circulation are called circulating tumor cells (CTCs). Some CTCs adapt
and device mechanisms to survive the harsh conditions in the circulation [23].

Platelets and CTCs can form a bolus, to protect CTCs from stress during transit [27].

Arrest of CTCs in the microvessels of the target organ (or lymph node). Either the
arrested CTCs start growing that lead to the rupture of the microvessel or proceeds to
the next step in metastasis, extravasation [23]. In addition to the geometry of the

microvessel, the haemodynamic flow also regulates metastatic spread [28].

Extravasation is the exit of CTCs from the microvessels to the target tissue. The
fraction of CTCs that enter the distant sites is called disseminated tumor cells (DTCs)
[29]. The microenvironment at the secondary site is very different compared to the
primary tumors. This makes extravasation a distinct step which is likely more difficult

than intravasation [30, 31].

Initial colonization of tumor cells and formation of micro-metastasis within the target
tissue. Successful extravasation of DTCs is not enough for formation of micro-
metastasis [32]. Certain DTCs may remain dormant (GO-G1 arrest) unless aided by
growth stimuli [33]. The microenvironment at the secondary site is harsh and several
systemic signals are needed to prepare the secondary site for arrival of tumor cells
[34, 35]. Secondary tumor is formed upon successful interaction of the DTCs with the

microenvironment at the secondary site.



7) Angiogenesis and formation of macrometastasis. Angiogenesis is triggered at the
secondary tumor by increased hypoxia, acidic tumor microenvironment, mechanical
stress, infiltration of inflammatory cells and other angiogenic regulators [36, 37].
Tumor vasculature is different than the normal one [36, 38]. The blood flow is

disordered, resulting in lower therapeutic effectiveness and metastasis of metastases.

kt*

M
— R

Invasion of Struggle for Tumor cells arrest
neighboring Intravasation survival in A Fartai
tissue bloodstream

microvessels

s
x
5

o,v.*\
Extravasation Formation of Angiogenesisand
micro-metastases metastasis of

metastases

Fig 2: Different steps of cancer progression and metastasis (modified from [39]). Primary
tumor cells can invade the neighboring tissue, enter the blood vessels (intravasation) and
circulate in the vascular system. Some of the CTCs adhere to blood vessel walls and are able
to extravasate. In presence of appropriate signals, the DTCs migrate and colonize into the local
tissue. Cells of the secondary tumor can further metastasize to other organs (metastasis of
metastases).



Organotropic metastasis

The tendency of different primary tumors to metastasize to distinct organs is known as
“organotropic metastasis”. This is a non-random process regulated by subtypes of breast
cancer, host organ microenvironment, and cancer cells-target tissue interactions. In case of
breast cancer, tumor cells have a propensity to metastasize to bones, liver, lungs and brain
and distant lymph nodes [40, 41]. To explain the metastatic patterns two hypotheses have

been put forward [41, 42].

e In 1889, Stephen Paget suggested the seed-and-soil theory [43]. According to this
hypothesis, the metastasis formation depends on the intrinsic properties of cancer
cells (seed), and the ability of cancer cells to interact with host cells and/or other
microenvironmental factors present within the target organs (soil)[44].

e In 1928, James Ewing, challenged the seed-and soil-theory with an alternative
hypothesis [45], where he advocated that the circulation patterns solely determines
which organs are likely to host CTCs upon mechanical arrest in the capillary network
[46]. However, ‘mechanical arrest’” may not fully explain the organ-specific patterns of

metastases that are observed in most human cancers [44, 47].

Both the theories mentioned above are not mutually exclusive [48]. In 1976, Isaiah Fidler was
the first to demonstrate that, both mechanical processes and molecular characteristics of
tumor cells and their interactions with the target tissues are important in metastatic
organotropism [49]. For many years, researchers have focused on understanding the
molecular determinants that play critical roles in the organ-specific metastasis [50-52]. But
even today, metastatic organotropism remains one of the cancer’s greatest mysteries.
Understanding of organotropic metastasis is essential for better biomarker-based prediction
and prognosis, development of innovative therapeutic strategy, and improvement of patient

outcomes.



Mouse models of metastasis

The similarities and differences between mice and humans have to be carefully considered in
cancer research [53]. Genetic differences between mice and humans can give rise to proteins
with different properties. Therefore, molecules which are carcinogenic in mice may not have
significant role in humans cancers or vice-versa [54]. Most tumors in mice are of mesenchymal
origin whereas human tumors are of epithelial origin [55, 56]. In spite of these differences,
research on mice has greatly contributed to our knowledge of cancer progression, immune
system and regulation of signaling molecules. The main mouse models for studying metastatic

cancer are classified as follows:
Experimental models of metastasis

In this method, the early steps of the metastasis are avoided by either introducing tumor cells
directly into the blood circulation (colonization) or injection of cells directly into specific
organs (tropism) [3]. When the tumor cells are directly injected in blood, the site of
inoculation would influence the metastasis pattern. For example, when the cells are
introduced via the tail vein, lungs are predominantly colonized; whereas liver is colonized
when the cells are injected directly into the spleen or portal vein [3]. The advantage of this
model is shorter incubation time for metastasis development and a greater likelihood of

generating metastases in organs that may otherwise be difficult to target.
Spontaneous models of metastasis

Spontaneous models are more desirable, as metastases arises from a transplantable or
transgenic primary tumor in the mouse. Injection of tumor cells directly into mammary glands
(orthotopic injection) has the advantage of generating physiologically relevant “primary
tumors” that may lead to spontaneous metastases in different distant sites, such as the lung
[57]. Transgenic mouse models can develop de novo tumors in a natural microenvironment
and have been shown to display better genetic heterogeneity than experimental models [58].
Though the latest research tools cannot completely match the complexity of metastasis, in
vivo models have broadened our understanding of the problem, as summarized and argued

in table 1.



Table 1: Strengths and weaknesses of mouse models of metastasis [3, 59].

Type of model

‘ Strengths

H Weaknesses

Experimental metastasis

(E.qg. lateral tail vein
injection results
primarily in lung
metastases[60])

Rapid & reproducible

Site specific development of
metastases

Good metastatic seeding in
the target organ

Applicable to many cell
lines

Immuno-competent host if
allograft

Low cost

No primary tumor

Mouse microenvironment
Immunocompromised host if
xenograft

Only models late stages of
the metastatic disease
Injection of cells may inflict
inflammation or wounding.

Spontaneous metastasis
(Orthotopic)

(E.g. 4T1 mouse
mammary cells
orthotopically
injected [61])

Mimics human cancer
progression

Models several stages of
metastatic cascade
Immuno-competent host if
allograft

Low cost

Mouse microenvironment
Tumor initiation cannot be
assessed

Asynchronous metastatic
development

Removal of primary tumor to
allow development of
metastases applicable only on
certain types such as breast,
prostate, pancreas.

Spontaneous metastasis
(Transgenic)

(E.g. MMTV-PyMT
mouse model [62])

Tumor is initiated by host
mammary epithelial cells
Spontaneous tumors
mimicking human disease
and heterogeneity
Models all stages of
metastatic cascade

Mouse microenvironment
Low incidence of metastatic
spread

Extensive breeding programs
required (cost and time)
Strain-dependent effects




4T1 mouse mammary tumor model

The progression of cancer is attributed to acquired genetic instability in tumor cells, upon
being subjected to a variety of external pressures such as host-defense mechanisms and
growth-control regulators. Tumor cells which can adapt to these external pressures emerge
as clonal variants that are more aggressive with better metastatic capability [63]. To reflect
the genetic instability during cancer progression, isolated tumor cells are induced with

mutagens and subjected to drug-based selection.

Several tumor subpopulations, termed 66, 67, 168, were isolated from a single mammary
tumor in BALB/c mouse [64]. Later, subpopulation 410 was derived from a metastatic nodule
in the lung of a BALB/c mouse carrying the subcutaneous implant of the tenth in vivo passage
of the parent tumor [65]. Through mutagen treatment, the 66 cell line was made thioguanine
and ouabain resistant and termed 66cl4 [66]. The rate of mutation have been shown to
increase when both thioguanine and ouabain are used [63]. The 168FARN cell line is a
diamino-purine-, 2-fluoroadenine resistant variant of 168 transfected with a plasmid
containing the neomycin resistance gene [61, 67]. The 67NR cell line is geneticin resistant
variant of 67 line transfected with plasmid containing the neomycin resistance gene The
number of neomycin expressing clones that survive geneticin selection indicates gene
transfer efficiency [61]. Through mutagen treatment, the 410 cell line was made thioguanine-
and ouabain resistant and the variant was termed 4TO7 [67, 68]. The 4T1 cell line is a
thioguanine-resistant variant of 410 without mutagen treatment [61]. We have collectively
termed these syngeneic tumor lines (67NR, 66cl4, 168FARN, 4T1 and 4TO7) as ‘the 4T1 model’
[9]/(Fig 3). These breast cancer cell lines are immuno-compatible and can be injected back

into a BALB/c mice having a functional immune system.
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Fig 3: Sub-populations of cell lines derived from single spontaneous tumor in BALB/c mouse.

‘The 4T1 model’ has been used to study both tumor- and host-derived factors involved in
spontaneous metastasis [9, 61, 69, 70] These tumor models display features of both luminal
and basal-like cancers, mimicking human breast cancer [71]. The cells from 4T1 primary tumor
spontaneously metastasizes to different organs such as lungs and liver; whereas the cells from
66¢l4 primary tumor predominantly metastasizes to the lungs. The cell lines 67NR, 168FARN,
and 4TO7 are highly tumorigenic but very rarely metastasize spontaneously. It has been
observed that non-metastatic subpopulations may metastasize in the presence of some
metastatic subpopulations [72]. The 4T1 cells appear very epithelial but are highly metastatic,
while the 66cl4 cells, which have undergone epithelial to mesenchymal transition (EMT), are
less metastatic [73]. This indicates that tumor cells can spontaneously metastasize in vivo,
with or without exhibiting hallmarks of EMT (in vitro). Most tumor cells that enter the
bloodstream do not develop into metastatic nodules [74]. The cells isolated from
spontaneous metastases may be more metastatic than the original parent tumor [75].
Therefore, characterization of both genetically stable metastatic and non-metastatic sublines

is suggested [76].



Extracellular matrix in cancer

The cancer hallmarks are defined as, ‘the acquired evolutionary-advantageous characteristics
that complementarily promote transformation of phenotypically normal cells into malignant
ones, and promote progression of malignant cells while exploiting the host tissue’ [77]. In the
year 2000, Hanahan and Weinberg recognized six major hallmarks acquired by cancer cells
including unlimited multiplication, evasion from growth suppressors, promoting invasion and
metastasis, resisting apoptosis, stimulating angiogenesis, and maintaining proliferative
signaling [78]. A decade later the review was updated with emerging hallmarks including,
elimination of cell energy limitation, evading immune destruction, genome instability and
mutation, and tumor enhanced inflammation [22]. However, more recently the tumor

microenvironment (TME) is also recognized as a hallmark of cancer [77, 79].

The TME comprises cellular and non-cellular components such as the ECM, stromal cells,
immune cells, endothelial cells, BMDCs, pericytes, adipocytes, tumor vasculature and
lymphatics [80]. The ECM is composed of over 300 different proteins, including glycoproteins,
proteoglycans, and polysaccharides with different biomechanical and biochemical properties;
that regulate tissue homeostasis, organ development and disease state [81, 82]. Interactions
between the ECM and tumor cells facilitates tumor cell transformation, tissue invasion and
metastasis (reviewed in [4, 83]). Changes in the ECM composition have also been shown to
suppress tumor cell survival and metastatic growth [84, 85]. It is now acknowledged that the
ECM can impact all the other hallmarks of cancer [86]/(Fig 4). The classification of primary
breast carcinomas based on its ECM composition has been reported to have implications for
clinical outcome [87]. Several ECM-proteomic studies using breast cancer patient samples and
murine mammary tumors have reported novel ECM proteins in cancer progression and have

identified their prognostic value [86, 88-90].
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Fig 4: Biochemical and biophysical properties of ECM can impact all hallmarks of cancer [86].
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Nephronectin (NPNT)

In 2001, Brandenberger and colleagues discovered a novel ECM protein involved in the
development of kidneys and named the protein Nephronectin (Nephron: functional unit of
the kidney; Nectin: cellular adhesion molecules) [13]. In the same year, Moumira and
colleagues discovered the same protein with functions related to osteoblast differentiation
and named it POEM (preosteoblast epidermal growth factor-like repeat protein with meprin,

A-5 protein, and receptor protein-tyrosine phosphatase mu) [91].

Nephronectin structure

Human NPNT located at the chromosomal position 4925 is involved in organization of the
extracellular matrix [98]. Two transcript variants of NPNT have been reported, NPNTa (565
amino acids /61.9 kDa) and NPNTb (582 amino acids /64.0 kDa), which are particularly rich in
proline and glycine [92]. Human NPNT is homologous to mouse NPNT (sharing 88 % amino
acid identity) and ECM protein EGFL6 [92]. NPNT contains five EGF-like repeats, a mucin
region containing an RGD sequence and a MAM domain [13]/(Fig 5). An additional integrin-
binding enhancer motif (LFEIFEIER) has also been found in the mucin region [93]. The mucin

region is predicted to be heavily glycosylated [13].

Signal
peptide -
- '/
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i
RGD EIE

COOH

Fig 5: Structure of Nephronectin.
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EGF-like repeats

Epidermal growth factor-like repeats are well conserved and are found in the extracellular
proteins including fibrillin-1, Notch-3, Jagged 1, factor IX and low-density lipoprotein receptor
[13, 92, 94]. Some EGF-like repeats have been shown to bind calcium, which helps the protein
to maintain elongated structures and project EGF like repeats from the cell surface for
protein-protein interactions [95]. Disrupting calcium binding to EGF-like repeats have been
reported in pathological conditions [96]. The EGF-like repeats of NPNT (between amino acids
57-250) have been shown to interact with chondroitin sulphate, another ECM protein [97].

NPNT has been shown to activate EGF receptor via EGF-like repeats [98].

RGD and LFEIFEIER sequences

The RGD sequence facilitates cell adhesion and was first discovered in fibronectin by
Pierschbacher and Ruoslahti [99]. Later, several other adhesion proteins were reported to
harbor RGD sequence including, vitronectin, fibrinogen, trombospondin, laminin, tenascin,
osteopontin and von willebrand factor [100]. The RGD sequence of NPNT has been reported
to facilitate spreading and adhesion of cardiomyocytes [101]. RGD containing proteins have
also been reported to bind and interact with integrins using alternative integrin binding
sequences (reviewed in [100]). In case of NPNT, both the RGD sequence and the LFEIFEIER-
motif, facilitates interactions with the integrin, where the EIE-motif enhances the binding [93,
102]. NPNT contains an RGD and LFEIFEIER sequence at amino acids 382-384 and 395-403

respectively [13].

MAM domain

The meprin, A-5 protein, and receptor protein-tyrosine phosphatase mu (MAM) domain
between amino acids 417-561 is the least conserved part of NPNT [13]. The MAM domain of
NPNT facilitates interaction with heparin and heparin sulphate proteoglycans such as agrin
and perlecan in the basement membranes [97]. Removal of MAM domain from the
recombinant protein has been shown to facilitate release of NPNT into the culture medium

[91]. This indicates that MAM domain is most likely responsible for initial cell surface binding.
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Integrins

Cells interact with the ECM via several cell surface receptors, such as integrins, discoidin
domain receptors, cell surface proteoglycans and hyaluronan receptor CD44, syndecans and
Rhamm [5, 103]. Integrins, as the name suggests are vital for integrating the extracellular- to
the intracellular environment. These Ca**/Mg?* dependent transmembrane receptors are
expressed in all nucleated cells and are important players in development, immune response
and homeostasis [104]. Alterations in integrin expression patterns and levels in distinct cell
types at different stages of cancer can regulate how it progresses (reviewed in [105-107]). As
of today, 24 distinct integrin heterodimers are known in humans. Heterodimer combinations
are formed by noncovalent bonding between one of the 18 alpha and 8 beta subunits. The
heterodimers have overlapping ligand specificities and can thus compensate for the loss of a

family member [108-110]/(Fig 6).

RGD receptors

Fig 6: Categories of integrins according to their ligand binding specificity (laminin-, collagen-,

RGD binding integrins) and integrins which are specific to leukocytes (modified from [108]).
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Integrin a8B1

The integrin heterodimers containing f1 subunit constitutes the largest integrin subfamily,
where B1 subunit can form heterodimers with one of the 12 different a subunits [111].
Integrin a8B1 is a member of the RGD-dependent subfamily of integrins, where the a8
subunit binds exclusively to the 1 subunit [108, 112]. The a8 subunit is distributed in vascular
/ visceral smooth muscle, kidney mesangial cells, alveolar walls of lungs, mesenchymal cells
and in developing organs such as gut, gonads and the nephrogenic cord [112, 113]. Ligands of
integrin a8B1 include fibronectin [114], vitronectin [115], tenascin-C [116], tenascin-W [117],
osteopontin [118], the latency-associated peptide of transforming growth factor-f1 [119] and
NPNT [13]. Brandenberger and colleagues used a soluble a8B1 heterodimer fused to alkaline
phosphatase, and found that it bound to NPNT. They also showed that NPNT co-
immunoprecipitates with a8B1 from kidney extracts [13]. The localization of NPNT in kidneys
was found to be consistent with the a8B1 expression, where knockout mice of both NPNT and
a8 subunit resulted in underdeveloped kidneys (renal agenesis) [14]. This underlines the fact
that NPNT is a ligand for the a8B1 integrin. Several other integrins (aVB3, aVB5, aVR6, and
04pB7) could bind to NPNT, but not as strongly as a8f1 [13].

Although the RGD motif (on the ligand) is the main binding site for the B integrin subunit ,
there are usually other flanking motifs that will aid ligand-integrin interactions via the a
subunit [120]. Sato and colleagues identified an additional motif within the mucin region of
NPNT where the a8B1 integrin could bind, the LFEIFEIER motif [93]. The RGD and EIE motif

function synergistically, increasing binding of a8f1 to NPNT.
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Integrin signaling

Integrin signals are generated by different types of cellular stimuli such as ligand binding
and/or physical changes in the surrounding environment. Integrin receptors are different
from other cell surface receptors, where integrins do not have any kinase activity of their own.
When activated, integrin receptors aggregate into clusters and signals are generated upon
conformational changes of/in the receptor (Fig. 7). Mere clustering of integrins can also
generate signals [121]. Interactions of the same ligand with different integrin heterodimers
can trigger distinct signaling events in the cell [109]. Therefore it has been shown by several
studies that integrin receptors can have both positive and negative effects on cancer

progression, depending on the type and stage of the cancer [122-124].

Inactive Active Ligand
B N.B OB B
. Inside-out [ | |/ Outside-in
\:(}\ 27, signalling ¢ /4 signalling # = =

Clustering of integrins

Fig 7: Conformational changes in the extracellular domains of integrin needed for activation.

Inside-out signaling: Intracellular signals act on the cytoplasmic domain of the integrin,
resulting in straightening of the extracellular domain of the receptor. The change in
conformation confers the receptor with good ligand binding capacity. Structurally active

integrins on the cell surface anchors the cells to the surrounding environment [108, 125].

Outside-in signaling: Upon integrin-activation the extracellular domain of the integrin binds
with the ligand and a signal is transferred into the cell by recruitment of cytoplasmic proteins,
thus triggering a variety of signaling pathways including MAPK/ERK pathway, the FAK/SRC
pathway, and the PI3K/AKT pathway [108, 126, 127]. Engagement of integrins by ECM ligands
can increase the activity of receptor tyrosine kinases such as EGFR and their downstream

intracellular mediators (reviewed in [128-130]).
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Inside-in signaling: Endocytosis and recycling of integrins is tightly regulated in normal cells
[131]. Aberrant changes in the ratio of receptors between the cell surface and the endosomal
pool is common in cancer [132, 133]. Active integrins and ECM ligands have been found in
endosomes in cancer cells [134, 135]. Furthermore, it has been shown that endosome-
localized active integrins can activate FAK signaling and contribute to cancer-related

processes [136, 137].
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Extracellular vesicles

Over 50 years ago, Peter Wolf first reported ‘particulate material’ derived from platelets
[138]. Today we define these particles as extracellular vesicles. Many other types of cells,
including fibroblasts, endothelial cells, epithelial cells, neuronal cells, immune cells, as well as
cancer cells actively secrete extracellular vesicles [139, 140]; which can be detected in bodily
fluids such as blood, bile, fluid in bronchoalveolar lavage, breast milk, lacrimal, saliva, synovial,
seminal, ascites, urine and in faeces [141-143]. Extracellular vesicles have been categorized
on the basis of size and their mechanisms of release: exosomes (30-100 nm), microvesicles
(100-1000 nm), apoptotic bodies (50 nm to 2 um) and oncosomes (1-10 um) [144]. The term
“exosomes” was coined by Johnstone in 1989 [145]. In research many refer to the pellet
obtained after 100,000xg ultracentrifugation as exosomes. Although this pellet is enriched in
exosomes, it might also contain small microvesicles as well as protein aggregates [146]. There
is evidence suggesting that more than one exosome subtype exists in cell cultures and
samples of bodily fluids [147-149]. Exosomes can be further classified into large exosome
vesicles (90-120 nm), small exosome vesicles (60-80 nm), or non-membranous nanoparticles
(also called exomeres, ~35 nm) [149]. Therefore, it has been suggested that the pellet
obtained after 100,000xg ultracentrifugation should be referred to as small extracellular

vesicles (sEVs) [150].
Biogenesis and Uptake

The biogenesis of microvesicles is distinct from exosomes. Microvesicles (100-1000 nm) are
formed by outward blebbing and fission of the plasma membrane, releasing these vesicles
into the extracellular space [151]/(Fig. 8). The lipid composition of the plasma membrane and
the organization of the peripheral cytoskeleton influences the formation of microvesicles
[152]. Exosomes (30-100 nm) originate within the endosomal system, via the inward budding
of the plasma membrane to form a membrane bound vacuole (early endosome). These early
endosomes mature into late endosomes/multi-vesicular bodies (MVBs). The membrane of
the MVBs then buds inward and pinches off to form intraluminal vesicles (ILVs), which are
then released into the extracellular space upon fusion of MVB with the plasma membrane
[153] / (Fig. 8). Extracellular vesicles can interact with recipient cells in several ways such as,

fusion of vesicles with the target cell membrane, receptor-ligand interactions, phagocytosis,

18



clathrin-mediated endocytosis, caveolin-mediated endocytosis, lipid raft-mediated

endocytosis and macro-pinocytosis [154, 155].
Exosome Regulation

Exosomes can either promote or suppress cancer progression, where molecules carried by
exosomes play a significant role [156-159]. As of today, the exosome database lists 9769
proteins, 3408 mRNAs and 2838 miRNAs; several of which are key players in cancer
progression and metastasis [160]. It is becoming increasingly apparent that tumor derived
exosomes contain specific sets of proteins, reflecting their cells of origin [161-164]. Similar to
several other biological processes, release of exosomes is regulated by negative feedback
mechanism such that the presence of certain number of exosomes in the extracellular space
can hinder further release of exosomes from the same cells [165]. Though the research on
exosomes is increasing exponentially, the mechanisms that control exosome formation,

packaging, and trafficking are not yet completely understood (reviewed in [166-168]).
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Fig 8: Biogenesis of microvesicles and exosomes. Illustration shows that microvesicles are
formed upon budding of the plasma membrane. The invagination of the endosomal
membrane generates intraluminal vesicles (ILVs). Matured endosomes or multi-vesicular
bodies (MVBs) store ILVs. MVBs can fuse either with lysosomes for degradation or fuse with
the plasma membrane to release ILVs, which are then termed as exosomes.
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Pre-metastatic and metastatic niche

The concept of organ-specific metastasis is well-established both experimentally and clinically
[42]. To further complicate the matter, the primary tumor releases enzymatic and non-
enzymatic factors into the circulation that can modify the microenvironment at distant organs
to create a hospitable niche for the DTCs before their arrival. In absence of a pre-metastatic
niche, the DTCs may be cleared by immune cells or undergo apoptosis. Even if the DTCs
manage to survive and colonize distant organs, they remain in a dormant state until further
activation is initiated by metastatic growth promoting signals. In one of the first reports
describing the changes in the pre-metastatic phase, it has been shown that MMP9 expression
was elevated in the pre-metastatic lung by a distant primary tumor [169]. The term ‘pre-
metastatic niche’ was coined later when it was found that tumor derived media alone is
capable of inducing migration of BMDCs into specific organs [170, 171]. Several systemic
mediators from primary tumors such as growth factors, cytokines, chemokines, ECM-
remodeling enzymes and extracellular vesicles, can contribute to the formation of the pre-
metastatic niche [172-174]. The formation of a pre-metastatic niche is initiated by modulation
of vascular permeability followed by alteration of local resident cells such as fibroblasts, and
then non-resident cells, such as BDMCs are recruited [170, 175, 176]. The steps in formation

of a pre-metastatic niche may differ with the type of cancer [157, 177, 178].

The role of exosomes in formation of a pre-metastatic niche was first identified when
melanoma derived exosomes were found to accumulate in sentinel lymph nodes, whereas
control vesicles distributed evenly to regional and distant nodes [179]. Exosomes from lung-
tropic breast cancer cells have been shown to promote metastatic spread of bone-tropic
cancer cells into lungs [173]. Breast cancer derived exosomes have been shown to modulate
behavior of BMDCs affecting the pre-metastatic niche [180-183]. These findings imply that
exosomes are crucial in formation of a pre-metastatic niche and also important drivers of
organotropic metastasis. Specific targeting of aberrant changes in the pre-metastatic niche
has been reported to reduce metastasis in preclinical models [170, 184, 185]. Therefore, it is
important to further investigate the similarities and differences between metastatic and pre-

metastatic niches, in order to develop new therapeutic possibilities.
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Molecular subtypes of breast cancer

A surrogate marker is defined as “a laboratory measurement that is used as a direct measure
of how a patient feels, functions, or survives and is expected to predict the effect of the
therapy” [186, 187]. A biomarker is a potential surrogate marker. Several surrogate markers
are prognostic and predictive markers, which are used routinely in the clinic. A prognostic
marker is defined as a clinical or biological characteristic that provides prognostic information
in an untreated individual; whereas a predictive marker provides information about the
expected effect of the treatment [188]. Common surrogate markers such as, the estrogen
receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2)
and proliferation marker Ki67 are used routinely in clinic to classify molecular subtype of
breast cancer [189]. Subtyping of breast cancer directs the choice of therapy. ER positive, PR
positive breast cancer cases respond better to hormone therapy than ER positive, PR negative

cases [190]. Amplification/overexpression of HER2 is associated with poor prognosis [191].

It has been shown that using five biomarkers (ER, PR, HER2, EGFR, CK5/6) to identify basal-
like breast cancer was superior to use of only three traditional surrogate markers (ER, PR,
HER2) [192]/(Table 2). The proliferation marker Ki67 can identify a subset of Luminal B
patients that can benefit from the addition of adjuvant chemotherapy to hormone therapy
[193, 194]. Overexpression of epidermal growth factor receptor (EGFR) in epithelial tumors
has been linked to more aggressive growth and poor prognosis [195]. It has been proposed
that basal-like cells originate from luminal cells [196]. Therefore, use of cytokeratin 5 (CK5)
would enable identification of myoepithelial and basal cells [197]. Both CK5 and EGFR are not
assessed routinely in breast cancer but are of interest in research. In addition to use of
surrogate markers in clinic, breast tissue can be analyzed for 50 signature genes (called
PAMS50 or Prosigna) to estimate the risk of relapse [198]. Though luminal A type patients are
associated with relatively good prognosis, several patients experience relapse indicating the

heterogeneity within the group [199].
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Table 2: Classification of breast cancers into molecular subtype [200].

Molecular subtype

Definition

Luminal A

ER and/or PR+, HER2-, Ki67<15%

Luminal B (HER2-)

ER and/or PR+, HER2-, Ki67>15%

Luminal B (HER2+)

ER and/or PR+, HER2+

HER2 type ER-, PR-, HER2+
Basal ER-, PR-, HER2+, CK5+ and/or EGFR+
5 negative ER-, PR-, HER2-, CK5-, EGFR-
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Tumor heterogeneity

Inter-tumor heterogeneity (variation among cancer patients) and intra-tumor heterogeneity
(variation within a tumor) are characteristics of malignancy [201, 202]/(Table 3). The
heterogeneity across the tumor makes the molecular classification difficult and misguides the

choice of therapy. Therefore, understanding the molecular and cellular mechanisms of tumor

heterogeneity is indispensable for better diagnosis, prognosis, and therapy of breast cancer.

Table 3: Origin and extent of tumor heterogeneity

Heterogeneity

Mechanism

Morphology

The morphology of tumor cells varies in areas of tumor (spatial), or as a
tumor progresses over time (temporal) [203].

E.g., Histological classification of heterogeneous tumor is difficult [204].

Tumor micro-

environment

The TME varies greatly between and within each breast cancer patient
determining cancer progression and the response to therapy [205].

E.g., Tumor stiffness correspond with cancer progression[206].

Protein
expression &

Protein levels

The shape, size, quantity and function of a protein may vary across the
tumor. E.g., Prpgesterone has been shown to generate two isoforms. The

ratio of PR-B to PR-A determines the prognostic impact [207].

Cell plasticity Cancer stem cells are characterized with remarkable plasticity.
E.g., Re-expression of defined markers have induced fibroblasts to
pluripotent stem cells [208].
Genetic Cancer cells acquire genetic aberrations to survive changes in tissue
(Clonal) environment and therapy. E.g., Breast cancer patients of a molecular
subtype having identical treatment have different clinical outcomes [209].
Non-Genetic Epigenetic abnormalities evolve as the cancer progresses.

(Epigenetic)

E.g., ER status affects epigenetic differences [210].

Stochastic

Not all genetically similar cells in a tumor are doing the same thing at any

given time. E.g., All tumor cells do not display mitosis at same time [202].
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Aims of this study

The interactions between tumor cells and the TME is an important feature of cancer
progression, and the ECM plays a major role in these processes (reviewed in [22, 78]). A
deeper understanding of the ECM of tumors and metastasis is crucial for translational
research to improve survival for cancer patients. In a previous study of genes involved in the
metastatic processes, increased NPNT expression was correlated with increased metastatic
propensity in primary tumors of mouse mammary tumor lines [9]. NPNT was found to be
upregulated in invasive vs non-invasive breast tumors [16] and to promote metastasis in a
xenograft based breast cancer model [9]. However, little is known about the mechanism of
action and NPNT distribution in human breast cancer. Therefore, the general objective of this
thesis was (therefore) to characterize the role of NPNT in breast cancer primary tumors and

metastases.
The specific aims of the thesis were to:

1. Investigate the expression pattern and distribution of NPNT in a large cohort of breast

cancer patients with respect to tumor classification, clinical history and survival data.

2. Characterize the function of NPNT in various mouse mammary tumor model systems of

primary tumors and metastases.

3. Describe the molecular mechanisms of the metastasis-promoting function of NPNT.

(in vitro and in vivo with altered expression of NPNT)
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Summary of papers

Nephronectin is Correlated with Poor Prognosis in Breast Cancer and Promotes

Metastasis via its Integrin-Binding Motifs

In this study, we provide a comprehensive analysis of the expression pattern and
distribution of NPNT in breast tumor tissue from 842 patients by
immunohistochemical staining of tissue microarrays from a historic cohort. Though
NPNT is widely described as an ECM protein [13-15], our findings from mouse and
human tumor tissues show intracellular NPNT staining in primary tumors with both
diffuse and granular staining in the cytoplasm. We found that when a granular
cytoplasmic staining was observed in less than 10 % of tumor cells, this was associated
with decreased survival. We suggest that granular cytoplasmic staining may represent
NPNT-positive multi-vesicular bodies. We found that NPNT promotes adhesion and
anchorage-independent growth via its integrin-binding motifs, and that enforced
NPNT-expression in breast cancer cells promotes colonization of the lungs. It is evident
that NPNT is involved in promoting breast cancer progression, warranting further
investigation into NPNT as a potential prognostic marker and a possible target for

therapy in NPNT-positive breast cancer patients.

Nephronectin mediates p38 MAPK-induced cell viability via its integrin binding

enhancer motif.

The aim of this study was to investigate the biological function of NPNT in the 66cl4
cell line. We used RPPA to analyze NPNT-triggered intracellular signaling in the 66cl4
mouse breast cancer cell line with stable NPNT expression in addition to exogenously
added recombinant NPNT. The results showed that the integrin binding enhancer
motif is important for the cellular effects upon NPNT interaction with its receptors,
including phosphorylation of p38 mitogen activated protein kinase. Furthermore,
analysis using prediction tools suggests involvement of NPNT in promoting cell
viability. Taken together, these results demonstrate a role for NPNT and its integrin
binding motifs, in particular the EIE-enhancer motif, in the induction of p38 MAPK

signaling and cell viability. Based on the current findings, we therefore suggest that

25



dual targeting of the RGD and EIE-enhancer motif could prove to be more efficient for

cancers with high NPNT levels.
A novel truncated form of Nephronectin is present in exosomes from 66c¢l4-cells

In this study, we identified three different forms of NPNT (at 80, 60 and 20 kDa
respectively). The glycosylation pattern of NPNT reveals that the native 60 kDa NPNT
protein is less glycosylated compared to the 80 kDa NPNT. The 80 kDa NPNT has both
N-glycosylation and O-glycosylation with a sialic acid cap, whereas 60 kDa NPNT is only
N-glycosylated. We also identified a truncated form of NPNT at 20 kDa, which is
concentrated in the sEVs and that matrix metalloproteinase could be one of the
factors involved in cleavage of NPNT. In addition to NPNT, several other proteins are
differentially expressed in the cargo of the sEVs derived from mouse breast cancer

cells expressing NPNT.
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Discussion

Despite huge research efforts, we still do not have a complete understanding of how tumors
develop and spread to distant organs. The significance of NPNT in breast cancer was well
identified previously [9, 16]. In the three papers presented here, we further explore the
prognostic value of NPNT; elucidate several molecular and cellular functions of NPNT and its
integrin binding motifs involved in promoting breast cancer. The results discussed in this
thesis will provide new knowledge about NPNT as a potential target for therapy and improves

our understanding of the role of NPNT in breast cancer progression and metastasis.

Expression and distribution of NPNT

Brandenberger and colleagues reported NPNT protein expression in several types of tissues
in mouse embryo such as in the lens of eye, the ear epithelia, the choroid plexus, Rathke’s
pouch, basal lamina of the lip, skin epithelium, basal lamina of the lung, stomach, esophagus,
taste buds of the tongue. Additionally, weak protein expression was found in developing
pancreas and the lobe of the ear [13]. Mouse NPNT has also been reported in piloerection
[211]. Similar results from Morimura and colleagues show that NPNT mRNA was expressed in
developing renal tubules, thyroid and parathyroid glands, developing bone, tooth germ, brain,
inner ear, skeletal muscle, smooth muscle (except for the vascular system), and the basal cell
layer of the skin in a developing mouse embryo [91]. Downregulation of NPNT mRNA in
decidua basalis is associated with preclampsia in pregnant women [212]. The human protein
atlas shows the expression of NPNT protein across different organs using

immunohistochemistry (www.proteinatlas.org) [213]. Many of the cell processes essential for

embryonic development are also central for cancer progression [214, 215]. Normal human
breast is reported to be negative for NPNT protein (Fig 9). However, our results in paper |

shows that breast cancer cases stain positive for NPNT.
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Fig 9: NPNT protein expression in different human organs.

Our findings in paper | are based on a historic cohort of 1393 women, who were diagnosed
with breast cancer between January 1% 1961 and December 315t 2008 in Ngrd Trgndelag
county in Norway [200]. The treatment of the patients in this cohort was often restricted to
surgery, which allowed us to follow the near-natural course of the disease after surgery.
Patients were followed until death from breast cancer or from other causes or until December
31, 2010. Out of 1393 cases, formalin-fixed paraffin-embedded tissue was available for 909
cases [200]. We considered only 842 out of 909 cases due to technical challenges. In paper |,

we report four different intracellular staining patterns seen across 842 cases:

1) Nuclear staining (45.7% cases)
2) Diffuse positive cytoplasmic staining (50.4% cases)
3) Scattered single cells with strong cytoplasmic staining (15.3% cases)

4) Granular cytoplasmic staining (13.8% cases)

Results in paper | show that NPNT protein localization in our samples was tumor cell-specific
with strong intracellular staining and limited staining in the extra-tumoral stromal tissue. We
substantiate our findings in human cancers with the IHC analyses of the MMTV-PyMT tissues
(paper 1) where we saw similar NPNT staining patterns to those in human breast cancers,
suggesting that this might be a suitable model for further studies. Although the primary site
of action of ECM proteins is extracellular, table 4 mentions several ECM proteins which have

identified intracellularly.
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Table 4: List of ECM proteins identified to have an intracellular localization [7].

Intracellular ECM protein Reference
localization

Adipocyte enhancer-binding protein-1 [216]
Decorin [217]
Nucleus Prolargin [218]
Biglycan [219]
Dentin Matrix Protein-1 [220]
Laminin [221]
Cytoplasm Fibromodulin [222]
Lumican [223]
Thrombospondin-4 and 5 [224]
Endoplasmic Reticulum Opticin [225]
Insulin-like growth factor binding protein-3 [226]

The growing evidence for intracellular roles raises many basic questions about how ECM

proteins can be routed to the cytosol or nucleus. A few possibilities are listed here [7]:

1. Alternative translation initiation within mRNA transcript, could result in omission of

secretory signal peptide. E.g. Alternative translation of osteopontin generates biologically

active intracellular isoforms in dendritic cells [227].

2. Alternative splicing of mRNA. E.g. A new splice variant of fibulin was identified which does

not encode the N-terminal sequence and therefore was trapped intracellularly [228].

3. Autophagic recycling of cytoplasmic components is increased in breast cancer cells

experiencing starvation and/or hypoxia. E.g. Insulin-like growth factor binding protein 3 is

recycled to promote survival of starved breast cancer cells. [226].

4. Some proteins can escape the endo/lysosomal system. E.g. Internalized EGF/EGFR

complexes may leave the endosomes and enter the nucleus via nuclear pores [229].
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10.

Despite the presence of a secretory signal peptide, ECM proteins containing a nuclear
localization sequence are destined to localize in the nucleus. E.g. The nuclear localization
sequence of SLRP biglycan enables the protein to enter the nuclei of cultured cells [219].
Misfolded proteins in the endoplasmic reticulum are transported to the cytosol for
degradation by proteasomes [230] E.g. Cholera toxin rapidly refolds upon retro-
translocation and avoids cytosolic degradation [231].

Many ECM proteins are secreted constitutively, for others secretion is regulated according
to physiological conditions. E.g. von Willebrand factor has both extra- and intra-cellular
roles to accomplish in its life cycle [232].

ECM turnover is influenced by extracellular proteases, cellular uptake of ECM proteins, or
their proteolysed fragments for intracellular degradation. E.g. MMPs control the quantity
of ECM [233].

Cancer cells can undergo cell-cell fusion events or cell-in-cell invasion which might also
result in cytoplasmic mislocalization of ECM proteins [234, 235].

Immunohistochemistry alone is not sufficient to determine intracellular localization. The
credibility of our results in paper | is based on validated antibodies and
immunofluorescence based co-localization with established intracellular markers.
However, further investigation using mouse gene knockout or transgenic models is

required to understand the specific roles of intracellular ECM proteins such as NPNT.

Intracellular localization of ECM proteins is an under-researched topic. Further research is

needed to identify the pathways that lead to cytoplasmic or nuclear localization and

determine the functional roles of intracellular ECM proteins in cancer cells.
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Breast cancer lung metastasis

The molecular subtype of breast cancer, different gene signatures and signaling pathways of
metastatic tumor cells regulate organotropic metastasis [236]. Compared to other subtypes,
triple negative, basal and luminal B subtypes of breast cancer are more aggressive and show
higher levels of lung specific metastasis (Fig. 10). Usually, lung metastases display little or no
symptoms until the lungs are massively supplanted by metastatic tumor masses. Therefore,

lung metastasis is a serious problem in breast cancer patients.

Metastasis

Metastasis

Metastasis

Metastasis

Fig 10: Breast cancer subtypes regulate organotropic metastatses [237].

The ECM of the lung metastases is more similar to the ECM of the primary breast tumor rather
than the lung ECM [86]. Several lung metastasis signature genes are associated with poor
survival [237-239]. Eckhardt et al. have previously shown that reduced NPNT expression in
the highly metastatic 4T1.2 cells caused a significant reduction in metastatic tumor burden in
lungs, kidneys and spine [9]. Our data in paper I, demonstrates that the enhanced expression
of NPNT in low-metastatic 66cl4 cells does not increase spontaneous metastasis, whereas in
experimental metastasis assays NPNT overexpression promotes the capability of tumor cells

to seed and grow in the lungs in an integrin-dependent manner. This suggests that NPNT
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might be more important at the secondary site and not in the process of leaving the primary
tumor. Once the cancer cells enter the blood flow, they are carried to the capillary beds of
the lungs. Cancer cells have a diameter five-times larger than that of pulmonary capillaries,
so they can be physically trapped in the narrowing blood vessels [240, 241]. In addition,
specific surface adhesion molecules on tumor cells mediate the adhesion of cancer cells to
the lung vascular endothelium. Paper | shows that 66¢l4 cells with enhanced expression of
wild-type NPNT adhered better to the culture plates than 66Cl4-EV cells. It would further be
interesting to note that the 66cl4-EV cells showed a dose-dependent increase in adhesion to
plates coated with rmNPNT, and this adhesion was reduced in the presence of a RGD-blocking
peptide, demonstrating the involvement of RGD-binding integrins. It has been shown that
the main receptor for NPNT is integrin a8B1 [13, 91]. It also appears that RGD sequence of
NPNT is more important in binding to a8B1, whereas the EIE motif is more important for
intracellular signaling events [93, 102]. NPNT might also interact with other receptors, for
example, integrin aVB3, on the lung endothelium in the metastatic cascade [242]. Adhesion
proteins such as NPNT need to be investigated further in lung-tropic metastasis research. It
would be interesting to study whether neutralizing peptides against NPNT and/or blocking

the NPNT-interacting receptors would inhibit breast cancer lung metastasis.

After adhesion and extravasation into the lung parenchyma, the next challenge for metastatic
cancer cells is survival and adaptation to a new microenvironment. This adaptation includes
dodging the apoptotic signals in the new microenvironment [23]. Most intravenously injected
cancer cells that lodge in the lung die within 2 days [243] mainly because lungs have a
leukocyte-rich microenvironment [244]. Our results in paper Il demonstrate that NPNT and
its integrin binding motifs, in particular the EIE-enhancer motif, increases the ability of 66cl4
cells to survive in sparse growth conditions (paper Il). In vitro assays in paper | indicate that
NPNT is involved in anchorage-independent growth, which could indicate that NPNT is
beneficial in colony formation at the secondary site. Enforced expression of NPNT in 66cl4
cells increased both the number of metastatic lesions in lungs and the size of the colonies.
These findings from paper | and Il indicate that the expression of NPNT in breast cancer cells
promotes adherence, viability and colonization in the lungs, thereby facilitating several steps

in the metastatic cascade.
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Signaling for survival

Resisting cell death is one of the hallmarks of cancer [22, 78]. Paper Il shows how NPNT
overexpression in breast cancer cells can avert cell death in sparse growth conditions as
mimicked by serum starving cells. The signaling components of the mitogen-activated protein
kinases (MAPKs) convert the extracellular stimuli into a range of cellular responses such as,
proliferation, differentiation, survival and migration [245-247]. There are three major groups
of MAPKs in mammals [248]: the Jun N-terminal kinase (JNK), p38 MAPK and the extracellular
signal regulated protein kinases (ERK), which are also often deregulated in cancers [249].
MAPKs are evolutionarily conserved enzymes, where the activation of MAPK requires dual
phosphorylation on the Threonine-X-Tyrosine motif by MAP2K kinases, which is in turn
phosphorylated and activated by a MAP3K [250, 251]. Generally, activation of ERK1/2 has
been linked to cell survival, whereas JNK and p38 MAPK are linked to induction of apoptosis
[252]. However, this is an oversimplification of the MAPK cascade and non-canonical roles of

MAPK are coming into more focus nowadays [253].

Results in paper Il show that NPNT induced phosphorylation of p38 MAPK increases cell
viability of breast cancer cell lines such as 66cl4 and 4T1. NPNT induced phosphorylation of
ERK and p38 MAPK has been shown to regulate angiogenesis in endothelial cells [254]. The
expression or activity of p38 MAPK is often altered in various cancers, including follicular
lymphoma [255], lung [256], thyroid [257], glioma [258], head and neck squamous cell
carcinomas [259], and as well as breast carcinomas [260]. The pleiotropy of p38 MAPK,
inducing cell survival or cell death depends on the cell type, disease stage and type of the
stimulus [261-263]. Several potential scenarios listed below discusses the conditions under

which p38 MAPK activation promotes cell survival instead of cell death:

e The activation of p38 MAPK has been shown to mediate anti-apoptotic inflammatory
signals, such as the cytokine interleukin-6, which is critical for survival during
inflammation [264].

e Cells might undergo apoptosis only if the p38 MAPK activation is exceedingly strong [252].
If p38 MAPK signaling levels are just enough to induce growth arrest without apoptosis

[265], it helps cancer cells to adapt, survive and further acquire drug resistance [266].
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e The p38 MAPK signal levels can mediate cell survival instead of cell death by controlling
the autophagy regulators [267], such as the anti-apoptotic (Bcl-2) and pro-apoptotic (Bad)
proteins [268].

e Activated p38 MAPK has been shown to inactivate glycogen synthase kinase 38. This
further results in the accumulation B catenin [269], which is known to regulate the
expression of other survival genes promoting genes, such as c-myc [270].

e The signaling levels of p38 MAPK have been associated with the G2/M checkpoint, which

induces cell cycle arrest and facilitates DNA repair [271].

There are four genes that encode p38 MAPKs: MAPK14 (p38a), MAPK11 (p38B), MAPK12
(p38y) and MAPK13 (p3868) [272]. The p38a levels are high in most cell types and it is better
characterized than other p38 MAPKs [272, 273] . Most of the published literature on p38
MAPKs refers to p38a (reviewed in [253, 262]). Paper Il identifies the role of p38 MAPK
phosphorylation in NPNT expressing cell lines. The phosphorylation p38 MAPK may regulate:
(A) Transcription factors such as p53, activating transcription factor 2 (ATF2), Ets transcription
factor (ELK1), myocyte-specific enhancer factor 2 (MEF2) and CCAAT-enhancer-binding
proteins (C/EBPB). (B) Protein kinases such as MAPK-activated kinase 2 (MK2), mitogen- and
stress-activated protein kinase 1 (MSK1), MAPK-interacting serine/threonine kinase 1 (MNK1)
and MNK2 [273, 274]/(Fig. 11). In continuation to results in paper Il, it would be interesting
to further investigate the specific role of different p38 isoforms and transcription factors

regulated in NPNT induced p38 MAPK pathway.

The involvement of p38 MAPK in NPNT induced intracellular signaling was confirmed using
BIRB 796 as shown in paper Il. BIRB 796 (Doramapimod), a p38 inhibitor was first synthesized
in 2002 [275]. BIRB 796 has an IC50 for p38a = 38 nM, for p38B = 65 nM, for p38y = 200 nM,
and for p386 = 520 nM [276]. Thus the potency of BIRB 796 increases with the period of pre-
incubation with the inhibitor [277]. The selectivity and specificity of BIRB 796 is well studied
at different concentrations. A complete kinase profiling of this inhibitor can be found at MRC
PPU [278]. At a concentration of 1uM, BIRB 796 is able to completely inhibit p38a, p38f and
the activity of p38y and p386 is less than 50 %. However, at higher concentrations (10uM),
BIRB 796 can even inhibit all p38 MAPK isoforms in vitro and in vivo, with little effect on other
kinases [279]. BIRB 796 enhances efficacy of chemotherapeutic agents in multiple myeloma

[280], in oral epidermoid carcinoma cells [281], and in cervical cancer [282]. It is also used in
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inflammation research [283, 284]. Very few p38 MAPK inhibitors have progressed beyond
phase | clinical trials, owing to side effects, such as liver toxicity [285, 286]. Alternative

strategies, such as targeting kinases higher in the signaling cascade or using less selective

compounds, might be more successful.

MAP3Ks

MAP2Ks

(a/B/v/6)

Transcription factors  Protein kinases

ELK1, p53, MSK1, MNK1,
ATF2, MEF2 MNK2 and
and C/EBPB MK2

./ .

Fig 11: The p38 MAPK signaling pathway. Different stimulus/receptors can activate MAP3Ks,
which phosphorylate and activate MAP2Ks, which in turn lead to activation of p38 MAPKs
through dual phosphorylation at Tyr and Thr. Activate p38 MAPK can phosphorylate protein

kinases or transcription factors, which lead to the control of many cellular responses.
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NPNT-positive extracellular vesicles

Vesicular communication between the cells and their microenvironment is crucial for both
normal and pathological physiology [287]. The lipid bilayer-membrane of extracellular
vesicles provides a protective shield for the vulnerable biological signaling molecules, allowing
them to reach distant sites. The role of cancer derived extracellular vesicles in cancer
progression and metastasis is becoming increasingly recognized (reviewed in [287, 288]).
NPNT has been detected previously in isolated exosomes from human ductal saliva and
colorectal cancer cells [289, 290]. In paper |, we reported the presence of NPNT in
microvesicles and exosomes derived from 66cl4 cells overexpressing NPNT and that the
localization of NPNT protein in these vesicles is not integrin-dependent. Recently, NPNT has
also been reported in isolated exosomes derived from 4T1 cells [291]. In paper |, the fraction
of vesicles isolated after spinning at 100,000 x g for 70 mins, has been referred to as
exosomes. However, in paper lll we acknowledge the variation in the size distribution of
vesicles present in the pellet isolated after spinning at 100,000 x g for 70 mins and is referred

as small extracellular vesicles.

In paper I, we suggest that NPNT may be used as a prognostic marker for breast cancer, where
patients with 1-10% of tumor cells showing granular staining had a poorer prognosis than
those with no granular staining or more than 10% of granular-positive tumor cells. It is also
important to note that our findings come from the tissue samples drawn for the periphery of
each tumor. Results could also vary depending on the distribution of tumor cells and the
region from where the tissue sample is drawn. In paper I, we report a nonlinear U-shaped
correlation between granular cytoplasmic staining of NPNT and survival. Similar correlation
pattern has been reported previously for various tumor markers in glioma [292], prostate
[293, 294], colorectal [295, 296], and pancreatic cancer [297, 298] and breast cancer [299,
300]. Though the explanation for this phenomenon is unclear in most cases; differences in
study design, specific cancer site, limited statistical power and variability in laboratory
measurements may be contributing factors to these discrepancies. The race of the study
population also has an impact on the distribution of molecular subtypes and breast cancer
mortality [301-303]. In our cohort, majority of the cases were Luminal A subtype. So, it is not

surprising that the association between the presence of any NPNT granular staining and
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prognosis was strongest for the Luminal A subtype. Therefore, large studies in several other
cohorts are needed to confirm these findings. Granular NPNT staining pattern has also been
shown previously in mouse tibias, however authors have not specifically commented on the
biological relevance of this staining pattern [254]. The IHC images in paper | suggest that these
granules seen inside the tumor cells could be MVBs, which are large, >250 nm diameter
organelles that contain smaller, 50-80 nm diameter ILVs [304]. Immunofluorescence staining
of 66¢l4-NPNT lung metastases and MMTV-PyMT tumor tissues shown in paper | confirm the
co-localization of NPNT with CHMP4B (a marker for charged multi-vesicular bodies). The
functional role of NPNT-positive extracellular vesicles in mouse models of metastasis remains
to be investigated. Tumor cells secrete more extracellular vesicles compared to normal cells
[305, 306]. It has been reported that cancer cell lines with upregulated MAPK signaling
pathway, secrete higher number of exosomes [307]. In continuation with our results in paper
11, it will be interesting to investigate if inhibition of p38 MAPK in NPNT overexpressing 66cl4

cells will alter the number of exosomes released.

Extracellular vesicles such as exosomes contain bioactive proteins, sugars, lipids, metabolites
and nucleic acids [140, 308]. Several databases provide information about the molecular
composition of exosomes [309, 310]. In addition, it is well known that the cargo content of
the exosomes reflects the origin and the status of the cell at the time of exosome generation
[311]. To some degree, the cargo content of extracellular vesicles can be influenced by
different cellular conditions and/or treatments [146]. Results in paper lll show that the
protein cargo of sEVs is altered, upon NPNT expression in 66cl4 cells. This cargo content of
sEVs could be a reflection of the key signaling molecules induced by NPNT overexpression in
66¢l4 cells, which are eventually picked up by the dynamic membrane of MVBs and finally
incorporated into ILVs. Several tumor-promoting proteins are differentially packed in sEVs
derived from 66c¢l4-NPNT cells compared to sEVs derived from 66cl4-EV cells as reported in
paper lll. Several other studies have shown to advocate the concept of alterations in sEVs
cargo, upon changes in cellular conditions [290, 312, 313]. Indeed, the source of exosomes
defines their function in cancer progression and metastasis. Our work is primarily based on
extracellular vesicles isolated from mouse breast cancer cell lines. It will be interesting to see

if we can extrapolate these findings in vesicles isolated from human breast cancer cell lines.
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Post-translational modifications of NPNT

Protein regulation takes place at transcriptional, translational and post-translational levels.
Post-translational modifications (PTMs) of proteins is often used as a ‘biochemical footprint’
to reflect upon the physiological processes [314]. Therefore, the PTMs associated with a

protein are vital for developing optimal biomarkers.
Glycosylation

Glycosylation is a frequent PTM, where the enzymatic process produces glycosidic linkages of
saccharides to other saccharides, lipids or proteins [315]. The N-linked glycosylation and O-
linked glycosylation are the two most common mechanisms by which sugars are linked to
proteins. In N-linked glycosylation, glycans bind to the amino group of the asparagine in the
endoplasmic reticulum [316]. In O-linked glycosylation, monosaccharides bind to the hydroxyl
group of serine or threonine in the Golgi apparatus [317]. Sialic acids are typically found to be
terminating branches of N- and O-glycans [318]. Aberrant glycosylation in cancer is a well-
documented topic [319]. Changes in the glycosylation patterns of the cell surface and the
secreted glycoproteins occur during all the steps of cancer progression to regulate cell-matrix
interactions, tumor proliferation, invasion, immune modulation, metastasis and angiogenesis
[315, 320]. The expression of glycosylation related genes has been found different in normal
breast tissue compared to that in breast carcinomas [321]. Further, it has been shown that
the expression of glycosylation related genes differ in PAM 50 intrinsic subtypes of breast

cancer [322].

Different PTMs such as glycosylation are also crucial for sorting of proteins into exosomes
and/or microvesicles [323, 324]. In paper lll, we showed that the heavily glycosylated 80 kDa
NPNT, having both N- and sialylated O-glycosylation is recruited into exosomes, while the 60
kDa NPNT having only N-glycan is not detected in either exosomes or microvesicles. Cancer
cells often have high levels of sialylated glycans [325], which are also associated with
malignancy and poor prognosis in patients [326-328]. N-glycans are known to modulate the
adhesion and growth of tumor cells in early stages of tumor progression, whereas O-glycans
can confer resistance to oxidative stress during late stages of tumor growth [329, 330]. Breast

cancer patients with high CTC counts were also reported to have high glycan levels than those
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with low CTC counts, implying a role of glycosylation in breast cancer metastasis [331, 332].

However, the specific role of glycans associated with NPNT remains to be investigated.
Proteolytic processing

For cancer progression, the balance between synthesis and degradation of ECM needs to be
disrupted. Proteolytic factors such as matrix metalloproteinases (MMP) play a crucial role of
remodeling the ECM in cancer progression and metastasis [333, 334]. MMPs can act both
intracellularly and extracellularly to generate biologically active fragments [333, 335, 336]. In
paper lll, we have reported that the 20 kDa NPNT is a cleaved form of NPNT and that this
cleavage is mediated at least in part by MMPs. Whether this truncated form of NPNT is
biologically active remains to be investigated. On similar lines, truncated proteins such as
heparanse-cleaved heparan sulphate have been reported to influence the composition and
biogenesis of the extracellular vesicles [337, 338]. In paper |, we have shown that
overexpression of NPNT in 66cl4 cells, increases the ability of cells to colonize the lungs.
However, the human protein atlas (www.proteinatlas.org) shows that normal lungs have a
high NPNT protein expression (Fig. 7) [339]. It could be speculated that the difference
between the mechanism of the endogenous NPNT in a healthy lung and tumor cell derived
NPNT could be credited to the PTMs and truncated NPNT. Further research is needed to
identify whether cleaved NPNT and its PTMs has a physiological consequence on breast

cancer biology.
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NPNT in cancer research

Eckhardt and colleagues, were the first to identify NPNT as a tumor oncogene in metastatic
breast cancer cell lines [9]. Kuphal and colleagues tested the NPNT levels in malignant
melanoma and it has been shown through RT-gPCR analysis that NPNT expression was lost or
reduced in malignant melanoma cell lines compared to normal melanocytes [340]. Ban and
colleagues reported in 2012 that NPNT expression significantly increased in papillary thyroid
carcinoma patients [341]. They have used several techniques including proteomics, IHC and
RT-PCR to validate NPNT as a characteristic marker for papillary thyroid carcinoma. Akerstrém
and colleagues have reported that NPNT is regulated in aldosterone-producing adenomas
with different somatic mutations [342]. Later in 2017, Teo and colleagues identified that NPNT
expression was also upregulated in adrenocortical carcinoma. They further went on to show
that NPNT confers pro-adhesive properties in aldosterone-producing adenoma cells; whereas
NPNT in adrenocortical carcinoma cells acts as an anti-adhesive [343]. These studies
performed over the years suggest that the expression of NPNT and its role varies across

cancer types (Fig. 12).

Fig 12: Timeline of key discoveries in NPNT-related cancer research.
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In 2018, two contradicting reports were published that discuss the role of NPNT in primary
mammary tumors and metastatic organs such as lungs [344, 345]. On one hand, Dilmac and
colleagues have reported that the expression of NPNT in lungs and liver is lost when breast
cancer cells metastasize in these organs [344]. On the other hand, our results in paper | show
that overexpression of NPNT in breast cancer cells promote lung colonization. The biology of
mouse mammary gland changes with time and this would have an impact on the research
question [346, 347]. In paper |, we have used mice which are in the middle of the puberty
(approx.6 weeks) as opposed to the experimental setup by Dilmac et al. [344], where they
have used mice after puberty (approx. 10-12 weeks). Results reported by Dilmac et al. are
based on tumors which are barely palpable (1-2 mm in diameter) [344]. Instead of measuring
tumor size with calipers, our findings in paper | are based on relative tumor burden, where
we measured the level of genomic DNA from mCherry positive 66cl4 cell line variants. Another
weakness in the findings of Dilmac et al. is that different numbers of cells were injected for

different cell lines in the animal groups [344].

All these studies performed over the years indicate that NPNT has cancer type-specific role.
Exploring the intricacies of novel proteins like NPNT in cancer type-specific landscapes could

may be help us understand why some cancer cells respond to therapy and others do not.
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Targeting NPNT in breast cancer

Development of a therapy starts with identification of a gene/protein within a sample of the
primary tumor, whose expression correlates with patient survival (correlative studies). The
effect of protein overexpression or ablation on metastatic potential should be tested in
preclinical animal models (causative studies). In paper I, we have reported that the granular
NPNT-expression in less than 10% of tumor cells correlates with poor patient survival. Further,
we utilized experimental metastasis assay and MMTV-PyMT mouse model to confirm that
overexpression of NPNT in tumor cells confers additional metastatic potential (paper I).
Investigation of the pathways triggered by overexpression of candidate proteins (target
identification) forms the basis of drug development. High-throughput screens can help to
identify promising compounds (Lead identification), followed by optimization where the
compound is modified to improve the activity. Lastly, clinical trials are vital in establishing

safety and efficacy of the treatment.

A
Clinical trials
Lead
identification
Drug | &
development optimization
Target

identification

| .
Causative
‘ studies

Correlative
studies

Fig 13: The process of developing targeted therapies (summarized in [3]).
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Results in paper |, Il and lll explores possible routes of targeting NPNT in breast cancer:

Integrin_inhibition has been capable of sensitizing breast cancer cells to radiotherapy,

according to preclinical and in vitro studies [348, 349]. However, selective integrin inhibitors
like cilengitide and abituzumab have failed in clinical trials [350-353]. These inhibitors block
the ability of integrins to bind with RGD motif of the ECM proteins. Our fundamental results
in paper | and Il suggest that dual targeting of RGD and EIE motif could completely disrupt
ligand receptor interaction and might lead to better outcomes. There are several other factors
to consider when targeting integrin inhibition such as, tumor cells can evade therapy by
switching between integrin heterodimers [354] and integrins in cancer cells have been shown
to signal for survival irrespective of presence of the ligand [355]. Therefore, targeting

downstream signaling molecules in integrin pathway seems more plausible.

p38 MAPK inhibitors are mostly based on ATP competition, where p38 MAPK is not able to

bind ATP, hindering further phosphorylation of downstream targets. ATP competitors might
cross-react with other kinases or non-kinase cellular proteins [356]. Therefore, out of 20
inhibitors that progressed to clinical trials, only three compounds (BIRB796, SCIO469 and
VX702) entered Phase Il trials (reviewed in [357-359]). In paper I, we utilize BIRB796 to
substantiate the involvement of p38 MAPK in NPNT induced signaling. BIRB796 has also been
withdrawn from trials now. It is not surprising that inhibition of p38 MAPK leads to adverse
reactions, since p38 MAPK signaling is involved in many cellular processes. An alternative
option is to inhibit the upstream kinases of p38 MAPK, because they have no known

substrates other than the p38 MAPK isoforms.

Glycosylation mediated strateqy is also one of the opportunities for cancer therapy [360, 361].

As compared to normal cells, tumor cells often display high expression levels of overall
sialylation, truncated glycans, N-linked glycans and glycosphingolipids [315]. Though it
remains to be investigated if glycosylation pattern of NPNT has a biological significance, we
have detected that NPNT expressed by breast cancer cells has high sialyation (paper lil).
Glycosylation is involved in protein folding, cell-cell interactions, protection of proteins from
enzymatic degradation and in signal transduction pathways (reviewed in [360, 362, 363]).
Therefore, glycosylation mediated strategy might have off-target effects and requires

detailed investigation [364].

43



MMP inhibitors have failed in the past due to two main reason; firstly, broad spectrum MMP
inhibitors were used in clinical trials and secondly, MMPs involved in early stages of cancer
might be different from the advanced stage [334]. The catalytic activity of MMPs degrades
the ECM and results in the production of ECM-derived and non-ECM bioactive fragments.
MMPs process proteins to reveal its functional fragment so that proteins can interact with
cells [365]. Biological significance of the cleaved ECM proteins (matrikines and matricryptins)
is well reviewed [366, 367]. In paper lll, we report MMP mediated cleavage of NPNT, where
the truncated form is concentrated in extracellular vesicles. Specific MMPs that are

responsible for cleavage of NPNT remain to be identified.

Extracellular vesicles such as exosomes can be explored therapeutically as they lack A/B blood

group antigens and are biocompatible [368]. Therefore, exosomes released by cancer cell
lines are often used to search of biomarkers for a specific cancer type [369]. In paper |, we
reported NPNT-positive vesicles as a marker for poor prognosis in breast cancer. Exosome
secretion in cancer cells is considerably higher than that of normal cells [370, 371]. Blocking
release of tumor derived exosomes may reduce drug resistance and cancer progression, but
it might also weaken the beneficial effect of exosomes from non-malignant cells [167]. In
paper lll, we identified several tumor promoting molecules in NPNT-positive sEVs. The
specific role of NPNT-positive sEVs in breast cancer progression and metastasis needs to be

investigated further using in vivo models.
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Future perspectives

Not all in situ tumors become invasive [372]. Therefore, identifying and understanding the
drivers of metastatic disease would have a major impact on the survival of cancer patients.
Advances in MS technology coupled with the genomic information, allows identification and
quantification of the novel proteins present during cancer progression and metastasis [82].
This methodology was applied to transgenic mouse mammary tumor model MMTV-PyMT to
identify key ECM players in cancer progression and metastasis. In affirmation with the findings
in this thesis, the MS data was promising and identified several ECM proteins including NPNT;
whose expression seemed to be linked to tumor grade (unpublished results). We have used a
large cohort of breast cancer patients, which contributes to our understanding of NPNT
distribution and breast cancer heterogeneity. Although we report different staining patterns
for NPNT in 70% of the patients in this cohort, the clinical significance of single positive cells
or possible function of NPNT in the nucleus remains to be elucidated. Verifying NPNT

expression and distribution in other cohorts would give us better insights.

For tumors with high NPNT, p38 MAPK appears as a potential target. However, it is essential
to first uncover other downstream mediators and transcription factors involved in NPNT
responsive signaling pathways. NPNT and its integrin binding motifs, is crucial for adhesion,
survival and anchorage independent growth of tumor cells. Therefore, further studies should
focus on targeting both the RGD and EIE-enhancer motif in cancers with high NPNT levels. We
have used several different mouse models and in vitro experiments, however our models only
mimic the human microenvironment. We did not include studies on human NPNT, which will

have to be investigated in future studies.

Extracellular vesicles are immunologically inert [373] and therefore hold great potential for
clinical application. Several proteins identified in NPNT-positive sEVs isolated from 66cl4-
NPNT cells give an insight into the nature and severity of the disease. The potential of NPNT
containing exosomes as a biomarker needs to be examined in patient samples like blood and

urine.
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Conclusions

Cancer progression is influenced by reciprocal interaction of tumor cells with the ECM
proteins. Localization of NPNT extracellularly as well as intracellularly suggests that this
protein has multiple functions in breast cancer. The results in this thesis highlight the role of
NPNT in promoting adhesion, cell viability, anchorage independent growth and lung
colonization. Our data indicates that p38 MAPK is an important mediator of NPNT-induced
survival signaling. We uniquely identify the prognostic value of NPNT using a large cohort of
breast cancer patients. We discuss post-translational modifications of NPNT (glycosylation
and proteolytic processing) and further show that truncated NPNT is concentrated in the sEVs.
Finally, several cancer-promoting molecules identified in NPNT-positive sEVs underline the
importance of vesicular communication in cancer progression and metastasis. Overall, we
propose that our findings adds several layers of information to our understanding of NPNT’s
role in breast cancer. These results will contribute to future design of research, prognosis and

potential new treatment strategies.
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Nephronectin is Correlated with
Poor Prognosis in Breast Cancer
and Promotes Metastasis via its
Integrin-Binding Motifs

Abstract

Most cancer patients with solid tumors who succumb to their iliness die of metastatic disease. While early
detection and improved treatment have led to reduced mortality, even for those with metastatic cancer, some
patients still respond poorly to treatment. Understanding the mechanisms of metastasis is important to improve
prognostication, to stratify patients for treatment, and to identify new targets for therapy. We have shown
previously that expression of nephronectin (NPNT) is correlated with metastatic propensity in breast cancer cell
lines. In the present study, we provide a comprehensive analysis of the expression pattern and distribution of
NPNT in breast cancer tissue from 842 patients by immunohistochemical staining of tissue microarrays from a
historic cohort. Several patterns of NPNT staining were observed. An association between granular cytoplasmic
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staining (in <10% of tumor cells) and poor prognosis was found. We suggest that granular cytoplasmic staining
may represent NPNT-positive exosomes. We found that NPNT promotes adhesion and anchorage-independent
growth via its integrin-binding and enhancer motifs and that enforced expression in breast tumor cells promotes
their colonization of the lungs. We propose that NPNT may be a novel prognostic marker in a subgroup of breast
cancer patients.

Neoplasia (2018) 20, 387-400

Introduction

Metastasis is the major cause of death for patients with solid tumors who
succumb to their disease [1]. Breast cancer metastases usually develop in
multiple organs including lymph nodes, bone, lung, liver, and brain [2].
Understanding the molecular mechanisms by which breast tumors
metastasize is integral to improving outcome for patients with advanced
disease. However, the metastatic process and the selective preference of
tumor cells for certain tissues is complex and dependent on various
factors including vascular patterns, adhesion factors, and tumor cell
interactions with the stroma at the metastatic site [3].

Human breast cancer is heterogeneous and is divided into
subgroups that vary in gene expression profiles, phenotype,
aggressiveness, metastatic propensity, and response to treatment
[4-6]. A comprehensive effort with screening programs, development
of new chemotherapeutic and endocrine regimens, and implemen-
tation of targeted agents has contributed to reduced breast cancer
mortality [4]. Stratification of patients into optimal treatment
regimens is therefore of increasing importance. The four original
molecular subtypes of breast cancer (Luminal, HER2-enriched,
basal-like, and normal-like) [5,6] have subsequently been divided into
additional subtypes that are likely to be of clinical relevance [4,7].

Nephronectin (NPNT), also known as POEM (Preosteoblast
Epidermal Growth Factor (EGF)-like repeat protein with MAM
domain,) was initially identified as a gene involved in embryonic
development of endocrine organs via interactions with the integrin 81
receptor [8-10]. Structurally, NPNT has five EGF-like domains, a MAM
(meprin, A5 protein and receptor protein tyrosine phosphatase) domain,
and an RGD (Arg-Gly-Asp) integrin-binding motif and is generally
proposed to be a secreted glycoprotein [8,10]. It is secreted by bulge stem
cells in hair follicles and induces differentiation of arrector pili muscle cells
[11,12]. NPNT also functions in differentiation of atrioventricular cells
and in promotion of vascularization [13,14].

Few reports exist about the role of NPNT in tumor progression
and metastasis. In a previous study of genes involved in metastatic
processes, we analyzed primary tumors of mouse mammary tumor
lines exhibiting various degrees of metastatic capacity and found a
correlation between increased Npnt expression levels and metastatic
propensity [15]. We went on to show that knockdown of NPNT in
the highly metastatic 4T1.2 mammary tumor caused a significant
reduction of metastasis to lung, spine, and kidney [15]. In addition,
Borowsky et al. reported higher levels of NPNT in metastatic
mammary tumor cells compared to nonmetastatic cells in a different
syngeneic mouse model of breast cancer, supporting a putative role of
NPNT as a metastasis-promoting factor [16].

This study reports the first large-scale analysis of NPNT protein
expression in human breast cancer. By immunohistochemistry
(IHC), we found several different staining patterns for NPNT.

Granular cytoplasmic staining was associated with poor prognosis and
may be consistent with tumor cell-derived extracellular vesicles.
Using preclinical models, we show the necessity of the NPNT
integrin-binding site in the metastatic process. Our functional data
demonstrate that the disruption of the integrin-binding site within
NPNT can modulate the propensity of metastatic breast cancer cells
to adhere to and colonize the lung. Collectively, our data identify a
functional role for NPNT during metastasis and describe its
expression and possible prognostic role in a large cohort of breast
cancer patients.

Materials and Methods

Patients

The study population has been described previously in detail [17].
Briefly, of a total of 1393 new cases of breast cancer occurring
between 1961 and 2008, 909 cases were available for subtyping using
IHC and 77 situ hybridization (ISH) markers as surrogates for gene
expression analyses, and 886 of these were assembled in tissue
microarrays (TMAs). Patients were followed until death from breast
cancer or from other causes, as registered by the Cause of Death
Registry, or until December 31, 2010. Only cases in TMAs were
included in the present study, and 842 cases were suitable for analysis.
Two subtypes, 5 negative phenotype and basal-like phenotype
described in Engstrom et al., were merged into triple negative in the
current analysis [17]. The study was performed in accordance with
the approval granted by the Regional Committee for Medical and
Health Rescarch Ethics (REK Midt-Norge, ref. no.:836/2009), and
dispensation from the requirement of patient consent was granted.

Immunostaining (IHC and IF)

The patient samples were fixed in formalin, but details of the
preanalytical conditions are unknown as these samples were collected
over several decades. From TMAs, 4-um—thick sections were cut and
mounted on Superfrost+ glass slides, dried overnight at 37°C, and
stored in the freezer at —20°C. Before IHC, slides were heated for 2
hours at 60°C and pretreated in a PT Link Pre-Treatment Module for
Tissue Specimens (Dako Denmark A/S, 2600 Glostrup, DK) with
buffer (High pH Target Retrieval Solution K8004) for 20 minutes at
97°C. Immunostaining for NPNT (Atlas Antibodies/Sigma Cat.:
HPA003711, Lot No.: D97165, dilution 1:100) was done in a
DakoCytomationAutostainer Plus (Dako) at 4°C overnight. Dako
REAL EnVision Detection System with Peroxidase/DAB+, Rabbit/
Mouse, code K5007, was used for visualization. The following
controls were used: a negative control (omitting the primary
antibody), rabbit IgG isotype control, and a positive control (normal
kidney). Sections from validation and optimization of the anti-NPNT
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antibody (Atlas Antibodies/Sigma) on human tissues are shown in
Supplementary Figure S1. The figure shows that the optimal dilution
of the antibody was 1:100 in the human samples.

All mouse tissues subjected to immunostaining analyses were fixed in
10% buffered formalin for about 24 hours and embedded in paraffin
following standard procedures. Tissue blocks were sectioned at 4 im and
rehydrated through Neo-clear and ethanol series. Antigen retrieval was
performed in 10 mM EDTA (pH 9) by 15-minute boiling in a
microwave oven. Primary antibodies; anti-human NPNT (Adas
Antibodies/Sigma, Cat.: HPA003711, Lot No.: D97165, dilution
1:150), anti-mouse NPNT (Abnova, Cat.: PAB8467, Lot No.: TG
100309, dilution 1:150), anti-V5 (CST, Cat.: 13202S, Lot No.: 2,
dilution 1:150), anti-collagen V (Abcam, Cat.: ab7046, Lot No.:
GR222605-7, dilution 1:200), anti-Fibronectin (Abcam, Cat.: ab2413,
Lot No.: GR250744-3, dilution 1:200), and Rabbit IgG Isotype control
(BD Biosciences, Cat.: 610822, Lot No.: 7069938). All antibodies were
incubated at 4°C overnight. Secondary antibodies were used according to
manufacturer’s recommendations (Dako EnVision, Glostrup, Denmark).
IF detection was performed using anti-CHMP4B (Atlas Antibodies/
Sigma, Cat.: HPA051751, Lot No.: R67106, dilution 1:300, anti-V5
(CST, Cat.: 13202S, Lot No.: 2, dilution 1:150) and secondary
antibodies; Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor Plus 647, (Thermo Fisher Scientific,
Cat.: A32728, Lot No.: RJ243424, dilution 1:1000) and Goat
anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor Plus 488 (Thermo Fisher Scientific, Cat.: A32731, Lot No.:
RJ243417, dilution 1:1000). Validation of specificity of the anti-human
NPNT (Adas Antibodies/Sigma and anti-mouse NPNT (Abnova)
antibodies on MMTV-PyMT mouse tissues is shown in Supplementary
Figure S2.

Scoring, Reporting, and Classification of the Human Patient Samples
All TMA slides were digitized for review as described previously
after both hematoxylin-cosin-saffron (HES) and THC staining [17].
Each case was assessed by two researchers independently (by T.S.S.
and A.M.B. or M.V.), one of whom (A.M.B. and M.V.) was a
pathologist. Discrepant results were discussed, and consensus was
reached. For diffuse cytoplasmic staining, a staining index was
calculated by multiplying staining intensity by the proportion of
stained cells. Staining intensity was recorded as follows: 0 (no
staining), 1 (weak), 2 (moderate), and 3 (strong). The proportion of
stained cells was scored as 0 (<1%), 1 (1-<10%), 2 (210-<50%), and
3 (250%). A staining index of 0-2 was interpreted as negative; 3-9, as
positive. For granular cytoplasmic staining, any staining was
interpreted as positive, and the proportion of stained cells was
recorded as <1%, 1-<10%, 210-<50%, and >50%. The presence of
scattered, strongly cytoplasmic stained tumor cells was recorded.
Nuclear staining in 1% of tumor cells was interpreted as positive.

MMTV-PyMT Transgenic Animals

Breast tumor tissues and lungs from MMTV-PyMT animals (The
Jackson Laboratory, ME, USA) were collected to represent different
tumor stages and used for IHC and ISH analysis, in addition to
isolation of primary cells. IHC-stained samples were assessed (by
T.S.S. and J.T.) using the same scoring system as for the human
samples. Mice were housed Comparative Medicine Core Facility at
NTNU, and the studies were approved by The Norwegian Food
Safety Authority (FOTS number 3683) and conducted in accordance
with the institutional animal ethics guidelines.

Cell Culture

The mouse cell lines 67NR, 168FARN, 66cl4, 4TO7, and 4T1
were kindly provided by Dr. Fred Miller (Wayne State University,
Detroit, MI) and have been described previously [18]. These cells,
and the 4T1-shNPNT cells, were cultured in DMEM (Gibco,
Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf serum
(FCS, Bovogen, VIC, Australia) and 1% (v/v)
penicillin-streptomycin. 66cl4-cells with stable expression of
mCherry were made as described previously [19] and cultured in
a-MEM containing 5-10% FCS and 1% (v/v)
penicillin-streptomycin. Cell lines are routinely tested for mycoplas-
ma infection. In addition, a comprehensive screening for viral and
bacterial pathogenic contamination was performed at Laboratorio
Dynamimed, Madrid, prior to the animal experiments. Additional
information about the 66cl4-NPNT and 4T1-shNPNT is described
in supplementary material.

Tumor Growth and In Vivo Lung Colonization Assay

Female BALB/c mice (6-8 weeks old, Walter and Eliza Hall Institute,
Melbourne, Australia, or from Taconic M&B, Skensved, Denmark) were
anesthetized and injected either orthotopically into the mammary gland
(1x10° cells) or intravenously into the tail vein (5x10° cells) with various
mCherry-expressing 66cl4-cell line variants as described previously [15].
Mice bearing mammary tumors were culled after 35 days. Relative tumor
burden (RTB) was measured based on the level of genomic DNA for
mCherry compared to that of vimentin [20]. Primary tumors were
collected and subjected to IHC analyses. Following intravenous injection,
mice were monitored daily and sacrificed after 3 weeks. Lungs were
collected and subjected to RTB, IHC, and IF analyses. Representative left
lung lobes from the lung colonization assay were imaged using the EVOS
FL Auto Cell Imaging System. Each image was created using a stitch of
several images to cover the entire lung lobe. Mice were housed either in the
Peter MacCallum Animal Care Facility or in the Comparative Medicine
Core Facility at NTNU, and all animal studies were approved by either the
Peter MacCallum Animal Ethics Committee (AEEC project number
E411) or The Norwegian Food Safety Authority (FOTS number 4551)
and conducted in accordance with the institutional animal ethics guidelines.

Isolation of Epithelial Cells

Primary epithelial cells were isolated from FVB wild-type and
MMTV-PyMT transgenic mice [21]. Normal and tumor mammary
tissues were minced in 5 ml DMEM/F12 (Gibco) with 2% FCS
(Invitrogen), 10 mM HEPES, 10 ng/ml epidermal growth factor, 10 pg/
ml insulin, 10 mg/ml BSA, 2 mM glutamine, 50 U/ml penicillin, 50 ng/
ml streptomycin sulfate, and 1.5 mg/ml collagenase type IA-S (Sigma) for
3 hours at 37°C with gende rotation. Cells were spun at 1600 rpm for 4
minutes and resuspended in trypsin prior to a second spin at 1400 rpm
and resuspension in fresh medium without collagenase. Cells were
incubated at 37°C with 5% CO, for about 2-3 weeks.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated using the RNeasy kit (Qiagen,
Germantown, MD) and cDNA synthesized using the First-Strand
c¢DNA Synthesis Kit (Promega, Madison, WI). qRT-PCRs were
performed using Bio-Rad SYBR Green Supermix (Bio-Rad, Hercules,
CA) according to the manufacturer’s instructions and analyzed using
Bio-Rad Software. NPNT expression was normalized to Cdc40 and
Csnk2a2 (geNormPLUS, Southampton, United Kingdom).
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Table 1. Patient and Tumor Characteristics, and Risk of Death from Breast Cancer According to NPNT Positive Staining Pattern

Patient and Tumor Characteristics NPNT Phenotype Positive Cases All Cases?
Nuclear Diffuse Cytoplasmic ~ Single Cells Granular Cytoplasmic ~ Granular Cytoplasmic ~ Granular Cytoplasmic
Staining* Staining” Positive Staining Staining <10% Staining >10%
Number of cases (%) 385 (45.7) 424 (50.4) 129 (15.3) 116 (13.8) 60 (7.1) 56 (6.7) 842
Mean age at diagnosis (SD) 73.0 9.7) 72.6 (9.8) 71.3 (10.4) 72.8 (9.3) 72.3(9.2) 73.3 (9.4) 72.0 (10.4)
Stage at diagnosis (%, 95% CI)
1 180 (44, 39-49) 200 (49, 44-54) 74 (18, 14-22) 62 (15, 12-19) 29 (7, 5-10) 33 (8, 5-11) 411 (49)
11 158 (47,42-53) 178 (53, 48-59) 42 (13, 9-16) 41 (12, 9-16) 23 (7, 4-10) 18 (5, 3-8) 333 (40)
111 26 (51,37-65) 21 (41, 28-55) 6 (12, 3-21) 7 (14, 4-23) 5 (10, 2-18) 2 (4,0-9) 51 (6)
v 20 (49, 33-64) 24 (59, 43-74) 7 (17, 5-29) 6 (15, 4-26) 3 (7, 0-15) 3(7,0-15) 41 (5)
Lymph node status at diagnosis (%, 95% CI)
Positive 141 (47, 42-53) 152 (51, 45-57) 39 (13, 9-17) 35 (12, 8-15) 22 (7, 4-10) 13 (4, 2-7) 297 (35)
Negative 129 (49, 43-55) 139 (53, 47-59) 48 (18, 14-23) 37 (14, 10-18) 13 (5, 2-8) 24 (9, 6-13) 264 (31)
Negative, <5 nodes 30 (45, 33-58) 31 (47, 35-59) 13 (20, 10-29) 11 (17, 8-26) 7 (11, 3-18) 4 (6, 0-12) 66 (8)
Unknown 85 (40, 33-46) 102 (47, 41-54) 29 (13, 9-18) 33 (15, 11-20) 18 (8, 5-12) 15 (7, 4-10) 215 (26)
Molecular subtype (%, 95% CI)
Luminal A 202 (50, 45-55) 191 (47, 42-52) 43 (11, 8-14) 45 (11, 8-14) 22 (5, 3-8) 23 (6, 3-8) 404 (48)
Luminal B HER2- 93 (41, 35-47) 127 (56, 49-62) 61 (27, 21-33) 36 (16, 11-21) 22 (10, 6-14) 14 (6, 3-9) 227 (27)
Luminal B HER2+ 24 (38, 26-49) 44 (69, 57-80) 13 (20, 10-30) 10 (16, 7-25) 4 (6, 3-12) 6 (9, 2-17) 64 (8)
HER2 type 28 (49, 36-62) 29 (51, 38-64) 4 (7,0-14) 11 (19, 9-30) 6 (11, 2-19) 5 (9, 1-16) 57 (7)
Five negative 12 (40, 22-58) 14 (47, 28-65) 2 (7, 0-16) 3 (10, 0-21) 2 (7, 0-16) 1 (3, 0-10) 30 (4)
Basal 26 (43, 31-56) 19 (32, 20-44) 6 (10, 2-18) 11 (18, 8-28) 4(7,0-13) 7 (12, 3-20) 60 (7)
Number of breast cancer deaths 154 164 50 48 29 19 331

Age-adjusted HR (95% cnt 1.12 (0.90-1.39)  1.04 (0.84-1.30)

0.98 (0.72-1.32)

1.24 (0.91-1.70) 1.61 (1.10-2.37) 0.92 (0.57-1.47) -

Abbreviations: SD: standard deviation, CI: confidence interval, HR: hazard ratio.
* Negative: <1% positive tumor cells, positive: 1% positive tumor cells.
" Negative: staining index 0-2, positive: staining index 3.

€ <10% and 210% granular cytoplasmic staining combined.

4 Regardless of NPNT expression.

€ Negative, but less than 5 nodes examined.

xCELLigence Adhesion and Migration Assay

The xCELLigence system (ACEA Biosciences Inc, San Diego, CA)
was used for RTCA of adhesion and migration according to previous
reports [22-25]. For adhesion assays E-plates (Cat.: 05469830001)
were coated with recombinant mouse NPNT (Cat.: 4298-NP-050, R&D
Systems, Minneapolis, NE) at 0.4, 2, or 10 pg/ml for 4 hours at 37°C prior
to seeding. 66¢l4- and 4T 1-cell variants were detached from tissue culture
vessels using 0.03% EDTA, spun and washed with serum-free medium,
and seeded at either 20,000 or 40,000 cells/well, respectively, in serum-free
medium. Adhesion was recorded by electrical impedance every 5 minutes
for 24 hours. The arbitrary unit “cell index” is a measure of impedance, and
the value is dependent on the number of cells, the size and shape of the
cells, and the cell attachment quality. For the RGD peptide blocking
experiments, E-plates were coated with 2 pg/ml recombinant mouse
NPNT and blocked with 3% BSA for 1 hour at 37°C. The 66¢l4-EV cells
were detached with EDTA and seeded in serum-free medium containing a
scrambled control peptide (Cat.: H-3166, H-Gly-Arg-Gly-Glu-Ser-OH
Trifluoroacetate) or an RGD-blocking peptide (Cat.: H-1346,
H-Gly-Arg-Gly-Asp-OH) at 0.5 mg/ml (Bachem, Bubendorf, Switzer-
land). Adhesion was analyzed at 9 hours after sceding. Migration was
performed using xCELLigence CIM plates (Cat.: 05665825001)
containing 160 pl medium with 10% serum in the lower chamber and
60,000 cells (66cl4 cell variants) in serum-free medium in the upper
chamber. Wells containing serum-free medium in the lower chamber were
included as controls. Cell index was recorded every 5 minutes.

Western Blot Analysis

Cells were lysed in 10 mM Tris-HCI buffer, and 30 pg of sample was
run on a 10% Bis-Tris gel (Thermo Fisher Scientific, Waltham, MA).
Proteins were transferred to PVDF membranes and incubated with

Adjusted for age at diagnosis in 5-ycar categories; reference group is patients with negative staining pattern for the respective phenotype.

anti-V5 (CST, Danvers, MA) (1:1000), anti-ALIX (CST, Cat.: 13202S,
Lot No.: 2, dilution 1:1000), anti-CHMP4B (Atlas Antibodies/Sigma,
Cat.: HPA051751, Lot No.: R67106, dilution1:500), and anti-GM130
(BD Biosciences, Cat.: 610822, Lot No.: 7069938, dilution 1:500).
Equal loading was confirmed using anti-GAPDH (Abcam, Cat.: ab9484,
Lot No.: GR165366-3, dilution 1:5000), and antibody binding was
detected using HRP-linked secondary antibodies according to manufac-
turer’s instructions (Dako). Full length blots are shown in Supplementary
Figure S3.

Soft Agar Colony Assay

A bottom layer of 0.75% agarose in «-MEM and a top layer of
0.36% agarose/a-MEM mixed with 2000 cells/well were added to
cach well in 12-well plates. The cells were fed with normal growth
medium and left for about 2 weeks with 2-3 medium replacements.
Plates were stained with 0.005% crystal violet in 2% ethanol/PBS and
colonies counted from triplicate wells per cell line.

Minimal Seeding Colony Assay

Cells were seeded onto plastic (10 cells/well in 12-well plates)
and left for 10 days. Medium was replaced twice during the
experiment, and the cells were fixed with 6% glutaraldehyde for 30
minutes and stained with 0.1% crystal violet for 30 minutes before
rigorous washing with water. Colonies were counted from triplicate
wells/cell line.

Proliferation Assay
A total of 1.3x10° cells were seeded in 25-cm? flasks and counted
after 24, 48, and 72 hours with triplicate measurements per condition.
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Figure 1. Granular NPNT staining patterns are associated with poor outcome in breast cancer patients. Representative images of IHC- and
HES-stained TMA samples showing (A) different staining patterns: no staining, nuclear staining, diffuse cytoplasmic staining, and single
cells positive or granular cytoplasmic staining using antibodies towards human NPNT (Atlas Antibodies/Sigma) imaged at 600x
magnification. The images show representative cases of each staining phenotype, and the cases shown are Luminal A, Luminal A,
Luminal B (HER2—), Luminal A and Luminal B (HER2—), respectively. Scale bars: 50 um. Survival analysis showing association between
no granular cytoplasmic staining (red line), 1-10% granular positive cells (thick dotted blue line), or >10% granular positive cells (solid
black line) on (B) cumulative risk of death from breast cancer and (C) overall survival for all 842 patients represented in the TMAs.

RNA Scope ISH

ISH for NPNT mRNA was performed on the same mouse
mammary biopsies from the transgenic MMTV-PyMT mice as the
IHC staining. Custom-made probes (Mm-AF397008) and RNA-
scope®2.0 kit (Advanced Cell Diagnostics, Hayward, CA) were used
according to the manufacturer’s protocol.

Purification and Characterization of Microvesicles and Exosomes

Microvesicles and exosomes were purified using a standardized
sequential ultracentrifugation protocol as described by Peinado et al.
[26]. Cells were grown in 10% exosome-depleted FCS for 3 days and
the cell culture supernatant harvested by centrifugation at 500g for 10
minutes. The microvesicle fraction (pellet) was collected by spinning at
12,000¢ for 20 minutes. Finally, the exosome fraction was collected by
spinning at 100,000 for 70 minutes. Exosomes were washed in 20 ml
PBS and pelleted again by ultracentrifugation (Beckman 70Ti rotor).
Particle number of isolated microvesicles and exosomes was analyzed
using the LM10-HS nanoparticle characterization system (NanoSight,
Malvern Instruments Ltd, UK).

Statistical Analyses

We estimated risk of death from breast cancer according to NPNT
expression, calculating cumulative incidence and with death from
other causes as competing events. Risk of death from any cause was
estimated using the Kaplan-Meier method. Equality between curves
was assessed using Gray’s test and the log-rank test, respectively. We
used Cox proportional hazards models to estimate risk of death from
breast cancer (censoring at death from other causes) calculating hazard
ratios (HRs) with 95% confidence intervals (Cls) and adjusting for
age, stage, grade, and subtype. [z vitro experiments were evaluated in
linear regression models. Indicators for each experiment were
included to adjust for variation across experiments. In the animal
experiments, groups were compared using two-tailed 7 tests.

Results

We showed previously that NPNT can function as a
prometastatic protein in mouse breast cancer models [15]. With a
well-characterized set of formalin-fixed and paraffin-embedded
(FFPE) tumor samples from 842 Norwegian women diagnosed
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MMTV-PyMT primary tumor

MMTV-PyMT lung metastases

Figure 2. Phenotypically different patterns of NPNT staining in MMTV-PyMT transgenic mouse tumors. (A) Representative images of IHC-
and HES-stained MMTV-PyMT primary tumors. NPNT was detected using antibodies towards mouse NPNT (Atlas Antibodies/Sigma).
Figure shows antibody-stained sections, IgG Isotype control, control without antibodies (-ab), and HES-stained section from the same
region. (B) Representative images of IHC-stained MMTV-PyMT lung metastases. Arrows indicate no staining (open arrow), diffuse
cytoplasmic staining (filled arrow), and granular staining (triangle). Images are representative of a series of samples from nine mice.
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Figure 3. NPNT is located in granules in 66¢l4-NPNT primary tumors. Representative images of IHC-stained 66¢l4-EV and 66¢l4-NPNT
primary tumors using V5-specific antibodies (Cell Signaling Technology). The left and middle panels show antibody-stained sections,
whereas the right panels show rabbit IgG Isotype staining controls. Granular staining is indicated with open triangles. Images are

representative of a series of samples from five mice.

with invasive breast cancer between 1961 and 2008, [17] we assessed
NPNT protein expression using ITHC on TMAs. Using a standardized
protocol developed for this study, we found positive NPNT staining
in 596 out of 842 cases (70.8%). Interestingly, although NPNT has
been shown previously to be an extracellular matrix protein, [8-10] in
this study, we identified intracellular staining that we grouped into
four different patterns: nuclear staining; diffuse positive cytoplasmic
staining; scattered single cells with strong cytoplasmic staining
and granular cytoplasmic staining (Table 1 and Figure 14). Patients
with 1-10% granular staining had a poorer prognosis than those
with no granular staining, evaluating both risk of death from breast
cancer (age-adjusted hazard ratio (HR) 1.61, 95% confidence interval
(CI) 1.10-2.37, Table 1) and overall survival (Figure 1, Band C). In
contrast, reduced survival was not found among patients with
high (210%) granular NPNT staining (HR 0.92, 95% CI
0.57-1.47). In separate analyses of the different molecular subtypes,
the association between the presence of any NPNT granular staining
and prognosis was strongest for the Luminal A subtype (HR 1.70,
95% CI 0.99-2.90, P=.054) (Supplementary Table S1). The
remaining staining patterns showed no significant association with
prognosis. Adjustment for tumor stage and grade at diagnosis had
little influence on the estimates. Taken together, this comprehensive
analysis demonstrates for the first time that NPNT is localized
intracellularly in a large number of human breast tumors and that low
levels of intracellular granular staining may be associated with
poor prognosis.

To investigate the presence and appearance of NPNT
distribution in mouse breast tumors, we utilized a well-established
transgenic mouse model of breast cancer, the MMTV-PyMT model
[21,27]. NPNT was expressed at higher levels in isolated primary
tumor cells compared to normal primary mammary epithelial cells
from wild-type animals (Supplementary Figure S44), and ISH

analyses also confirmed that NPNT is exclusively expressed by the
tumor cells (Supplementary Figure S4B). NPNT protein was present
in the tumor cells, with phenotypically different patterns including
diffuse cytoplasmic or granular cytoplasmic distribution (Figure 24).
Protein localization was tumor-cell-specific with limited staining in
the extratumoral stromal tissue. Approximately 10% of the tumor
cells had a granular staining pattern of NPNT similar to that found in
the human tumors. The granular NPNT staining pattern has also
been shown to be present in mouse tibias [28]. Direct comparison
between NPNT and the ECM-proteins Collagen V and Fibronectin
in ECM-rich areas of MMTV-PyMT tumors showed some signs of
extracellular presence of NPNT; however, this was not the major site
of localization (Supplementary Figure S2B). We investigated NPNT
expression patterns in metastases in lung tissue from the
MMTV-PyMT animals and found that the tumor cells were diffusely
positive in the cytoplasm in the tumor periphery with a few
granular-positive tumor cells similar to that of the primary tumors
(Figure 2B). Taken together, these findings identify MMTV-PyMT—
driven tumors as a potential model for further studies on the role of
granular NPNT in breast cancer progression and metastasis.

To investigate the 7z vivo function of NPNT, we expressed a
V5-tagged NPNT construct in weakly metastatic mouse 66¢l4 breast
cancer cells that express low endogenous levels of NPNT. End-stage
orthotopic tumors were then stained by THC using an anti-V5
antibody. The 66cl4-NPNT primary tumors revealed both diffuse
and granular cytoplasmic NPNT staining similar to the human and
MMTV-PyMT tumors (Figure 3). Consistent with our previous
finding that reducing the initially high levels of NPNT in the highly
metastatic cell line 4T'1.2 does not affect primary tumor growth [15],
there were no significant differences in tumor volume or weight at
endpoint between the 66cl4-NPNT and 66cl4-EV tumors (Supple-
mentary Figure S5, A and B). Measurement of RTB in spine and
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lung [15] showed that increased NPNT expression was not sufficient
to promote spontancous metastasis of 66cl4 mammary tumors
(Supplementary Figure S5, C and D). Taken together, these findings
demonstrated that the NPNT staining patterns in the human samples
could also be observed in the mouse tumors. We suggest that NPNT
may be more important for metastatic dissemination than primary
tumor growth.

Transcript levels of NPNT are correlated with the metastatic
propensity of cells in the 4T1 model, with negligible levels in the low
and weakly metastatic 67NR, 168FARN, and 66cl4 cells and higher
levels in the more metastatic 4TO7 and 4T1 cells (Supplementary
Figure S6A). Similarly, THC staining of orthotopic primary tumors
showed some weak cytoplasmic NPNT staining in 67NR tumors and
slightly stronger NPNT staining in patches in 4T1 tumors
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(Supplementary Figure S6B). Granular NPNT staining was not
observed in these tissue samples. Using 4T1 cells with high
endogenous NPNT levels, we created clones with stable knockdown
of NPNT using shRNAs (Supplementary Figure S6C). The
4T1-shNPNT cell line displayed a significantly reduced ability to
attach to uncoated wells compared to the 4T1-shFF (control) cells,
but adhesion could be rescued by addition of 2 pig/ml recombinant
mouse NPNT (rmNPNT) (Figure 44). The 4T1-shFF and
4T1-shNPNT lines both showed a dose-dependent increase in
adhesion to rmNPNT-coated plates 1 hour after seeding (Supplemen-
tary Figure S6D).

Previous research has demonstrated that binding of NPNT to its
receptor integrin o8Bl is mediated through both the high-affinity
RGD sequence and an additional downstream enhancer site (EIE)
[29,30]. An adhesion assay of 66¢l4 cells with enhanced expression of
either native NPNT or NPNT mutants (RGE or RGE-AIA) showed
that while exogenous NPNT enhanced adhesion, disruption of the
RGD:-site alone or of both the RGD and the EIE sites significantly
reduced adhesion (Figure 4B). Increased NPNT protein expression
was confirmed by Western blot. The 66¢cl4-EV cells showed a
dose-dependent increase in adhesion to plates coated with rmNPNT
(Figure 4C), and this adhesion was reduced in the presence of a
RGD-blocking peptide, demonstrating the involvement of
RGD-binding integrins (Figure 4D). There was no impact on either
migration or proliferation upon NPNT overexpression (Figure 4, E
and F). A soft agar colony forming assay showed that the
66cl4-NPNT cells exhibited a significantly increased capacity to
grow in an anchorage-independent manner (Figure 4G). This increase
was abolished when both RGD and EIE were mutated. Furthermore,
using a minimal density seeding assay with 10 cells per well, we
observed that cells expressing NPNT had a tendency towards
increased ability to grow colonies from single cells (P=.064) (Figure
4H). Again, this increase was reduced when both RGD and EIE were
mutated. Taken together, these in vitro assays indicate that NPNT is
involved in adhesion and anchorage-independent growth, implying a
role for NPNT in colony formation at the secondary site.

The 66¢l4 tumor has low spontaneous metastatic capacity, and we
have found that expression of NPNT is not sufficient to increase
spontaneous metastasis. However, it is possible that NPNT can

influence the ability of tumor cells to lodge in the lung and grow into
metastatic lesions. To address this, we inoculated mice with tumor
cells via the tail vein and measured subsequent colonization of the
lung. We found that NPNT does promote lung colonization and that
this is mediated via the RGD and EIE sites as shown by both the
increased lung weight and lung tumor burden in mice injected with
cells expressing wild-type NPNT compared to the empty vector (EV)
cells (Figure 54 and B). There was no significant difference between
cells expressing wild-type NPNT and the RGE mutant, but the
increased colonization capability was completely abolished in the
double mutant, demonstrating the importance of the enhancer EIE
site in the ability to colonize the lung. Images of representative lungs
from each group show that the increased lung weight (Figure 54) and
relative tumor burden (RTB, Figure 5B) were caused by an increased
number of metastatic lesions and not just an increase in size of the
colonies (Figure 5C). In summary, this experimental metastasis assay
showed that NPNT promotes lung colonization via the enhancer
(EIE) sites, possibly aided by the RGD motif, and confirms an in vive
effect of the two motifs responsible for integrin interaction. IHC
staining of lung metastases from the lung colonization assay showed
that also the tumor cells in the metastatic lesions displayed a granular
pattern of NPNT staining (Figure 5D).

Cancer cell extracellular vesicles and their role in angiogenesis, tumor
progression, and metastasis is of increasing interest in cancer research
[31-33], and NPNT has been detected previously in proteomic
characterizations of isolated exosomes from human ductal saliva and
colorectal cancer cells [34,35]. The granular staining patterns observed
in the human samples, MMTV-PyMT tissues, 66cl4-NPNT primary
tumors, and metastases prompted us to speculate that these granular
structures could be multivesicular bodies containing exosomes. To
address this, we isolated both exosomes and microvesicles from
66cl4-NPNT cells using well-established protocols [26]. ALIX and
CHMP4B are commonly used markers for exosome-containing
multivesicular bodies [35-37]. By Western blot, we show that
NPNT co-purified with ALIX and CHMP4B in extracellular vesicles
released from cells expressing both wild-type and mutant NPNT
(Figure 6A), hinting that the localization of NPNT to microvesicles and
exosomes is not integrin-dependent. In accordance with the recom-
mended guidelines for extracellular vesicle characterization [38], we

Figure 4. NPNT increases adhesion and anchorage-independent

growth. (A) Adhesion of 4T1-shFF and 4T1-shNPNT cells in an

xCELLigence adhesion assay. The figure shows rescue of adhesion in 4T1-shNPNT cells in plates coated with 2 ug/ml recombinant
mouse NPNT (rmNPNT). 4T1-shFF cells express a nontargeting control shRNA. Data are presented as mean cell index + 95% Cl from two
experiments (n=4), 1 hour after seeding. (B) xCELLigence adhesion assay of 66cl4-cells expressing either EV or NPNT wild-type, NPNT
RGE, or NPNT RGE-AIA mutants in uncoated plates. Data are presented as mean cell index = 95%CI from four experiments (7=3-12), 1
hour after seeding. Lower panel shows Western blot of cell lysates confirming NPNT overexpression detected with the anti-V5 antibody.
The image is cropped to display only relevant bands, but the full blot is shown in Supplementary Figure S3A. (C) Adhesion assay of
66¢l4-EV cells in plates coated with rmNPNT at 0.4 ug/ml, 2 ug/ml, or 10 ug/ml prior to seeding. Data are presented as mean cell index +
95% CI from two experiments (n=4), 1 hour after seeding. (D) Adhesion assay of 66¢l4-EV cells in rmNPNT-coated wells in presence of
either scrambled peptide or RGD-blocking peptide. Data are presented as mean cell index==SEM from three experiments with n=2in each
experiment. (E) Migration assay in xCELLigence CIM-plates using 66cl4-cells expressing either EV or NPNT wild-type, NPNT RGE, or NPNT
RGE-AIA mutants. Migration towards 10% FCS was recorded every 5 minutes, and data are presented as mean cell index = 95%Cl at 12
hours from 5 individual experiments with n=2-4 technical replicates in each experiment. (F) Cell proliferation assay with 1.3x10° cells per
25-cm? flask. Cells were harvested and counted after 24, 48, and 72 hours, and data are shown as mean + SD from three individual
experiments. (G) Soft agar assay for anchorage-independent growth of 66cl4-cells expressing EV, NPNT, NPNT RGE, or NPNT RGE-AIA.
Two thousand cells/well in 12-well plates were seeded in 0.36% agarose/o-MEM medium containing 10% FCS and grown for 10 days.
Data presented as mean = 95% Cl from 3 individual experiments (n=3-9). (H) Clonogenic cell survival assay with minimal seeding density
of 66¢cl4-cells expressing EV, NPNT, NPNT RGE, or NPNT RGE-AIA. A total of 10 cells/well were seeded in 12-well plates and grown as
single colonies for 10 days. Graph shows number of colonies as mean =95% CI from five individual experiments with n=3-9 replicates
per experiment. # indicates P=.064 when comparing EV-cells with NPNT-expressing cells. All /n vitro data except the gRT-PCR and the
proliferation assay were analyzed with linear regression models. ***P<.0001, **P<.005, *P<.05.
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show that the isolated vesicles were negative for the Golgi marker
GM130. Immunofluorescence staining of 66cl4-NPNT lung metas-
tases and MMTV-PyMT tumor tissues confirmed colocalization of
NPNT with CHMP4B, leading us to propose that the cytoplasmic

A

Lung weight [g]

granular structures could be NPNT-containing multivesicular bodies
(Figure 6, Band (). In conclusion, we have demonstrated that NPNT
is present in extracellular vesicles and that NPNT facilitates colonization
at the metastatic site via its integrin-binding sites.
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Discussion

We found positive NPNT staining in the majority of patient samples
(70.8%), demonstrating that NPNT is present in human breast tumors.
Although NPNT has been shown by others to be an extracellular matrix
protein, we found that it is also localized intracellularly in tumor cells.
Interestingly, in our patients’ tumors, granular intracellular staining in less
than 10% of the cells was associated with decreased survival. In addition, we
showed the presence of several phenotypically different intracellular staining
patterns, including diffuse cytoplasmic and nuclear NPNT' staining;
however, neither of these was correlated with survival. This may reflect a
preference of the antibody to recognize the core protein and not the highly
glycosylated secreted forms of the protein when analyzed by IHC.

We did not observe any association between granular NPNT
staining and lymph node metastasis in our patient samples. The total
number of cases with known metastases was 297. However, lymph
node status was not reported in 215 (25.5%) cases, and the granular
staining pattern was observed in only 116 (13.8%) cases. Our
analyses showed an association between granular staining patterns
(<10% positive tumor cells) and poor outcome in patients with
luminal A subtype (P=.054), but since numbers were lower for the
other subtypes, statistical power was limited in these subgroups.

The nonlinear U-shaped correlation between granular cytoplasmic
staining of NPNT and survival is similar to that shown for various tumor
markers in glioma [39], prostate [40,41], colorectal [42,43], and
pancreatic cancer [44,45]. In addition, a recent study reported a
U-shaped correlation between HER2 protein expression and overall
survival of breast cancer patients treated with the tyrosine kinase inhibitor
lapatinib [46]. The explanation for this phenomenon is unclear in most
cases. Similarly, we identified nuclear staining of NPNT in a proportion
of the patient samples. This has also been reported in human MCE-7
breast cancer cells on the Human Protein Atlas website available from
www.proteinatlas.org [47]. The possible function of NPNT in the
nucleus is unknown and should be followed up in future studies. Taken
together, this is the first extensive characterization of NPNT expression in
alarge cohort of breast cancer patients, and although the results need to be
verified by similar studies of other cohorts, they warrant further
investigation into the role of NPNT in breast cancer.

We have shown previously that reduced NPNT expression in the
highly metastatic 4T1.2 cells caused a significant reduction in
metastatic tumor burden in lung, spine, and kidneys, [15], and in the
present study, we show that enhanced expression of NPNT in
low-metastatic 66cl4 cells increased the colonization capacity in the
lungs. Our lung colonization data clearly demonstrated that 66cl4
cells expressing NPNT have a significantly increased capability to seed
and grow in the lungs in an integrin-dependent manner. Our results
are supported by findings from Sdnches-Cortés et al. showing that the

RGD and the FEI or EIE sites function synergistically and are both
important for the interaction between NPNT and its integrin receptor
[29]. Previous reports showed that the main receptor for NPNT is
integrin a8B1 [8,10]. However, we cannot exclude the possibility that
NPNT might also interact with other receptors, for example, integrin
aVPB3, on the lung endothelium during the metastatic process [19].
Our findings will prompt further studies on the role of NPNT in breast
cancer using experimental models. The IHC of the MMTV-PyMT
tissues revealed staining patterns similar to those in human cancers,
suggesting that this might be a suitable model for further studies.

NPNT has been shown previously to be involved in breast cancer
metastasis in mice [15,16]. Although we were unable to show a link
between NPNT expression and metastasis in our patient material, the
results from the experimental models showed that tumor cells
expressing NPNT were more prone to establish colonies in lungs and
to display increased adhesion and anchorage-independent growth 7z
vitro in an integrin-dependent manner.

The role of extracellular vesicles in tumor progression and
metastasis is an emerging topic in cancer research, and exosomes
have been shown to facilitate increased proliferation, evasion of
apoptosis, stimulation of migration, invasion, and metastasis in
addition to resistance to therapy (reviewed in [48-51]). Furthermore,
the packaging of exosomal content is likely to be specific since the
exosomal content influences organotropic dissemination [52]. The
data presented here suggest for the first time that NPNT may be
localized in mouse breast cancer cell-derived exosomes, and our in
vivo data revealed that there might be a link between
NPNT-containing exosomes and increased metastatic capacity.

In conclusion, NPNT was originally described as an extracellular
matrix protein [8,10], but the findings from mouse tumor tissues
presented here show intracellular NPNT staining in primary tumors
both diffusely in the cytoplasm and in exosome-containing multi-
vesicular bodies. We found that granular intracellular staining in less
than 10 % of tumor cells was associated with decreased survival in a
large cohort of breast cancer patients and that the integrin-binding
site was important for lung colonization of 66¢l4 cells in our animal
model. There are clearly several mechanisms of action for NPNT in
promoting breast cancer, warranting further investigation into NPNT
as a potential prognostic marker and a possible future target for
therapy in a subgroup of breast cancer patients.

Supplementary data to this article can be found online at hteps://
doi.org/10.1016/j.ne0.2018.02.008.
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Supplementary legends

Figure S1. Optimization of the of anti-human NPNT (Atlas Antibodies/Sigma) antibody using
normal human kidney and breast cancer tissues. The tissues were stained at 1:50, 1:100 and
1:200 dilution and the results show that the optimal dilution is 1:100 for the human tissues.
Rabbit 1gG isotype control and control without antibody (-ab) shown in lower panels. Scale

bar: 50um.

Figure S2. Controls for anti-human NPNT (Atlas Antibodies/Sigma) and anti-mouse NPNT
(Abnova) antibodies on mouse tissues. (A) Side-by-side comparison of NPNT antibodies (Atlas
Antibodies/Sigma and Abnova) showing overlapping patterns between the two antibodies in
MMTV-PyMT mammary tumors and kidney tissues. Scale bar: 100um for mammary tumor and
50um for kidney. (B) Side-by-side comparison of NPNT staining (Atlas Antibodies/Sigma) in
MMTV-PyMT tumors with the extracellular matrix proteins Collagen V and Fibronectin. Scale

bar: 50um.

Figure S3. Uncropped images of immunoblots displayed in main figures. (A) Uncropped
version of immunoblot displayed in main Figure 4B. Membranes were incubated with anti-V5
(CST) and GAPDH (Abcam) antibodies prior to development. Inset shows cropped area shown
in main figure. (B-E) Uncropped versions of immunoblots displayed in main Figure 6A. The
membranes were cut horizontally prior to incubation with antibodies for ALIX (CST), V5 (CST),

GAPDH (Abcam), GM130 (BD Biosciences) and CHMP4B (Atlas Antibodies/Sigma).

Figure S4. NPNT is expressed by mammary epithelial cells in MMTV-PyMT transgenic animals.
(A) Quantitative real time PCR (qRT-PCR) analysis of NPNT expression levels in primary cells
isolated from a normal mammary gland (FVB mouse) or from mammary tumor tissue from
three different MMTV-PyMT transgenic animals (#1177, #1178 and #1179). Data are
presented as mean *SD of triplicate measurements. (B) ISH (left panel) and IHC (right panel)
of serial sectioned mouse normal mammary gland (MG) and MMTV-PyMT tumor tissue at
both non-invasive and invasive stages. The second and fourth rows show different images of

non-invasive tumors, with higher magnification of the images in the fourth row. The sections



for IHC were stained using the anti-NPNT antibody (Atlas Antibodies/Sigma). “-ab” reflects a

control with no primary antibody.

Figure S5. NPNT overexpression does not affect primary tumor growth and spontaneous
metastasis. (A) 66cl4-cells expressing either empty vector (EV) or NPNT were injected into the
mammary fat pad of mice (n=15 per group) and the tumor volume was measured using
electronic calipers. (B) Average weights of the tumors at the end of the experiment did not
show any significant difference between the two groups of 66¢cl4-EV and 66cl4-NPNT tumors.
The mice were sacrificed on day 35 after inoculation. Relative Tumor Burden (RTB) assay using

genomic DNA from whole (C) spine or (D) lung lysates as template (n=13-14).

Figure S6. NPNT increases attachment in a dose-dependent manner. (A) gRT-PCR analysis of
NPNT levels in mouse cell lines. Data are presented as mean +SD of triplicate measurements
from a representative experiment. (B) IHC staining of 67NR and 4T1 primary orthotopic tumors
using anti-NPNT antibodies (Abnova). Staining “hot-spots” are shown. -ab reflects a control
with no primary antibody. The images are representative of 3 animals per cell line. (C)
Quantitative real time PCR verification of NPNT knockdown in 4T1-shNPNT cells compared to
4T1-shFF control cells. Data is presented as mean +SD of three biological replicates. *, p<0.05.
(D) xCELLigence attachment assay of 4T1-shFF control cells and 4T1-shNPNT in xCELLigence E-
plates plates coated with recombinant mouse NPNT at 0.4 pg/ml, 2 pg/ml or 10 ug/ml prior
to seeding. Data is presented as mean cell index +SD (n=4) from a representative experiment

1 hour after seeding.



Construction of 66¢cl4-NPNT and 4T1-shNPNT cells

The expression construct for full length and mutated mouse NPNT in 66cl4 cells was generated
by subcloning transcript variant 2 of NPNT from pcDNA3-POEM-Fc! into pcDNA3.1-v5-His
(Invitrogen). For generation of retroviruses, the DNA fragment encoding the NPNT-V5-His
fusion protein was amplified using Platinum Fx® taq polymerase (Invitrogen), and subcloned
into the EcoRl site of pBABE-puro?. Retroviruses were produced using the Phoenix-Eco and

PT67 cells and used to transduce mCherry-positive 66cl4 cells.

The 4T1 cell line used for stable NPNT knockdown was created in an earlier variant of the 4T1
cells than the 4T1.2 cell line described previously.3Six 97-mer shRNA oligonucleotides
targeting mouse NPNT were cloned into MSCV-Neo-miR30FF retroviral transfer vector
(Addgene) to generate 4T1-cells with stable NPNT knockdown.*> Retroviral packaging and

transduction of 4T1 cells was done as described previously.>

Primers

Primers for cDNA cloning of full length mouse NPNT transcript variant 2:
MNPNTFwd 5’- GGAATTCGCTTATCGAA-3’

mMNPNTRev 5-CGATAATTCCAATGCGATGCAA-3’

Mutagenesis primers for mutating NPNT RGD—> RGE
Mut-RGD-RGE-Fwd: 5 CTCAGAAACCCAGAGGAGAGGTGTTCATTCCACGGCAGC 3’

Mut-RGD-RGE-Rev: 5" GCTGCCGTGGAATGAACACCTCTCCTCTGGGTTTCTGAG 3’

Mutagenesis primers for mutating NPNT EIE=> AIA
Mut-EIE-AIA-Fwd: 5" GACCTGTTTGAGATATTTGCAATCGCAAGAGGGGTCAGCGC 3’

Mut-EIE-AIA-Rev: 5 GCGCTGACCCCTCTTGCGATTGCAAATATCTCAAACAGGTC 3’



Cells were verified by sequencing both before and after all experiments.

Hairpin sequences for cloning of shRNAs into 4T1 cells:

Hairpin sequence shNPNT: 5’
TGCTGTTGACAGTGAGCGAAGTGACACTCTCGAAGTACAGTAGTGAAGCCACAGATGTACTGTACTT

CGAGAGTGTCACTGTGCCTACTGCCTCGGA 3’

Hairpin sequence: shFF: 5’

TGCTGTTGACAGTGAGCGAGCTCCCGTGAATTGGAATCCTAGTGAAGCCACAGATGTAGGATTCCAA

TTCAGCGGGAGCCTGCCTACTGCCTCGGA 3’

The following primers were used to detect mouse NPNT with qRT-PCR analyses:

MNPNTFwd 5’-TGCCCTATCGTGTTCCATG-3’

mNPNTRev 5’-ACTCTTCCAGTCGCACATTC-3’

Primers for RTB Assay

mCherryFwd 5 GACCACCTACAAGGCCAAGAAG 3’

mCherryRev 5" AGGTGATGTCCAACTTGATGTTGA 3’

mCherry probe 5" 6FAM-CAGCTGCCCGGCGCCTACA —-TAMRA 3’

mVimFwd 5" AGCTGCTAACTACCAGGACACTATTG 3’

mVimRev 5’ CGA AGG TGA CGA GCCATCTC ¥

mVimentin probe 5" VIC- CCT TCA TGT TTT GGA TCT CAT CCT GCA GG -TAMRA 3’

Information regarding peptides used in xCELLigence adhesion assay:

RGD peptide sequence: H-Gly-Arg-Gly-Asp-Ser-H (Cat: H1345, Bachem).

Control peptide: H-Gly-Arg-Gly-Glu-Ser-OH trifluoroacetate (Cat: H3166, Bachem).
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ABSTRACT:

Nephronectin (NPNT) is an extracellular matrix (ECM) protein involved in kidney
development. We recently reported intracellular NPNT as a potential prognostic marker in
breast cancer and that NPNT promotes metastasis in an integrin-dependent manner. Here we
used Reverse Phase Protein Array (RPPA) to analyze NPNT-triggered intracellular signaling in
the 66cl4 mouse breast cancer cell line. The results showed that the integrin binding enhancer
motif is important for the cellular effects upon NPNT interaction with its receptors, including
phosphorylation of p38 mitogen activated protein kinase (MAPK). Furthermore, analysis using
prediction tools suggests involvement of NPNT in promoting cell viability. In conclusion, our
results indicate that NPNT, via its integrin binding motifs, promote cell viability through

phosphorylation of p38 MAPK.

Keywords: Breast Cancer, Extracellular matrix, Nephronectin, Integrin, Cell viability



Abbreviations: NPNT, nephronectin; ECM, extracellular matrix; RPPA, reverse phase protein
array; MAPK, mitogen activated protein kinase; EV, empty vector; RGE, mutated RGD motif
of Nephronectin; AIA, mutated EIE motif of Nephronectin, rmNPNT, recombinant

Nephronectin; IPA, ingenuity pathway analysis
1. Introduction

The cell-extracellular matrix (ECM) interaction plays a vital role in tissue homeostasis, as well
as in determining the fate of cancer cells [1]. The composition of the ECM and competitive
binding among integrins determines whether cells survive, differentiate, proliferate, migrate
or influence shape and cell polarity (reviewed in [2-4]). Integrins are transmembrane
receptors well known for their ability to link ECM ligands to the cytoskeleton and transduce
signals, which effects cellular responses. Several integrins (a8B1, aVB3, aVR5, aVp6, and
04pB7) are shown to bind to NPNT [5, 6], where some are known to bind the common RGD
(Arg-Gly-Asp) integrin binding motif [2]. NPNT contains an additional integrin-binding motif,
known as the EIE (Glu-lle-Glu) enhancer motif, located downstream of the RGD motif and
known to interact mainly with integrin a8B1 [7, 8]. ECM-integrin interactions are known to
influence breast cancer progression and altered expression of integrins may predict poor
survival in breast cancer [9, 10]. Also, in breast cancer tissues the expression of ECM
components is often elevated compared to normal tissues [11]. High expression levels of
NPNT has been linked to the metastatic propensity of mouse breast cancer cells in a model of
spontaneous metastasis [12]. In a different syngeneic mouse model of breast cancer, higher
levels of NPNT were reported in metastatic mammary tumor cells compared to non-
metastatic cells [13]. Our recent results show that NPNT overexpressing 66cl4 cells (66cl4-
NPNT) have an increased ability to form lung metastases compared to 66cl4-empty vector
cells (66cl4-EV) in an experimental metastasis assay. A single point mutation of the RGD motif
alone (66cl4-RGE) was not sufficient to reduce the number of NPNT induced metastatic
lesions. However, tumor burden was significantly reduced in mice injected with cells
overexpressing NPNT mutated in both the RGD and enhancer EIE motif (66¢cl4-RGE-AIA). This
highlights the importance of NPNT-integrin interaction in the formation of lung metastasis
[14]. The current study aimed to investigate the biological function of NPNT in the 66cl4 cell

line. We performed a comprehensive analysis using reverse phase protein array (RPPA) to



further identify molecular signals triggered by the NPNT-integrin interaction. Using in vitro

assays, we confirm the involvement of NPNT in promoting cell viability.

2. Material and methods
2.1. Cell culture

As described previously, 66cl4 cells were stably transduced to overexpress NPNT or NPNT
mutants (RGE or RGE-AIA), while 66cl4 empty vector cells (EV) were used as a control [14].
Furthermore, shRNA was used to knock-down NPNT protein levels in 4T1 cells (sh-NPNT),
while a non-targeting shRNA in 4T1 cells was used as a control (sh-ctr) [14]. All cell lines were
cultured in (1X) Minimum Essential Medium a (Thermo Fisher Scientific, Cat: 22561021),
supplemented with 10% fetal bovine serum, 1% (v/v) penicillin-streptomycin and 1M hepes
buffer (Thermo Fisher Scientific, Cat: 15630080). Cell lines were routinely tested for

mycoplasma infection.
2.2. Immunofluorescence

66¢l4-EV and 66¢cl4-NPNT were cultured for 24 hours in serum-free medium to evaluate the
cell surface localization of NPNT. 66cl4-EV cells were used as negative control. The effect of
incubating 66¢l4-EV cells with 2 pg/ml recombinant mouse NPNT (rmNPNT) (R&D systems,
Cat: 4298-NP-050) in PBS for 1 hour prior fixing was also investigated. Cells were fixed with 4
% Paraformaldehyde (PFA). Permeabilization of cells was avoided to visualize extracellular
NPNT. Anti-collagen V (Abcam, Cat: ab7046) was used as a positive control. NPNT was
identified with anti-NPNT (Abnova, Cat: PAB8467) (1:150) and Alexa Fluor®488 as secondary
antibody (Abcam, Cat: ab150077) (1:1000). Images were captured using confocal laser

scanning microscope (Zeiss LSM 510 Meta). Hoechst was used to stain the nucleus.
2.3. Reverse Phase Protein Array (RPPA)

66¢l4-EV, 66cl4-NPNT, 66cl4-RGE and 66cl4-RGE-AIA cells were grown in serum free medium
for 24 hours and then collected at 80 % confluency using a cell scraper and snap frozen in
liquid nitrogen. To investigate the effect of rmNPNT, 66cl4-EV cells were seeded on plates
pre-coated with 2 pg/ul rmNPNT in serum free medium for 24 hours. Control plates were pre-

incubated with PBS alone. Frozen cell pellets (more than 1 million cells) were analyzed at the

3



MD Anderson Cancer Center, RPPA core facility, USA. RPPA is high throughput functional
proteomics analysis designed to analyze cellular protein activity in signaling networks by
measuring protein levels (both total and phosphorylated forms) using high quality validated
antibodies [15, 16]. Considering values from all four biological replicates, the average signal
intensity of proteins was calculated. Significant log fold changes in protein expression values
in three different groups (‘NPNT vs EV’, ‘EVimnent Vs EV’ and, ‘RGE vs RGE-AIA’) were analyzed

further.
2.4. Immunoblotting

The protein concentration of the whole cell lysates were measured by BioRad protein assay
(BioRad, Cat: 500-0006). A total of 50 ug protein was loaded in NUPAGE Novex 10%
(Invitrogen, Cat: NP0301BOX). Protein transferred to a PVDF membrane was further
incubated with primary antibodies: p38 MAPK (1:1000) (CST, Cat: 9212), and phospho-p38
MAPK (1:1000) (CST, Cat: 9211). Bound primary antibodies were detected using an
appropriate HRP linked secondary antibody (Dako, Cat: P0447 or P0399) and imaged using
Supersignal West Femto substrate (Pierce, Cat: 34096) with the Odyssey Fc system (Li-Cor
biosciences). Western blots were quantified using Image studio 3.1 software. Statistical

analyses were performed using two tailed Student’s t-tests assuming equal variance.
2.5. Ingenuity Pathway Analysis (IPA)

IPA (Qiagen) is a web-based program which uses algorithms to connect protein expression
values to its corresponding biological response. The RPPA analysis resulted in a list of
differentially expressed proteins (log-fold change) between the RGE and RGE-AIA group,
which was further analyzed by IPA to identify the cellular function most likely to be affected
by the alteration in the NPNT enhancer motif. IPA bases its analysis on already published
information about protein networks. A stronger prediction (lower p-value) is made when

several proteins are present within the same pathway.
2.6. Cell viability assay

A total of 2500 cells per well were seeded in a 384 well plate in serum free medium for 24
hours. Cells were lysed using the Cell Titer-Glo luminescent cell viability assay kit (Promega,

Cat: G7570). The endpoint of this assay reports luminescence, which is proportional to ATP



generated from cells surviving in serum free medium. The p38 MAPK inhibitor BIRB 796 (Axon,
Cat: 1358) was used at 4 uM, which was found to be the optimal concentration for 66¢cl4 and
4T1 cell lines. The cells were grown in serum free medium and simultaneously exposed to
BIRB 796 for 24 hours. Cell viability was also measured in 66cl4-EV cells when incubated with

serum free medium supplemented with rmNPNT (2 pug/ml).
3. Results and Discussion
3. 1. Cell surface distribution of NPNT in 66cl4 cells

Although NPNT is mostly documented to be an extracellular protein [6, 17, 18], we have
recently shown that NPNT is localized intracellularly in the cytoplasm and packed in
vesicles/granules in breast cancer tissues and in exosomes isolated from cell lines [14]. Our
previous findings showing an integrin-dependent metastasis-promoting effect also suggest
extracellular localization and function of NPNT in breast cancer. To visualize the cell surface
distribution of NPNT in 66cl4 cells overexpressing NPNT (66cl4-NPNT) we imaged the cells
using immunofluorescence microscopy (Fig. 1a). In this experimental setup, without
permeabilization of the cells, the results showed an extracellular focal distribution of NPNT.
66¢l4-EV cells cultured in serum free medium for 24 hours were used as a negative control.
Recombinant NPNT (2 ug/ml) added to the 66cl4-EV cells for 1 hour prior to fixing could be
detected in a similar location as wild type-NPNT in 66cl4-NPNT cells. Collagens are major
constituents of ECM, and staining for collagen V showed a similar pattern as staining for NPNT,
further demonstrating extracellular localization of NPNT in the 66cl4 cells. Using Z-stack
images of the 66cl4-NPNT cells, we plotted a Z profile showing the signal intensity in the green
(NPNT-Alexa 488) and blue (nucleus-Hoechst) channels as a function of distance from the
surface of the culture dish (Fig. 1b). The graph shows that the signal derived from NPNT is
located below the nucleus, close to the surface of the plate (Video S1). This points to an
extracellular localization of NPNT, as has already been shown by others [6, 17, 18]. Seeding
equal numbers of 66cl4-EV cells on rmNPNT coated plates and uncoated plates showed that
presence of rmNPNT increased the proportion of cells that attached and spread out compared
to the uncoated plates where a large number of cells still remained rounded at 24 hours (Fig.
1c). This is in line with our previous finding showing involvement of NPNT in promoting cell

adhesion [14].



3. 2. RPPA analysis of NPNT-mediated signaling

Various ECM proteins contribute in establishing the phenotype of mammary epithelial cells
and can regulate tissue-specific function in an autocrine or paracrine manner [19]. To
elucidate the downstream intracellular signaling effects of extracellular NPNT, we used high-
throughput RPPA functional proteomics that allow the measurement of protein levels and
relative amounts of phosphorylated proteins in several samples using 300 different antibodies
simultaneously [20, 21]. The signal intensity from protein-antibody binding was quantified
and used for data analysis. The three circles in the Venn diagram represent: 1) the proteins
regulated by seeding control cells (66cl4-EV) on plates coated with rmNPNT (EVrmnent Vs EV),
2) the proteins regulated by the NPNT overexpression (NPNT vs EV), and 3) the proteins
regulated by the integrin binding enhancer motif alone (RGE vs RGE-AIA) (Fig. 2a/ Table S1).
The four proteins in the overlap between these three comparisons were identified as p38
MAPK, Src, Mnk1, and Rad51 (Fig. 2b) and may represent possible common players of NPNT
induced signaling. Dual phosphorylation of p38 MAPK at T180 and Y182 activates downstream
intracellular signals to regulate growth, differentiation, survival and respond to stress [22, 23].
Src is a downstream effector in integrin signaling and phosphorylation of Src at Y527 is usually
transient and renders the enzyme less active [24, 25]. Rad51 is known for its role in DNA repair
[26]. Mnk1 acts downstream in p38 MAPK signaling pathway [27]. The presence of either wild
type NPNT or NPNT-RGE increased phosphorylation of p38 MAPK (T180 and Y182) and
phosphorylation of Src (Y527), while the double mutant of NPNT did not (Fig. 2b). Rad51
protein levels increased when cells were seeded onto rmNPNT or expressing either wild type
NPNT or NPNT-RGE, while cells expressing NPNT with the double mutation did not show any
increase in Rad51 protein levels. For Mnk1 the effect was opposite. Compared to 66cl4-EV
control cells, Mnk1 protein levels were reduced in cells seeded onto rmNPNT or expressing
either wild type NPNT or NPNT carrying the RGD-mutation, while cells expressing NPNT
mutated in both the RGD and the enhancer motif EIE did not display altered protein levels of
Mnk1 (Fig. 2b). Suppression of Mnk1 expression has been reported to increase the eukaryotic
transcription initiation factor 4F activity (elF4F)[28], a factor known to promote survival of
breast cancer cells [29]. Interestingly, in the presence of NPNT, total Mnk1l levels were
reduced (Fig. 2b). Further studies are required to identify the involvement of transcription

factors such as elF4F, and apoptosis-regulating proteins influenced by NPNT induced



signaling. The RPPA analysis suggests that NPNT influences on the total protein levels of Mnk1
and Rad51 and the phosphorylation status of p38 MAPK and Src. These results also point to

the importance of the integrin enhancer motif in these regulatory processes.
3. 3. NPNT promotes cell viability via its enhancer motif

Ingenuity Pathway Analysis (IPA) can recognize the RPPA protein signal intensities and
correlate them to their corresponding genes and then predict potential downstream cellular
functions. We have utilized the dataset from the ‘RGE vs RGE-AIA’ group to specifically
identify the molecular and cellular functions supported by the integrin-binding enhancer
motif of NPNT. Cell death and survival, cellular growth and proliferation, and cellular
development are some of the top categories which were predicted to be influenced by the
NPNT enhancer motif (Table 1). In each of the categories we could investigate further the
specific cellular functions using the up-and downregulated proteins expression values from
the RGE vs RGE-AIA group. There were 69 proteins pointing towards a role of the NPNT
enhancer motif in cell viability (Fig. 3 and Table 1). Rad51, p38 MAPK (shown as MAPK14),
Mnk1 (shown as MKNK1) and Src are among those 69 proteins known to influence cell viability
(Fig. 3). In line with our results, NPNT has also previously been reported involved in survival
of osteoblasts [30]. NPNT is known to interact with integrin a8B1 [8, 31], and integrins activate
survival pathways via PI3K-kinase or MAPKs [3, 32]. Phosphorylated p38 MAPK can have a
pleiotropic role; mediating either cell survival or cell death depending on the cell type, disease
stage and type of stimulus [33-35]. Activated p38 MAPK can phosphorylate various
transcription factors as well as anti-apoptotic (Bcl-2) and pro-apoptotic (Bad) proteins [36]. In
breast cancer, phosphorylated p38 MAPK has been linked to poor outcomes [37].
Interestingly, interference with p38 MAPK signaling in cancer cells has been shown to reduce
the tumor promoting capacities of the microenvironment [38], potentiate the effect of
conventional chemotherapies (reviewed in [39]), and was therefore chosen for further

analysis in this study.
3. 4. NPNT mediates cell viability via p38 signaling pathways

Results from the RPPA and IPA analyses indicated that NPNT and its integrin binding motifs
could be involved in determining cell viability via p38 MAPK phosphorylation in our study

model. An in vitro cell viability assay was used to analyze the different 66cl4 cells. An increase



in viability was seen when EV cells were incubated with serum free medium containing
rmNPNT, or when 66cl4 cells were overexpressing wild-type NPNT. In cells where both
integrin-binding motifs were mutated (RGE-AIA), there was a reduction in viability compared
to cells overexpressing wild-type NPNT (Fig. 4a). Exposure of 66cl4-EV cells to rmNPNT (EV
mnpNT) CcOating for 24 hours in serum free media stimulated p38 MAPK phosphorylation
compared to control cells (Fig. S1a), thus confirming the results obtained from RPPA. To
further explore the involvement of p38 MAPK in NPNT-induced viability, we utilized the p38
MAPK inhibitor, BIRB 796, known to inhibit all p38 MAPK isoforms in vitro [40]. The viability
of control cells (EV) was unaffected by p38 MAPK inhibition, thereby excluding any off-target
effects that may interfere with viability in this particular assay. On the other hand, a significant
decrease in viability was seen in both 66cl4-NPNT and 66cl4-NPNT-RGE cells when
phosphorylation of p38 MAPK was inhibited using BIRB 796, while addition of BIRB 796 to
cells carrying the double mutation (RGE-AIA) had no statistically significant effect on cell
viability. This indicates that p38 MAPK functions downstream of NPNT and regulates viability
of the 66cl4 cells. These observations were further validated by comparing the parental 66cl4
cells, with low endogenous NPNT, to the parental 4T1 cells, with high endogenous NPNT levels
[12, 14]. The 66c¢l4 cell line generally showed lower p38 MAPK phosphorylation compared to
the 4T1 cells (Fig.S1b). When 4T1 cells were treated with the p38 MAPK inhibitor, viability was
markedly reduced (Fig. 4b). Next, we analyzed 4T1 cells with stable shRNA knock-down of
NPNT, 4T1 (sh-NPNT)[14]. The knock-down generally decreased the cell viability of the 4T1
(sh-NPNT) cells compared to the parental 4T1 cells. Furthermore, treatment with the p38
MAPK inhibitor did not further decrease the viability (Fig. 4b). 4T1 cells, expressing a non-

targeting shRNA (sh-ctr), responded similarly as the 4T1 parental cells.

Taken together, these results demonstrate a role for NPNT and its integrin binding motifs, in
particular the EIE-enhancer motif, in the induction of p38 MAPK signaling and cell viability.
There are four members of the p38 family (p38a, p38B, p38y, p386), of which p38a (MAPK14)
is best studied and expressed in most cell types [41]. However, further investigation is needed
to elaborate on the role specific role of the different p38 isoforms. Results from the current
study are summarized in Fig. 4c and show that NPNT can activate p38 MAPK and by that
promote viability in 66cl4 breast cancer cells. The requirement of the NPNT EIE-enhancer

motif in the activation of p38 MAPK is a novel finding, making this a potential drug target in



tumors with high NPNT expression. Interestingly, though the RGD motif has shown great
promise as a therapeutic target [2], drugs such as Cilengitide have failed in clinical trials due
to lack of efficiency [42]. Based on the current findings, we therefore suggest that dual
targeting of the RGD and EIE-enhancer motif could prove to be more efficient for cancers with

high NPNT levels.
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Figure legends

Fig. 1: Cell surface distribution of NPNT in 66cl4 cells (a) Immunofluorescence microscopy
showing extracellular NPNT detected on 66c¢l4 cells expressing wild type NPNT and 66cl4-EV
cells when pre-incubated with rmNPNT for 1 hour prior fixing. 66cl4-EV was used as a
negative control. Detection of collagen V on 66cl4-NPNT cells was used as a positive control.
Primary antibodies were visualized with Alexa Fluor 488. Nucleus is stained blue with Hoechst.
Scale bar 10 um. (b) Z profile comparing the green and blue channels was calculated by
normalizing mean intensity per slice in the stack for each channel using the image of 66cl4
cells overexpressing NPNT shown above. (c) Brightfield microscopy images of 66cl4-EV cells

growing on uncoated plates (EV) in contrast to rmNPNT coated plates (EVrmnent) at 24 hours.

Fig. 2: RPPA analysis of NPNT-mediated signaling. The Venn diagram includes number of
proteins significantly regulated and/or modified (p<0. 05) in all four biological replicates. (a)
The pink circle in the Venn diagram, ‘NPNT vs EV’ denotes the log fold change values triggered
in 66¢l4-NPNT cells in comparison to 66cl4-EV cells. The blue circle, ‘EVimnent Vs EV’ represents
66¢l4-EV cells cultured on rmNPNT (EVmnent) in comparison to 66cl4-EV cells seeded in non-
coated wells. The purple circle represents proteins regulated by the integrin binding motifs of
NPNT; the effect of a single mutation in the RGD motif (RGD -> RGE) versus mutations in both
RGD and EIE motifs (RGD-EIE -> RGE-AIA). (b) Box plot showing log2 protein abundance of the

four overlapping proteins from the Venn diagram.

Fig. 3: NPNT promotes cell viability via its enhancer motif. Representation of the 69
upregulated (red) or downregulated (green) proteins (shown as gene symbols) identified by
IPA to have a direct relationship with cell viability. The asterisk indicates that multiple proteins

in the dataset file map to a single gene.

Fig. 4: NPNT mediates cell viability via p38 signaling pathways (a) Indicated variants of 66cl4
cells were treated with (+/-) 4 uM p38 MAPK inhibitor (BIRB 796) for 24 hours, in addition to
serum deprivation. Where indicated, 66cl4-EV cells were stimulated by adding 2 pg/ml
rmNPNT to the cell culture medium. Cell viability was determined using CellTiter-Glo. (b)
Viability of NPNT expressing, 4T1 cells with a NPNT-targeted short hairpin (sh-NPNT) and a
non-targeting shRNA (sh-ctr) was tested using CellTiter-Glo. Significance is tested using a two
tailed Student’s t-test. *P<0. 05, **P<0. 005, *** P<0. 0001. N = number of independent
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experiments, n = total number of replicates in each test group. (c) lllustration summarizing

the cellular effects of integrin binding to wild-type or mutated NPNT via p38 MAPK.

Table 1: Top predicted molecular and cellular functions. RPPA results from RGE vs RGE-AIA
group were analyzed using the web-based software application Ingenuity Pathway Analysis

(IPA) tool to identify the most significant NPNT-responsive functions.

Predicted No. of

Categories Sub-categories p-Value Activation State Molecules
Cell Death and Survival

Cell viability 2.18E-44 Increased 69
Cellular Growth and
Proliferation

Colony formation  6.2E-35 Increased 44
Cellular Development

Maturation of cells 1.03E-24 Increased 32
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Supplementary legends

Video S1: Z-stack sections in 66cl4-NPNT cells were compiled to visualize the signal for NPNT
(green channel). Each image in the section has a voxel depth of 0.36 um. Assuming the
reflection coming from the culture plate to be zero, we get the highest intensity for NPNT-
alexa488 at the 4" section. This means we get the highest intensity signal for NPNT at 1.4 um
(0.36*4).

Table S1: RPPA details. List of differentially expressed proteins shown in the Venn diagram,

Fig.2a.

Fig. S1: Phosphorylation of p38 MAPK in the presence of NPNT (a) Immunoblotting for
detecting phosphorylation levels of p38 MAPK using whole cell lysates made of 66cl4-EV and
66¢l4-EVimnent. cultured under serum-free conditions for 24 hours. (b) Immunoblotting for
phospho-p38 MAPK and total-p38 MAPK level using lysates from mother cell lines, 66cl4 and
4T1, grown on uncoated plates for 24 hours in serum free conditions. Quantification of optical
density represents the mean of three independent experiments. Significance is tested using

a two tailed Student’s t-test assuming equal variance. *P<0. 05, **P<0. 005, *** P<0. 0001.
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ABSTRACT:

Extracellular vesicles are emerging as biomarkers in breast cancer. Our recent report
suggested that an intracellular granular staining pattern of the extracellular matrix protein
Nephronectin (NPNT) in breast tumor sections correlated with poor prognosis. Furthermore,
the results showed that NPNT is localized in extracellular vesicles derived from mouse breast
cancer cells. In this study we performed proteomic analysis which reveals that several
proteins, including tumor promoting molecules are differentially expressed in the cargo of
small extracellular vesicles (sEVs) upon NPNT expression in mouse breast cancer cells. We
identify three different forms of NPNT at 80, 60 and 20 kDa. We report that the native form
of NPNT at 60 kDa gets further glycosylated and is detected as the 80 kDa NPNT, which may



be processed by matrix metalloproteinases to a shorter form of around 20 kDa, not previously
described. Although both 80 kDa and 20 kDa NPNT are detected in sEVs derived from breast
cancer cells, the 20 kDa form of NPNT is concentrated in sEVs. In summary, we here show that

a novel truncated form of NPNT is found in sEVs derived from breast cancer cells.
Keywords: Breast Cancer, Nephronectin, Small Extracellular Vesicles
Introduction

Extracellular vesicles can be classified according to the size: exosomes (30-100 nm),
microvesicles (100-1000 nm), apoptotic bodies (50 nm to 2 um) and oncosomes (1-10 pm)?.
Microvesicles are bi-lipid-membrane vesicles originating from the plasma membrane?,
initially disregarded as cellular debris but now recognized as biologically significant3*.
Extracellular proteins may enter into the intraluminal vesicles (ILVs) within multivesicular
bodies (MVBs)? on inward budding of the plasma membrane. The invaginations of the limiting
membrane of the MVBs further allows several intracellular proteins to enter in the ILVs®>®.
The content of MVBs is either released as exosomes into the extracellular milieu or into the
lysosomes for degradation”®. The secreted exosomes may release their contents into a
recipient cell by fusion, or interact with the target cells via cell surface proteins®1°. Ultra-
centrifugation is regarded as the gold standard for exosome isolation 2, However, it has
been found that pellet of vesicles obtained after spinning the supernatant of cells at 100,000
x g for 70 minutes (min) contains a heterogeneous population of membrane vesicles, in
addition to enriched exosomes®31®, Therefore, the preferred terminology for the isolated

fraction is small extracellular vesicles (SEVs)Y.

The content of sEVs is not random?8, rather the cargo is cell and disease-type specific; and
may deliver discrete molecular messages that inflict a biological response®. The sEVs are
found to carry proteins?, lipids?!, transposable genetic elements??, double stranded DNAZ,
mitochondrial DNA?* and several types of RNAs?>. Several extracellular matrix (ECM) proteins
such as collagen?®, fibronectin?’, vitronectin?®, and NPNT are detected in sEVs?®. NPNT has
previously been reported in isolated sEVs from human ductal saliva3®, colorectal cancer cells3?

and mouse breast cancer cells3233,

Breast cancer is a heterogeneous disease and intercellular vesicular communication via sEVs

may add to the complexity of the disease3*. The sEVs released by breast cancer cells can



survive in acidic and hypoxic environments and deliver pro-cancerous proteins and transcripts
to their target cells3>. This induces a range of cellular responses within their target cells, to
promote breast cancer development, progression, metastasis and resistance towards
therapy3® 3638, We have previously reported a correlation between intracellular granular
NPNT staining pattern and decreased survival of breast cancer patients32. This granular
staining pattern could represent NPNT-containing MVBs in tumor cells. Similar NPNT-positive
granules have been observed in MMTV-PyMT tumor tissues and lung metastases from NPNT-
expressing 66cl4 mouse breast cancer cells32. Furthermore, we have showed that NPNT is
localized in sEVs isolated from 66c¢l4 cells overexpressing NPNT and that the localization of

NPNT in sEVs is not dependent on the interaction of NPNT with the integrins32.

Here we examine the sEVs isolated from the supernatant of the 66cl4 cells overexpressing
either wild-type NPNT (66cl4-NPNT) or NPNT mutated in the integrin binding sites (66cl4-
NPNT-RGE and 66cl4-NPNT-RGEAIA). As a control, 66cl4 cells containing an empty vector (EV)
were used (66¢l4-EV). We report several proteins that are differentially packed in sEVs derived
from 66¢cl4-NPNT cells compared to sEVs derived from 66cl4-EV cells. We have identified
NPNT of 80-, 60- and 20 kDa when analyzing whole cell lysates of 66¢cl4-NPNT cells. The 80
kDa NPNT is the highly glycosylated form of the less glycosylated 60 kDa NPNT. We show here

for the first time that a 20 kDa truncated form of NPNT, is highly concentrated in sEVs.
Material and Methods
2.1. Cell culture

The gene for NPNT was cloned, V5-tagged in the C-terminal and the integrin-binding motifs
mutated and expressed in the mouse breast cancer cell line, 66cl4, as previously described3?.