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INTRODUCTORY WORD

During the 4 years of my doctoral thesis, | was very lucky to work in an excellent established,
efficient and well-respected laboratory which allowed me to learn a huge variety of scientific
techniques and to exceedingly improve my knowledge about cancer research and immune
biology in every way. The focus of my laboratory lies on the JAK-STAT signaling pathway and its
impact on the immune system and tumor biology. My specific goal for the doctoral thesis was to
elucidate the function of the transcription factor STAT1 in the development of breast cancer
using a murine model system (see section 3.1). Previous studies and reports in mice and human
had already indicated that it is worth investigating STAT1 in this context. | contributed as well to
studies of several collaboration partners who worked either on STAT1 or on mammary cancer,
thereby fitting perfectly into my field of interest (see section 3.2 and 3.3). In addition, | was
intensively involved in the work of one of my lab-colleges working on the cell cycle kinase CDK6
(see section 3.4). However, as it would be too extensive to discuss all studies in detail, here in
this work | will focus on my main project dealing with the impact of STAT1 in mammary
tumorigenesis. All additional work will be presented in form of published or submitted
manuscripts and the part of my contribution will be delineated. | hope that the following pages

can convince you, that | did my best to honestly achieve my doctoral degree.
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SUMMARY

Interferons are important signaling molecules of the immune system that allow cells of an
organism to react specifically to pathogens such as viruses, parasites, bacteria but also tumor
cells. The transcription factor STAT1 (signal transducer and activator of transcription 1) is an
essential mediator of interferon signaling and therefore a prerequisite for a fully functional
immune system. STAT1 is also required for the efficient cytotoxic activity of T cells (CTLs) and
natural killer (NK) cells. Functional deficiency or mutation of STAT1 leads to hypersensitivity to
viral and bacterial infections in both mice and men. Besides being a key factor in immune
regulation, STAT1 is also considered as an important tumor suppressor. A breast cancer study
correlated a high expression and activation of STAT1 positively with an overall longer and
relapse-free survival of cancer patients. In mouse models of ErbB2-induced breast cancer the
complete but also the tissue specific deletion of STAT1 results in a decreased latency of tumor
formation. These observations indicate STAT1 as important safeguard in mammary cancer
development. However, the exact role of STAT1 in the mammary gland tissue and the

mechanism how STAT1 confers mammary tumor suppression had not yet been clarified.

During my PhD thesis | revealed that loss of STAT1 suffices to promote mammary tumor
formation in mice. Stat1”” mice developed spontaneous pregnancy-induced mammary tumors

*/* controls. The

with an overall higher incidence and shorter latency when compared to Statl
importance of STAT1 in tumor suppression was further confirmed as STAT1-positive tumors of
the control group showed a mosaic expression and partially down-regulation of STAT1 protein.
Stat1” tumors displayed a heterogeneous histopathology and did not show a particular pattern
of expression of the estrogen receptor (ER) or human epidermal growth factor receptor 2
(HER2). This identifies STAT1 as a global mammary tumor suppressor that acts independent of a
distinct oncogenic driver. The transplantation of Stat1” mammary tissue into wild type mice and
vice versa linked the tumor suppressing role of STAT1 to both, the immune system AND the
mammary tissue. Cytotoxic T cells were defined as the main executors of mammary tumor

surveillance, whereas NK cells play only a marginal role. | further demonstrated that STAT1 is

responsible for maintaining growth control in the mammary epithelium - an effect which is
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mediated by IRF1, a downstream-factor of STAT1. Both transformed and primary Stat1”
mammary epithelial cells displayed increased growth rates compared to wild type controls.
Further, STAT1- and IRF1-deficiency resulted in the formation of unstructured mammospheres in
3D cultures. Consistently, Stat1” mice developed mammary intraepithelial neoplasias (MINs)
with high frequency. MINs are characterized by abnormal growth of mammary epithelial cells
and represent a potential pre-carcinogenic stage as they have a high potential to develop into

invasive breast cancer.

In summary | unequivocally conclude from my data, that STAT1 controls mammary tumor
formation in a dual way: On the one hand by sustaining efficient cytotoxic T cell surveillance and
on the other hand by maintaining growth control of mammary epithelial cells. The growth

inhibitory effect of STAT1 might be exerted via the transcription factor IRF1.
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ZUSAMMENFASSUNG

Interferone sind wichtige Signalmolekiile des Immunsystems die es den Zellen eines Organismus
ermoglichen zielgerecht auf Pathogene wie Viren, Parasiten, Bakterien aber auch Tumorzellen zu
reagieren. Der Transkriptionsfaktor STAT1 (signaltransducer and activator of transcription 1)
spielt eine zentrale Rolle in der Signallibertragung durch Interferone und ist daher
Voraussetzung fir ein voll funktionstiichtiges Immunsystem. STAT1 wird ebenfalls fir die
effiziente zytotoxische Aktivitdit von T Zellen (CTLs) sowie natirliche Killerzellen (NK Zellen)
benotigt. Funktionelle Deletionen oder Mutationen des STAT1 Genes in Mausen aber auch
Menschen duRern sich in einer Hypersensibilitdt gegentiber viralen und bakteriellen Infektionen.
Abgesehen von seiner Schlisselfunktion im Immunsystem wird STAT1 aber auch eine wichtige
Rolle als Tumor-Suppressor zugeschrieben. Eine Brustkrebsstudie an Frauen konnte eine hohe
Expression und Aktivitit von STAT1 mit einem langeren und rezidivfreien Uberleben der
Patientinnen positiv korrelieren. Mausmodelle mit ErbB2-induzierten Brusttumoren zeigten
auBerdem, dass die totale oder die gewebsspezifische Deletion von STAT1 zu einer verkirzten
Latenz der Tumorentstehung fihrt. Diese Erkenntnisse weisen darauf hin, dass STAT1 eine
wichtige Rolle in der Brustkrebsentstehung besitzt. Die genaue Funktion von STAT1 im
Brustgewebe und der Mechanismus, wie STAT1 die Brustkrebsentstehung unterdriickt, konnten

bislang jedoch noch nicht aufgeklart werden.

Im Rahmen meiner Dissertation konnte ich anhand von Mausmodellen zeigen, dass der Verlust
von STAT1 ausreicht, um Brustkrebs auszuldsen. Stat1” Miuse entwickelten spontane
schwangerschaftsvermittelte Brusttumore mit einer generell hoheren Inzidenz und verkirzten
Latenz als Stat1”* Kontrolltiere. Die Wichtigkeit von STAT1 in der Tumorentstehung wurde auch
dadurch bestatigt, da STAT1-positive Brusttumore der Kontrollgruppe eine mosaikartige
Expression und einen teilweisen Verlust des STAT1 Proteins aufwiesen. Stat1” Tumore zeigten
eine  heterogene Histopathologie und kein einheitliches Expressionsmuster des
Estrogenrezeptors (ER) oder des humanen epithelialen Wachstumsfaktors 2 (HER2). Dies
bedeutet, dass sich die tumorsuppressive Funktion von STAT1 nicht auf einen bestimmten

onkogenen Treiber beschrankt, sondern dass STAT1 als globaler Brusttumorsuppressor wirkt. Die
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Transplantation von Stat1”” Brustgewebe in Stat1”*

Mause und vice versa zeigte, dass STAT1 im
Immunsystem UND im Brustgewebe wichtig fir die Unterdriickung der Krebsentstehung ist.
Zytotoxische T Zellen wurden als Hauptmediatoren in der Uberwachung von Brusttumoren
identifiziert; NK Zellen spielen hierbei nur eine untergeordnete Rolle. Zusatzlich konnte ich
zeigen, dass STAT1 im Brustepithel fir die Aufrechterhaltung der Wachstumskontrolle zustandig
ist - ein Effekt der Uber IRF1, einen Downstream-Faktor von STAT1 vermittelt wird. Sowohl
transformierte als auch primare Zellen des Brustepithels wiesen eine erhohte Teilungsrate im
Vergleich zu Wildtyp-Kontrollen auf. In 3D Kulturen bildeten Stat1” und Irfl'/' Brustepithelzellen
unstrukturierte  Mammospheren. Ubereinstimmend damit fanden sich auffillig haufig
sogenannte “mammary intraepithelial neoplasias” (MINs) in den Stat1”” Mdusen. MINs zeichnen

sich durch abnormes Zellwachstum aus und stellen ein prakarzinogenes Stadium dar, welches

das Potential besitzt sich in invasiven Brustkrebs weiterzuentwickeln.

Zusammenfassend kam ich durch meine Forschungsergebnisse zu dem eindeutigen Schluss, dass
der Transkriptionsfaktor STAT1 die Brustkrebsentstehung Gber zwei unabhingige Mechanismen
unterdriickt: Einerseits durch die Aufrechterhaltung einer effizienten Tumoriiberwachung
mittels zytotoxischer T Zellen, und andererseits durch die Wachstumskontrolle von Zellen des

Brustepithels, welche lber den Transkriptionsfaktor IRF1 vermittelt wird.
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INTRODUCTION

1.1 The JAK-STAT signaling pathway

Canonical JAK-STAT signaling

The history of Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signaling
started in 1957 with the discovery of interferons (IFNs) by Alick Isaacs and Jean Lindenmann.
These small proteins were found to be secreted by cells after virus infection and to confer
protective effects towards noninfected cells *2. Intense biochemical and genetically studies on
interferons lead to the identification of the tyrosine kinases JAKs and DNA-binding proteins
STATs and uncovered a complex intercellular communication system **. Today it is well
described, that the JAK-STAT signaling pathway displays a fast track to transmit extracellular
signals from cell surface receptors into the cell nucleus where it activates the transcription of
specific target genes. Thereby, many important cellular functions such as growth and
development, survival and apoptosis, homeostasis as well as immune responses are tightly
regulated. Consequentially, dysregulation of the JAK-STAT pathway has severe impact on crucial
cellular properties and is associated with a broad range of diseases, cancer development or
immune disorders >”. Persistent STAT activation - particularly of STAT3 or STATS (but also
STAT1) - has been described in various types of human cancers (a short selection is listed in
Table 1) ®. Gene mutations in all different components of the JAK-STAT signaling pathway have
been associated with all kinds of human diseases °. Therefore, the various modules of the JAK-
STAT pathway gained attention as they provide attractive potential targets for drug
development and cancer therapy and are of great interest for basic but also translational

research.
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Table I. Activation of STATs in human cancers. (Taken from Yu and Jove, 2004 in Nat. Rev. Cancer 8)
Constitutive STAT activation is often found in different cancer entities. Epstein Barr-Virus (EBV), human T-
lymphotrophic virus-1 (HTLV-1).

Tumour type Activated STAT

Blood tumours

Multiple nmyeloma STAT1, STAT3
Leulkaemias:

HTLV--dependent STATS, STATS
Erythroleukasmia STAT1, STATE

Acute myslogenous leukaemia (ANL) STATT, STATS, STATS
Chranic myelogencus leukasmia (CML) 2TATE

Large granular lymghocyte leukaemia (LGL) STAT3

Lymphomas:

EBV-related/Burkitt's STAT3

Mycosis fungoides STAT3

Cutaneous T-cell lymphoma STAT3

Mon-Hodgking lymphoma (MHL) STAT3

Anaplastic large-cell kmphoma (ALCL) STAT3

Solid tumours

Braast cancer STAT1, STATS, STATS
Head and neclk cancer STAT1, STATS, STATS
Melanoma STAT3

Criarian cancer STAT3

Lung cancer STAT3

Pancreatic cancer STATS

Prostate cancer STATS

In the canonical mode of JAK-STAT signaling the signal transduction from the cell surface into the
nucleus is mediated by a series of tyrosine-phosphorylations carried out by the JAK proteins
(Figl.). Activation of the JAK-STAT pathway happens through the binding of cytokines, growth
factors or other small peptides to cell-surface receptors. This results in receptor dimerization
and subsequent trans-phosphorylation of receptor-associated JAKs on tyrosine residues.
Activated JAKs further tyrosine-phosphorylate the cytoplasmic domains of the receptors,
thereby creating docking sites for the Src-homology-2 (SH2) domains of the STAT proteins. The
STAT proteins are then recruited to the JAK proteins where they get tyrosine-phosphorylated.
Phosphorylated STAT proteins dimerize and translocate into the nucleus where they activate

target gene transcription 67,
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Tyrosine phosphorylation of

Nature Reviews | Molecular Cell Biology

Figure 1. Canonical JAK-STAT pathway. (Taken from Levy and Darnell, 2002 in Nat. Rev. Mol. Cell Biol. 7)
The classical activation of the JAK-STAT pathway is mediated by ligand binding to their cognate receptors.
Dimerization of receptors then initiates a number of activating phosphorylation-steps: trans-
phosphorylation of receptor-associated JAKs, phosphorylation of receptor’s tyrosine-residues which
creates docking sites for the SH2-domains of the STAT proteins, and finally phosphorylation of STATSs.
Activated STATs form dimers, translocate into the nucleus and switch on target gene transcription.

Characteristic features of JAKs and STATs

The JAKs belong to the family of protein tyrosine kinases (PTKs) and are associated with
membrane bound cytokine receptors that lack intrinsic catalytic activities. The task of the JAKs is
to transmit phosphate groups to tyrosine residues, thereby inducing activation. The four
mammalian JAK proteins JAK1, JAK2, JAK3 and tyrosine kinase 2 (Tyk2) share a very similar
protein structure (Fig2.): The carboxyl-terminus consists of a conserved kinase domain followed
by a catalytic inactive pseudo-kinase domain. Due to these two domains, the proteins were
called “Janus kinases”, based on the two-faced Roman god Janus, god of doorways, beginnings,

and transitions (one apocryphal story is that the discoverer A.F. Wilks initially termed them
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“Just-Another-Kinase”) *°

. The amino-terminal domains JH3-JH7 also show sequence similarities
between the different JAKs and mediate selective binding to cytokine receptors . JAK1, JAK2 and

Tyk2 are ubiquitously expressed, whereas JAK3 is primarily restricted to hematopoietic cells ™.

All JAKs have been deleted in mice; gene-targeted mice confirmed their essential role in the
signaling of various cytokine receptors. Further, the removal of different JAKs in mice uncovered
severe defects in hematopoiesis, leading to perinatal death in JAK1-deficient mice **, embryonic

lethality in JAK2-deficient mice ***

and a severe combined immunodeficiency disease (SCID)
in JAK3 deficient-mice **. Tyk2-deficiency excites the weakest effects with defective clearance of

certain viruses *°.

The STATs comprise seven mammalian members: STAT1, STAT2, STAT3, STAT4, STAT5a, STATSb
and STAT6. The dual function of the STATs can already be deduced from their name: they
transmit extracellular signals into the nucleus, where they activate transcription of specific
target genes. Unphosphorylated STAT proteins are latently present in the cytoplasm. After
phosphorylation, STAT proteins form homo- or heterodimers, depending on the STAT protein
and are shuttled into the nucleus. Also STAT proteins share a common structure (Fig5.): They
consist of a N-terminal domain which is implicated in the regulation of STAT activity such as
tetramer formation and protein-protein interactions °, an adjacent coiled-coil domain which is
involved in interactions with regulatory proteins, a STAT-specific DNA-binding domain and a SH2-
domain that mediates binding to phospho-tyrosines and therefore activation and dimerization of
STATs. The C-terminal transactivation domain is involved in interactions with other transcription

factors and co-activators and contains the phosphorylation sites necessary for STAT activation.

Equal to the JAKs, all STATs have been deleted in mice. This defined essential, non-redundant
roles for each of the STAT proteins '’. Animals deficient for STAT1 or STAT2 are highly

20 (in a later

susceptible to viral infections as they yield an impaired interferon signaling
section the characteristics of STAT1-deficient mice will be described in more detail). STAT4
ablation leads to defective T, 1-cell development due to impaired responses to IL-12 signals *, in
contrast to STAT6 deficiency which leads to impaired T,2-cell differentiation caused by a lack of
IL-4-receptor signaling **. The highly homologous STAT5a and STATSb proteins (96% identity)
own distinct roles in development, especially in hematopoiesis. STAT5a/b double-knockout mice
are in >99% perinatal lethal but analysis of fetuses at embryonic day 18 revealed defective B and

23,24

T cell development, absence of natural killer cells as well as severe anemia . Moreover,

STAT5a is essential for prolactin and growth-hormone receptor signaling, thus STAT5a deficient
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mice display impaired mammary gland development and lactogenesis *>. STAT3 displays a crucial
role in normal development as STAT3 ablation leads to early embryonic lethality *°. Studies
on conditional STAT3-knockout mice uncovered its role in mammary gland involution and

several, also contradictory roles in cellular proliferation, survival, apoptosis and

differentiation %",
a Psoudo-kinase Kinase
domain domain
JHT JHBG JHS JH4 JH3 JH2 JH1
JAK N-] [ | | [ | ] 1 |-
ee
b Amina-terminal  Coiled-coil  DNA-binding  Linker SH2  Transactivation
domain domain domain domain domain domain
STAT N-| | [ [ Y IS-C
e i L e @
(Met) €1y (A SMO

Nature Reviews | Immunology

Figure 2. The domain structures of JAKs and STATs. (Taken from Shuai and Liu, 2003 in Nat. Rev.
Immunol. °)

a) JAKs share 7 highly homologous domains (JH1-JH7). JH1 encodes the active kinase domain. It contains
tyrosine sites that are phosphorylated after ligand stimulation and mediate JAK activation. The adjacent
pseudo-kinase domain JH2 lacks kinase activity and is implicated in the regulation of JH1. Domains JH3-JH7
are involved in receptor binding. b) Also STAT proteins share conserved domains. The transactivation
domain (TAD) contains the phosphorylation sites necessary for STAT activation. The TADs of individual
STATs do not share sequence similarities but function. STATs further share a conserved SH2 domain, a
linker domain, a DNA-binding domain, a coiled-coil domain and an amino-terminal domain. STAT activity
can also be regulated by protein modifications such as methylation (Met), ISGylation (ISG15), acetylation
(Ace) and sumoylation (SUMO).

Despite their functions in mice, defects in the JAK-STAT signaling pathway have frequently been
associated with a broad range of human malignancies. Very often the human disease reflects the
phenotype of its knockout mouse model: JAK3 mutations in people have been associated with
the SCID syndrome characterized by the absence of T cells and functionally defective B cells 2**.
Similarly, the STAT1 knockout mouse model recapitulates the human situation, as several
reports of patients with germline STAT1 mutations or complete STAT1-deficiency revealed

severe immunodeficiencies, especially susceptibility to mycobacterial and viral infections '~
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. The proven pivotal role of JAKs and STATs in human malignancies makes them not only
interesting for basic but also translational research and offers a promising target for drug

development.

Achieving specificity in JAK-STAT signaling

As we now know, there is only a limited panel of JAKs and STATs however the number of
upstream cytokines is relatively large. The question remains how cytokines achieve their
specificity. One answer is that each cell type and tissue expresses distinct receptor combinations
which allow a fine-tuned response to cytokines released by the microenvironment or the whole
organism. One cell is therefore able to combine the signals mediated by multiple receptors *.
Further, cell type and tissue specificity also determines the activation of only distinct sets of
target genes. Besides the JAK-STAT pathway, several other signaling cascades exist (e.g. PI3-
kinase/Akt, Ras/MAPK pathway), each being activated by a distinct set of signaling molecules. As
the components of the JAK-STAT pathway also cross-talk with components of other signaling
cascades, one stimulus can activate an orchestra of signaling molecules that communicate with

each other and ultimately lead to the appropriate cellular answer.

On the other side, cytokine receptors are very restricted to their associated Janus kinases and
use mainly only one JAK or JAK combination to transmit their received signals. For example, the

IFNYy receptor uses only JAK1 and JAK2 whereas IFNo/f receptors use only JAK1 and Tyk2 (Fig3.).

-2
IL-4
IL-10 EPO IL-7
IL-6 TPO IL-9
IL-11 L3 a5 IFN-uIf
osM | s 8L IL-12!
IFN-¢ .
LIF G-CSF* Leptin N } jL-23t
CNTF 3 GM-CSF
IL-22 Prolactin

GH -
Figure 3. Cytokine receptor specificity. (Taken from Murray, 2007 in J Immunol. 17)

Most cytokine receptors signal through three JAK combinations: JAK1 alone, JAK2 alone or JAK1 and JAK3.
The IFNa/B receptors use JAK1 and Tyk2, whereas the IFNy receptor requires JAK1 and JAK2. No receptors
that use JAK2 and JAK3, JAK3 alone, Tyk2 alone or JAK3 and Tyk2 have been described yet.
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Negative regulation of the JAK-STAT signaling pathway

Upon activation, STAT proteins increase the transcription of distinct and cell specific target genes
within minutes. However the time and extend of an active signal transduction has to be tightly
controlled to avoid imbalances but also disease development. Therefore, the JAK-STAT signaling
cascade may be interrupted at various stages (Figd.) ®’. The main mediators of negative JAK-
STAT regulation are the suppressor of cytokine signaling (SOCS) proteins, protein tyrosine

phosphatases (PTPs) and protein inhibitors of activated STATSs (PIAS).

Suppressor of cytokine signaling (SOCS) proteins are the best studied regulators of JAK-STAT
signaling. They are constantly present at low levels in unstimulated cells but become rapidly
induced upon cytokine activation, thereby creating a negative feedback loop. SOCS proteins
contain a SH2 domain which binds to tyrosine-phosphorylated JAKs and inhibit further signal
transduction. Other members of the SOCS family termed CIS proteins bind directly to the
receptor docking sites where they compete with STAT proteins. Moreover, SOCS proteins are
also involved in the ubiquitin-proteasome pathway mediating the degradation of JAKs and other
proteins. The protein tyrosine phosphatases (PTPs) regulate JAK-STAT signaling by
dephosphorylating cytokine receptors, JAK or STAT proteins. In the nucleus, protein inhibitors of

activated STATSs (PIAS) block DNA-binding of STAT dimers.

Further, naturally occurring C-terminally truncated forms of the STAT proteins (B-isoforms)
function as dominant negative regulators by DNA binding without activating transcription.
Finally, distinct modifications such as ubiquitylation or ISGylation and the crosstalk between
different cytokine-signaling pathways add another level of complexity to control this signaling

circuit.
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Figure 4. Negative regulation of the JAK-STAT pathway. (Taken from Shuai and Liu, 2003 in Nat. Rev.
Immunol. 6)

The JAK-STAT pathway can be regulated at various stages. SH2-domain-containing suppressor of cytokine
signaling (SOCS) proteins can inhibit signal transduction through binding to phosphorylated tyrosines of
JAKs or receptors. They are further involved in the ubiquitin-mediated degradation of JAKs and other
proteins. Protein tyrosine phosphatases (PTPs) interfere by dephosphorylating JAKs, STATs or cytokine
receptors. Protein inhibitor of activated STAT (PIAS) block the DNA-binding of activated STAT-dimers. In
addition, C-terminally truncated forms of the STAT proteins can act as dominant-negative regulators.

Non-canonical JAK-STAT signaling

In addition to the classical JAK-STAT signaling described above (canonical pathway), a non-
canonical mode has been recently uncovered in drosophila. Unphosphorylated STAT (U-STAT)
proteins are located in the nucleus and physically interact with heterochromatin protein 1 (HP1)
to promote heterochromatin stability **. Phosphorylation of STAT proteins causes their dispersal
from heterochromatin and leads to HP1 displacement and heterochromatin destabilization.
Importantly, for this process the induction of STAT transcriptional target genes is not required.

This finding indicates that the JAK-STAT pathway is involved in chromatin remodeling and
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possesses the ability to control the cellular epigenetic status *’. In line, unphosphorylated STAT
proteins have been found to shuttle constitutively between nucleus and cytoplasm *. Further,

there is evidence that JAK1 and JAK2 are present in the nucleus .

Additional functions of U-STATs have been described. They can also act as transcription factors
thereby regulating genes distinct from their tyrosine-phosphorylated forms. For example, U-
STAT1 can confer prolonged resistance to virus infections. After the initial response to IFNy, the
tyrosine-phosphorylation of STAT1 is down-regulated rapidly. However, elevated levels of U-
STATZ1 still persist in the nucleus and activate the expression of several immune regulatory and

antiviral genes *°.

The biology of STAT1

The STAT1a protein - the first STAT to be discovered - is 750 amino acids in size and has a
molecular weight of 91 kDa *. It consists of 25 exons and is located on mouse chromosome 1 or
human chromosome 2. STATla possesses two phosphorylation sites in its C-terminal
transactivation domain: tyrosine 701 (T701) and serine 727 (S727). Activation of STATla
depends on T701 phosphorylation, whereas S727 phosphorylation is required for maximal
transcriptional activity **. The naturally occurring spliced form STAT1p lacks the serine 727 site

and acts as dominant-negative regulator against the full length STAT1a (Fig5.) *.

N-terminal Coiled Coil DNA Binding Linker SHz

Domain Domain Domain Domain _ Domain TAD?SG
Statio [ :
\I-r?mS'.rz'.r
Stat1p [ e

Y'l"ﬂl

Figure 5. Schematic overview of STAT1a and STAT1pB. (Adapted from Zhang et al., 1998 in The EMBO
Journal. 43)

The two isoforms of STAT1 are generated by alternative splicing. Full length STAT1la contains two
phosphorylation sites at Y701 and S727, whereas the C-terminally truncated STAT1p lacks the S727 site. It
is postulated that STAT1 can act as dominant negative regulator against STAT1a. Transcription activation
domain (TAD).
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STAT1 - an essential mediator of IFN signaling

Interferons (IFNs) are cytokines that mediate antiviral, antiproliferative, proapoptotic and
immunomodulatory effects. They play an essential role in the defense against viral infections
and are crucial for the immunosurveillance of malignant cells **. STAT1 is a central mediator of
both type I IFNs (IFN-a,/B) as well as type Il IFN (IFN-y) responses and has been identified as

18,19

major effector of IFN-y signaling (Fig6.) . In response to IFN-y stimulation, STAT1 forms
homodimeres which bind to gamma-activated sequence (GAS)-sites in the promoter regions of
target genes, thereby activating transcription. In contrast, IFN-o/f stimulates heterodimeric
interactions between STAT1 and STAT2. STAT1-STAT2 heterodimers associate with a third
component, p48 (IRF9), thus forming the IFN-stimulated gene factor 3 (ISGF3) transcription
factor complex which binds to IFNa-stimulated gene response element (ISRE)-sequences in the

nucleus. IFN-o. simulation can also induce STAT1 homo- or STAT1-STAT3 heterodimerization

leading to activation of the GAS sequence *.

The generation and characterization of mice with a targeted disruption of the STAT1 gene has
further highlighted the crucial role of STAT1 in IFN signaling. STAT1-deficient mice display no
abnormalities in reproduction, tissue and organ development, but their cells fail to respond to
either IFNa or IFNy. The consequences are severe defects in the ability to resist microbial and

viral infections **°

. In contrast, the response to growth hormone, epidermal growth factor (EGF)
and interleukin (IL)-10, which have been shown to activate STAT1 in vitro functions properly *°.
In line, several reports of humans with homo- or heterozygote STAT1 mutations describe
increased susceptibility to mycobacterial diseases and multiple viral infections, often with a

lethal outcome in young years 7.

STAT1 plays also a crucial role in promoting cell death via apoptotic but also necrotic and
autophagic pathways **. The expression of several death-modulating genes is transcriptionally
regulated by STAT1 including several caspases */, death receptors and their ligands (e.g.
Fas/FasL, TRAIL/TRAIL-R) *, inducible nitric oxide synthase (iNOs) and the pro-survival gene Bcl-
xL *°. Further, STAT1 is implicated in ROS-mediated necrosis and autophagy *. The C-terminal
domain of STAT1 interacts with the tumor suppressor p53 and acts as a coactivator, thereby
regulating apoptosis through transcription-independent mechanisms. In response to DNA
damage, the expression of p53 is reduced in STAT1 deficient cells, thereby weakening the p53-
activated apoptotic pathway *°. In addition, STAT1 acts as negative regulator of the p53 inhibitor

Mdm2 *'. In cardiac myocytes, overexpression of STAT1 is able to induce apoptotic cell death
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which is dependent on 5727 but independent of Y701 phosphorylation *. Considering the role of
STAT1 in apoptosis, it is not surprising that cells deficient for STAT1 are more resistant to
apoptosis-inducing agents. Accordingly, mice lacking STAT1 show an increased incidence of

spontaneous, chemically induced tumors compared to wild type mice **

Type | IFN:
IFN-ar, IFN-J3,
IFN-g, IFN-k Type Il IFN:
or lFN -0 IFN-y
IFNART IFNAR2 é
Plasma &&_)J) a1 J/:) IFNGR2
membrane F\‘| (
(TYKZPAJAKT
STAT or =
STAT2 i

AGTI_I'CNNTTCNC/T TFC/ANNNG/T AA
Nucleus

Nature Reviews | Immunology

Figure 6. Activation of STAT1 by type | and type Il interferons (IFNs). Taken from Platanias, 2005 in Nat.
Rev. Immunol. 44)

STAT1 can be activated either by type | IFNs (IFNa, B, €, k or ®) or type Il IFNs (IFNy). Type I IFNs bind to a
common type | IFN receptor that is composed of the two subunits IFNAR1 and IFNAR2. IFNAR1 is
associated with Tyk2, IFNAR2 with JAK1. Activation of type | IFN receptors result in the formation of
STAT1-STAT2 dimers. Together with the interferon regulatory factor 9 (IRF9) they form the IFN-stimulated
gene factor 3 (ISGF3) complex that translocates into the nucleus, binds to IFN-stimulated response
elements (ISRE) and activates target gene transcription. In contrast, the type Il IFN receptor is a
heterodimeric receptor consisting of the two subunits IFNGR1 and IFNGR2 which associate with JAK1 and
JAK2, respectively. Its activation results in the formation of STAT1-STAT1 homodimers that bind to
interferon gamma-activated sites (GAS) in the proximity of IFN-stimulated genes (ISGs) and activate their
transcription. Interferon alpha receptor (IFNAR), interferon gamma receptor (IFNGR).
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In addition to mediating cell-death, STAT1 also has the ability to negatively regulate cell cycle
progression. STAT1 directly interacts with cyclin D1 and the cell cycle kinase CDK4 thereby
mediating cell cycle arrest *%. Further, STAT1 induces the transcription of the cell cycle inhibitor

p21"AF/PT by specifically binding to its promoter region *°,

IFN-independent functions of STAT1

Most anti-tumor activities of STAT1 depend on its property to act downstream of interferon
signaling. However, also IFN-independent mechanisms of STAT1 are described. One example is
the ability of STAT1 to act as inhibitor of Ras-mediated transformation and tumorigenesis by up-
regulating the expression of the cell cycle inhibitor p27°"* (encoded by the Cdknlb gene) ***°.

Kipl

The regulation of p27™*" occurs via two different mechanisms: On the one hand, STAT1 together

with STAT3 specifically binds to the Cdkn1b promoter and activates the transcription of p27"°*.
Interestingly, this is dependent of STAT1 phosphorylation on Y701 and active STAT3 but is
independent of STAT1 phosphorylation on S727 **. On the other hand, STAT1 binds to the
promoter and decreases the expression of the S-phase kinase-associated protein 2 (Skp2), a
protein with the ability to induce degradation of several antiproliferative and tumor-suppressive

“P1Of note, down-regulation of Skp2 in Ras-transformed cells cannot be

proteins such as p27
detected in response to IFN treatment *°. Further evidence that STAT1 acts as a key regulator of
Ras-mediated transformation is given as STAT1 acts as inhibitor of Ras-MAPK signaling,
suppressor of Rho small GTPase expression and regulates the transcriptional activity of STAT3
and STATS. Thereby STAT1 can fundamentally influence gene expression in Ras-transformed
cells *®. Another effect of STAT1 that is at least partly independent of IFN-signaling is its impact
on lymphocyte survival and proliferation. STAT1-deficient T cells (but also Abelson virus-
transformed pre-B cells) display enhanced proliferation and decreased apoptosis compared to
wild type controls. IFNs are known to confer antiproliferative activities; however the effects of

IFNy-deficiency on lymphoid cells are by far less pronounced than those mediated by STAT1-

deficiency. This suggests an additional mechanism of STAT1 which is not mediated by IFNs °’.

Influences of STAT1 on the hematopoietic system
The detailed analysis of Stat1” mice revealed several defects in hematopoietic compartments.

NK cells of STAT1-deficient mice display highly impaired cytolytic activities as shown by in vitro
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and in vivo experiments >%. The reason lies most likely in an “educational” defect of Stat1”” NK
cells as Stat1”" mice comprise normal NK cell-numbers and an intact lytic machinery but the NK
cells show reduced expression-levels of the maturation marker KLRG1 and a shift from the
mature CD11b*/CD27 fraction towards the immature fractions CD11b*/CD27* and CD11lb
/CD27" ***°_ Further, STAT1 deficiency abolishes and mutation of the $727 phosphorylation site
reduces cytotoxic T cell activity. This stems also partly from activation defects of Stat1” dendritic
cells (DCs) which are incapable to stimulate the expansion of Ag-specific CD8" T cells due to

60,61

reduced MHC | expression . As already mentioned, Stat1” T cells show reduced apoptosis

and increased proliferation capacities. This leads to an enhanced incidence of carcinogen-

>"%0_ Concerning the erythroid cell compartment, deletion

induced thymic tumors in Stat1”” mice
of STAT1 affects the distribution of erythroid progenitors and leads to a block in
differentiation ®. A recent paper also described STAT1 to be involved in the development of
JAK2V617F-caused myeloproliferative disorders (MPDs) ®. The JAK2 mutation V617F results in a
constitutive active form of JAK2 and can lead to two phenotypic distinct diseases: polycythemia
vera (PV) and thrombocytopenia (ET). The cause of the different disease outcomes of JAK2V617F

was unknown until Chen et al. revealed that an increased activity of STAT1 results in the ET-like

phenotype, whereas reduced activity of STAT1 leads to the PV-like phenotype ®.

STAT1 as tumor suppressor

Based on the observations described above, STAT1 has generally achieved the reputation to act
as tumor suppressor. Several reports on mice and human strengthen this view. As already
mentioned, the presence of STAT1 protects mice from developing carcinogen-induced tumors.
When treated with the chemical methylcholanthrene (MCA), both STAT1-single knockout mice
and STAT1/p53-double knockout mice develop tumors more rapidly and with a greater

51

frequency than wild type or p53-single knockout mice °". N-nitroso-N-methylurea (NMU)-

challenged Stat1” mice develop thymic tumors earlier and more frequently than wild type

>’ STAT1-deficient MMTV-neu mice have been shown to be more susceptible to

controls
develop spontaneous ovarian teratomas than wild type controls ®. Further, STAT1 has been
shown to act as suppressor of ErbB2-mediated mammary tumor development: in the presence
of the ErbB2/neu-oncogene, Stat1”” mice develop mammary carcinomas with decreased latency

65,66

than controls animals . A breast cancer study correlated a high expression and activation of

STAT1 positively with an overall longer and relapse-free survival of cancer patients and indicates

Introduction | 13



a prognostic value of STAT1 *. However, under several circumstances STAT1 can also function
as tumor-promoter. In the case of v-abl- and TEL/JAK2-induced leukemia, Stat1” mice are
partially protected from disease development by down-regulating MHC class | levels on tumor

68

cells, thereby enabling efficient NK cell lysis *°. Further, human studies connected STAT1

activation with apoptotic resistance of Wilms’ tumor cells or resistance to docetaxel-treatment

69,70

in prostate cancer cells . Therefore, even though STAT1 signaling exhibits an attractive target

for therapeutic drugs, one should carefully consider its character in different cell or tumor types.

1.2 STATs in mammary gland development and tumorigenesis

STATs in mammary gland development

STAT proteins play distinct roles in mammary gland development. STAT5a was originally
described in lactating mammary glands of sheep and rats, which exhibited very high levels of this
protein. Therefore STAT5a was initially named mammary gland factor (MGF) or milk protein
binding factor (MPBF) as it was shown to bind to promoter sequences of milk protein genes and
to activate their transcription *. Further investigations revealed that all known STAT proteins
(except STAT2) are expressed and act during distinct stages of mammary gland development,
albeit at various levels (Fig7.). STAT1 and STAT3 are constitutively expressed but show a
reciprocal pattern of tyrosine-phosphorylation: activated STAT1 is found only in virgin glands,
early pregnancy and late involution, whereas STAT3 activation is restricted to the day of birth
and involution. STATS expression rises during pregnancy when alveolar epithelial cells begin to
appear. Reciprocal to STATS5, STAT4 is only expressed in virgin glands and during early pregnancy
and is predominately activated in the stroma ’. STAT6 can be detected throughout adult

mammary gland development with a peak during pregnancy "%
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Figure 7. STAT activity during mammary gland development. (Taken from Watson and Neoh, 2008
in Semin Cell Dev Biol. 73)

Tyrosine phosphorylation of STAT proteins was assessed throughout the different phases of mammary
gland development. The requirements for each individual STAT was determined by gene deletion studies
and overlap with the depicted pattern of activity. STAT1 is active in the virgin mammary gland and during
late involution. Phosphorylated STAT6 can be detected throughout the whole developmental cycle. STAT5
activity is essential for complete alveolar development and lactation, whilst STAT3 plays a crucial role
during involution.

For some of the STAT proteins, distinct roles in the mammary gland were delineated. STAT5a has
an essential role in mammary gland development, as STAT5a-knockout mice display impaired

2274 This stems from

lobualveolar development and fail to lactate after the first pregnancy
defective prolactin-signaling, a hormone that plays a central role in the promotion of
mammopoiesis and lactogenesis. During late pregnancy and lactation, elevated levels of
prolactin trigger the phosphorylation of STAT5a and STAT5b in a JAK2 dependent manner. This
leads to the expansion and differentiation of milk-producing alveolar cells ”°. Mice heterozygous
for the prolactin receptor (PRLR) as well as mice with a mammary specific deletion of JAK2
essentially recapitulate the phenotype of STAT5a-deficient mice and also display impaired

877 Interestingly, STATSb-deficiency does not result in developmental defects of

alveologenesis
the mammary gland, likely because STAT5b is only present at low levels in the mammary tissue
and cedes the key role to STAT5a. "®. However, multiple gestation cycles of STATSa-knockout
mice lead to an up-regulation of STAT5b protein expression, coinciding with a partial restored
mammary differentiation and normal lactation in the absence of STAT5a. Therefore, under a

persistent lactogenic stimuli STAT5b can partly compensate for the loss of STAT5a ”°. Of note,
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conditional deletion of both STAT5 genes results in the complete absence of alveolar cells .
Further, STAT5a/b-double deficient mammary glands comprise a severe reduction of CD61"
luminal progenitor cells and re-expression of STAT5a is able to restore normal luminal progenitor
populations and rescue alveologenesis . The second STAT protein with a distinct function in
the mammary gland is STAT3. Mice with a conditional deletion of STAT3 show a drastic decrease
in apoptosis of mammary epithelial cells and a delay in involution after weaning. This might be
due to reduced levels of the Insulin-like growth factor-binding protein 5 (IGFBP-5), a direct or
indirect target of STAT3. Of note, precocious activation of STAT1 and elevated levels of

2 1WAF1/cip1

p and p53 were noted in STAT3-deficient mammary glands and were described as

compensatory mechanism to initiate delayed apoptosis %’

Until now, the exact function of STAT1 in the mammary gland is still unclear. The
phosphorylation pattern of STAT1 - elevated in virgin glands, low throughout gestation and
lactation, rising again at late involution - is unique, which points to a discrete function of STAT1
within the mammary tissue’®. Further, STAT1 is expressed in the epithelial compartment of the

mammary gland, suggesting that it plays a distinct role in breast epithelial cells ”°.

STATs in mammary tumorigenesis

As STAT proteins are activated and their expression is tightly regulated during all different stages
of mammary gland development, it is not surprising that dysregulation of the JAK-STAT signaling
pathway is implicated in mammary tumorigenesis. Activation especially of STAT1, STAT3 and

88283 several independent studies

STATS has been described in breast cancer patients (Table 1)
revealed high expression and activation of STAT5 in human breast tumors by employing
immunohistochemistry, microarrays and western blotting techniques ¥2*%. Of note, high STAT5
activation was associated with good prognosis. Further, the level of STAT5 activity correlated
with the grade of differentiation of breast tumor cells; STATS activity was gradually lost during

84,85

cancer progression and metastasis formation . This could be explained since STAT5 up-

86
. In

regulates the expression of the invasion-suppressive adhesion molecule E-cadherin
contrast to the human situation, in WAP-TAg transgenic mouse models (expression of the Simian
Virus 40 T antigen (TAg) under the control fo the whey acidic protein (WAP) promoter induces
formation of mammary adenocarcinoma after at least one round of pregnancy) the loss of one
STAT5a allele resulted in a reduced incidence of mammary tumor formation ¥’. Therefore, STATS

might have a dual role in breast cancer: on the one hand it might serve as initiator of
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tumorigenesis, but on the other hand also promotes the differentiation of already established
tumors ®. Similarly, constitutive STAT3 activation was detected in the majority of primary breast
cancers (50-60%) %. In several human breast cancer cell lines the pharmacological inhibition of
STAT3 as well as the introduction of the dominant negative form STAT3-Y705F resulted in
reduced proliferative capacities and cell death #%°. In mouse models, the growth of the murine
breast cancer cell line 4T1 was abrogated by introduction of STAT3-Y705F; 50% of the challenged
mice remained tumor free and 90% did not develop metastasis °*. Further, in the presence of a
constitutive active form of STAT3, MMTV/neu-induced tumors developed faster and with
increased metastasis potential *. Inhibiting STAT3 activity in tumor cells has been associated
with the induction of proinflammatory cytokines and chemokines and may therefore shape the
immunogenicity of tumor cells by provoking efficient immune responses >*. Thus, targeting

STAT3 signaling in breast tumor cells displays an attractive target for immunotherapy.

STAT1 in breast cancer

L6488 several studies

STAT1 has been characterized as critical factor modulating tumorigenesis
also investigated STAT1 in the context of mammary cancer development. Similar to STAT3 and
STATS, elevated levels of active STAT1 were described in human breast tumor tissue . Analysis
of breast cancer patients correlated high activity of STAT1 with an overall longer and relapse-
free survival and revealed an independent prognostic significance of STAT1 in breast cancer ®’.
Studies on mouse models further supported STAT1’s tumor suppressive role in mammary
cancer: In two independent reports, Klover et al. and Raven et al. investigated the contribution
of STAT1 in ErbB2/neu-induced mammary tumor development. Both studies reached the

conclusion, that loss of STAT1 drastically decreases the latency of tumor formation >

. Of note,
in the study of Klover et al., mammary gland-specific deletion of STAT1 was sufficient to
accelerate tumor development as demonstrated by Stat?™ x MMTV-neu-IRES-cre animals ®.
This implies tumor suppressive functions of STAT1 within the mammary epithelium. Raven and
coworkers showed that active ErbB2 expression is associated with accelerated phosphorylation
of STAT1 on Y701 which can be blocked by pharmacological inhibition of ErbB2 . This up-
regulation of STAT1 activity might represent an internal safeguard to counteract transformation.
Further, when using p53'/'/Stat1'/' MEFs, Neu-mediated cell transformation was inhibited by

STAT1 as demonstrated by in vivo transplantation studies. Interestingly, in the experiments done

by Raven et al, tumor growth was reduced in the presence of STAT1 but also the
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phosphorylation mutants STAT1S-727F and STAT1-Y701A. This indicates a tumor suppressive
function of STAT1 that is independent of its phosphorylation. However, in a recent study
published by Chan et al., the tumor suppressive function of STAT1 relied on phosphorylation of
Y701. Their experiments were performed in Stat1” mammary tumor cell lines; the different
cellular systems of Raven et al. and Chan et al. may explain their different outcomes. As the
study of Chan et al. was released shortly after the publication of my own results, the data will
not be described in detail in this introductory section but will be extensively reviewed in the
discussion (see section 4). In brief, similar to my observations Chan et al. also described the
development of spontaneous mammary tumors in Stat1” animals and confirmed some of my
results quite nicely *>. A further study by Zhang et al. showed that also Tyk2 - one of the kinases
necessary to activate STAT1 in response to IFNa and IFNJ - regulates breast cancer growth. Tyk2"
" mice comprise highly effective myeloid-derived suppressor cells that inhibit T cell responses

and therefore enable accelerated growth and metastasis of breast cancer cells **.

Recently, it has been postulated that STAT1 activation potentiates the cytotoxic effects of
chemotherapeutical agents such as norcatharidin and doxorubicin in human breast cancer cell

95,96

lines . On the other hand, genes of the IFN-signaling pathway and here especially STAT1 were

7% In summary, the

reported to be highly overexpressed in radioresistant breast cancer cells
effect of STAT1 in modulating cytotoxic effects of chemotherapeutic treatment still remains

controversial and requires deeper investigations.

Another interesting fact is that the C-terminal transactivation domain of STAT1 physically
interacts with the well-described breast cancer gene BRCA1 (Breast Cancer 1) *. Inherited
mutations of BRCA1 confer a high risk to develop breast cancer but also ovarian cancer and a
few other tumor types. The tumor suppressive role of BRCA1 is attributed to its role in regulating
DNA damage response, cell cycle progression, apoptosis, genome integrity and transcription.
BRCAL itself is not a sequence-specific DNA binding transcription factor, however by binding to
various transcription factors it functions as coregulator of transcription. It was shown to regulate
expression of p21"WA*P! 1,D7! 153 and ERo. Together with STAT1, BRAC1 acts in concert to

WAF1/cip1

induce a subset of IFNy responsive genes (such as p21 ) and potentiates IFNy mediated

growth inhibition and apoptosis. Of note, mutations of STAT1’s S727 site result in poor binding
to BRCA1 which underlines the importance of S727 in the recruitment of transcriptional

99,100

coactivators . This connection to the prominent breast cancer susceptibility gene BRCA1
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makes STAT1 an even more interesting and promising candidate in the field of breast cancer

research.

IRF1 — a downstream factor of STAT1

Interferon regulatory factor 1 (IRF1) is a transcription factor of the IFNy signaling pathway and is
activated by STATI1. It is ubiquitously expressed at low basal levels and acts as a weak
transcriptional activator. IRF1 possesses several serine/threonine phosphorylation sites,
although it is not verified whether the activity of IRF1 is regulated in a phosphorylation-

191 '|RF1 activates the promoter of its close homologue IRF2 which binds to

dependent manner
the same DNA consensus sequence and thereby antagonizes the transcriptional activation of
IRF1 '°2. As IRF1 is a mediator of IFN-induced signals, it confers (similar to STAT1) the induction
of typical IFN functions such as antiviral state, tumor surveillance and immune regulation. The
tumor suppressive functions of IRF1 stem at least partly from its involvement in cell cycle
regulation and apoptosis. IRF1 acts as a negative regulator of cell proliferation and the
overexpression of IRF1 in various mammalian cells mediates growth inhibition **7%. |RF1 can
transcriptionally induce expression of several caspases, FasL and other pro-apoptotic genes.
Moreover, IRF1 regulates expression of the anti-proliferative genes p27“*' and

106,107

p21 WP <5up>106</sup><sup>106</sup><sup>108</sup> . Several studies strongly point

towards a cooperation of IRF1 with the tumor suppressor p53 to prevent DNA-damage

22108 Gene deletion studies in mice

accumulation by activating distinct cell cycle components
surprisingly revealed that IRF1-deficiency does not change the expression of type | IFNs and does
not result in an increased susceptibility to viral infections ®°. However, in response to IFNy or
lipopolysaccharide (LPS) treatment, Irf17" macrophages produce no or very little nitric oxide (NO)
which plays a crucial role in macrophage cytotoxicity. Therefore, Irf1'/' mice are more sensitive to
Mycobacterium bovis infection than wild type mice *°. Further, Irfl'/' mice display altered T cell

109,111

development with a reduction of CD4/CD8" thymic cells and a reduced cytotoxic activity of

NK cells *2.

It is not a big surprise that - similar to STAT1 - IRF1 has gained the reputation to act as tumor

suppressor. Mutations, rearrangements or loss of IRF1 have been described in several cancers,

11 114 115

including hematopoietic '3, gastric and breast cancer ~~. Tissue arrays of breast cancer
patients revealed a significant negative correlation between IRF1 expression and tumor grade.

High-grad ductal carcinomas in situ as well as invasive forms of breast cancer are more likely to
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116,117, Moreover, overexpression of IRF1

express lower levels of IRF1 than untransformed tissue
in the human breast cancer cell line MCF7 revealed tumor suppressive activities via induction of

apoptosis 18,

1.3 Breast cancer

Facts and statistics

Breast cancer is the worldwide most frequently diagnosed cancer and the leading cause of
cancer death among women. Accounting to the GLOBOCAN 2008 estimates, about 384.155.000
breast cancer cases and 850.000 deaths have been documented worldwide in 2008 '*°. The
Statistics Austria counted 4611 breast cancer cases and 1531 deaths in 2007, making it as well in
Austria the most prominent female cancer type (Fig8.). Even though men can develop breast
cancer, it’s a relatively rare condition accounting for only about 1% of all cases. Over the last
decades, breast cancer incidence has continuously increased, however mortality has slightly
decreased (Fig9.). The reason for the constantly rising cancer statistic stems from population
aging and the adoption of pro-cancer lifestyle. Increased screening intensities further boost the
number of detected cancer cases. On the positive side, early detection through regular health
screenings as well as new and improved treatment methods could significantly limit breast

cancer death rates.

Risk factors

Apart from being a woman, numerous factors play a potential role for the development of
breast cancer. Only about 5% to 10% of the cases are considered to be hereditary and the result
of inherited gene defects. The by far most powerful breast cancer predictor is an inherited
mutation in the tumor-suppressor genes BRCA1 or BRCA2 (Breast Cancer 1/2). People carrying
germline mutations in one of these genes have a risk as high as 40-80% for developing breast
cancer *°. Further gene mutations associated with inherited breast cancer have been defined in

the ATM, TP53, CHEK2, PTEN, CDH1 and STK11 genes, albeit at low frequency *****. Overall,

white Caucasian women are slightly more likely to develop breast cancer when compared to
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African-American women. Other factors which are known to increase the risk to develop breast
cancer are age, a late first pregnancy, late menopause, oral contraceptives, hormone
replacement therapy, obesity and alcohol consumption. Especially, synthetic progesterone
derivatives (progestins) which are used for hormone replacement therapies and contraceptives

123,124

have been associated with an increased risk to develop breast cancer . A very recent study

revealed, that progestins trigger the massive induction of RANKL (receptor activator of NF-kB

ligand) in mammary epithelial cells*®

. The crucial role for RANKL in breast cancer development
was underlined by genetic inactivation or deletion of RANKL’s receptor RANK (receptor activator
of NF-kB) from the mammary epithelium which significantly reduced progestin induced tumor

development.
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Figure 8. Incidence and mortality of selected cancer cases in women. (Taken from Statistik Austria 126)

The evaluation covers all cancer cases registered between 2005-2007 in Austrian femals of all ages. Breast
cancer is by far the most common form of cancer among women, considering incidence as well as
mortality.
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Figure 9. Breast cancer incidence and mortality trends in Austria (1990-2007). (Taken from Statistik
Austria '*°)

Depicted are the numbers of newly diagnosed breast cancer cases per year. Rates are per 100.000
women. Since 1990, the incidence of newly diagnosed breast cancer cases has increased, whilst mortality
has decreased. In 2007, around 66 of 100.000 females were diagnosed with breast cancer, 18 out of
100.000 died.

Types of breast cancer and classification

The primary role of the female mammary glands is to provide nutrition for the offspring.
Mammary glands consist of lobules which are the milk producing glands and ducts that drain the
milk to the nipple. Breast cancer may occur in all different areas of the breast - the ducts, the
lobules, or less commonly also the stromal tissue in between. In both ductal and lobular
carcinomas, one differentiates between in situ (“in its original place”) and invasive carcinomas.
The in situ carcinoma is a non-invasive form of breast cancer, characterized by the malignant
proliferation of epithelial cells which have not crossed the basement membrane of the milk duct
or the lobule (Figl0.). It is still under debate whether in situ carcinomas represent a direct

precursor of invasive breast cancer. However, the risk of developing invasive cancer after
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diagnosis of an in situ carcinoma is relatively high, and there is the general consensus that an in
situ carcinoma exhibits an intermediate step between normal breast tissue and invasive breast
cancer *’. In the case of invasive cancer, malignant cells have already broken through the
basement membrane and have begun to spread within the surrounding breast tissue and
subsequently also into other areas of the body, developing metastasis. Bone, lungs, regional
lymph nodes, liver and brain are the main targets for metastatic breast cancer, with the most
common site being the bone. Metastasis represents an additional burden for breast cancer
patients, as metastatic cancer cells frequently differ from the preceding primary breast cancer.
They may display a different receptor status and have often developed resistance to previously

used treatments. For this reason, the prognosis for metastatic breast cancer is poor and it

accounts for approximately 90% of all breast cancer deaths.

Blormal cells

Figure 10. Range of ductal carcinoma in situ. (Taken from BreastCancer.org "%

Normal breast ducts are lined by a single layer of epithelial cells. Depending on the grade of abnormal cell
growth and morphology, one can differentiate between ductal hyperplasia, atypically ductal hyperplasia,
ductal carcinoma in situ or ductal carcinoma in situ with microinvasion. These abnormal forms are not
cancerous yet, however they might harbor the risk to develop into an invasive form of cancer (invasive
ductal cancer).
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A successful therapy design and treatment depends on reliable predictive and prognostic
factors. Therefore, breast cancer patients are rated by a combination of classical time-
dependent variables (called “staging”) including tumor size, the involvement of lymph nodes and
extent of tumor spread, as well as biological variables including morphologic variables like tumor
grade (how different do the tumor cells look from normal cells) and molecular markers such as
hormone receptors (estrogen receptor, ER and progesterone receptor, PR) and human
epidermal growth factor receptor 2 (HER2) status. In addition to this classical tumor
classification, gene expression profiling using microarray-based methods has further improved

our understanding of breast cancer biology in the past decade '*°

. This novel technology could
associate numerous gene signatures with prognosis and response to systemic therapies.
However, their use in routine clinical decision-making could not replace but complement the

classical classification system.

Current therapy and treatment methods

Early detection of breast cancer is crucial for successful treatment. To detect a tumor in its early
phase before it has begun to metastasize prevents painful and often ineffective therapies.
Preventive screening tests imply regular breast-palpation for any suspicious lumps or alterations,
and with increasing age also yearly screening mammograms. Once substantial suspicion for
breast cancer occurs, different diagnostic tests such as ultrasound, breast MRI (magnetic
resonance imaging) and biopsy follow to gather more information about the cancer type to
guide decisions about treatment. Every breast tumor has to be excised, however prior to surgery
very often neoadjuvant therapies are applied. The aim of neoadjuvant therapies is to reduce the
size or at least the extent of the cancer, thus making treatment easier and more likely to
succeed. Adjuvant therapy is applied after tumor surgery to reduce the risk of future breast
cancer recurrence or metastasis development. Both neoadjuvant and adjuvant therapies include
treatments such as chemotherapy, hormone therapy or targeted therapy as well as radiation
therapy. Chemotherapy is the use of different cytostatic drugs alone or in combination to inhibit
tumor cell growth. However, since they act systemic and affect all cells of the body, they are
associated with heavy side effects. Targeted therapy includes substances that specifically
interfere with target molecules involved in tumor growth to inhibit further proliferation and
progression of the tumor. Thereafter, it is less harmful for normal cells. The monoclonal
antibody herceptin (trade name: Trastuzumab) specifically binds to the human epidermal growth

factor receptor 2 (HER2) and is therefore applied to HER2-overexpressing breast tumors.
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Another monoclonal antibody called Avastin (trade name: Bevazezumab) inhibits vascular
endothelial growths factor A (VEGF-A), an important stimulator of blood vessel formation
(angiogenesis). Avastin was the first commercially available angiogenesis-inhibitor, and was
recommended in combination with standard chemotherapy for the treatment of metastatic
breast cancer. However in 2011, the U.S. Food and Drug Administration revoked its approval of
the breast cancer indication for Avastin, as it was not proven to be safe and effective for that

use 130

. Avastin showed only a small effect on tumor growth and no evidence to prolong life or
improve its quality compared to the use of standard chemotherapy alone. Therefore the use of
Avastin cannot justify its severe side effects such as high blood pressue, heart attack or heard
failure, bleeding, hemorrhaging or the appearance of perforations of the stomach or the
intestine **°. Besides antibodies targeted therapy also includes small molecular weight inhibitors
targeting kinases. The tyrosine-kinase inhibitor Lapatinib (trade name: Tykerb/Tyverb) binds to
the ATP-binding pocket of both the epidermal growths factor receptor (EGFR) and HER2
protein kinase domain and prevents activation of the signal transduction cascade. It is approved
for the treatment of advanced or metastatic HER2 positive breast cancer. Hormonal therapy is
generally a very effective way to treat breast cancer, however with the limitation that it can only
be applied for hormone receptor positive (ER’, PR*) cancers. Blocking the estrogen receptor or
lowering the amount of estrogen in the body is an effective way to inhibit the growth of ER"
receptor positive tumor cells. One well known example for an estrogen-receptor antagonist is

tamoxifen. As hormone ER" cancers have an easily accessible point of action, they are generally

regarded to have a good prognosis.

Although the treatment methods for breast cancer are constantly improving, there is still need
for novel therapeutics, molecular targets and of course also for reliable prognostic and
predictive markers to forecast drug responses, disease development and outcome. My study on
the transcription factor STAT1 may hopefully improve the general knowledge about mechanisms
involved in breast cancer development and provide potential starting-points for novel treatment

methods.
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AIM OF THE THESIS

The importance of STAT1 for tumor surveillance is well described since several years. STAT1 is a
central mediator of interferon signaling and plays an essential role in innate as well as adaptive
immunity. STAT1 deficiency manifests in impaired NK and T cell function and in a reduced
capacity to induce apoptosis, therefore providing tumor promoting conditions. Regarding
mammary cancer, several studies in mice and men already delineated STAT1 to act in a tumor
suppressive way. In ErbB2-induced mammary tumor models complete but also tissue specific
deletion of STAT1 results in accelerated mammary tumor formation. This indicates that STAT1
plays a certain cell-autonomous tumor-suppressive role within the mammary gland. The exact
mechanism how loss of STAT1 promotes mammary tumor development has not been elucidated

until now, neither in the immune system nor cell-intrinsically.

We observed the frequent occurrence of spontaneous mammary tumor formation in
multiparous STAT1-deficient mice. As it is a novel finding that loss of STAT1 suffices to promote
mammary tumor development, the aim of my thesis was to characterize this phenomenon in
detail. A further goal was to deepen our understanding of STAT1’s immune-modulatory and cell
autonomous contributions in mammary tumor formation. To dissect these two factors,
reciprocal mammary gland transplantation experiments were performed (Statl'/' mammary

K immunological surrounding, and vice versa). All developing mammary tumors

glands in Stat1
were analyzed and classified to find tumor patterns that correlate with STAT1 deficiency. |
further investigated how loss of STAT1 affects immune control and which of the impaired
immune cells (NK and/or T cells) are essential for mammary tumor surveillance. Therefore, |
performed orthotopic transplantations of mammary tumor cell lines in mice lacking either NK

cells and/or T cells. Finally, | analyzed the cell-specific function of STAT1 in mammary epithelial

cells using a 3D culture system.
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RESULTS

This section consists of 4 manuscripts. The results of the main project of my doctoral thesis are described

in section 3.1. | additionally contributed to several other manuscripts and the results from these projects

are described in section 3.2, 3.3 and 3.4. In each section, my contribution to the manuscript will be

outlined briefly.

3.1

3.2

33

Putting the brakes on mammary tumorigenesis — Loss of STAT1 predisposes to intraepithelial
neoplasias.

Manuscript published in Oncotarget. 2011 Dec;2(12):1043-54.

Schneckenleithner C, Bago-Horvath Z, Dolznig H, Neugebauer N, Kollmann K, Kolbe T, Decker T,

Kerjaschki D, Wagner KU, Miiller M, Stoiber D, Sex| V.

Lipoxygenase mediates invasion of intrametastatic lymphatic vessels and propagates lymph
node metastasis of human mammary carcinoma xenografts in mouse.

Manuscript published in J Clin Invest. 2011 May;121(5):2000-12. doi: 10.1172/JCI44751. Epub
2011 Apr 11.

Kerjaschki D, Bago-Horvath Z, Rudas M, Sexl V, Schneckenleithner C, Wolbank S, Bartel G,
Krieger S, Kalt R, Hantusch B, Keller T, Nagy-Bojarszky K, Huttary N, Raab |, Lackner K,
Krautgasser K, Schachner H, Kaserer K, Rezar S, Madlener S, Vonach C, Davidovits A, Nosaka H,
Hammerle M, Viola K, Dolznig H, Schreiber M, Nader A, Mikulits W, Gnant M, Hirakawa S,
Detmar M, Alitalo K, Nijman S, Offner F, Maier TJ, Steinhilber D, Krupitza G.

Conditional STAT1 ablation reveals the importance of interferon signaling
for immunity to Listeria monocytogenes infection.

Manuscript published in PLoS Pathog. 2012 Jun;8(6):€1002763. Epub 2012 Jun 14.

Kernbauer E, Maier V, Stoiber D, Strobl B, Schneckenleithner C, Sexl V, Reichert U., Reizis B,
Kalinke U, Jamieson A, Miiller M, Decker T.
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3.4 A new kinase-independent function of CDK®6 links the cell cycle to tumour angiogenesis.

Manuscript under review in Nature Cell Biology.

Kollmann K, Heller G*, Schneckenleithner C*, Warsch W*, Scheicher R, Ott R G, Schafer M,
Fajmann S, Schiefer Al, Reichert U, Mayerhofer M, Hoeller C, Zoechbauer-Mueller S, Kerjaschki D,
Kenner L, Hoefler G, Freissmuth M, Moriggl R, Busslinger M, Malumbres M, SexI V.
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ABSTRACT:

Multiparous Statl/ mice spontaneously develop mammary tumors with increased
incidence: at an average age of 12 months, 55% of the animals suffer from mammary
cancer, although the histopathology is heterogeneous. We consistently observed
mosaic expression or down-regulation of STAT1 protein in wild-type mammary cancer
evolving in the control group. Transplantation experiments show that tumorigenesis
in Statl/ mice is partially influenced by impaired CTL mediated tumor surveillance.
Additionally, STAT1 exerts an intrinsic tumor suppressing role by controlling and
blocking proliferation of the mammary epithelium. Loss of STAT1 in epithelial cells
enhancescellgrowthinbothtransformed and primary cells. Theincreased proliferative
capacity leads to the loss of structured acini formation in 3D-cultures. Analogous
effects were observed when Irfl/ epithelial cells were used. Accordingly, the rate
of mammary intraepithelial neoplasias (MINs) is increased in Statl1/ animals: MINs
represent the first step towards mammary tumors. The experiments characterize
STAT1/IRF1 as a key growth inhibitory and tumor suppressive signaling pathway that
prevents mammary cancer formation by maintaining growth control. Furthermore,
they define the loss of STAT1 as a predisposing event via enhanced MIN formation.

INTRODUCTION

The signal transducers and activators of transcription
(STATs) are an mtensely studied family of transeription
factors that have been recognized as critical mediators of
cytokine and growth factor receptor signaling, required
for cell proliferation, survival and differentiation [1, 2.

Activation of STATs 1s frequently observed in different
cancer entities and it has been postulated that deregulation
of these [actors may be mmvolved in tumongenesis.
STAT1 15 constitutively expressed throughout the entire
development of the mammary gland. Its phosphorylation
pattern — elevated mn vugin glands, low throughout
gestation and lactation, rising again at late involution —
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1s unique, although the exact function of phosphorylation
1s unclear [3]. STAT1 is expressed in the epithelial
compartment of the mammary gland, suggesting it has an
active role in epithelial cells [4]. STAT1 is of particular
interest in mammary cancer as it is known to possess
an independent prognostic significance in human breast
cancer: high activation of STAT1 has been reported to
correlate with an overall longer and relapse-free survival
|5, 6]. Furthermore, treatment of human mammary tumor
cells with cytostatic drugs has been shown to induce
STAT1 activation, resulting in enhanced apoptosis |7, 8].
Recent work in mouse models of new/ERBBE2-induced
breast cancer has underlined STAT1's tumor suppressive
role [9, 10]. By crossing Statl* mice with MMTV-neu-
IRES-cre mice, Klover et al showed that tumor onset 15
significantly accelerated in Stat1%"x MMTTV-neu-IRES-cre
mice compared to STAT 1-expressing wild-type controls.
This conclusion suggests that STAT1 has an autonomous
role in neWERBB2-induced mammary tumor formation.
The second report did not discriminate between the
intrinsic and the immunological contribution of STAT1-
deficiency but came nevertheless to the conclusion that
Statl”- x ERBB2/neu mice develop mammary tumors
significantly faster than control mice. Together, the studies
unequivocally defined STAT1 as a tumor suppressor in
manimary cancer.

STATI’s tumor suppressing properties may be
related to cell-intrinsic effects as STAT1 has been shown
to block proliferation and to be involved in the induction
of apoptosis [11-15]. Furthermore, Stat!” mice have a
severely compromised immune system due to their lack of
IFN-signaling [16, 17] as well as to an impaired cytotoxic
NE-cell and CTL capacity [18, 19]. The contributions
of these different components to mammary tumor
surveillance are to date poorly understood. Moreover,
all previous studies have been based on oncogene-driven
mammary tumor formation in the absence of STATI.

We now report for the first time that loss of
STAT1 alone is sufficient to cause preghancy-associated
mammary cancer in BALB/¢c mice, independent of any
other transgenic oncogene. By transplanting Statl™”
mammary glands into wild type recipient mice and vice
versa we reveal that STAT1 contributes to the formation
of mammary tumors through cell-intrinsic as well as
immunological activities. Stat!” mammary epithelial cells
exhibit enhanced proliferation, which might facilitate
the development of mammary intracpithelial neoplasias
(MINs) and subsequently also invasive mammary tumors.
We suggest that STAT1/IRF1 acts in a linear axis to block
growth. It is known that cytotoxic T-cells are impaired in
Stat!”* mice and we also characterize cytotoxic T-cells as
major mediators of mammary tumor surveillance.

RESULTS

STAT1 deficiency is sufficient to cause mammary
cancer

BALB/c mice are predisposed to develop mammary
tumors and are therefore suitable to study spontaneous
mammary tumorigenesis [11]. To evaluate the role of
STAT1 in the spontaneous development of mammary
tumors we crossed Stat!” mice mnto the BALB/c genetic
background. Groups of wild-type BALB/c and Statl”/c
female mice were kept under breeding conditions and
regularly controlled by palpation for mammary tumor
formation. Within an average of one year, 55% of the
multiparous Stat]”- mice had developed mammary
tumors. In the control group, only 10% had mammary
tumors and disease onset was sigmficantly later (Statl”:
394.5 days + 13.52 and Stat]**: 479.3 days + 11.46; "'F
= 0.0089; values represent mean + SEM) (Fig. 1A and
1B). No mammary tumors were detected in wild-type or
Statl”" nulliparous animals over a period of 20 months.
Interestingly, all tumors that evolved in wild-type mice
showed a mosaic expression and partial down-regulation
of STAT1 protein (Fig. 1C). Loss or down-regulation of
STAT1 was restricted to tumor cells and was not observed
in the normal mammary tissue surrounding the cancer.

Mammary epithelial transplantation uncovers
a mammary gland cell-intrinsic and an
immunological contribution of STAT1 to the
development of mammary tumors

To test whether these results stemmed from an
intrinsic action of STAT 1 within the mammary epithelium
rather than simply being related to tumor-promoting
changes triggered by the impaired immune system of the
Stat!” animals, we transplanted Stat /" mammary epithelial
tissue into the cleared fat pad of the 4* mammary gland of
Stat]** mice, and vice versa (see scheme n Fig. 1D). To
control for tumor onset provoked by the transplantation
procedure itself, we additionally transplanted Stat!**
mammary tissue mto Stat! " mice. Moreover, a group of
Stat!” mice was maintained under identical conditions
in a non-transplanted setting. All animals were bred
constantly to accelerate mammary tumor development.
Animals were sacrificed when any evolving mammary
tumor reached a diameter of one centimeter or earlier if
there were signs of disease such as weight loss, scrubby
fur or reduced mobility. All transplanted mammary glands

irrespective of whether a visible tumor had evolved
— were subjected to histological analysis to assess the
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Figure 1: (A-C) Loss of STAT1 increases incidence and decreases latency of mammary tumors. (A) Incidence and (B)
latency of spontaneously occurring, parity-induced marmmary tumors in Stat!** (m=30) and Stat]" (n=20) mice. Tumor development was
monitored for up to 20 months. (C) STAT1-stained histological sections of a normal mammary gland from a multiparous wild type mouse
after involution (upper panel) and of StarI™ mammary tumors (bottom panel). StarI*™* tumors display mosaic expression and partial
downregulation of STAT1 protein. The arrow indicates a vascular invasion. Scale bars: 100 pm. (D-F) Absence of STAT1 in the immune
system and also in the mammary gland tissue influences mammary tumor formation. (D) Experimental setup of mammary gland
transplantation experiment. Mammary gland fissue of Stat]” mice was transplanted into the cleared fat pad of the 4% mammary gland of
StatI'" mice (n=27), or Stat]"" mammary glands were transplanted into Star 7" animals (n=22). Control groups: StatI"" tissue transplanted
into StatI*™* animals (n=9), non-transplanted StarI”" animals (n=13). Mice were bred constantly and checked for mammary tumor growth
for up to 20 months. On average, each animal had 7 litters. (E) Incidence and (F) latency of spontancously oceurring, parity-induced
mammary tumers in all mice in the transplantation experiment. Tumors were classified into four groups: Statl** tumors in StatI™ mice,
Stat]*" tumors in Stat]” mice, Stat]” tumors in Stat]* mice and Stat]” tumors in StatI'" mice.
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success of the transplantation procedure and to study
spontancous tumorigencsis.

Immunohistochemical staining for STAT revealed
a successful outgrowth in 36% of Stat!** donor tissue in
Stat]*'* recipient mice upon transplantation, whereas inthe
Stat] ™ == Stat] V" setting the take rate reached 90% (Fig.
S1Aand S1B). FACS analysis did not show any significant
differences in mammary stem cell populations between
wild type and Stat!” animals, eliminating the possibility
that this cell compartment contributed to the repopulation
frequency (Fig. S2A). The analysis of freshly transplanted
mammary glands uncovered a dense infiltration with CD3"
T-lymphoid cells and NEKp46* NK-cells, irrespective
of the genotype (Fig. S2B). Although we used syngenic
mice in the experiment — all animals were back-crossed to
BALB/¢ — an inflammatory infiltrate is unavoidable due
to tissue damage during the transplantation procedure. We
assumed that Statl” mice accepted the transplanted tissue
better due to their partially impaired immune system.

Spontaneous tumor development was monitored over
aperiod of 20 months in our cohort of transplanted animals.
STAT1 expression was surveyed by immunohistochemical
staining and PCR-analysis. Non-transplanted mammary
glands where analysed for tumor development and served
as an internal control. The observed tumor incidence and
latency are summarized in Figs 1E and 1F. Spontancous
tumors developed within 20 months from non-transplanted
tissue in 19/35 (54%) of the Stat]** mice and in 4/36 (11%)
of the Stat1** mice. During this time, 3/22 (14%) of the
Stat]” animals displayed tumors that originated from
the transplanted Stat!** mammary glands. Even when
adjusted for the success rate of transplantation (90%),
the tumor incidence did not exceed 15% in this group.
In the reverse experiment, 3/27 Statl” tumors evolved
in Stat]** mice, translating into a 30% tumor incidence
after adjustment for the significantly lower transplantation
success rate.

In summary, our observations enable us to conclude
that STAT1 suppresses tumor formation in the mammary
epithelial cells themselves. Tumor incidence increases
upon transplantation of Stat/”~ mammary glands into
Stat]™* recipients compared to a Statl"* == Stat!™*
scenario (30% versus 11%). We also deduce that the
STAT1-deficient immune system contributes to and
accelerates carcinogenesis. Stat!™* as well as Statl™”
mammary tumors occurred with an increased incidence in
aStatl”" environment compared to in Stat! ¥* surroundings
(15% versus 11% for Stat!"* tumors; 54% versus 30%
for Statl”* tumors). Consistently, tumor development
occurred with a significantly shorter latency in a Statl™”
environment, irrespective of whether spontaneous tumor
development or carcinomas evolving after transplantation
are compared (Fig. 1F).

Loss of STAT1 favors mammary intraepithelial
neoplasias (MINs)

An  overview of the histopathological and
immunohistochemical features of the tumors that arose
in our animal cohort is provided in Table 1. Fig. 2A
depicts representative panels of the immunohistochemical
characterization of two Stat!** and two Statl” tumors.
The tumors were characterized either as neoplasisas in
situ (mammary intraepithelial neoplasia, MIN)} or as
invasive ductal carcinomas. No lobular carcinomas were
diagnosed. Grading was performed according to Elston
and Ellis [20]. Invasive features were present in 62% of all
StatI and in 80% of all Statl** tumors. We did not detect
any genotype-related pattern with regard to grading of
tubule formation, nuclear polymorphism or mitotic count.
However, we found a high incidence of MIN (8/13) in
Statl”” tumors: 4 of low grade and 4 of high grade (Table
I). In contrast, 2/5 Stat!™* tumors displayed only low-
grade MINs and no high-grade MIN could be detected.
Importantly, the two cases of MIN detected in Stat]™™*
mice had largely lost STAT1 protein expression (Fig. 2B).
These observations revealed an increased incidence of
MIN upon loss of STAT1.

The STATV/IRF1 axis is implicated as having an
important role in MIN formation, regulating the
proliferation of mammary epithelial cells

Loss of the STAT1 downstream transcription factor
IRF1 has been reported in MIN cases of human breast
cancer [21]. Moreover, the loss of heterozygosity at the
IRF1 gene locus has been found to be a frequent event
in human breast cancer [22]. It thus seems possible that
STAT1 and IRF1 act in a common axis to suppress MIN
and subsequently mammary tumor formation [23, 24].
Initial evidence for this hypothesis was provided by
the analysis of STAT1 and IRF1 protein expression in
primary mouse mammary tumor tissue: the levels of IRF1
protein correlated with the expression levels of STATI.
Furthermore, IRF1 expression in Stat]”" tumors was shown
to be low (Fig. 3A). To evaluate whether both Stat!” and
Irf1” mice are predisposed to develop mammary tumors,
whole mounts of mammary glands were analyzed. It was
noteworthy that already at the virgin state Stat!” and Irf1
“ mice displayed an increased amount of ductal structure
compared to wild-type controls (Fig. 3B and $3), although
MIN could not be detected at that age in these Stat!” and
Irf1”" mice.

To investigate the role of STAT1 and IRF1 i MIN
formation, we emploved an # vitro three-dimensional
culture system, which allowed us to monitor the formation
of polarized acim from single mammary epithelial cells
[25]. Mammary epithelial cells were prepared from
glands of 6- to 8- week-old virgin wild-type, Stat!”
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and T¢I mice and analyzed in this 3D culture system.
Acini developed irrespective of the genotype and with
no significant difference in total volumes of the spheres
(Fig. S4). Remarkably, Statl” and IrfI* acini displayed a
significantly higher cellularity at all time points compared
to wild-type controls (Figs 3C, top panel and 3D). Whereas
mammospheres of wild-type controls were formed by a
single monolayer, immunofluorescent staining showed a
less organized cell array and partial epithelial bi-layering
in Statl” and Irfl"" spheres (Fig. 3C, bottom panel and
Videos SIA, B and C). The increased cellularity could
not be attributed to decreased apoptosis as there were
no detectable signs of cleaved caspase-3 activity, even

at early time points (day 2) when the lumen of the acini
starts to evolve (Fig. S5). This finding is in line with the
observations made by Jechlinger [25], who described
that lumina form without epithelial cells undergoing
apoptosis. The polarity of the Statl” and Iif1"" acini was
unaltered as staining for the basal marker Integrin a6 did
not reveal any major changes. Furthermore, we failed to
detect any changes in the formation of tight junctions
by staining for Zona Occludens-1 (ZO1), a protein that
binds directly to occludins and is a bona fide marker
for tight junctions (Fig. 3C, bottom panel). However.
examining BrdU incorporation revealed a significantly
increased proliferation rate in Stat!” and I'rf1” spheres

Stati** tumors

Figure 2: (A) Both, Stat1"" and Stat!-* mammary tumors are heterogenous. Representative pictures of immunohistochemical
characterization of two Stat”™ (top panel) and two Srar!” mammary tumors (bottom panel). Scale bars: 100 pm. (B) Loss of STAT1
correlates with MIN formation. Representative pictures of immunohistochermical characterization of one low-grade Stat1*" (left panel)
and one high-grade Stat7” MIN (right panel). Stat7'" MINs display down-regulation of STAT1 protein, as indicated by the arrow. Scale

bars: 100 um; ERa: estrogen receptor alpha;, CK8: cytokeratin 8.
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derived from StarI” and I/1" mice formed spheres with inereased cellularity compared to wild-type controls. (C) Representative bright-
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{Blue) DAPI; (red) Integrin a6; (green) ZO1. Scale bars: 50 pm. (D) Cellularity of spheres was measured at different time points. For details
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24h, before fixation. (E) Representative fluorescence microscopy pictures of 6 day-old spheres derived from wt, StatI” and IrfT" epithelial
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BrdU was injected intraperitoneally into mice. Mammary gland cells were isolated and percentages of BrdU-positive mammary gland cells
after 3 days of BrdU admimstration were measured using the BD FACS-Canto 11 FACS device with the BD FACS Diva software (Beckton
Dickinson). n= 3 per genotype.
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compared to wild type controls in vitro (Fig. 3E and 3F).
This was confirmed by analysis of mammary epithelial
proliferation in vive. For this purpose, BrdU was injected
intraperitoneally into mice for a period of 3 days. Tsolated
mammary glands were digested and cells in single-
cell suspensions were stained with anti-BrdU antibody.
Quantification of BrdU-positive cells by flow cytometry
confirmed the enhanced proliferation of Stat!” and Irfl”"
mammary epithelial cells (Fig. 3G).

Mammary tumor formation is under the control
of cytotoxic T-lymphocytes (CTLs)

tumor incidence and shortens the latency of mammary
tumor formation. STAT1 is believed to have an essential
role in CTL- and NK-cell cytotoxicity; both lymphoid
lineages are important mediators of tumor surveillance.
Immunohistochemical staining for CD3 and NKp46
verified a dense infiltration of all mammary tumors with
cytotoxic T-cells, whereas in all tumors NK-cells were
rare and not consistently detectable (Fig. 4A). To clarify
the contribution of NK and/or cytotoxic T cells to tumor
surveillance, we generated mammary tumor cell lines.
Four cell lines (#1, #2: Statl”, #3, #4. Stat]**) were
established during the course of our study, all of which

displayed an epithelial-like phenotype (Fig. 4B). Of note,
cell lines lacking STAT1 had a proliferative advantage in
vitro and in vive over Statl " lines (Fig. 4C and S6A-C).
Sx10°cells were orthotopically injected into the mammary

Our transplantation studies revealed that the absence
of STAT] from the immune system significantly enhances

Table I: Histopathological and immunohistochemical analysis and classification of mammary tumors. Histological
sections of all available mammary tumors were analyzed and mouse mammary tumors characterized according to a standard nomenclature
used to classify human breast carcinomas, Invasive carcinomas were graded according to Elson and Ellis [20]. 1: well-differentiated breast
cells, cells generally appear normal and do not grow rapidly, cancer arranged in small tubules; 2: moderately-differentiated breast cells,
have characteristics between Grade | and Grade 3 tumors; 3: poorly differentiated breast cells, cells do not appear normal and tend to grow
and spread more aggressively. Tubule formation (% of carcinoma composed of tubular structures) — 1: > 75%; 2: 10-75%; 3: less than 10%.
Nugclear pleomorphism — 1: small, umform cells; 2: moderate increase in size and variation; 3: marked variation. Mitosis count = 1: up to
7.2: 810 14; 3: 15 or more. Mammary intragpithelial neoplasia (MIN) — - not detected, low grade; moderate grade; high grade. Estrogen
receptor alpha (ERo) — Reiner score [36], i.¢. 0-2: negative; 3: low positive; 4-5: moderate positive; 6-7: strong positive. Human epidermal
growth factor receptor 2 (HER2) — 0-1: negative; 2: low positive; 3: strong positive.

Invas:venuss
Genotype Genotype . . .
formation plmmorphlsm count

Stali+ Slati+ ductalfvath medullary features

— Statf* Stat1* ductal 2 2 1 1 - Q 0
— Stat1* Stat 1" ductal 3 3 3 3 S 0 o
Stali” Stat1+ ductal 2 3 3 ) high grade 4{60%/2) 1
— Staft* Stat1- ductal 3 3 3 3 high grade 3{30%/1) 0
_ Stati" Slati dumm:::t::wmic a 3 2 3 high grade 3{20%/1) il
Stati’ Stat1+ intraductal with microiny asion low grade 1] 1~2
— Stali* Stati intraductal-papilary low grade 310%41) il
— Stati”™ Stat- intraductal with mcrainy asion low grade 3(50%/1) 1]
“ Stati* Stat1? Intraductal-papillary low grade a fi]
“ Statr" Statrs ductal 2 2 1 1 - 1] il
— Stati*- Statie ductal 3 3 2 3 - A{60%/2) 0
“ Stati+ Stati+ intraductal high grade 4{60%/2) 1
Stat1+ Stati du-:talh:d::t::t:pmtic & 3 2 3 O{<10%}) {i]
“ Statr™ Stati*!* ductal 1 1 1 1 - 5(50%¢3) 2
“ Statt* Stati* ductal 2 2 3 2 - 0 1
Stat** Stat1* ductal 1 1 1 1 low grade 0({<10%) 0
“ Statr* Statf* intraductal with microinv asion lowe grade a n.a
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glands of wild type, Statl”, Rag2” or Stat]”"Rag2” mice.
As Rag2’ animals lack T cells and rely on NK cells
for tumor surveillance, this experiment allowed us to
determine the individual contribution of T and NK cells
to tumor surveillance. The experiment was terminated
and tumor weights determined when the first tumors
reached approximately 1 em in diameter. The Stat]” cell
line #2 failed to induce tumors in wild-type mice and
tumor formation was restricted to immuno-compromised
animals. This observation is consistent with previous
findings that tumors evolving in immunodeficient hosts
(such as Stat!”") are more immunogenic and not immuno-
edited and may be rejected in immuno-competent
surroundings [26].

Fig. 4D summarizes the data from orthotopic tumor
injections. We found a consistently and significantly
enhanced tumor growth in Stat!” mice compared to

A

Mammary tumor cell lines:

#1

#2

DAP|, STAT1

D Criholopic injection:

#1 #2
o I I I
E . - o
& Lk & X
o R“Ql,\'?”ét\‘ o Y“‘(SL ve?®

A o

g

wild-type controls, irrespective of the cell line injected.
Compared to Rag2” anmimals, tumor growth in Siatl”
or Stat!”Rag2” hosts was not significantly accelerated,
indicating that the NK-cell compartment played at most a
minor part in restricting proliferation of the transplanted
tumor cells. Support for this conclusion came from a
comparison of wild-type recipients with Rag2” mice.
Although Rag2” mice contain functionally competent
NEK-cells, tumor growth in these mice was significantly
increased, indicating that the NK cell compartment was
not capable of significantly limiting tumor expansion. In
summary, the data indicate a dominant role for cytotoxic
T cells in tumor surveillance in spontaneously occurring,
parity-induced mammary tumors.

Cell count (x10°)

#3 #4
e )
& ¢ "!!! ’
o e&¢? @@gﬂ§wﬁf
5'\3‘\ gﬁ

Figure 4: Mammary tumor growth is mainly controlled by cytotoxic T-cells and only to a minor extent by NK-cells.
{A) Histological sections of spontancously occeurring mammary tumors of the transplant experiment were stained with CD3 and NKp46
antibodies. Tumors are listed in four groups: Stas "™ tumors in Starf™ mice, Stasf™ tumors in Star!” mice, Star!” tamors in Statl" mice
and Stat!” tumors in Starl™" mice. Scale bars: 100 um. (B) Bright-field (top panel) and fluorescence (bottom panel) microscopy pictures
of tumor cell lines derived from two Statl” (#1, #2) and two Stat1'" (#3, #4) spontaneous mammary tumors. (Blue) DAPI; (red) STATI.
Scale bars: 50 pm. (C) Growth curve of marmmary tumor cell lines. (I3) Mammary tumor cell lines were orthotopically injected into wt,

Starl”, Rag2” and StatI'"Rag2’" animals. Tumor weights of different groups were compared. n> 5 per genotype. All data are representative

of two independent experiments.
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DISCUSSION

We show that the transcription factor STAT1 has
a tumor-suppressing function against the formation of
parity-induced, spontaneous mammary tumors. We show
that STAT1 deficiency significantly increases tumor
incidence in BALB/c mice as well as decreasing discase
latency. STAT! acts in a dual manner. It sustains proper
CTL activity and thus ensures tumor surveillance, while
also exerting growth inhibitory and tumor suppressing
elfects via its downstream regulator IRF 1.

Our findings are in line with recent reports on the
role of STATI in the context of ERBB2/new/HER2
induced mammary cancer development [9, 10]. Using
different mouse models, both groups concluded that
STAT1 suppresses ERBB2/new/HER2 tumor formation.
In our cohort of mice we characterized tumors that
evolved spontaneously in the absence of a driving
oncogene. The fact that only 2/13 of the mammary cancers
expressed ERBB2mewIER2 indicates that STAT1's
tumor-suppressing effect is not limited to ERBB2/new/
HER2-induced tumorigenesis. The effect of STAT] loss
is also not restricted to tumors that display a particular
pattern of expression of the estrogen receptor (ER): 7/13
of the spontaneously evolving Stat!” mammary cancers
were ER', while the remaining cases did not express
detectable levels of the ER protein. These findings show
conclusively that STAT1 is a global tumor suppressor that
acts independently of a distinct oncogenic driver.

The importance of STAT1 as a tumor suppressor
was underlined by the finding that all Stat! ¥ mammary
cancers had partially lost or down-regulated STAT1
protein expression. Similar observations were reported
in human patients, where low levels of STAT1 activation
have been linked to a poor prognosis [ 5, 27]. The selection
pressure to down-regulate or lose STAT1 in tumor cells
may have more than one cause as the loss of STAT] has
several important consequences: the tumor cells lose
responsiveness towards interferon-mediated growth
inhibition (interferons are important players in tumor
surveillance). Moreover, STAT1 is the key regulator of
MIHC class T expression. By losing STAT1 the cells may
down-regulate MHCT and thus escape CTL-mediated
tumor surveillance [28, 29]. As NK cells play a negligible
part in tumor surveillance, MHCT loss represents a clear-
cut advantage. CTLs dominated the immune infiltrate
in the tumor sections and their importance was further
verified in transplant studies. In the absence of the
adaptive immune system, tumor development occurred
rapidly and was significantly accelerated, whereas the
presence of WK cells did not interfere with tumor onset.
Hence, mammary tumors are partially able to escape
immune control by down-regulating STAT1. In Statl”
animals, the selective pressure to escape immune control
15 less important as the mice have several defects that limit
their capability to exert effective tumor surveillance. As a

consequence, mammary cancer formation is increased in
a Statl’- micro-environment, irrespective of whether the
epithelial cells themselves express STAT1. The finding
underlines the role of the immune system in spontaneously
evolving mammary cancer. Although a pro-inflammatory
environment and T-cell infiltration may exert a tumor
promoting effect, our orthotopic injection experiments
unequivocally show that there is a tumor suppressing
function that opposes the tumor promoting effect of the
immune infiltrate.

Loss or down-regulation of STAT1 confers an
additional advantage, i.e. accelerated cell proliferation.
Under normal conditions, STAT1 puts the brakes on cell
proliferation in mammary epithelial cells, presumably via
the transcription factor IRF1. Twolines of evidence support
this assumption. First, whole mounts of Stat!** as well as
of Irfl”" mammary glands display increased amounts of
ductal structures compared to wild type controls, even in
the virgin state. Secondly, BrdU incorporation studies in
vitro and ix vive confirm an increased DNA synthesis and
thus enhanced growth in mammary epithelial cells of both
Statl” and Irfl" mice.

As a consequence of enhanced cell proliferation,
MIN formation was frequently found in Statl”* mice.
This finding was also reflected in 3D-culture experiments,
in which the cell composition of Statl”" and I+fI” acini
was less organized. The original report describing the
3D system used the two oncogenes MYC and Kras®®
to characterize the occurrence of highly proliferative
depolarized spheres resembling MIN. As expected, the
alterations observed in Statl**- and IrfI*-derived spheres
are less pronounced than those occurring in the presence
of MYC and Kras““?, In the absence of STAT1 and
IRF1, polarity of the spheres is preserved and a lumen —
albeit smaller — 1s maintained in most cases. Therefore,
additional alterations are required to allow mammary
tumor formation. These additional alterations are most
probably triggered by hormonal stimulation and changes
occurring during lactation in the breast tissue, as we failed
to detect spontaneous tumorigenesis in nulliparous mice.
Our conclusion that STAT1/IRF1 act in a linear axis to
block growth is in perfect accordance with reports by
others that attribute a negative regulatory role of IRF1 on
cell growth: enforced expression of IRF1 in mammalian
cell lines slows or even halts proliferation [30-32].

Cancer formation is a multi-level process during
which a cell successively acquires several genetic
or epigenetic alterations that ultimately cooperate to
allow the development of a malignant tumor. One of
the alterations required to initiate the process is loss of
growth control. Our findings support a model in which
STAT1 represents a critical safeguard that preserves
growth control in mammary epithelial cells. The absence
of STAT] facilitates cell proliferation and therefore MIN
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formation, which represents the first step on the road from
normal breast tissue towards invasive breast cancer [33].

The exact characterization of the early alterations has
a significant potential for use in preventative therapy of
invasive breast cancer and might lead to the development
of novel immune-modulatory strategies to combat the
disease. The critical effect of STAT1 is not restricted to
any distinct tumor type but is of global relevance.

MATERIAL AND METHODS

Mice

All ammals were maintained n spl quality at the
University of Veterinary Medicine, Vienna. C.Cg-Statl™!
(Stat1*) [16], C.Cg-Irf1=2% (Irf1*) [34] and C.129S6-
Rag2=' (Rgg2”) [35] mice have been described
previously. C.Cg-Statl™!'-Rag2™'" (StatI"Rag2") mice
were crossed at the Umversity of Veterinary Medicine,
Vienna. Animal experiments were discussed and approved
by the institutional ethics committee and undertaken in
conformance with Austrian laws.

Orthotopic injection of mammary tumor cell lines

Mammary tumor cell lines #1-#4 were derived from
spontaneous mammary tumors. For orthotopic injection
of mammary tumor cell lines. mice were anaesthetized
and depilated on the belly. 5x10° cells were injected via
the nipple into the fat pad of the 4* and 3* mammary
gland of wild type, Statl”, Rag2”" and Stat!”""Rag2”" mice.
The mice were sacrificed when the tumors reached one
centimeter in diameter.

Histology and immunohistochemistry

The following antibodies were used for
immunostaining in accordance with to the manufacturers’
protocol: STAT 1 (Santa Cruz, #sc-592), CD3 (Neomarkers,
RM9107), NKp46 (Biol.egend, #137601), ERc (Santa
Cruz, #sc-542), CK8 (Developmental Studies Hybridoma
Bank, TROMA-I) and Ki67 (Novocastra, NCL-Ki67).
Nuclear counterstaining was performed with hematoxylin.
Pictures were taken on a Zeiss Axiolmager Z1 microscope
system with a CCD camera using the software PixelNK
Capture 3.0.

Immunofluorescence

For immunofluorescent staining, cells or 3D cultures
were incubated with primary antibodies against STAT1
(Santa Cruz, #sc-592), integrin a6 (Millipore, #MAI378)
or ZO1 (Zymed Laboratories, #33-9100), followed by

incubation with Alexa546-conjugated or Alexa488-
conjugated goat antibodies against rat or mouse IgG
{Molecular Probes, #A11081 and #A11001). Incubation
times were prolonged for 3D cultures to ensure complete
staining. Cells were counterstained with DAPI and
imaged using a confocal laser-scanning microscope (Carl
Zeiss LSM 700, Occulare 10x, 40x Oil) using the software
ZEN 2009 LE.

Statistics

All  statistical analysis  was performed using
GraphPad Prism 4. Differences were assessed for
statistical significance by One-way ANOVA using the
Tukey’s Multiple Comparison Test. For Figure 1B only,
the unpaired t-test was used. Error bars represent mean +
SD. P values are considered as follows: <0.05: * <0.01:
ol <).00] ; ek
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Fig. 51. Verification of successful engraftment of transplanted mammary gland tissue. (A) Histological sections of transplanted
mammary glands were stained for H&E and STAT1 to verify successful engrafiment of transplants. Left panel: Stat7** mammary gland
tissue was transplanted into a Star* mouse; right panel: Starl” mammary gland tissue was transplanted into a Star]** mouse. Scale bars:
100 um. (B) Rate of successful engraftment of transplanted mammary gland tissue in Stard™ and St animals. Transplant groups:

Stat]¥* tissue in Stard”" mice, Statl” tissue in Star! ™ mice.
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Fig. 52. Successful engraftment of transplanted mammary gland tissue is influenced by CTLs and NK-cells but not by differences
in mammary stem cell populations. (A) Flow cytometric analysis of mammary cells from wt, Stat]** and IrfI” mice. Lumial cells:
CD24=CD49f", myoepithelial cells: CD24CD49f, stem cells: CD24™4CD491*, Luminal progenitors: CD24*CD49f*CD61°. (B) CD3-
and NK p46-stained histological sections of transplanted mammary glands show infiltration with CTLs and NK-cells. Scale bars: 100 um.
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Fig. $3. Quantitative analysis of ductal density from mammary gland whole mounts. Pictures of 2.5x magnification were taken and
analyzed using ImageJ 1.37a software. n=>9.
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Fig. s4. Total volume of 3D-cultured spheres derived from wt, Starl* and Irf1"- mammary epithelial cells at different time points of

growth. Total volume (V) was caleulated by means of the formula V. =4/3*r ",
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Fig. $5. Mammospheres for lumen without involvement of apoptotic mechanisms. Floureszence microscopy pictures from 2 day-old
spheres of different genotypes. To ensure a positive cleaved caspase 3 staining, wildtype mammospheres were treated with 50 pm Etoposit
for 24h. (Blue) DAPI, (green) Cleaved caspase 3. Scale bar: 50 um.
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Fig. S6. Star/-* mammary tumor cell lines show increased proliferation in vitre and in vive, (A) Growth curve of mammary tumor cell
lines #1-#4. (B} [H?]-thymidine incorporation of mammary tumor cell lines #1-#4. {(C) In vivo proliferation of mammary tumor cell lines
#1-#4. 2x10° cells of each cell line were orthotopically injected into Star]” mice. Tumor growth was measured at different time points with
tumor size calculated by means of the formula V=3/4*7*L*W*H. n = 4 per cell line.
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Supporting Information:

Materials and Methods

Mammary epithelial transplant procedure. Procedures for transplantation of tissues into
cleared mammary fat pads have been described recently [1]. In brief, small pieces (1-2 mm?)
of mammary epithelium from the A mamimary gland were taken from 3-month-old virgin
females and implanted into the cleared fad pad of the 4m mammary gland of 3-week-old
female recipient mice. FEight weeks after surgery. transplant recipients were housed with
males for impregnation and monitored regularly for mammary tumor growth by palpation. A
mouse was sacrificed when any evolving mammary tumor reached one centimeter in diameter
or earlier if there were signs of disease.

3D-cultures of primary mouse mammary epithelial cells. 3D culture assays of primary
mammary epithelial cells were performed as described previously [2] with minor alterations.
The tissue from two mammary glands was placed in 5 ml digestion medium (DMEM with L-
glutamine supplemented with 1 M HEPES-Buffer to a final concentration of 25 mM, 150
U/ml Collagenase type 3 (Worthington, #1.8004182) and 20 pg/ml Liberase (Roche applied
science, #05401119001)) and digested for 6 h at 37°C. Following 40 min of treatment with
0.25% Trypsin-EDTA, cells were seeded onto collagen-coated plates. One day after plating,
cells were harvested and counted. 10.000 cells were resuspended in 50 pl of “Cultrex 3D
Culture MatrixTM Basement Membrane Extract” (TREVIGEN, #3445-005-01) and carefully
dispensed onto 4-well chamber slides (Millipore, #PEZGS0416). After solidification at 37°C,
gels were supplemented with Mammary Epithelial Cell Medium (BulletKit, Lonza, #CC-
3150) and maintained at 37°Cin a CO; incubator until analysis.

Calculating the cellularity of mammospheres: Spheres were assumed to be round. Circles
were drawn around the entire sphere and at the borders of the lumen; total volume (V) and
lumen volume (V1) were calculated by means of the formula Vg, 4{3*1"1-,1,3, so cellularity was
C=Vr-Vi. Pictures were taken on an Olympus iX35 using the cell"F software.

BrdU incorporation assay. The APC BrdU Flow Kit (BD Pharmingen'™) was used to
determine proliferation. For in vitro experiments, 3D cultures were incubated with 10 ng/ml
BrdU for 24 hours and fixed and processed according to the manufacturer’s instructions with
minor changes. Incorporated BrdU was detected by APC-conjugated anti-BrdU antibody and
cell nuclei were counterstained with DAPI. The stainings were visualized under a confocal
laser scanning microscope (Carl Zeiss LSM 700, Occulare 10x, 40x Qil). Spheres in random
microscopic fields were taken to determine the percentage of cells with nuclear BrdU
incorporation from the total cell number within one sphere. For in vivo experiments, mice
were injected mtraperitoneally with 4 mg BrdU solution. Afiter 3 days the mice were
sacrificed and mammary glands were dissected and digested as described above. Cells were
fixed and processed according to the manufacter’s instructions. APC-conjugated anti-BrdU-
stained cells were analyzed by flow cytometry using the BD FACS-Canto II FACS device and
BD FACS Diva software (Beckton Dickinson). Epithelial cells not exposed to BrdU but
stained with anti-BrdU antibody were used as appropriate negative control to avoid counting
background signals as false positive.
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Young LJT: The cleared mammary fad pad and the transplantation of mammary gland
morphological structures and cells. In: Methods in mammary gland biology and breast
cancer research. Edited by Ip MM, Asch BB. Heidelberg: Springer 2000: 67-74.
Jechlinger M, Podsypanina K, Varmus H. Regulation of transgenes in three-
dimensional cultures of primary mouse mammary cells demonstrates oncogene
dependence and identifies cells that survive deinduction. Genes Dev. 2009; 23:1677-
1688.
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3.2 Lipoxygenase mediates invasion of intrametastatic lymphaticvessels and
propagates lymph node metastasis of human mammary carcinoma xenografts in
mouse.

Manuscript published in J Clin Invest. 2011 May;121(5):2000-12. doi: 10.1172/JCI44751. Epub 2011 Apr
11.
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My contribution: Performed all in vivo experiments and analyzed data.

| performed the xenograft experiment to monitor metastasis formation of the human breast cancer cell
line MCF7 in vivo (Figb. and page 2004-2005). The purpose of the experiment was to validate whether
ALOX15 is required for formation of lymph node metastasis by enabling the entry of tumor cells into
intrametastatic lymphatic vessels. Therefore, MCF7/VEGF-C cells harbouring either a shRNA construct
targeting ALOX15 or a non-coding shRNA construct were orthotopically injected in the mammary glands
of female SCID mice. As MCF7 cells grow hormone-dependent, 2 days before orthotopic injection, slow-
release estrogen-pellets were subcutaneously implanted in the mice. The presence of a luciferase
reporter construct allowed us to monitor cell growth. Tumor growth and lymph node metastasis
formation was measured at 10-day intervals by non-invasive bioluminescence imaging. At termination of
the experiment, primary tumors and Ilymph nodes were taken and further used for

immunohistochemical analysis.
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Lipoxygenase mediates invasion of
intrametastatic lymphatic vessels and
propagates lymph node metastasis of human
mammary carcinoma xenografts in mouse
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In individuals with mammary carcinoma, the most relevant prognostic predictor of distant organ metastasis
and clinical outcome is the status of axillary lymph node metastasis. Metastases form initially in axillary sen-
tinel lymph nodes and progress via connecting lymphatic vessels into postsentinel lymph nodes. However, the
mechaﬂisms OFCDHSECutiVE l)rmp}l ﬂOd.B co[o‘niz:ltion are unknown. Througl’l thE Zl'l'lﬂ.lysis OFhumﬂll 1‘n:1m1‘n:1ry
carcinomas and their matching axillary lymph nodes, we show here that intrametastatic lymphatic vessels and
bulk tumor cell invasion into these vessels highly correlate with formation of postsentinel metastasis. In an
in vitro model of tumor bulk invasion, human mammary carcinoma cells caused circular defects in lymphatic
endothelial monolayers. These circular defects were highly reminiscent of defects of the lymphovascular walls
at sites of tumor invasion in vivo and were primarily generated by the tumor-derived arachidonic acid metabo-
lite 12S-HETE following 15-lipoxygenase-1 (ALOX15) catalysis. Accordingly, pharmacological inhibition and
shRNA knockdown of ALOX15 each repressed formation of circular defects in vitro. Importantly, ALOX15
knockdown :1nt:1gonized formation of]ymph node metastasis in xenogr:l.ﬁ:ed tumors. Furthermore,expression
of lipoxygenase in human sentinel lymph node metastases correlated inversely with metastasis-free survival.
These results provide evidence that lipoxygenase serves as a mediator of tumor cell invasion into lymphatic
vessels and formation of lymph node metastasis in ductal mammary carcinomas.

Introduction

A tumor’s metastatic potential is determined by complex and
specific genetic gains and/or losses of funcrion that enable
tumor cells to emigrate from their primary site to access the
blood orlympharicvasculature and to form premertasraric niches
in targer organs thar provide the essential “soil” for “seed-
ing” of incoming tumor cells (1), Despite the obvious clinical
relevance of these events, relatively little is currently known
about the underlying mechanisms. For example, only some
aspects of niche formarion in distant organs have been idenri-
fied; these include local accumulation of bone marrow-derived
cells, fibronectin deposition (2), and interactions between
tumor cells and thrombocytes (3).
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Wherher rumors merasrasize initially into lymph nodes or
are distributed by hematogenous dissemination into distant
organs remains a matter for debate, and there is experimental
evidence for each hypothesis (4-6). One view holds that meta-
staric rumor cells colonize distant organs via the blood stream
either from lymph nodes (“merasrasis from merasrasis”) (7) or
by cross seeding from the primary tumor by recirculation (8).
Alternatively, clonogenic tumor cells, presumably with stem
cell-like characteristics, could disseminate simultaneously at an
early time point from primary rumors into both the blood and
Iymphatic vasculature and then develop metastases asynchro-
nously in both compartments (9). Although currently evidence
is accumulating in favor of the latter hypothesis (5), it falls
short of explaining why the number of regional lymph nodes
affected by metastases most accurately predicts the general
extent of metastatic spreading and overall clinical outcome, for
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example, in mammary carcinomas. This well-established fact
is reflected in clinically validated and diagneostically indispens-
able consensus systems used in routine histopatheological mam-
mary tumor staging (10, 11). Testing these hypotheses, which
are not mutually exclusive, depends on better understanding
of the so-far elusive molecular mechanisms that determine the
initial tumor cells’ specific preference for invasion of blood or
lymphatic vessels to reach their respective target organs.
Herewe have systematically analyzed the lym phometastatic proper-
ties of human mammary carcinomas. These have distinct advantages
for such studies, including the anatomically conserved lymphatic
draining patterns of the human breast (12)and their repetitive pat-
tern of metastatic spreading. Thus, mostmammary carcinomas form
their initial metastasis in up to 3 axillary lymph node or nodes that
receive afferent lymph from the tumor and peritumoral tissue and
are designated as “sentinel lymph nodes.” Further metastatic pro-
gression oceurs by successive colonization of the postsentinel lymph
nodes in the axillary basin, Previous work has shown that lymphan-
giogenesis in sentinel lymph node metastazses correlates with post-
sentinel tumor spreading (13). In this study, we have addressed the
mechanisms underlying this process, using immunchistochemistry
with selective lymphatic endothelial markers {podoplanin, LYVEL,
and PROX1) (14-16), in vitro models, and xenograft tumors. The
findings are compatible with a context-specific reaction of lymphatic
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Figure 1

Intrametastatic lymphangiogenesis and tumor cell invasion into ym-
phatic vessels in sentinel lymph nodes of human ductal mammary car-
cinomas with postsentinel metastasis. Lymphatic endothelial cells are
localized by double labeling for podoplanin (red) and PROXT (black)
in A—C and E. (A) In a primary ductal carcinoma, lymphatic vessels
are localized in the pentumoral stroma (arrow). The tumor border is
marked by a green line. (B) Sentinel Iymph node metastasis of the
same carcinoma as in part A, with dense intrametastatic lymphatic
vascularization. LN, residual lymph node parenchyma. Insert, FLT4
(red) in an intrametastatic lymphatic vessel (PROXA, black). (€) High-
powsr view of an intrametastatic lymphatic vessel with podoplanin+s
lymphatic endothelial cells and PROX1 -expressing nuclei (arrows). The
vessel containg a tumor embolus and is surrounded by mononuclear
inflammatory or tumor cells. (D) Keratins tumaor cell emboli (brown)
within intrametastatic lymphatic vessels with podoplanin® endothelial
cells (red) (E) Large tumor embolus completely filling the lumen of an
intrametastatic lymphatic vessel. (F) Aggregate of keratin+ carcinoma
cells disnupts an intrametastatic lymphatic vessel that is outlined by a
single line of PROX A+ nuclei {red). The margins of the vessel’s nupture
are indicated by green arrows. (G and H) Embolic tumor cell clusters
(black armows) within a branched intrametastatic lymphatic vessel, and
a focal disruption of the lymphatic vascular wall by a bulk of aggregated
tumor cells {(green arrow). The lymphatic vessel's walls are composed
of asingle endothelial layer. Scale bars: 100 pm; 25 um (insert)

endothelial cells with fumor-derived products of lipoxygenases that
is critical for tumor cell entry into the lymphatic vessel and meta-
static spreading from the sentinel to postsentinel lymph nodes. The
results also shed light on the fact that different tumor types use dif-
ferent means to invade intrametastatic lymphatics,

Results
Intrametastatic Lynsp hatic carcinosiz, We localized lymphatic end othelial
cells in 104 precisely matched primary ductal and lobular mam-
mary carcinomas (stages pTle, NO, or Mla, or pooled stages N2
and M3, ref. 11 and Supplemental Table 1; supplemental material
available online with this article; doi: 10.1172/TCI44751D81) andin
their corresponding sentinel and postsentinel axillary lymph nodes
{Figure 1). Lymphatic vessels were restricted to the peritumoral
stroma (17) in all the primary carcinomas. In contrast, the sentinel
lymph node metastases of these tumors were often endowed with
lymphatic vessels connected to those in the residuial sentinel lymph
node’s parenchyma {(Supplemental Figure 1). Their endothelial
cells expressed the major lymphatic markers FLT4 (VEGFR3),
podoplanin, PROX1, and, with some variability, also LYVEL, as
reported (18). The density of intrametastatic lymphatics and their
endothelial mitotic rate were more than 2-fold higher than those
in residual lymph nodes (Supplemental Figure 2). The metastatic
tumor cells were a major source of the lymphangiogenic factors
Mumber 5
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Table 1
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Characterization of tumors and patients’ outcome
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Mean age, 58.9 + 12 years_ pTic, primary lumors with diameters belween 1-2 cm; pN1a, metastasis in 1-3 axillary lymph node(s), alleast 4 larger Ihan 2 mm in greatest diamaler; pN2/3, melaslases in

more than 4 (ipsilaleral) lymph nodes, at least 1 larger than 2 mm in greales| diameter. Dala applies to all 3 Wmor grades.

VEGPC and VEGFA (19), and their expression in the merastasis
frequently exceeded that of the corresponding primary tumors
{Supplemental Figure 3) and that of mononudear cells (20) in the
adjacent residual lymph node parenchyma or in naive lymph nodes
(daranot shown). These resulrs suggest thar metastaric rtumor colo-
nies provide lymphangiogenic factors and coopt the sentinel lymph
node’s premetastatic lymphatics and extend them by intrameta-
static lymphangiogenesis.

We idenrified carcinoma cell emboli of various sizes within the
intramerastaric lympharic vessels of sentinel lymph nodes (Fig-
ure 1). Emboli were present in 100% (20 of 20) of ductal carcino-
mas with postsentinel lymph node involvement {Table 1), similar
to our recent findings in extramammary Paget carcinomas (21).
Strikingly, intramerastatic carcinosis was also presenr in all post-
sentinel lymph node merastases from individuals with advanced
disease (data not shown). In contrast, lymphatic carcinosis was
not detected in any of the 56 individuals in whom metastatic
rumors were restricted ro the sentinel lymph node (Table 1)
After mean follow-up of 4.5 years, distant organ merastasis and
death were more frequent in the patient group with (25%, 5 of
20 patients) than without intrametastatic lymphatic carcinosis
(8%, 3 of 39 parients). The primary rumor’s peritumoral lym-
phatic carcinosis was (sratistically nonsignificantly) increased
with rthe incidence of intramerastaric tumor emboli (Table 1).
No further correlation of intrametastatic lymphatic carcinosis
with luminal, basal, or ERBB2-overexpressing carcinoma sub-
types (22) was observed. However, in contrasr to ducral carci-
nomas, we found intramerasraric lympharic carcinosis only in
50% (6 of 12) of lobular carcinomas with postsentinel lymph
node involvement (Table 1). This is in line with previous results
showing rhar the global gene expression of ducral and lobular
subtypes differs significantly (23).

Using oligonucleotide arrays, we identified several gene prod-
ucts (DUSP1, RGS1, CYR61, CXCR4, and VEGFC) that were
overexpressed in tumor cells of the metastasis compared with pri-
mary tumors, and the same discriminarory “markers” were also
differentially expressed in intrametasraric lymphatic rumor emboli
{Supplemental Figure 4). This indicates that tumor emboli origi-
nate from the surrounding metastasis rather than from the primary
rumor directly via lymphatics in the premetastatic lymph node.

Bulkinvasion of tumor cells into intrametastatic ymphatics. Due ro the
high density of intrametastatic lymphatics, we frequently observed
that tumor cells aggregated into clusters and penetrated in bulk
through large discontinuities of the intrametastatic lymphatic's
walls (Figure 1). Tumor cell aggregares are located within the vas-
cular lumen, and the vascular walls that border the discontinu-
ity consist of a single endothelial cell layer. This is documented
by localization of PROX1 that forms a single “rosary”-like cover
around rhe rumor cells (Figure 1). These histological fearures are
not compatible with surrounding and engulfment of the rtumor
cell clusters by newly formed lymphatic vessels that would resultin
adouble layer of endothelial cells. Our results favor the interpreta-
tion of a direct penetration of the tumor cell aggregates through
ruprures in the vascular wall thar is also in line with rhe recent ex
vivo observation obtained by video microscopy (24).

Anin vitro model of ymphatic invasion. We used an i vitro coculture
system to analyze the mechanisms of tumor cell-mediated dis-
ruption of lympharic vessels. This employed spheroids (25, 26) of
MCF7 mammary carcinoma cells to reproduce the clusters of cells
seen in tumor emboli in vivo, MCF7 cell spheroids remained stable
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Table 2
Overexpression of genes in MCF-7 spheroids versus monolayers

Description Gene
Gain

G044 (Indian blood group) cidq
Intercellular adhesion molecule 1 (CD54) iCAMT
Vascular endothelial growth factor (VEGFA) VEGFA
Selectin L (lymphocyte adhesion molecule 1) SHI
Thrombospondin 2 THRSZ
Arachidonate 15-lipoxygenase AlLOX1a
Gadherin 1 type 1, E-cadherin {epithelial) CDHT
Integrin alpha 5 (fibronectin receptor) fTGAS
Loss

Laminin beta 1 LAMBT
Collagen type XII, alpha 1 COLT2AL
Platelet/endothelial cell adhesion molecule (CD31) PECAM1T
Thrombospondin 1 THAST
Vascular endothelial growth factor G (VEGFC) VEGre
Vitronectin VIN

research article

Spheroid/monolayer Pvalue
345 0.0039
2.67 0.0012
2.73 0.0100
245 0.0065
2.30 0.0125
1.894 0.0397
1.80 0.0139
1.76 0.0370
-3.87 0.0133
4,21 0.0016
1.95 0.0041
1.91 0.0008
-1.81 0.0295
-1.45 0.0559

MCET calls ware grown as spharoids or as monolayers, and lysad to extract and reverse transcribe RNA for low density arrays (Human Extracellular Matrix
and Adhesion Molecules PCR Array, SABiosciences). Genes were identified that are differentially induced or reprassed by MCF7 cell spheroid formation
and could be related lo bulk-like invasion through the lymphalic vasculalure. ACorresponding gene producls were studied in more delail.

for more than 6 hours. When aggregated into spheroids, MCF7
cells changed their gene expression parterns when compared wirh
monolayers and increased their expression of CD44, [CAM1, and
VEGFA; they also reduced their expression of matrix components
(Table 2). Confluent monolayers of freshly isolated or telomerase
“immeortalized” (27) human dermal lympharic endorthelial cells
were used as surrogates for intrametasraric lymphatics. We found
no difference between intra- and extratumoral dermal lymphatics
for the expression of several proteins (podoplanin, PROX1, FLT4,
biglycan, endoglin, VE-cadherin, variably CI234, and LYVE1) (Sup-
plemental Figure 4), justifying their use for the in virro studies.

MCF7 spheroids were placed on rop of lymphartic endothelial
monolayers (Figure 2), which resulted in the highly reproducible
formation of circular discontinuities that we designated as circular
chemorepellent-induced defects (CCIDY) in monolayers precisely
undernearh the MCF7 spheroids. They were highly reminiscent
of the defects seen in the lymphovascular walls at sites of tumor
cell invasion in vivo. Lymphatic endothelial cells were more than §
times more sensitive to MCE7 spheroid-induced CCID formation
than blood vessel endothelia. CCID formartion was not seen using
spheroids of the nontumorigenic mammary gland epithelial cell
line MCF-10A or human lung fibroblasts (HLFs) (Figure 2).

CCIDs form by migration of ymphatic endothelial cells. Time-lapse
videos revealed centrifugal migrarion of lympharic endothelial
cells strictly benearh the MCT7 spheroids (Figure 2 and Supple-
mental Video). This correlated also with rearrangement and frag-
mentation of VE-cadherin in lymphatc endothelial cell junctions
at the border of MCF7 spheroid-induced CCIDs (Figure 2). The
migratory phenotype of the lympharic endothelia was confirmed
by the localization of the cell movement-associated activated pro-
tein phosphatase 1 regulatory inhibitor subunit 12 A (PPP1IR12A,
MYPT1) (ref. 28 and Figure 2). We discounted a role for apopto-
sis of lympharic endorthelial cells in the formarion of CCIDs by
TUNEL and Hoechst 33258 staining both in vitro and in vivo in
human sentinel metastases (Supplemental Figure 5).
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12(S)-HETE induces CCIDs in lymphatic endothelial cell monolayers.
Oligonucleoride array analyses revealed rhe specific induc-
tion of several genes in MCFE7 cell spheroids when compared
with monolayers, including the hypoxia inducible (29) enzyme
15-lipoxygenase-1 (ALOX15) (Table 2), which metabolizes
arachidonic acid to 12]5]-hydroxy-eicosaretraenoic acid (12[5]-
HETE) and 15(S)-hydroxyeicosaretraenoic acid (15[S]-HETE).
In humans, 12(8)-HETE is produced by ALOX15 and ALOX12,
which are the respective products of the ALOXIS and ALOXI2
genes (30). We have found that MCF7 cells only express ALOX1S
(Table 2), and ir was shown previously thar they lack ALOXISB
(31). 12(S)-HETE was idenrified as a rumor cell-derived retrac-
tion factor for blood vessel endothelial cells (32). In lymphatic
endothelial monolayers, 12(S)-HETE also transiently reduced
VE-cadherin expression (Figure 2). These results fostered the
speculation thar 12(S)-HETE mighrt be involved in MCF7-
induced CCID formation.

We inhibited the enzymatic activity of ALOX1S in MCF7 cells
by pharmacologic inhibition with the pan-LOX inhibitor not-
dihydroguaiareric acid (33), which resulted in a significanr and
dose-dependent reduction of MCP7 spheroid-induced CCID
areas in lymphatic endothelial cell monolayers (Supplemental
Table 2). This result was confirmed with the LOX inhibitor baica-
lein (34) ar nonroxic concentrations (Figure 3 and Supplemental
Figure 6), which reduced CCID formation by 90% after 2 hours,
and by 40% to 60% after 6 hours of coincubation as determined
in pilot experiments (26).

Direct proof for the hypothesis that 12(S)-HETE triggered
CCIDs was obrained by placing fibroblast spheroids soaked with
synthetic 12(S)-HETE onto lymphatic endothelial cell monolayers.
This resulted in CCID formation similar to that induced by MCF7
spheroids, whereas fibroblast spheroids imbibed with 15(S)-HETE
or solvent were ineffective (Figure 3). Conversely, blocking 12(5)-
HETE with a specific polyclonal antibody (35) inhibited the for-
mation of MCF7 spheroid-induced CCIDs (Figure 3).
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MCF7 cell spheroids induce CCIDs in lymphatic endothelial cell monolayers and dismupt VE-cadherin at the CCGIDs . (A) Spheroid of HLFs fails
to induce any defects in a monolayer of human lymphatic endothelial cells (LECs, Cytotracker tagged in green) after 4 hours of cocultivation
(B) MICFY spheroids induce circular CCIDs. (C) A MCFY spheroid-induced CCID is autlined when the LEC borders are stained for CD31 (red,
confocal image). Inset, LECs {demarcated with CD31 in red) at the margin of the CCIDs show expression of PPP1RA2ZA (MYPTH) (green) indicat-
ing call mokility (confocal iImage). (D) MCFY spheroids induce CCIDs preferantially in LEC monolayers (leftbarn, but significantly less (14.3% of
ymphatics; *F = 0.0047) in monolayers of microvascular blood endothelial cells iBECs, right bar). (E) When compared with spheroids of MCFT
cells (left bar, 100%), CCID formation in lymphatic monolayers is marginally induced by nonmalignant human breast epithelial cells MCF-10A
(9.6% of MCFY gpheroids), and HLFs (11.3%.). Data are presented as mean = SEM. *P < 0.0001. (F and Q) Tracings of LEC migration (red lines;
starting positions are marked by circles) beneath a spheroid during a 4-hour coincubation. (H) Confocal image shows continuous LEG junctions
ot VE-cadherin (VE Cad) at distance from a spheroid. (1) At the spheroid’s margin, the WE-cadherin pattern is disnipted. (J) Confluent LECs were
incubated with 1 uh 12(S)-HETE for 15 and 30 minutes or with solvent (), and cell lysates were immunoblotted with antibodies to WVE-cadherin
or -actin. As controls, VE-cadhenn MCFY cells were used. Lanes were run on the same gel but are noncontiguous. Scale bars: 100 pm (A,

B. F, and G): 25 um (C): 50 um (H and ).

These results indicated that CCIDs were induced by MCF7
cell spheroids, which were placed onto the upper side of the
lymphatic endothelial monolayer that presumably corresponds
to the luminal endothelial aspect in vivo. Here we show that
CCIDs were also generated when the MCF7 spheroids were
placed onto the basolateral aspects of lymphatic endothelial
cells in Transwell chambers (Figure 4).

CCIDs were also obtained with spheroids of tumor lines other
than MCF7 cells. Thiswas found for human mammary carcinoma
cells (HCC1419, HCC 1443, and MDA-MEB231) and colon cancer
(LS174CoCa, HT29, HTC118), melanoma [CRL1675), and pancre-
atic adenocarcinoma (PANC1) (Figure 3).

Pharmacological inhibition of cognate mechanizms of tumor
invasion and metastasis revealed a minor contribution of metal-
loproteinases since the pan-matrix-metalloprotease inhibitor
GMe001 (36,37), and specific inhibition of MIMFPS, TIMPZ, and
WM P2 reduced CCID formation only by approximately 25%. Reac-
tive oxygen species and cyclooxygenases and their products were
not involved (Supplemental Table 2.

2004
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Inhibition of 15LOX reduces CCID formation in bymp batic monokiyers.
Further evidence for the central role of ALGXTS in CCID forma-
tion was obtained by shRIMNA-mediated knockdown in MCF7 cells
(MCF7 [ALOX!5 cells), which resulted in stable reduction of over
80% of ALOX1S mRMNA as well as 12(S)-HETE and 15(8)-HETE
production (Figure 5). Nonmalignant human MCF-104 cells or
fibroblasts failed to induce CCIDs, to express ALOXIS and ALOXI2
genes, and to synthesize 12(8)-HETE (Figure 5). Spheroids of
MCF7fALOXI 5™ cells induced small CCIDs that were similar to
baicalein-treated MCF7 spheroids, whereas controls (scrambled
shRINA or empty vector-transfected MCF7 cells) were similar to
unrnodified MCFY cells. This inhibitory effect of ALOXIS shRINA
was further enhanced by the pan-metalloprotease inhibitor
GMs001 (Figure 5). Knocking in of ALOXI2 into MCF7/ALOXI S~
cells {Supplemental Figure 7) fully reestablished their CCID-
forming capacity in the spheroid assay (Figure 5).

Redwoed metastatic capactyy of ALOXIS-deftorent tumor cells. We used
MCF?7 cells with transgene expression of VEGFC (MCF7/VEGFC
cells) (38, 39) to induce metastasis formation in vive. Both
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Figure 3

12{8)-HETE causes CCIDs in lymphatic endothelial cell monolayers. (A) CCID area in lymphatic endothelial cell monolayers induced by HLF cell
spheroids that were presoaked with synthetic 12({S)-HETE (n=11), 15(S)-HETE (n= 12}, arsolventalone (control; n = 21). 12{3)-HETE induced
approximately 20 times larger CCIDs than controls (*F < 0.0001) after 4 hours of coincubation. (B) Antibody against 12{S)-HETE reduces the
CCID area by approximately S0% (P = 0.0020) . (C) The ALOX inhibitor baicalein, a traditional Asian anti-cancerdmng, reduces CClD areaina
dose-depsndent fashion, with the highest dose of 500 M (n = 11) causing reduction to 38% (*P < 0.0001) of controls (n=20). (D) Time-course
incubation over4 hours with 100 wh baicalein in the media results in approximately 20% reduction of CCID size in the first 2 hours and a gradual
ncrease in CCID formation to more than 50% after 4 hours. (E) Spheroids made of the mammary carcinoma cell lines HGC1418 HCC1 443, and
MDA-MBZ231 form spheroids that induce CCIDs in rmphatic monolayers, but only HGC 1442 cell-mediated CCID formation is sensitive to 100
uhd baicalein {inhibition of 78.2%; *P = 0.0008). Similady, spheroids formed from colorectal carcinoma cell lines LS174CoCa, HT29, and HTCG116
form CCIDs, but only LS174CoCa are baicalein sensitive {inhibition of 53.3%; ™ F = 0.0168). A melanoma (CRL1EYEMel) and a pancreatic
carcinoma. cell line (PANGH) formed GCIDs in monolayers of ymphatic endothelial cells, but were insensitive (i.e., statistically not significant) to

baicalein All data are presented as mean + SEM

VEGFC-overexpressing and unmodified MCF7 cells expressed
ALOX15 and formed CCIDs of similar size in lymphatic monolayers
(Supplemental Figure 8), Stable transfection with luciferase
(MCF7 /VEGEC/Iwe) did not interfere with the expression of other
transgenes (data not shown). MCE7/VEGEC/ALOX15~/luc or con-
trol MCE7/VEGFC /luc cells that contained scrambled shRINA were
injected orthotopically into mammary fat pads of SCID mice. After
32 days, tumors had formed in 100% of animals injected with con-
trol MCF7 cells, but only in 50% with MCF7 /VEGFC/ALOXI 5 cells,
presumably due to aless receptive micromilieu at the sites of injec-
tion, which showed minimal inflammatory infiltration in all cases.
However, once established, the xenograft tumors of all MCF7/
VEGFC cell variants showed similar growth rates, tumor cell turn-
over, weights, and intratumoral lymphatic vascular densities (Fig-
ure 6). At 32 days, 60% of animals in the control groups, but none of
the mice bearing MCE7 {ALOX15- xenograft tumors, had developed
regional lymph node metastases (Figure 6). Sixty-three days after
injection, we found lymphnode metastases in 100% of control mice,
butonly in 5% of the MCF7 JALOXT 5 group. At this end point, the
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weight ofall primary xenograft tumors was similar, and the expres-
sion of VEGFC transgene and the ALOXIS shRMNA knockdown
were unaltered (Figure 6). In xenograft tumors induced by cells of
the ALOX!5-expressing control groups, podoplanin® and LYVEL*
intratumoeral lymphatic vessels had formed that were distended
and focally obliterated by tumor emboli at 32 days after injection
{38,39). In contrast, tumors composed of WMICF7/VEGFC/15LOX
cells developed collapsed intratumoral lymphatic vessels that were
devoid of embolic tumor cells (Figure 8). These in vivo results sup-
port the concept that ALOXT 5-driven production of 12{S)-HETE
is required for formation of lymph node metastases, by facilitating
the entry of tumor cells into intrametastatic lymphatic vessels.
ALOX1S and 12(5)-HETE in human metastases. The relevance of our
experimental findings for the formation of human postsentinel
lymph node metastases was underscored by immunchistochemical
localization of 12{8}+HETE and of AL 15 in metastatic carcino-
ma cells in sentinel lymph nodes (Figure 7). This was extended and
confirmed by frther analysis of tissue arrays containing cores of
primary tumors and their corresponding sentinel metastases from
2005
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13 patients with ductal carcinomas. These samples were precisely
matched for staging pTlc and pNla. Scoring of immunostaining
for ALOX 15 (Figure 7) provided evidence for alink between enzyme
expression in lymph node metastases and the time of metastasis-
free survival, and thus clinical cutcome. A similar trend was also
observed for the expression of ALOX 12 (Supplemental Figure 9).

Discussion
The mamber of axillary lymph nodes that host metastases of mam-
mary carcinomas is of predictive clinical significance. In this study, we
have gained insights into the potential cellular and molecular events
involved in metastatic fumor progression from the sentinel to the
postsentinel axillary lymph nodes in human mammary carcinomas.
This process invelves premetastatic conditioning of axillary lymph
nodes, invasion of tumor cells into the interconnecting lymphatic
vessels, and eventually intranodal tumor cell arrest and proliferation.
Tumors programmed for lymph node metastasis have acquired a
specific strategy for premetastaticadaptation of their regional lymph
nodes (40, 41), which prominently involves expansion of lymph
node sinus and transformation of their lining cells into lym phatic
endothelia. This reaction is a stereotypic response to diverse stimuli
that range from chemokines and growth factors to lymph conges-
tion by mechanical obliteration of efferent lymphatic vessels (42,43).
However, it iz of im portance for formation of lymph node metasta-
ses and is referred to as premetastatic bpnph node bymphangiogenesis (41).
Mloreover, lymphatic vessels develop de novo within the lymph node’s
metastatic colony and are frequently embolized by tumor cells that
phenotypically correspond to cells of the metastasis and not to those
in the primary tumors. Intrametastatic lymphangiogenesis occurs
inall cases with postsentinel metastasis, and it is also present when
the tumor is restricted to the sentinel lymph node. However, only
when tumor cells have invaded and embolized the intrametastatic
lymphatics do they spread to further lymph nodes downstream, as
documented by a 100% correlation of em bolization with postsentinel
lymph node metastasis, which also applies to further tumor spread-
ing from postsentinel metastases into more distal axillary lymph
nodes. This also implies that the intrametastatic lymphatics are con-
nected to the lymph node’s efferent lymphatic vessels and iz in line
with recent experimental evidence (44). Collectively, these results
indicate that tumor cell invasion of intrametastatic lymphatic ves-
sels is crucial for lymphatic metastatic tumor dissemination.

2008
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Figure 4

MCF7 tumor cell induced GCID formation in lymphatic monolayers
fram the abluminal side in Transwell insers MCGFEY cell spheroids
were placed onto the upper side of a filter that was covered by an LEC
monolayer on ils lower side so that the spheroids were separated from
the lymphatic endothelial cells by the filter membrane. Coincubation
was performed for 12 hours, (A) Low-power electron micrograph of a
spheroid extending a "finger” through a filter pore. The LEC monaolayer
at the basal azpect of the filter shows only extracellular materal and
debiris (*). (B) Higher magnification of the tip of the spheroid’s extension,
showing microvillar or vesicular (arrow) membrane structures, resem-
bling shedding micropanicles. (€) A spreading spheroid of MCFET cells
{outlined in red) on the upper face of the Transwell membrane (D) At
the opposite basal (abluminal) side of the Tranzswell membrane, a CCID
{outined in green) i1s formed in the monolayer of lymphatic endothelial
cells (tagged red) precisely cormesponding to the MCF7 spheroid on the
luminal side. Scale bars: 1 wm (A); 0.2 um (B); 50 pm (G and D)

These results raise the question of how the tumor cells get access
into the intrametastatic lymphatic vasculature. Several pathways of
tumor invasion into lymphatic vessels have been observed for dif-
ferent experimental and human tumors {(45). One variant implies
single tumor cell penetration between or even through endothelial
cells, possibly also inveolving tumor cell epithelial-mesenchymal
transition (21, 46, 47). In this investigation, we provide evidence
for another pathway for mammary carcinomas similar to that
previously described (48), which involves bulk invasion of meta-
static tumor cells through larpe discontinuities of the lymphatic
vesselwall. This pathway matches with recent experimental results
obtained by in vivo microscopy in which xenografted mammary
carcinoma cells spontanecusly form mobile cohesive groups that
preferentially invade into lymphatic vessels (24).

To gain insights into the mechanisms underlying lymphatic bulk
invasion, we have adapted a reductionistic in vitro assay (25, 26) that
mimicssome features of the in vivo situation. In this system, tumor
cell spheroids corresponded to invasive tumor aggregates in vivo,
and inliew of intrametastatic lymphatic vessels, we used monolayers
of dermal lymphatic endothelial cells. This choice of endothelial
cellswas justified becanse a panel of typical lymphatic genes, includ-
ing PROX 1 and podoplanin, was expressed equally in both normal
dermal and intrametastatic lym phatic endothelial cells. In contrast,
we have noted that MCF7 cells altered their gene expression pro-
gram upen spheroid formation and that this includes overexpres-
sion of the 12(3)-HETE-producing enzyme ALOX 1S, The human
gene project has revealed 2 ALOX isoforms, ALOXIS and ALOXISE.
ALOX13E produces 15(S)-HETE only, and there is no evidence
that it plays a role in breast cancer patheology (48, 49). In contrast,
ALOX1S also generates 12{8)-HETE, which is of relevance for vari-
ous cancers, including mammary carcinomas (30).

12(8)-HETE was previously shown to increase malignant
behavior of some tumors and to reduce it in others {51}, and
to increase endothelial cell motility and retraction of human
umbilical cord endothelial cells (52). This has prompted us to
investigate the role of 12(8)-HETE in our in vitro surrogate sys-
tem of tumor bulk invasion. Our results show that 12(8)-HETE
released by MCFE7 tumor spheroids induced CCIDs that were
formed by centrifugal migration of lymphatic endothelial cells
just beneath spheroids. It is possible that this local restriction
of endothelial cell mobility could be due to the hydrophobicity
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Figure 5

shRMNA-medialed knockdown and rescus of ipoxygenase in MCFT cells. (A) The expression ol mRNAs of ALOX TS and ALOXT 2 was determined
by real-time PCR in MCF7 and MDA-MBZ31 mammary carcinoma cells and in contrals (noncancerous breast epithelial cells MCF-10A and
HLFs). MCF7 cells express only ALOXTS mRANA, but not ALOXT2 mRNA, whereas all other cells fail 1o produce any of the tested ALOXs. (B)
mARNA levels of ALOXTH were determined in unmodified MCFY cells, in control MCFY cells transduced with scrambled shRNA, and in MCFEZS
ALOXTEcells. Knockdown of ALOXTS reduced the expression of ALOXTE mRMA significantly (*F =0 0008 compared with vector control) when
compared with unmodified or control transduced MCF7Y cells. (CG) Production of 12(8)-HETE and 15(5)-HETE, the arachidonic acid metabolites
ot ALQXAS, iz reduced by more than 90% in MCF7ALOXTE- cells when compared with control MCFET cells that were transduced with scrambled
shRNA (*F = 0.0001). (D) shRMNA-mediated knockdown of ALOX TS in MCFT cells (blue line) causes a size reduction similar to that of baicalsinin
CCID {compare to Figure 30). This is further aggravated by coincubation with 20 M of the pan-metalloprotease inhibitor GME00T {yellow line),
which had a similar effect {green ling) on controls (MCF7T cells transduced with scrambled shRMA, red line). (E) Reconstitlution of GCID-foming
activity of MCF7IALOXTE cells by transtection with ALOXT 2, MCFT spheroid—induced CCID formation is analyzed in the presence or absence
ot 100 uh baicalein. Thers is a significant difference in CCID size between MCFT/control versus MCF7IALOXT 5 spheroids ("F=00017),
MCF7ALOXT S~ versus MCFTALOXTSAFALOXT 2+ spheroids (#7 = 0.0249), and MCGFFALOXT5/ALOXI2+ spheroids £ baicalein treatment

(TF = 0.0331). All data are presented as mean + SEM.

of 12(8)-HETE that could be released in poorly diffusing
membrane microvesicles abowe its critical micellar concentra-
tion (53). However, the actual concentration of 12(8)-HETE
in the micromilieu at the sphercid tumor endothelial inter-
face remains to be determined (54). 12(8)-HETE was not toxic
for lymphatic endothelial cells, and accordingly, we failed to
encounter apoptotic endothelial cells in association with CCIDs,
The significance of 12{8)-HETE was confirmed by blocking of
CCID formation by a specific antibody or by shRMNA-mediated
knockdown of the producing enzyme ALOX 135, The ability to
cause CCIDs was restored by knocking in of ALOXI2, which
also produces 12(3)-HETE and is not expressed in MCF7 cells.
15{8)-HETE, the alternative arachidonic acid metabolite pro-
duced by ALOX 15, was ineffective. CCID formation was further
supported by metalloproteases that loosen the meshwork of
WVE-cadherin at interendothelial junctions and matrix attach-
ment (36,37), Taken together, curinvitro findings suggesteda
hitherto unknown dominant role for ALOX15 and 1ts product
12{8)-HETE in tumor cell-lymphatic endothelial cell interac-
tion, When we extrapolate these in vitro findings to the vascular
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defects we have observed at zites of tumor cell bulk invaszion,
it is possible that induction of lymphatic endothelial migra-
tion and focal disruption of interendothelial adhesion (e.g., by
destabilization of WE-cadherin) could contribute to focal open-
ings in the vascular wall

Intriguingly, blood endothelial cells were much less sensitive
to the migration-inducing effect of 12(8)-HETE than lymphat-
ics, It remains to be determined whether or not this is due to
differences in receptor- or nonreceptor-mediated effects. So
far, several proteins have been implicated in binding of 12(8)-
HETE; however, a definitive universal receptor or receptors are
still elusive. We have screened for the expression of 2 putative
12(8)-HETE membrane protein receptors — the leukotriene By
receptor (55) and the orphan receptor GPR31 (56) (data not
shown) — and failed to detect expression differences between
blood and lymphatic endothelial cells. Thus, our results show
that 12(8)-HETE preferentially caused CCID formation in lym-
phatic endothelial monolayers, either by direct interaction with
so-far elusive lymphatic receptor or receptors, or indirectly, via
currently unidentified intermediaries.
Mumber 5
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Figure 6

Xenograft wmors induced by ALOXTS shRNA knockdown cells and control MCF?WVEGFC cells expressing luciferasze as reporter, (A) Biolumi-
nescence image of a xenograft tumor induced by cells that lack ALOXTS after injection into the fitth mammary fat pad failed to develop lymph
node metastases after 32 days (B) Image of a xenograft tumor induced by control MCF7AEGFC cells that were transfected with scrambled
shRMNA and expressed ALOXTS, showing a regional lymph node metastasis (red circle). (€, left panel) The sizes and growth rates of all xenograft
tumors, irrespective of the nature of the inoculated tumor cells (MCF7AVEGFC, or MCFZVEG FC cells transfected with secrambled or ALOXTS
shRMA)Y were similar. (€, right panel) Time course of metastasis formation of xenograft umors induced by MCF?AVEGFC cells transfected with
ALOXTE shBNA (red) or with control scrambled shRMNA {green) showing that ALOXT5-deficient MCFTAVEG FC were incompetent of metastasis
fomation. (D) Representative picture of a xenograft tumor (same as depicted in A). The tumor cells fail to invade into the collapsed intratumoral
podoplanin® lymphatic vessels (red). Insert, tumorembolus—free intratumaoral lymphatic vessel with a narrow lumen. (E and G) Xenograft tumaor
of the contral group (same as in B) showing massive tumor intravasation into dilated lymphatic vessels (armows) that were immunostained for
LYVE1 (E) or podoplanin (G). (F) Growth rates ot xenograft tumor MCFYWVEG FC and MCFTIVEG FCIALOXT S cells were determined by labeling
for MKIEY (Ki-&67) orby the TUNEL assay. Image analysis revealed a higher (but not significant) MKIET positivity in ALOXT5 tumors compared
with control tumars. The rate of apoptosis was similarin both primary tumortypes. n =6. Total number of counted nuclei was greater than 2000,

Scale bars: 70 um (D, E, and G); 20 um (inzet). All data are presented as mean = SEM

Cur results apply primarily to ductal mammary carcinomas that
are represented in vitro by MCF7 and HCC1419 cells derived from
estrogen receptor-positive ductal carcinomas of the luminal subtype
{57). However, only 50% of the lobular mammary carcinomas fol-
lowed this pattern of tumor spreading, Baicalein-insensitive CCIDs
were formed by MDAMB321 and HCC1443 mammary carcinoma
cells that are derived from estrogen receptor-negative ductal carci-
nomas of the basal subtype and lack ALOXs. This is in contrast to
our findings in human tumors and could be due to changes induced
by in vitro culturing. Furthermore, the CCID assay suggested that
tumors derived from other organs apparently use LOX-independent
mechanisms. These include most colorectal carcinomas, melano-
mas, and a pancreatic cancer. Thus, there iz no universal mechanism
by which different types of tumors form and propagate lymphnode
metastases. They apparently also have at their disposal ALOX15-
independent mechanisms to enter lymphatic vessels and do not
use bulk but rather single-cell iftvasion, with or without epithelial-
mesenchymal transition, possibly depending on TGF-H (24).

These results required verification in a tumor xenograft model
that mimics the key findings in sentinel lymph node metasta-
ses,l.e., formation of intratumoral lymphatic vessels, bulk inva-
sion of tumor cells, lymphatic embolization, and formation of
lymph node metastases, Asuitable model for this in vive proof
of principle was found in mouse xenograft tumors produced

2008
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by human mammary carcinoma MCF7 cells that transgenically
overexpress YVEGFC (38, 39). This transforms MCF7 cells from
nonmetastatic into highly metastatic, with intratumoral lym-
phangiogenesis, lymph vessel invasion, and embolization, ie.,
analogous to human sentinel lymph node metastases. More-
over, we found that MCF7 cells express only a single lipoxy-
genase, ALOXIS, and are thus ideally suited for studying the
contribution of this enzyme to CCID, shRNA-induced knock-
down of ALOX15 efficiently repressed formation of lymph node
metastases. Intratumoral lymphatic vessels were induced both
in the control and the ALOXI S knockdown xenografted tumors.
However,in ALOX15-deficient tum ors, the lymphatics were col-
lapsed and empty and tumor cells failed to invade and form
emboli, in striking contrast to ALOXIS5-expressing and 12(8)-
HETE-producing control MCF7 cells. However, we cannot
exclude the possibility that the absence of LOX products alters
the lymphatic endothelial phenotype to makeitless permissive
to tumor cell invasion in general.

Here we have brought together 3 correlative observations,
i.e., the embolization and invazion of mammary carcinoma
cells into intrametastatic lymphatics in human tissues, the
12{8)-HETE-driven formation of CCIDs in vitro, and the impor-
tant role of the 12(8)-HETE-producing enzyme, ALOX1S, for
lymph node metastasis formation in mouse xenograft models.
Humber 5
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Taken together, these com plem entary results favor the hypoth-
esis that 12(S)-HETE-mediated CCID formation is a central
event for accession of mammary carcinoma cells into the lym-
phatic vasculature in sentinels and thus furthers tumor spread-
ing into postsentinel lymph nodes (Supplemental Figure 10).

Do these potential mechanisms of intrametastatic lymphat-
ic invasion also apply to human patients? Our results suggest
that this is feasible. Metastatic tumor cells in sentinel lymph
nodes of human mammary carcinomas express all the key play-
ers, ALOX12, ALOX1S, and 12(3)-HETE. In feasibility studies
using tissue microarrays of a relatively small number of carefully
matched human samples, we found that the abundance of ALOXs
isinversely correlated with metastasis-free survival. Pharmacologi-
cal ALOX inhibition has previously been recognized as antimeta-
static and proapoptotic (58, 59) therapy for mammary and other
carcinoma cells. Here we show the CCID-reducing efficiency of
the ALOX inhibitor baicalein (34), a polyflavone isclated from the
roots of Souttelaria baicalensis and still applied in traditional Asian
medicine, Thus, our findings could hold the potential that inhi-
bition of ALOX interferes with lymphatic dissemination of due-
tal mammary carcinomas, Formal clinical studies are required to
determine whether ornot ALOXs in mammary carcinomas can be
used as biomarkers and potential therapeutic targets.

Methods

Selection of cases and tisswe samples. Use of human rissue samples and exper-
imental mouse models was approved by the Ethical Committee of the
Iedical University of Vienna (Approval EK-Ir 270/2008) in compliance
with Austrian legislarion. We have selected 104 archival cases of mam-
mary carcinomas, classified as NOS, with 69 cases of ductal and 35 of

lebular subtype. The patients had not received precperatve necadjuvant
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Figure7

12[S8)-HETE and ALOX 15 in human sentinel metastases. [A)
Localization of 12(S)-HETE (red) in the mammary carcinoma
cells in a representative sentinel lymph node of a patient
with postsentinel lymph node metastasis (total examined:
n =12, 12{3)-HETE colocalizes with tumaor cell keratin (blue
and merge) and is also expressed by nontumor, presumably
inflammatory cells (arrows). (B) The 12{2)-HETE-produc-
ing enzyme ALOX1S shows a localization similar to that of
its product (ALOXAE: green; keratin: red). (C) Results of the
tigsue array scorng of the immunostaining for ALOX 1% in the
tumaor cells of the sentinel metastasis in 15 cases of ductal car-
cinoma. In 5 cases without postsentinel metastases, the score
islower(N1, green column) than in 10 cases with postsentinel
apreading (M2/3, red column). (D) Metastasis-free survival cor-
relates inversely with the expression of ALOX15 in the tumor
cells of the sentinel lymph nodes (F = 0 0507) Scale bars

S0 um. All data are presented as mean = SEM.

therapy. The primary tumors were matched by their diameters (pTle,
1-2 £ 0.6 cmy), availability of the sentinel, and, when clinically indicat
ed, also postsentinel axllary lymph nedes. Further inclusion critena
were similar sizes of sentinel lymph node metastases (pMNla, 2 mm)
and documented follow-up periods of 55 months after surgery. The
tumor grading is listed in Table 1. The tumors were also subclassified
by immunohistochemistry as luminal, basal, or ERBB2 enriched (22).
Sentinel lymph nodes were free of tumors (stage p190, # = 16) (11}, or
metastasis was restricted to the sentinel lymph node only (pIla,n = 56),
oralso involved additional postsentinel awillary lymph nodes (pN2 or 3,
n = 32). All tumors were analyzed for the expression of estrogen and
progesterone receptors, the overexpression of ERBE2, and in some cases
also for kerating, CD133, CD44, and aldehyde dehydrogenase (60, 61},
As controls, naive nontumor-associated lymph nodes were used that
were remaoved during carotid angioplasty orabdominal surgery (n =18,
These nonacrivared lymph nodes were devoid of capsular fibrosis, intra-
nodal scars, or activation of germinal centres,

Immanebistochemistry, 4 pm-thick freshly prepared sections from
archival paraffin blocks for immunclabeling were processed as
described previously (62) using rabbit anti-human podoplanin IgG
15 ngfml) or with 2 menoclenal mouse IgG (Bender Med Systems BMS
1105; 1 pg/ml), and anti-human PROX] rabbit [gG (AngicBic), Some
sections were also incubared after podoplanin labeling with monoclonal
mouse anti- Ki67 IgG (MIB-1) or anti-human LYVEL rabbitIgG (DAKD).
Eabbit antbodies to 12(3)-HETE (Assay Designs), with less than 2.5%
cross-reactivity with 12(R} HETE and less than 0.3% with 15(3)- and
S(E)-HETE, and ALOX12 and ALOX15 (Abcam) were used on cryostat
sections of unfixed primary carcinemas and their sentinel metastases
(n=12). For immunoflucrescence, we used appropriate secondary anti-
bodies labeled with Alexa Fluor 488, Alexa Fluor 594, or Alexa Fluor
533 (Melecular Probes). Double-labeling experiments were controlled
2009
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by omirtting the primary antibodies or by replacement with irrelevant
antibodies raised in the same species or of the same mouse IgG subtype.
The densities of lympharic vessels were determined in duplicate by 3
independent observers on unmarked histological sections. We counted
the number of lymphartic vessel profiles in ar least 30 microscopic fields
for each slide, using an objective lens with =25 magnification. Inter-
and intra-observer variations resulted in a “background noise” of 1 ves

sel per field, and only counts above this threshold were entered into the
evaluation. Staristical significance was determined by the ¢ test, using
the Prism 4 software package (GraphPad). Production and composition
of tissue microarrays were performed as described (63). We have care

fully selected 15 cases of ductal carcinomas with the idenrical stages
pTlc, pNlain = 10), and pTlc, pN2Z/3 (n = 5).

Isolation and chavacterization of buman dermal lymphatic endothelial cells.
Human lympharic endothelial cells and blood vessel endothelial cells
were prepared from commercial (C-12260; PromoCell) or freshly pre
pared dermal microvascular endothelial cells by sorting with anti-podo
planin and anti-CD31 IgG using Dynabeads (M-280; Dynal 11203) or
FACS (FaxStar), as described (64). Also, relomerase “immortalized” lym-
phatic endothelial cells were used (27). No differences in the expression
of other proteins previously thought ro distinguish lymphartic vessels
ourside and within tumors (biglycan, endoglin, CI234, VE-cadherin) were
found (Supplemental Figure 4C).

Determination of 12(5} HETE. 12(S)-HETE and 15(S)-HETE were deter-
mined by a reverse-phase high-performance liquid chromarography
method (RP-HPLC), as described (65).

Sphevoid preparvation. Cell spheroids were prepared as described in pre-
liminary experiments (25, 26). Briefly, MCF7 cells were grown in McCoy
5A medium containing 10% fetal calf serum and 1% penicillin/strepto
mycin (Gibco-BRL; Invitrogen). Noncancerous MCF-10A breast epithe
lial cells were grown in MEGM medium (CC-3150; Clonetic Bullet Kir)
supplemented with bovine pituitary extract, human epithelial growrh fac-
tor, hydrocortisone, insulin, 1% penicillin/streptomycin, and 10 pM iso-
proterenol. Normal HLFs were grown in nonessential amino acid media
containing 10% fetal calf serum and 1% penicillin/streptomycin and 1%
nonessential amino acids,

Low-densivy veal-time PCR avvays. Template cDNAs prepared from toral
RMNA of MCF7 cells grown as monolayer or spheroid were character
ized in triplicates using the Human Extracellular Matrix and Adhesion
Molecules PCR Array (SABiosciences) and the RT2 SYBR Green/Fluo-
rescein QPCR Master Mix (SARiosciences) on the Chromod PCR Sys-
tem (Bio-Rad), following the manufacturer’s instructions. The result-
ing Ctvalues were analyzed by using the RT2 Profiler PCR Array Darta
Analysis Template v3.2 (SABiosciences). Genes not included on the
low-density real-time array were analyzed by using rhe following FAM
probes obrained from Applied Biosystems: VEGFA Hs00173626_m1,
ALOX15 Hs00609608_ml, ALOXI2 He00167524_ml, and ALOXIZB
Hs00153961_ml.

MCF-7 sphevoid/LEC monolayer cocultivation. In all experiments, telomer-
ase-“immortalized” lymphatic endothelial cells (27) or freshly prepared
lymphatic endothelial cells (64) (maximal 6 passages) were used, with iden-
tical resules. Lympharic endothelial cells were seeded in BGM2ZMV medium
on 24-well plates and allowed to grow to confluence. Then, the lymphatic
endothelial cells (LECs) monolayers were stained with Cyrotracker green
(2 pg/ml, C2925; Molecular Probes) or Hoechst 33258 (5 ug/ml, H1398;
Sigma-Aldrich) at 37 °C for 90 minures. Into each well, 10 MCF7 spheroids
were transferred. During the coincubation period, frames were taken at
15-minure intervals with an inverse fluorescence microscope (Zeiss Axio-
phot) and composed to a time-lapse video. Some preparations were exam-
ined in a Zeiss confocal fluorescence microscope.
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Transwell cultwre. Primary or telomerase-immorralized lympharic
endothelial cells were grown on the lower surface of Transwell inserts
{membrane diameter 6.5 mm; pore size 8 pm, precoated with 10 pg/ml
fibronectin; Costar) until confluent. Then lymphatic endothelial cells
were stained with Cytotracker as described above, and rumor cell spher-
oids were placed onto the upper surface. Coculturing was performed for
24 hours, with fluorescence microscopic control of the LEC monolayer
every 180 minutes.

Analysis of CCID formation. Areas of LEC monolayers beneath spher-
oids were photographed in an Axiovert (Zeiss) fluorescence microscope,
using the FITC filter to visnalize Cytotracker-stained (green) lymphatic
endothelial cells, and the area of CCIDs was measured using Axiovision
software (Zeiss).

ShRNA knockdouwn of ALOX15. Lentiviral particles containing shRNA tar-
geting the human ALOXIS mRNA (SHCLNV-NM_001140) and controls
with nonsense shRNA (SHCO02ZV) were obtained from Sigma-Aldrich.
MCF7 cells that transgenically overexpress VEGFC (38) were seeded onto
24-well plates, and rransduced with 2e5 TU in 250 pl MEM containing 10%
FCS and 8 pg polybrene /ml by spininfection ar 1500 gar 327 C for 90 min-
utes. After incubation for 12 hours, the cells were reseeded onto 100-mm
culture plates and selected with 1 pg/ml puromycin for 1 week. Single-cell
colonies were tested for knockdown efficiency by real-time PCR, normal-
izing gene expression to the housekeeping gene GAPDH.

Knockin of ALOX12 eDNA N-rerminal V5-tag was fused to the ALOX12
full-length cDINA. The fusion was constructed by PCR (53" primer:
TCAGATCCGCTAGCGGGCGCCATGGGTAAGCCTATCCCTA
ACCCTCTCCTCGOGTCTCGATTCTACGGGCCGCTACCGCATCC-
GCGTGGCCA, 3" primer: GGTGGCGGCGGCCGCTCAGATGGT-
GACACTGTTCTCTATGCAGCTGGG) using standard PCR conditions
and an ALOX12-containing expression plasmid (gift from Brigitre Marian,
Cancer Research Institure, Vienna, Austria} as templare. The primer pair

contained 5’ Nhe-Tand 3’ Not-1 linkers and the PCR productwas directly
subcloned inte pTag-CFP-N (Evrogen) by replacing CFP with the ragged
fusion construct. The resulting vector DMNA was controlled by sequencing
and proper expression of the target gene by Western blotting with a Vi-tag
antibody (Invitrogen) using rotal lysares of rranstecred cells.

Xenograft tumeors. For xenografting, 107 MCF7 cells or their deriva-
tives were dispersed in 30 pl PBS and injected orthotopically into the
fat pads of the fifth mammary glands of 8-week-old female SCID mice
{Harlan Animal Research Laboratory). 60-day slow-release pellers con-
raining 0.72 mg of 17f-estradiol (Innovative Research of America) were
implanted 48 hours previously. Primary tumor growth and formation
of metastases were monitored at 10-day intervals by noninvasive bio
luminescence imaging using a highly sensitive CCD camera (IVIS 100;
Caliper Life Sciences). 150 pg D-luciferin/g of body weight (firefly,
potassium salt; Caliper Life Sciences) was injected intraperivoneally.
Bioluminescence signals were acquired 18 minutes after application,
and normalized signals (photons/sec/cm?/sr) were evaluated and quan
tified using Living Image Software (Caliper Life Sciences); the tumor
weight was calculared from a calibration carve, The experiment was
terminated afver 63 days, and primary tumors and lymph node metas-
tases were processed for anti-podoplanin immunohistochemistry or
for mRNA determination of VEGFC, ALOXI12, and ALOX1S, shRNAs,
and luciferase. Paraffin sections of formalin-fixed rissues were labeled
by the TUNEL assay (Chemicon), MKI67 (KI-67, Nove Castra NCL-
Kio7p), and cytokeratin (DAKO Z0622). Fluorescence microscopy was
performed on an Axiophot microscope equipped with an AxioCam
Colour camera (Zeiss) ar a standard magnification of 250, Images were
analyzed using Image] software package 1.42q (Wayne Rasband, NIH;
heep://rsb.info.nib. gov/ij).
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Statistics. We have nsed a 2-tailed ¢ rest for statistical analysis of the
experimental data. P < 0.05 was considered significant. All data are pre.
sented as mean + SEM. The human correlative data were expressed by
Kaplan-Meier statistics.
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3.3 Conditional STAT1 ablation reveals the importance of interferon signaling

for innate and adaptive immunity to Listeria monocytognes infection.
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My contribution: Designed research, performed experiments.

| performed the adoptive transfer experiments (Figl. and page 2). The purpose of this experiment was to
define the contribution of STAT1 in the hematopoietic versus non-hematopoietic cell compartment in
the protection to Listeria monocytogenes infections. Wild type and Stat1”” mice were lethally irradiated
and reconstituted with bone marrow of the reciprocal genotype. To allow an accurate discrimination
between donor and receptor, the Ly5.1/Ly5.2 system was used. Mice were checked for efficient
engraftment and subsequently subjected to intraperitoneal infections with sublethal doses of Listeria
monocytogenes. The following experiments on determining the bacterial burdens in different organs

were carried out by Elisabeth Kernbauer.
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Abstract

Signal transducer and activator of transcription 1 (Stat1) is a key player in responses to interferons (IFN). Mutations of Stat1
cause severe immune deficiencies in humans and mice. Here we investigate the importance of Stat1 signaling for the innate
and secondary immune response to the intracellular bacterial pathogen Listeria monocytogenes (Lm). Cell type-restricted
ablation of the Stat1 gene in naive animals revealed unique roles in three cell types: macrophage Stat1 signaling protected
against lethal Lm infection, whereas Stat1 ablation in dendritic cells (DC) did not affect survival. T lymphocyte Stat1 reduced
survival. Type | IFN (IFN-1I) signaling in T lymphocytes reportedly weakens innate resistance to Lm. Surprisingly, the effect of
Stat1 signaling was much more pronounced, indicating a contribution of Stat1 to pathways other than the IFN-| pathway. In
stark contrast, Stat1 activity in both DC and T cells contributed positively to secondary immune responses against Lm in
immunized animals, while macrophage Stat1 was dispensable. Our findings provide the first genetic evidence that Statl
signaling in different cell types produces antagonistic effects on innate protection against Lm that are obscured in mice
with complete Stat1 deficiency. They further demonstrate a drastic change in the cell type-dependent Stat1 requirement for
memory responses to Lm infection.
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Introduction

Signal transducer and activator of transcription (Statl) is a central
mediator of interferon responses in the immune system. Signals
from type I (IFNet/ IFNB; IFN-T), type IT (IFNv; IFN-IT} and type 111
(IFN%, IFN-III) interferons employ receptor-associated Janus
kinases (Jaks) to activate Stats by tyrosine phosphorylation [1,2].
Gene transcription is induced and leads to a range of cellular
changes, including anti-viral properties, growth inhibition, apopto-
sis and differentiation. Drpumﬁng on the cellular context Stat] can
act as either a tumour-suppressor or promote oncogenesis [3,4,5].
The central character of Statl in signal transduction by the IFN
receptors results from the importance of Stat]l homodimers for
transcriptional regulation by IFNy. Moreover, Statl forms the
ISGF3 complex together with Stat? and interferon regulatory factor
9 (Irm) ISGF3 is the main playcr in 'rranscripﬁt-nﬁ] responses to
both IFN-1 and IFN-III. Consistent with its central role, Statl
dcﬁ‘.‘iuucy in mice rr_‘capilulal.us the lack of IFN-I, TFN-IIT and IFN‘{
responses and leads to high susceptibility to viral and bacterial
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infections [6,7,8]. The critical importance of Stat] for resistance to
infection 15 emphasized by mutations of the Stat] gene in humans.
Patients with various degrees of Statl loss-of-function present
clinically with recurrent and often lethal mycobacterial and viral
infections [9,10,11].

Listeria monocyfogenes (Lm) is the causative agent of human
listeriosis and a serious threat for the health of immunocompro-
mised individuals. It is also a well-studied model t;lrgmlisul Lo aua.ly:su
cell-mediated immunity to intracellular pathogens. Innate protec-
tion critically depends on the activities of the cytokines interleukin
(IL) 12 and TFNy [12,13]. This most likely reflects NK cell
activation, IFNy production and subsequent clearance of the
bacteria by activated maurophag&s. Sterile immuuil.y and immu-
nological memory result from the development of CD8+ T cells
[14,15]. Statl-deficient mice succumb to Lm during the early,
innate p}ulst of ini‘tutiou, sl.mugl)' Suggfsling a dominant role for
Stat]l in IFNy-mediated macrophage activation [7]. As even very
low numbers of Lm, even if attenuated, rapidly kill Stat] —/— mice
it is difficult to study attributes of the innate response. For C)u!.lllpli.‘,

June 2012 | Volume 8 | Issue 6 | 21002763

79 | Results



Author Summary

Signal transducer and activator of transcription 1 (Stat1) is
an indispensable component of the cellular response to
interferons (IFN) during immune reactions to pathogens.
Stat1 deficiency leads to severe immune defects in humans
and mice. The sensitivity of animals with complete Stat1
ablation to microbial pathogens prevented determining its
contribution to various effector systems of the immune
response. By way of tissue-restricted Stat1 ablation we now
decipher the impact of Stat1 signaling in different cell
populations on the innate and adaptive immune response
to the intracellular pathogen Listeria monocytogenes. Our
data highlight the importance of and requirement for IFNy-
activated macrophages for clearance of the pathogen
during early phases of infection, and show a yet unantic-
ipated detrimental role for T cell Stat1. During secondary
responses the picture changes and Stat1 in T cells is crucial
for proper clearance of L. monocytogenes. Likewise, Stat1
signaling in dendritic cells plays a fundamental role for
adaptive immunity to L. monocytogenes. Exploring the local
response to L. monocytogenes infection we reveal a role of
Stat1 in shaping the cellular composition of inflammatory
infiltrates. Furthermore, Stat1 deficiency in dendritic cells
increases the proliferation of regulatory T cells, an effect
likely to dampen the antibacterial response.

Lm replicates in a variety of non-hematopoietic cell types such as
epithelial cells or hepatocytes and the contribution of Statl to
bacterial clearance in these cell types is not known. Moreover, the
impact of Statl on the generation of adaptive immunity and
immunological memory is unclear [16,17,18,19,20]. In this regard
the potential role of both IFN-I and IFNy in the maturation and
activation of dendritic cells [21,22,23] and the impact of both IFN
types on the development of effector and memory CTL is of
particular interest. Moreover, it has not been possible to investigate
a potential contribution of macrophage activation to Lm clearance
in secondary immune responses of mice lacking Stat] in all tissues.

Further interest in cell type-specific Statl activities derives from
the opposing effects of IFNy and IFN-I on innate resistance to Lm.
IFNy-deficient mice show a similar susceptibility as Stat] —/— mice
[24]. By contrast IFN-I receptor (Ifnar) deficient mice are protected
from lethal Lm infections [25,26,27]. Suppression of protective
innate immunity by IFN-I was suggested to result from increased T
Iymphocyte apoptosis and subsequent IL10-mediated immunosup-
pression [28]. Furthermore, infection of macrophages and DCs with
Lm causes IFN-I dependent downregulation of the IFNy-receptor,
hence unresponsiveness to IFNy [29]. IFN-I also sensitize infected
macrophages in vifro to die from infection with Lm [30,31].

To overcome the limitations posed by the exquisite sensitivity of
Statl—/— mice to infections with Lm or other pathogens we
generated mice with floxed Stat] alleles. Here we report that cell
type-restricted  Statl ablation reveals a striking dichotomy of
immunological effects. Macrophage Statl produces protective
innate immunity whereas the opposite is true for T lymphocytes.
In secondary immune responses to Lm T lymphocyte and
dendritic cell Statl signaling becomes protective, but Statl in
macrophages does not contribute to clearance of bacteria.

Results

STAT1 in the hematopoietic compartment is crucial for
host protection to Listeria monocytogenes infection

To decipher the importance of Statl signaling for protective
immunity to Lm in the hematopoietic and non-hematopoietic cell
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compartments we conducted adoptive transfer experiments. WT
and Stat]—/— mice were lethally irradiated and bone marrow of
either Statl —/— or WT background was implanted in these mice.
After 8 weeks the chimerism was examined in blood, spleen and
liver showing an efficient implantation of the transferred bone
marrow (supplemental figure S1). Bone marrow-chimeric mice
were subjected to intraperitoneal infections with sublethal doses of
Lm and 72 hrs later the bacterial burden in spleen and liver was
determined (figure 1A, 1B). Compared to WT mice reconstituted
with WT bone marrow, mice lacking Stat] in non-hematopoietic
cells showed a minor reduction of bacterial clearance, hence minor
contribution of non-hematopoietic Statl to innate resistance. This
suggests that hepatocytes, although representing an important
niche for Lm multiplication [32,33], are not protected by Stat]
signaling. By contrast mice lacking Stat] in bone marrow-derived
cells displayed a clear loss of resistance.

In addition to pathogen clearance we tested the impact of Statl
deficiency on the systemic cytokine response. WT mice which
received Stat]l —/— bone marrow responded to infection with a
systemic cytokine storm, ie elevated serum levels of almost all
measured cytokines and chemokines (IL6, IL22, TNFx, MCPI,
IL10, Rantes, IP10 and MCP3; figure 1C). This is likely to reflect
the increase in bacterial burden, hence a higher intensity of the
innate response. Intriguingly however, the highest levels of
IL12p70 were determined in the group of Statl—/— mice that
received protective WT bone marrow and had very similar
bacterial loads as WT mice. This suggests that Statl of non-
hematopoietic cells participates in the negative regulation of IL12
synthesis. In line with increased IL12, IFNy production was
elevated compared to WT. Likewise IFN7y was increased in mice
with Statl —/— bone marrow although IL12 levels were normal
Therefore, IL12 and IFN7 levels are not strictly correlated. In this
situation IFNYy synthesis is most likely part of the cytokine storm as
a consequence of high bacterial burden.

Stat1 signaling in myeloid cells is essential, whereas Stat1
in T cells reduces innate resistance to Listeria
monocytogenes infection

To further study the contribution of individual immunecompe-
tent cells for the innate phase of Lm infection we analysed
resistance to lethal infection and bacterial clearance after tissue-
restricted Statl ablation. To determine the importance of Statl
signaling in myeloid cells we used LysMCreStatlflfl mice, which
delete predominantly in macrophages and neutrophils [34,35].
These mice display a significantly reduced ability to clear even a
low dose of Lm from spleen and liver (figure 2A, ?B) and hence
succumbed to infection, whereas all WT mice survived the
intraperitoneal infection (figure 2C}).

To test the involvement of Stat] to the immune response to Lm
in other cell types of the immune system, mice with Statl
deficiency in CD1 lc-positive cells, predominantly dendritic cells,
but also subpopulations of NK cells and alveolar macrophages,
were generated (CDI1lcCreStatlflfl, figure S2); [36,37]. Mice
lacking Statl in T cells were obtained by crossing Statlflil to
LckCre mice (LekCreStat 11l figure S2). DC- and T cell- deleted
mouse strains were subjected to a sublethal dose of Lm by
intraperitoneal injection and bacterial loads in spleen and liver
were monitored for the next three days (figure S3A, S3B). These
mice did not show elevated numbers of Lm in spleen and liver at
day three (figure 2D, 2E) or a significantly altered susceptibility to
sublethal infection (2C).

Intravenous infection with Lm lead to the same outcome as
inlraperilomzal infection. Three different doses of Lm, ranging
from sublethal to lethal referred to WT mice, where chosen to
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doi:10.1371/journal.ppat.1002763.g001

determine the response of the Statl-ablated mice (figure 2F H). to WT. Strikingly, LckCreStatlflfl mice displayed increased
Increased sensitivity to infection was seen when myeloid cells resistance to high infectious doses. This consequence of T cell
lacked Statl, whereas CD! lcCreStat1lfl animals behaved similar specific Stat] ablation was similarly observed following intraper-
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Figure 2. Bacterial load and survival in mice with cell-type specific Stat1 ablation. Stat1flfl, Stat1—/

Cell Type Restricted Antibacterial Statl Activity

and LysMCreStat1flfl mice were

infected for 72 h with 1x10"5 Lm i.p and bacterial load of spleen {(A) and liver (B) was determined after 72 h or survival was monitored over 10 days
{n="11-14) {C). Stat1fifl, Stat1—/—, CD11cCreStat1fifl and LekCreStat1fifl mice were infected with 11045 Lm i.p and bacterial load was determined
after 72 h in spleen {D) or liver (E). The survival of i.v. infected animals was monitored over 10 days with different doses of Lm; 2:x10°3 {F); 4 2103 (G},
1104 {H). Stat1fifl and LckCreStat1fifl mice were infected with 11046 Lm and survival was monitored over 10 days {n=11-13} {I). LckCreStat1fifl
and control mice {J) and LckCrelfnarififl and respective control mice (K; L) were infected with 1x1076 Lm and the CFU of spleen and liver was
determined after 72 h. Survival was monitored for 10 days {n=6-15) after infection with Sx10°6 Lm i.p. {M). Representative results of at least two

independent experiments are shown.
doi:10.137 1/journal.ppat.1002763.9002

itoneal infection with a lliglu:r than LD50 inoculum of Lm. Lack
of activity of T cell Stat] resulted in both increased survival of the
animals and an enhanced clearance of the bacteria from spleen
and liver (figure 21, 2]).

IFN-I signaling in T cells was previously shown to reduce the
clearance of Lm uwpon infection in the spleen [26]. To examine
whether the enhanced survival in LckCreStatflfl mice was due to
a lack of TFN-I Sign?l]irlgl we analysr.d the bacterial load and
survival in mice with IFN-I receptor deficiency in T cells
(Tckﬂr&]fnarﬂﬂ}. ‘We noted a signiﬁr_.anﬂy lower number ofsplanir,
Lm in LekCrelfnartll mice compared to WT mice at high doses of
iuﬁ‘.cli:)n, whereas the number of bacteria in the liver was not
significantly reduced (figure 2K, 2L). Mice with complete Ifnarl
deficiency showed a clearly hetter ahility to contain Lm infection
than mice la.l:kiug Iinar] Ollly in T cells. The increased abﬂil.y of
LekCrelfnarflfl mice to clear bacteria in the spleen did not result in
a ldghcr rate of survival compan:d to WT mi(.'r_‘, whereas complclc
Iinar] deficiency did (figure 2M). This result suggests that the
increase in resistance prﬂ(lm;f‘.ﬂ ]_:y the absence of T cell Statl
cannot be entirely explained on the basis of the lack of IFN-I
signaling in T cells.

Stat1’s contribution to splenocyte apoptosis reflects IFN-|
signalling

TUNEL staining of spleen cells two days after i.p infection with
Lm produced the expected large number of apoptotic cells in WT
mice [26], which was strongly reduced in both LekCreStat 11l and
LekCrelfnarlflfl mice (figure 3). Since the decrease in cell
apoptosis resulting from either Stat] or Ifnar] ablation was highly
similar, the additional protection of LekCreStat 11l mice from L
infection is not due to a lesser rate of infection-induced apoptosis
in Stat]-deficient T cells.

To further clarify the difference of LekCreStatlflfl and
Leklfnarlifl we isolated splenocytes of these genotypes and
appropriate controls (WT, Statl —/—, Ifnarl —/=) and infected
them & vitro for two days with Lm at MOI 10. Subsequently we
aualysud the supernatant of these cultures for T cell cy[Dkin{‘:S.
Statl deficiency in T cells lead to increased production of IL4 and
IL17 and a clear suppression of IFNy. In contrast, Ifnarl
deficiency in T cells did not decrease production of the signature
cytokines under study, but increased the amounts of IFNvy, IL17
and IL10. The data indicate a Th population-independent
negative regulation of I cell activation by IFN-I and demonstrate
the strong influence of Statl on the generation of Thl cells
through its target gene T-bet [38] (figure 54). Thus, Ifnar or Statl
ablation in T cells impact differently on the generation and
function of Th cell popu].alious in vifre.

Systemic cytokine levels in mice with cell specific Stat1

ablation after Listeria monocytogenes infection
Examination of Sysl(‘:mil: LTyTOl(ill(‘f/Clll’tlll[)kiil{‘: levels demon-
strated that mice lacking myeloid Statl signaling show increased
levels of IL6, IL12p70, MCP1, MCP3, IL22, MIP1f, Rantes and
IFNy in their serum, similar to but not as dramatic as complete
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Stat] deficiency (figure 4). As these mice have strongly elevated
numbers oi'pathngcns in their Organs the increase in inﬂa.mmatory
cytokines may again reflect an increased activity of the innate
immune system. All.crua.livcly, increased cy‘tokiuc pl'cdu(.'l.iuu
could also result from the loss of Statl-mediated gene repression
as reported for IL6 [39]. The function of Statl as both a
transcriptional activator and repressor is well documented [40).
Both functions require binding to GAS sequences [41], but the
detailed mechanisms are not understood.

Statl signaling in CD1lct cells had a very selective impact on
the levels of systemic cytokines, showing elevated levels of MCP1
compared to WT mice but interestingly, lower amounts of
IL12p70. By contrast, higher levels of IL12p70 were detected in
the serum of mice lacking Stat] signaling in T cells, despite an
equal bacterial load. The levels of TNF« and IL10 were too low to
be detectable at this dose of infection.

Organ damage in mice with cell type-restricted ablation
of Stat1 signaling after Listeria monocytogenes infection
Spleens (figure 5A) and livers (figure 5B} of infected animals with
conditional Statl gene ablation were analysed using H&E staining
to determine the scvcrity of inflammation two d.ayS posl—iuﬁ:l.'l.iou.
In keeping with the loss of innate resistance, mice lacking Statl in
my:loid cells showed a severe pal}wlog)r of the Spfccu with
increased lymphocyte depletion [42]. In the liver the radius of the
inflammatory infiltrate area, classified as microabscess [43],
correlated with the increase of bacteria found in this organ
{figure 5B, 5C). In addition, the numbers of micro-abscesses
correlated with bacterial burden, as lack of Stat] in myeloid cells
increased the area of infiltrates in the liver. Whereas CD1 lc+ cell-
specific ablation of Statl led to significantly bigger areas of
infiltrates compared to WT (figure 5C), the amount of infiltrates
(figure 5D) and bacteria in the liver was not significantly enhanced
compared to WT (figure 2E). Mice with T cell-restricted Statl
gene deletion showed smaller infiltrate areas compared to the WT,
again reflecting the protection of these mice from infection.

Liver failure may significantly contribute to the lethality of Lm
infection [44]. To assess liver damage, we measured the amount of
(.'irt:ulaLiug amino aspartate transferase (AST}, an enzyme released
from damaged hepatocytes and readily measurable in serum
samples [45] (figure S5E). LysMCreStat1fl mice displayed strongly
elevated levels of AST, indicating massive liver damage. No
significant differences in AST were found in all other animals/
genotypes compared to WT animals.

In addition to Organ daumg(‘: we examined the immune status of
Statl-ablated mice by analysing the composition of blood
].cukm:yuzs. Mice klcking Statl in T cells had the }ﬁghcsl numbers
of t:il'(,‘n]?lling immune cells in their blood 72 h after infection
(figure 5F, 5G, 5H). This is consistent with the notion that the
reduced number of Lm in organs, coupled with reduced numbers
of apoptotic cells led to a diminished recruitment of blood
lenkocytes. Additionally this result may indicate a defect in Stat]
n:-gulal.cd syuliu’:sis of T cell-derived chemokines.
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Ifnar1fiflLckCre

Figure 3. Apoptotic cell death in the spleen. WT, LckCreStat1fifl, LekCrelfnartfifl, fnarl —/— and Stat1—/— were infected with 1x10%6 Lm and
spleens were isolated 48 h after infection. TUNEL positive cells are visible in dark red; hematoxyline counterstaining indicates the structure of the

spleen (3).
doi:10.1371/journal ppat.1002763.9003

STAT1 signaling regulates cellular influx to local sites of
inflammation

The results shown in figures 1 and 2 emphasize the importance
of Stat] mediated macrophage activation. In spite of this, mice
completely devoid of Stat] cleared Lm less well than LysMCre3-
tatlflfl animals. This result could he explained by incomplete
ablation of the Statl gene in macrophages although our recent
inspection of macrophages demonstrates deletion with very high
efficiency [35]. Alternatively or additionally, therefore, the
difference hetween LysMCreStatlflfl and Statl —/— mice may
reflect shaping of the innate immune response by Stat] signaling in
several different leukocyte populations. In our infection model the
peritoneum is the site of immediate exposure of innate cells to the
bacterial pathogen that initiates a local inflammatory response. To
determine the degree to which cell type=specific Statl signaling
determines this local immune response, we first analyzed the local
chemokine/cytokine milien in the peritoneal cavity over the course
of the first three days of infection (figure 36). The most striking
differences between genotypes were observed at day 2 (figure 6A).
Absence of Statl in myeloid cells increased MIPlet MCP1 and
Rantes amounts at day two and three compared to WT. MCP1
and Rantes were decreased npon CDIlc-Cre-mediated Stat]
ablation at day two, but the levels of these chemokines recovered
and exceeded WT levels at day three. T cell-specific Stat] ablation
lead to a decrease in Rantes levels at day two after infection, at day
three the amount of the tested chemokines reached WT level
Examination of the pro- and anti-inflammatory cytokine gene
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expression patterns of adherent peritoneal macrophages isolated
from infected mice indicated a small but significant role of myeloid
cell Statl in the negative regulation of IL12 (figure 6B)
Remarkably, Stat]l signaling in T cells was required for full
IL12p40 expression. In keeping with the aforementioned negative
regulation by Stat] a more profound effect was noted with regard
to IL6 production that was markedly upregulated upon STAT]
deficiency in either myeloid cells or the CD1let population. The
CD11cCreStat! fifl genotype was unique in producing an adherent
cell population with reduced IL10 production. Together with the
systemic analyses shown in figure 1 and 2 our data suggest that
peritoneal macrophages are major producers of IL6 and IL12.
Lack of Stat] signaling in CD1 lc+ dendritic cells or inflammatory
monocytes may stimulate macrophages to produce excess amounts
of IL6 and decreased amounts of IL10.

To determine whether the altered peritoneal chemokine/
cytokine levels changed the cell recruitment, we isolated peritoneal
exudate cells two days after intraperitoneal Lm infection and
analysed the cell composition by Wright-Giemsa-stained cytospins
and flow cytometry (figure 6C E). Myeloid cells together
constitute >>95% of the peritoneal exudates in WT mice. In
animals lacking Stat] in DC reduced numbers of leukocytes were
recruited, however neutrophils were increased at the expense of
macrophages (figures 6C E). Thus, Stat] signaling in CD11lc+ DC
regulates monocyte/macrophage migration to the inflamed
peritoneum. Mice with myeloid Statl ablation showed an
increased influx of total peritoneal leukocytes with a similar
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Figure 4. Analysis of serum cytokines in mice with cell-type specific Stat1 ablation 72 hrs after infection with Lm. Mice with Statl
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{n =23} are depicted with standard deviations. Significant differences are indicated using asterisks.

doi:10.137 1journal.ppat.1002763.9004

tendency to reduce monocytes/macrophages and increase neuo-
trophils. Finally, the absence of Stat] signaling in T cells caused a
strong increase in the amount of immune cells travc“ing to the
peritoneum without altering their composition.

Togcl}u:r the data (.'lla.r&(.'tr_‘rizi.ug the pcrilr.-ur:a.l iuﬂa(umalr.lry
response suggest a profound impact of Stat] in different cell types
on the cytokinc milieu and on lmkocyrc cc-mposirion_ This may
explain in part why myeloid cell-restricted Stat] ablation does not
fully reproduce the loss of bacterial clearance observed upon
complete Stat] gene deletion.

Stat1 expression in DC and T cells regulates adaptive
immunity to Listeria monocytogenes

To mmeSf‘. the iulp:u,'l of Stat] sigrmling in different cell
populations on establishing adaptive immunity against Lm, we
applied an immunisation and challenge protocol to the respective
conditional knockout mice. Under these conditions mice lacking

@ PLoS Pathogens | www.plospathogens.org

Stat] sigrmling in T cells failed to clear L from the Slllﬁ(‘:u
(figure 7A). Accordingly, an increased percentage of LckCreS-
tatlflfl mice succumbed to infection compared to WT mice
(figure 7B). Immunized mice lacking Statl in CDllet cells
showed a slight impairment in clearing splenic Lim, yet the impact
on survival was almost as prolwuuced as in mice ].at:king Statl in T
cells. My(‘:l(lid Stat] did not contribute to the establishment of
adaptive immunity to Lm as bacterial clearance after immunisa-
tion was as strong as in WT' mice.

Orverall syst emic (.')’I(Jkiu{‘: levels were gf‘.n{‘:m]]y lower than those
found after infection of naive mice. Statl deficiency in CDI1lc+
cells caused a selective reduction of systemic IFNy that may
contribute to the reduced abil{ry to raise adaptiw‘. irnmuniry to Lm
{figure 7C). The levels of IFNy in mice lacking Stat] signaling in T
cells were cqua]ly lligll as in naive mice. Given the reduced ability
of Stat] —/— T cells to generate the Thl lineage [38] (figure 54)
this may reflect IFNYy production by cells other than Thl or,
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indicated with asterisks where applicable.

doi:10.1371/journal. ppat. 1002763.g005

alternatively, low numbers of Thl cells developing in absence of To further analyse the immunisation defects in CD11cCreS-
Statl may produce higher IFNy amounts due to the lack of the tat Iflfl mice, we investigated T cell responses after immunisation.
negative regulation Statl imposes on the IFNy gene [46]. Proliferation of splenic CD3+ T cells showed no significant
@ PLoS Pathogens | www.plospathogens.org 8 June 2012 | Volume 8 | Issue 6 | 21002763
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Figure 6. Peritoneal inflammation 48 hrs after infection. Chemokines {MCP1, Mip1«, Rantes) were determined in the peritoneal lavage fluid of
mice {n=6) after 48 hrs of infection {6A). Peritoneal exudate cells were isolated 48 h after i.p. infection with 1:x10°6 Lm, adherent cells were enriched
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cells {6C), the percentage of macrophages {6D) and the percentage of neutrophils {6E) were counted and depicted {n=29).

doi:10.1371/journal.ppat.1002763.9006

differences (figure BA). However, examination of the Treg
populali:jm (CD4;FaxpS;) revealed an enhanced pr(]lil'{‘:mliw:
response in the spleens of mice with CDIlc+-restricted Stat]
ablation (ﬁgur{_" 83). As rcgulal.t;lr)-r T cells represent Ouly a minor
percentage of total splenic T cells it is not surprising that the
difference in pl'O]iﬁ‘.mliOu went unnoticed when :nmlym(l in the
context of total CD3+ T cell cells. The data suggest a contribution
of DC Statl to the control of proliferation of a small proportion of
antigen-specific Treg.

). PLoS Pathogens | www.plospathogens.org

Discussion

Studies in gene-modified mice and with cells from human
patients suftfering from recurrent infectious disease have unequiv-
ocally established the central importance of Stat]l for the
establishment of protective innate immunity to viral and nonviral
pathogens [6,7,47]. This includes Lm, the bacterial pathogen
studied here. Conditional gene targeting allowed us to examine
whether there 5 a uniform immuuologi(.'al impil(.‘l of Stat] across
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monitored {7B). Serum of immunised and naive mice was analysed for the presence of IFNy {7C). One representative result of at least two
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different cell types. Fur[h(‘:rnlurr‘., we were able to irlv(‘:sligatu the
importance of Stat] signaling in the same cell types for the
devd(:lpmtul. of a(;quirtd antibacterial im(uuuity.

Clearance of intracellular bacterial palhogms is caused either
by a microbicidal effector mechanism of the infected cell or
indirectly thmugh CDB8+ T cell-mediated cyrolysis. L infects a
variety of different cell types i vifro, either by active invasion or
phagocytosis [48,49]. In infected mice the pathogen replicates in
both hematopoietic cells, predominantly macrophages, and non-
hematopoietic cells amongst which the hepatocytes form a major
niche [32,331. To our :surpri.‘se Statl Siguaiiug pmvides non-
hematopoietic cells with little  effector  potential, posing the
question how Listeria are killed in these cell compartments
particularly before the influx of antigen-specific CTL. One
possibility 1s the death of infected hepatocytes and the subsequent
p}mgucylosis of the cell contents in.(.'ludiug bacterial cargo ]Jy
phagocytic cells of the innate immune system [32]. Subsequent
sterile clearance most likely requires the development of CTL and
active lysis of infected cells [50,51,52]. The importance of clearing
Lm in the liver is underscored by our findings that the death of
mice with different Statl genotypes correlated well with the
inﬂamma.mry infiltrate in this organ and with the hcpaloh_‘-xiciry
caused by infection.

L)-’SMCIT_" mediated gene deletion occurs prl‘:doulhmully in
macrophages and granulocytes [34]. A recent report shows that
the contribution of ncntrnphils to the immune response agajnsr
Lm is surprisingly small [53] and, given the short half life of
gmnulocytcs, Slatl—d;:pcuduut erscript'wual response to IFN is
unlikely to enhance their microbicidal activity. Therefore our data
are consistent with the pr!‘.vicus notion that IFNT and Stat] cause
macrophage activation and that activated macrophages represent
a dominant innate anti-listericidal effector mechanism of the
innate immune response [54,55]. Indeed, our data reveal the
essential role of this cell type for dearance of L. That said the
clearance deficit of mice lacking macrophage Statl was signifi-
L‘aully lower than that of Stat]—/— mice. In this regard i.llSpltl:LiOn
of the local immune reaction elicited by intraperitoneal infection
with Lm. showed that besides lrlﬂ.(:l'(}]l}l:ag(‘:s T cells and
particularly CDMlc+ cells shape the inflaimmatory environment
by regulating chemokine production and cell influx. CD1 lc+ cells
in this situation are likely to represent inflaimmatory DO that arise
from inflammatory monocytes [56). Although lack of Stat]
signaling in non-hematopoietic cells or DC does not per se affect
survival and clearance of infection, it may synergize with the Stat]
deficiencies of other cell types to produce the more severe outcome
of the complete Stat]l knockout. Increased Lm replication in
Statl—/— compared to LysMCreStat!{lfl mice caused a more
severe cytokine storm that is likely to be one canse of their
accelerated death.

While the amount of serum cytokines generally followed the
severity of infection in different Statl genotypes, IL12 was the
txl.‘tpl.iou because it was slrougl)r increased in mice with Statl-
deficiency outside the hematopoietic compartment that were able
o cope with infection n(‘:arly as well as WT mice. This ﬁllllil!g
reveals negative regulation of IL12 synthesis by a non-hemato-
poietic cell. IL10 is a negative regulator of IL12 production [57]
and its synthesis can be suppressed by IFNvy [58]. However, IL10
is considered to be a product of hematopoietic cells [59]. The
nature of the suppressive cell type and the mechanism of IL12
Supprtssi()u will requirt further iuvtsligaliou.

The exacerbation of infection by Statl in T ]ymp}l(}cyl{‘s is
particularly intriguing. Unanue and colleagues demonstrated the
T cell response to IFN-I as a mechanism nndr‘.rlying their adverse
effect [26,28]. While our data confirm that the IFN-I response of T'
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cells indeed reduces bacterial clearance, Ifnarl-deficiency in this
cell type alone does not reproduce the consequences of the
complete Ifnar]l knockout and it does not cause the robust effect of
T cellspecitic Statl deletion. Hence, T cells indeed inhibit
pl‘OLC(.'I'.ivc innate immuuil.y to Lm, but the effect of Statl FOLS
b?.yonrl IFN-1 sig—nnling. Furthermore, additional cell compart-
ments must contribute to the Suppl‘tssive effect of IFN-I, as
suggested by the comparison between infected Ifnar—/— and
LekCrelfnar 11l mice. At present we do not l'u]ly understand how
Stat] signa]ing in T cells reduces innate immnnil‘y to Lm. Clcarly,
it increases apoptosis of splenic cells, and the comparison to Ifnar-
ablated cells suggests this results from the activity of type 1
interferons. chcvcr, T cell Statl-mediated loss of innate
protection goes beyond IFN-I effects on splenocyte apoptosis. In
line with the results shown in figure 5S4, skewed CD4+ T cell
differentiation caunsing a reduction of IFNy-producing Thl cells
and a concomitant ncrease in Th2? and Thl7 cells may be a
contributing factor. Importantly, Ifnar] deficiency in T cells
increases IFNYy production when Lm antigens are presented by wt
APC in witro. At present we do not know whether T cell
differentiation is a decisive factor within the first three days of
infection in mice. Systemic cytokine profiles of LekCreStat 11
animals showed little change with respect to WT mice in this
period. Systemic ILI0 levels were below the detection limit,
leading us to assume that reduced clearance does not result from
global immunosuppression. In addition, bacterial multiplication
might be enhanced by the reported suppressive activity of IFN-I
on IFNy receptor expression [29].

Infection of immunized mice with Lm caused a drastic change
in the CONSEUEnces of Stat] Sigimling in cell types of the immune
system. Most importantly Stat] activity in T cells was now
rcquircd for protcctivc iuu.nuuil)u'. Arlligc'll—sl.lCCiﬁr; CTL are
critical effectors for adaptive immunity to Lm [15,52]. Our data
pr(]vidf‘. the first gf‘.u{‘:!iu ]II‘I:IO!‘I}I:&T Statl siglm.liug in both T cells
and DC is required for acquired resistance, in addition to showing
that IFN-,«—a:.-tivau:d mw.'roplmgr:s are dispcasablc Onee memory
lymphocytes have been produced. The essential stimulus for Stat]
signaling in T cells is unclear. IFN-I appear to be dispensable for
both CD4+ and CD8+ T cell development during Lm infection
[60,61]. Furthermore, a study analyzing CTL development in
IFNy-deficient animals infected with very low numbers of Lm
shows that ]m‘{ is not essential for ]lr'ljll(‘:ctiv{‘: CTL-mediated
immunity [51]. Possibly IFNy contributes to protective CTL
memory when infection occurs with a higll infectious dose.
Therefore, Statl may increase the efficacy of memory CD8+ T
cell responses.

Defective Stat] signaling in CDlle+ DC also reduced
protection by the adaptive immune system upon secondary
(:]m.llr‘:ug(‘: with Lm. This is consistent with our recent ﬁIl(lillg' that
immunization with Stat]l —/— DC caused a strongly diminished
CTL response to Ova peptide [62] and with reports by others that
Statl —/— DC fail to elicit prol.ti.'livt i.mmuuity to Leishmania m.fgi.rf
[53]. IFN-1 and Stat] r'f‘:p(]rl{‘:("y support DC maturation and
activation [64,65]. Data in the literature thus suggest a defect of
Statl-deficient DC to present antigen to T cells. In line with this
IFN-I were l‘tported to stimulate the abﬂity of DC to cross-present
antig(‘:u [?.3]. In our 1‘.x1n‘.rim(‘:r|l8 the lack of DC Stat] affected
survival of mice more than splenic clearance of bacteria, which
argues against a general defect in generating effector CTL.
Moreover, activation of both CD4+ and CD8+ T cells to the levels
found with wt cells occurred in vifro when Statl —/— DC were
used as antigen presenters (Figure S5). In a mouse model of graft
versus host disease Ma and colleagues noted an increased
plﬂliferatioll of FoxP3+ l‘eg'ulawry T cells upon transfer of
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Stat]l—=/— S]:l(‘:li(}cyl!‘.s into irradiated hosts [ﬁﬁ]. Pr(]m]:l!‘.d by this
finding we tested whether Stat] deficiency in DC might similarly
cause increased Treg proliferation in Listeria-infected mice.
Indeed we noted that the pl‘opt;lrliou 0[‘p11;nliferalin1g- FoxP3+ cells
was about two-fold higher in spleens from infected mice with a
CDIlcCreStatlfifl genotype. It is therefore possible that an
increased number of antigen-specific regulatory T cells suppresses
!‘.I’f‘l‘.cll)r T (,'t'_“s ?I!I[i thl]s I'l’:ll[l(}“s f}ll‘. illl[llllllﬂ I'l'.s])ﬂllsi‘. 1o I-In.

In summary, cell type-restricted ablation reveals a fascinating
l:t)lilplj:xity of Statl’s rcgu].-xtory power for the dcw_‘lOp(m:ul. of
both innate and adaptive immune responses to Lm.

Materials and Methods

Mice and bacteria

Animal m(pcrimr‘:nts were discussed and apprmmd by the
University of Veterinary Medicine Vienna institutional ethics
committee and carried out in accordance with protocols approved
by the Austrian law (BMWF-68.205/0204-C/GT/2007; BMWE-
68.205/0210-11/10b/2009, BMWF-68.205/0243-11/3b/201 1}. Bac-
|C['iﬂ were ])r(‘:pan‘.[i r()r ;[Ir(‘.(,'l ;0" as [1:‘3(,ril)ﬁ| ])I'('.\"iﬂllsly [G?]. FDI'
infection, Lm LO28 were washed with PBS and injected intraper-
itoneally (i.p) or intravenously (i.v) of 8- to 10-week-old sex and age
matched C57BL/6N (WT), Statlfil (B6.129P2-Stat] ™ [35]),
LysMCre  Statlftil (B6.129P2-Lyz2™ &% /. grat] ™21 [34]),
CD11cCre Stat1lil (B6 Cg-Tg(CD 1 1e-Cre)-Stat 1" [68)), LekCre
Stat] ] (B6.129P2-Tg(LckCre)-Stat]™®* LckCre [69]), Ifnar]l —/ —
(B6.129P2-IfnaR 1™ [70], Sew—/— (B6.129P2-Statlunl), If-
narlflflLckCre (B6.129P2-IfhaR1™'-Tg (LckCre) [71] mice at the
respective dose. The infectious dose was controlled by plating serial
dilutions on Oxford agar plates. The survival of mice was monitored
for 10 days, and data were displayed as Kaplan-Meier plots. For
determination of bacterial loads of liver and spleen mice were killed at
the indicated time points. The respective organs were solated and
hr.-mogcuizcd in PBS. Serial dilutions of the hmuoga:(mu:s were plah:d
on BHI plates and incubated at 37°C for 24 h. For immunisation
mice were injected L.p with 1 %1076 attenuated Listeria (AActA). After
2 3 weeks mice were infected i.v with 1x10%5 Lm.

Cytokine analysis

For cytokine analysis mice were bled via the retro-orbital sinuses
and serum was collected and stored at —80°C. Usiug the
FlowCytomix system (ebioscience) concentrations of indicated
cytokines (IFNvy, 116, TL10, TL12p70, Mcpl, Mcp3, Rantes,
GMCSF, Miple, Miplp, P10, IL22, TNF o) in 25 ul of serum

were measured.

Peritoneal exudate cell isolation

For isolation of peritoneal macrophages mice were infected for
48 hwith 5 x 1076 LOZ28 i.p. Mice were sacrificed, the peritoneum
was flushed with two times 10 ml of DMEM and cells were
harvested by centrifugation and plated on 6 well plates. After 2 h
adherent cells were washed with PBS and RNA was prepared for
Real Time PCR analysis. The composition of total peritoneal
exudate cells was examined using Wright-(Griemsa staining of
l:)-'l.le].lius. COmpOSiLiou of adherent cells were mlalyscd |J)-r
flowcytometric analysis (F4/80-APC, CDI1b-PE, CD3-FITC
(Rn ]_:iOScir‘.m_TtS), I.yGC—Pl‘.rCP (f&ljiOS{;iunl:f‘.}). Chemokines and
cytokines were measured using the FlowCytomix system after
flushing the peritoneum with 1 ml of DMEM.

RNA isolation, cDNA synthesis and Real Time PCR

RNA was isolated using the Nucleospin II kit (Macherey and
Nagel) according to protocol Reverse transcription was accom-
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plished using RevertAid (Fermentas). The Real Time PCRs were
rn on an Rppandorfcyc]er. After correction for the hm)sekeeping
gene Gapdh, EVELY :sample was calculated to the mean of WT
mRNA levels. The following primer sequences were used (all 5'-
3"y IL6: for TAGTCCTTCCTACCCCAATTTCC; rev TTG-
GTCCTTAGCCACTCCTTC; IL10: for GGTTGCCAAGCC-
TTATCGGA; rev ACCTGCTCCACTGCCTTGCT, IL12p40:
for TGGTTTGCCATCGTTTTGCTG; rev ACAGGTGAGG-
TTCACTGTTTCT; GAPDH: for CATGGCCTTCCGTGT-
TCCTA; rev GCGGCACGTCAGATCCA.

Flowcytometric analysis

Spleens were isolated after indicated timepoints and single cell
Suspnnsi:)ns were pr{‘:pa.r{‘:(l llsing a 80 pm cell strainer. After red
blood cell lysis cells were stained for CD3-PE, CD4-FITC, CD8-
APC, CDI11b-PerCP, Grl-PE, FOXp3-APC, Ki67-PerCP (all BD
bioscience). For intracellular staining cells were ficed and
permeabilised using the FoxP3 staining kit (ebioscience)

Histology

Mouse organs were fixed with 4% paraformaldehyde over
night, paraffin embedded and 4 pm sections were prepared using
a llli(,'l'otﬂ"lﬂ. H{'.III.'/]IDXY“"!‘T ﬁ]'l[i c(}sill Stﬁ.lllling (H&P,) WwWere
performed using standard protocols. The radius of the infiltrate
was measured |:|sing the Zeiss Ax;oplan software. For TUNEL
staining, sections of spleens were stained wsing the TUNEL-POD
kit (Roche) according to protocol. Additionally, sections were
blocked for endogenous peroxidase activity in methanol with
Hzo,,_ and after pmtciuasc K treatment blocked with 5% normal
goat serum to reduce background staining. TUNEL enzyme and
POD conversion was applied as described, and AEC+ high
sensitivity chromogen (Dako) was used as a HRF substrate.
Subequtuﬂy, sections were counterstained with hema.lr.lxylint.

AST measurement
Aspn.rm.m amino transferase concentrations were measured in
mouse serum using a COBAScl | analyzer (Roche).

Adoptive transfer

WT (Ly5.1 and C57BL/6) and Stat] —/— animals were lethally
irradiated with 8,2 Gy for 17 minutes and engrafted with 5x10/6
bone marrow cells of respective genotypes by Lv injection. After 6
weeks engraftment was analysed in blood, spleen and liver by flow
cytometry using the antibodies Ly5. 1-FITC, Ly5.2-PE, CD11b-
PerCP (BD biosciences).

Blood lymphocyte population

Mice were bled via the retro-orbital sinuses in tubes coated with
EDTA and the cellular composition was measured using a vet
haematology analyzer V sight (A. Menarini diagnostics).

Statistical analysis

Bacterial loads of organs were compared using the Mann-
Whitney test; mRNA expression data and cytokines levels were
amdyscd with the Students t test. For both the Craphl:'ad Soltware
was used. Asterisks describe the significances as follows: * p=0,05;
i =0,01; ***p=0,001

Supporting Information

Figure 51 Bone marrow chimerism and blood lineage
analysis. Percentage of Ly5.1 positive leukocytes in the blood
and Lyd. 1+ and CD1lb+ cells in spleen and liver. For bone
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marrow Ly5.2 positive cells are shown due to a large proportion of
Ly5.1 and Ly5.2 negative cells. Percentages of positive cells are
indicated in the figure (S1). Representative plots of a Stat]l—/—
mouse reconstituted with WT (Ly5.1) bone marrow are shown.
(EPS)

Figure §2 Deletion efficiency of CD1le and LekCre in
splenic DC and T cells, Splenic dendritic cells (S2a) and splenic
T cells (52b) were isolated, respectively, from CD lcCreStat]lfl,
Ickﬂrnﬁlallﬂﬂ, and control mice [S?b) anc Subjt‘.ut{‘:d to Western
blot analysis for StatIN and pan-erk.

(EPS)

Timr. course I)f bal‘.ll’.l’iﬂl h'l.ll'dEn iIl mi(:l-. widl

Figure 83
cell type-restricted Statl ablation. Stat]-ablated and control
mice were infected Lp with %10 Lm and bacterial load of
spleen (S3A) and liver (S3B) over the course of three days was
determined. Medians of cumulative data from 2 3 !‘:xpl‘:rim{‘:uls
are depicted.

(EPS)

Figure 84 In vitro infection of splenocyte cultures.
Splenocytes were isolated from WT, Ifharl—/—, Statl—/—,
LekCreStat 1 fifl and LekCrelfnar 11l mice and infected in witro with
Lm at a MOI of 10. 48 h after infection the supernatant was
harvested and analysed for IFNy, IL4, IL17 and IL10. Means of
cumulative data of two individual t‘.xpr‘:rim(‘:rlls are shown with
standard deviations.

(EPS)

Figure 85 Time course of serum cytokines after Lm
infection. The rtsptl.'livt Stat] ablated animals were infected
with 1 %106 Lm and respective cytokines were measured in 25 pl
of serum at day 1, 2 and 3 after infection. Means of cumulative
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My contribution: Designed research, performed experiments, analyzed data.

| designed the cloning strategies and performed the cloning for the pMSCV-cdk6-R31C-puro construct
(CDK6 mutant that fails to bind INK4 proteins) and the pMSCV-cdk6-K43M-puro construct (CDK6 kinase
dead mutant). The constructs were used for several experiments throughout the whole study to

INK4a

delineate kinase-independent functions of CDK6 and display the specific regulation of p16 through
CDK6 (Figl. h-j; Fig3. a-i; Suppl. Fig3. b-d; Suppl Figd. a-d, Suppl. Fig8. d). | also designed the cloning
strategy and performed the cloning of the doxycycline inducible Tet-On CDK6-construct. | was further
involved in establishing cell lines that induce the expression of CDK6 in response to doxycycline in a
concentration-dependent manner. This was achieved by retroviral infection of Cdk6” cell lines with the
pRevTet-On regulatory plasmid and a GFP-expressing response plasmid (pRevTRE-GFP). Single cell clones
were screened for clones with the highest doxycycline-dependent induction of GFP and the lowest
background expression in the absence of doxycycline. Selected clones were then used for experiments
with the CDK6-expressing response plasmid (pRevTRE-tight-Cdk6). The aim was to show that increasing
levels of CDK6 expression do not induce apoptosis and to display that CDK6 regulates the expression of
p16 "*** and VEGF-A in a concentration dependent manner (Suppl. Figl. e-h). | further established and
conducted the shRNA knockdown of CDK6 in several human cell lines (Suppl. Figll. a-i). The purpose of

INK4a

this experiment was to show that the regulatory effect of CDK6 on VEGF-A and p16 is also present in

the human system.
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Summary

Cell cycle alterations are common in cancer cells. The cell cycle kinase CDK6 - but not its
close homologue CDK4 - i1s expressed at high levels in transformed lymphoid cells. We have
studied the impact of deregulated CDKG6 levels in a p/ 85PCHABLY B_acute lymphoid leukaemia
(B-ALL). We identified a novel, kinase-independent role for CDKG as a transcriptional
regulator. CDK6 acts in concert with ¢-JUN and STAT3 to induce the tumour suppressor
pl6"™™ and the pro-angiogenic factor VEGF-A. Our model implies that high CDK6

6™*_thereby providing an

expression initially suppresses proliferation by up-regulating pl
internal safeguard. Studies of human B- and T-cell lymphomas confirm the inverse
relationship between CDK6 and p16™*" Further validation comes from a murine T-cell

INKda - CDK6 able to

lymphoma model driven by NPM-ALK. Only in the absence of pl6
reach its full potential in tumour promotion. In addition, CDKG6 is part of a transcriptional
complex that regulates VEGF-A. CDK6 thus uses two independent mechanisms to drive

transcription: it interacts with STAT3 and D-type cyclins to regulate pl()mm"

and cooperates
with the AP-1 transcription factor ¢-JUN to regulate VEGF-A. The finding that CDK6
connects cell-cycle progression to tumour angiogenesis confirms CDK6’s central role in
hematopoietic malignancies and explains the selection pressure to up-regulate CDK6 and to
silence p]Glea_ As CDK6 i1s a major target for anti-cancer drug development, future
therapeutic strategies should consider the potential involvement of the protein’s kinase-

independent functions in transcriptional regulation.

Enhanced CDK6 protein expression has been documented in human and murine lymphoma

and leukaemia '"®. CDKG is required for AKT-induced thymoma formation and BCR-ABL-

. . . 19 - - . : = 1 e
driven ALL in murine models . To investigate the consequences of increasing CDK6

expression in  B-lymphoid leukaemia/lymphoma we generated stable plSSWR'Anl‘—
transformed pro B-cell lines. These were infected with either a pMSC V-puro (Cdk6™") or a

4

pMSCV-Cdk6-puro based retrovirus (Cdk¢ ' +Cdk6). In contrast to our expectations

Cdk6”" +Cdl6 cells displayed a strong reduction of proliferation (as confirmed by three
different experimental techniques, see Supplementary Fig.la-d). Moreover, cells with high
CDKG6 levels formed fewer and smaller colonies in growth factor-free methyleellulose (Fig.
la). We did not find any increase in apoptosis or senescence on inducing CDK6 expression
(Supplementary Fig. le-h). Consistently with their in vitro phenotype, Cdk6™" +Cdk6 cells

gave rise to subcutancous lymphoma-like tumours or leukaemia with increased latency (Fig.

2

96 | Results



1b and Supplementary Fig. 1i). We confirmed the reduced proliferation of Cdk6"” " +Cdk6
cells by staining tumour sections for the proliferation marker Ki-67 (Supplementary Fig, 1j
and k). To investigate the underlying mechanism we examined the expression of several
genes known to be important for cell-cycle control. Elevated CDK6 expression was

consistently accompanied by high levels of the cell-cycle inhibitor and tumour suppressor

INK4 INKAb INK4
6 5 B

pl . while expression of other members of the INK4 family (pl , pl
pl9mmd) and of p19™¥ remained unchanged (Fig. lc¢ and Supplementary Fig. 2a). These
findings were recapitulated in murine embryonic fibroblasts (MEFs) that had not yet
INK4a

undergone senescence (Supplementary Fig. 2b). The up-regulation of pl6 1s not caused

by increased protein stability as it persisted upon treatment with the proteasome inhibitor

5.BC'R-ABL+

bortezumib (Supplementary Iig. 2¢). High CDK4 expression in p/8 leukemic cells

TNK 4
6 a

did not change pl expression and proliferation, nor was any change in tumour growth

observed (Supplementary Fig. 2d-g).

Enforced expression of CDKG6 led to a pronounced increase in levels of p}(rmm” mRNA and
pre-mRNA (Fig. 1d and Supplementary Fig. 3a). Chromatin immunoprecipitation (ChIP)

INK . .o
6" promoter, while no binding

experiments revealed that CDK6 binds specifically to the p/
to the p/9*™" promoter was detected (Fig. le). These findings define CDK6 as part of a
transcriptional complex that regulates the tumour suppressor plG'Nm“_ In line with this finding
we detected the loss of the inhibitory histone mark H3K27me3. which controls p]fimma
expression (Fig. 1) '™, Consistently, the level of H3K36me3 is significantly increased: this
marker parallels transcriptional activity (Fig. 1g).

To investigate whether CDKG6 exerts its action on the promoter by phosphorylation (of an
unknown substrate), we tested whether the CDK6 mutant CDK6K43M (in which the Kinase
domain is inactivated) '* could up-regulate p16"™** p185P“F*PL transformed Cdk6 * and
wild-type cells were infected with a pAMSCI-puro based retrovirus containing Cdk6K43M, to
generate stable cell lines (Fig. 1h and Supplementary Fig. 4a). Surprisingly, up-regulation of
p16™*** MRNA and protein is kinase-independent (Fig. 1h and Supplementary Fig. 3b, 4a and
4b) and expression of the mutant Cdk6K43M reduces cell growth (Supplementary Fig. 3¢ and
4¢). These experiments indicated the existence of a novel, kinase-independent function of
CDKG6 as a transcriptional regulator of the tumour suppressor p16™~",

To examine whether p16mK4" expression accounts for the growth inhibition caused by CDKG6,
we expressed CDK6 in p185°“ Pl transformed cells deficient for pl16™"/p19% We did
not observe any growth inhibitory effects or reduction of leukaemogenesis (Iig. 1i and 1j). In

-/

addition, we reconstituted p185°“**Plqransformed Cdk6” and wild-type cells with a

3
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pPMSCV-puro based retrovirus containing Cdk6R31C, a CDK6 mutant that cannot bind INK4
proteins (Supplementary Fig. 3d and 4d) '*. Despite the presence of high p16™~** levels, the
growth inhibitory effect of CDK6 was not mimicked by Cdk6R31C (Supplementary Fig. 3b-
d. 4-d). These experiments confirm that the tumour-suppressing effect of high CDK6
expression results from a negative feedback loop mediated by plG'Nm“.

Our model makes a testable prediction: high CDK6 expression in a lymphoid tumour confers

61.’\!1{43

a growth advantage only if pl expression is disrupted. Support for the prediction comes

from an analysis of patient samples. Levels of CDK6 and p16™5"

protein were analysed in
two human tissue arrays, one for B-cell malignancies and one for [-cell malignancies. Figure
2a compiles 3 samples of the tissue array consisting of 16 different cases of B-cell lymphoma
as well as a control lymph node. In all cases we found high levels of CDKG6 expression
accompanied by reduced or undetectable expression of plﬁmk"“_ The tissue array for T-cell
malignancies consisted of 28 cases of anaplastic large cell lymphoma (ALCL), among which
17 carried the NPM-ALK fusion kinase (Fig. 2b and 2¢). As ALCL cells diffusely infiltrate
affected lymph nodes we employed CD30 staining to define the malignant cells. We found an
inverse relationship between CDK6 and p16™*"* in all samples (Chi-square test, %> = 11.603,
p ~ 0.02). The majority of cases had high CDK6 expression and no or scarcely detectable

N2 However. 4 of 11 NPM-ALK-negative tumours displayed the opposite

expression of pl6
phenotype: they had high p16™* levels but lacked immunoreactivity against CDK6
antibodies (Fig. 2¢). The correlation was verified by HistoQuest -assisted analysis
(Supplementary Fig. Sa and 5b) (TissueGnostics GmbH, Vienna, Austria). The array

TNK4s 3 M
"and CDKG6 expression in

experiments revealed an inverse relationship between pl6
human B- and T-cell lymphomas, which was confirmed by immunofluorescence staining
(Supplementary Fig. 5¢). The importance of CDK6 for NPM-ALK-driven tumourigenesis was
verified using NPM-ALK transgenic mice. CDKG6 deficiency significantly prolonged discase
latency and NPM-ALK™ Cdk6” " cells showed reduced proliferation in vitro (Fig. 2d and
Supplementary Fig. 5d). Lymphoma cell lines obtained from diseased wild-type mice showed
consistently elevated CDK6 expression accompanied by loss of plﬁ”’"ﬂa expression due to
methylation of CpG islands on the p16™"* promoter (Fig. 2e and Supplementary Fig. 5e).
Importantly, the expression levels of CDK6 in human and the (over-expressed) levels in
transformed murine cells were comparable (Fig. 2f and 2g and Supplementary Fig. 5f).

Detailed analysis of eight human ALCIL samples indicated that tumour cells expressing high
levels of CDK6 showed an enhanced density of blood vessels (Supplementary Fig. 6a and

6b). As tumour angiogenesis is frequently driven by ligands of the vascular endothelial

4
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growth factor (VEGF) receptor, we investigated the levels of the most prominent growth
factor VEGF-A. The investigation of ten human hematopoietic cell lines and human control
lymphocytes indicated a positive correlation between VEGF-4 and CDK6 but not CDK4
mRNA expression levels (Supplementary Fig. 6¢c and 6d). CDK6's role in tumour
angiogenesis was tested directly by experiments in which NPM-ALK" Cdk6 " cell lines were
subcutaneously injected into mice. Cak6” tumours evolved significantly later and displayed
severely reduced blood vessel formation and Vegf-A expression (Supplementary Fig. 7a-c).

To investigate the mechanism of CDKo6-regulated angiogenesis, we reconstituted CDKO-
deficient p185"“* B transformed cells with wild-type CDK6, CDK6K43M or CDK6R31C.
Several independently derived cell lines were injected subcutaneously into mice and the
ability to stimulate angiogenesis as well as VEGF-A protein levels was found to correlate with
CDKG6 expression (Fig. 3a-d). To confirm the pro-angiogenic effect of CDK6. we added the
cell supernatant to murine endothelial cells. Supernatant from cells expressing CDK6 - either
wild-type or mutant - was capable of significantly stimulating endothelial cell proliferation,
migration and sprouting (Fig. 3e-h). CDKG6 induced expression of Fegf-4 pre-mRNA, mRNA
and protein, irrespective of the mutant used (Fig. 31 and Supplementary IFig. 8a and 8b).

Similar observations were made in pl85*“®* L qransformed wild-type cells after enforced

expression of CDK6 but not of CDK4 (Supplementary Fig. 8a-d and 9a-¢). That regulation of

VEGF-A is independent of CDK6 (and CDK4) kinase activity was confirmed by treating
wild-type cell lines with the CDK6/CDK4 inhibitor PD033299, which was found to reduce
proliferation but not to affect Vegf~4 mRNA levels (Fig. 3j and 3k).

Enforced expression of VEGF-A in Cdk6 " cells restored the size of subcutaneous

PJI,(?J—B(“R-ARI_ b

tumours. The increased size could not be attributed to an increase in cell
proliferation (Supplementary Fig. 10a-c). Conversely, reduction of CDKG6 protein in the

human hematopoietic cell lines Mac2a and Sudhll by shRNA-mediated knockdown was

accompanied by decreased VEGF-A expression (Supplementary Fig. 11a-f). No effect of

CDK6 knockdown on VEGF-A was observed in the human kidney cell line HEK293T
(Supplementary Fig. 11g-1). In total, CDK6 was found to have a transcriptional regulatory
effect on Vegf~4 in 7/14 human and murine cell lines, especially in hematopoietic cells and in
non-transformed fibroblasts (Supplementary Table 1).

ChIP assays verified CDK6’s role in the regulation of Vegf-4 and pl6™*"

transcription (Fig.
4a, 4b and Supplementary Fig. 12a). Increased CDK6-induced Jegf-4 transcription was
reflected by a significant increase in H3K36 trimethylation, while changes in other histone

marks did not reach significant levels (Supplementary Fig. 12b and 12c).
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Co-immunoprecipitation experiments revealed that CDKG6 is found in a complex with the
proto-oncogene STAT3 and the AP-1 transcription factor ¢-JUN (Fig. 4c and 4d). To test
whether the transcriptional activity of CDK6 depends on these proteins we used p1852“F/ABL.
transformed cell lines lacking either c-JUN or STAT3. CDK6 was capable of inducing Vegf-A
expression in the absence of STAT3 but not of ¢-JUN (Fig. 4e and 4f). In contrast, induction
of p16™*" by CDK6 required the presence of STAT3 (Fig. 4g and 4h). The findings were
confirmed by luciferase assays (Supplementary Fig. 13a and 13b) and ChIP/Re-ChIP studies
(Fig. 4i and Supplementary Fig. 13¢ and 13d). Recent studies have demonstrated that D-type
cyclins possess ftranscriptional activity '*. ChIP experiments confirmed that CyclinD2 is
present at the p/6™** promoter (Supplementary Fig. 13e) and consistently CDK6 failed to
induce pl6™ transcription in MEFs deficient for Cyclin D1, D2 and D3 (Fig. 4j and 4k).
The ability to induce Vegf-A transcription was unaffected by deletion of these cyclins (Fig. 41,
4m and Supplementary Fig. 13f). In summary, our data show that CDK6 regulates
transcription in at least two ways — either in cooperation with STAT3 and D-type cyclins or

together with the AP-1 transcription factor c-JUN (Fig. 4n).

pl16™"™ regulation can be regarded as a safeguard that needs to be overcome for full
transformation by oncogenic CDK6. Accordingly, malignancies of the B- or T- lymphoid
lineage frequently display loss of p16™** due to deletion, mutation or methylation '**2. We
predict that in such cases enhanced CDKG6 protein levels drive both cell-cyele progression and
angiogenesis. The finding that CDKG6 is able to induce transcription of growth factors such as
legf-A provides a possible explanation why this protein is consistently up-regulated in
leukaemia and lymphoma. Although tumour growth depends on angiogenesis. to date there
have been few indications of factors involved in the regulation of both processes and the
mechanism underlying their interdependence has remained elusive. As CDK6 promotes
tumour growth while simultancously guaranteeing the supply of oxygen and energy to the
rapidly growing tumour, it enables tumours to proliferate extremely efficiently. CDK6 already
represents a promising target for anti-cancer drugs. In the light of our findings, it is important
that drug design take into account the novel, kinase-independent function of the CDK6

protein.
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Materials and methods

Mice
All mice were on a C57BL/6 background. Cak6™ | INK 4a/ARF"**, NPM-ALKtg®, Nu/Nu
and Ragl"‘;’ mice ** were described previously. Animal experiments were performed in

accordance with protocols approved by the Animal Welfare Committee (MUW).

Cell culture, infection of foetal liver cells and expression vectors

Tissue culture conditions, virus preparation, infections establishment of cell-lines and colony
forming assays were performed as described previously **"**’. Expression vectors employed:
pMSCV-puro, pMSCV-Cdk6-puro, pMSCV-Cdk6R31C-puro = pMSCV-Cdik6K43M-puro 2
pMSCV-Cdled-puro, pMSCV-JunB-puro and pMSCV-cJun-puro.

cJur™™ and Stat3** p1 858 TABL transformed cell lines as well as Cyclin D1/2/3 " MEFs were
described previously 2%,

Transplantation of tumour cells into Rag2” and Nu/Nu mice

Tail vein injection as well as subcutancous injection was performed as described previously .

Monolayer wounding assay

1 x 10° murine endothelial cells (mECs) were seeded in endothelial cell growth medium
(RPMI containing 10% FCS mixed 1:1 with Epithelial Cell Growth Medium MV
(PromoCell). After 24 hours medium was removed and a scratch through the monolayer was
made. Afterwards cells were washed 2 times with PBS and covered with different
supernatants.

For supernatant production a defined cell number of different cell lines was incubated in
medium for 24 hours, Supernatant was collected and filtered to avoid leukaemic cells.

Afier 2 and 24h incubation of the mECs with the supernatant pictures of the scratch were
taken under a microscope (Nikon, Eclipse TS100; 10x) using a digital camera (Nikon,
Coolpix P3000; Zoom F2.7). To analyse migration differences the percentage of open area of

the scratch was measured with the TScratch software.

Spheroid sprouting assay

mECs were suspended in 80% endothelial cell growth medium (RPMI containing 10% FCS

mixed 1:1 with Epithelial Cell Growth Medium MV (PromoCell) and 20% methyleellulose
i
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(Sigma) and seeded as drops (800 cells/30 pL) in non-adherent dishes. The dishes were
incubated upside down as hanging drops for 24 h. Under these conditions, all suspended cells
contribute to the formation of a single spheroid per drop of defined size and cell number (800
cells/spheroid). Afterwards. spheroids were harvested and seeded in methylcellulose and
supernatant (preparation as described in *monolayer wounding assay’) of the leukaemic cells
was added. After 24h incubation the cumulative length of the sprouts that had grown out of

cach spheroid was measured with Imagel software.

3[H]-th_vmidine incorporation and flow cytometric analysis

3 o an . . . . .
[H]-thymidine incorporation and cell cycle analysis were performed as previously described
9

Protein analysis and Immunoblotting

Cell lysates and Immunoblotting was performed as described previously °. The used
antibodies are shown in Supplementary Table 2.

Co-Immunoprecipitation: 1000 ug of cell lysates were incubated with 2ug of antibody
(Supplementary Table 2) on a rotating wheel at 4°C over night, followed by 1/2 hour of
incubation in presence of equilibrated protein A sepharose beads on rotating wheel at 4°C.
After washing 4x the mixture was centrifugated and SDS loading buffer was added. Heating
the samples for 5 min. on 95°C separated beads and proteins. Reaction mixtures were run on a

SDS polyacrylamide gel.

ELISA
VEGF Quantikine ELISA Kit (R&D Systems) was used according to manufacturer’s

recommendation.

RNA-isolation and qPCR analysis

RNA was isolated using ‘TriZol (Invitrogen). First-sirand c¢DNA-synthesis and PCR-
amplification were performed using a reverse transcriptase—polymerase chain reaction (R
PCR) kit (GeneAmp RNAPCREit; Applied Biosystems) according to the manufacturer. ¢PCR
was performed on an Eppendorf RealPlex cycler using RealMasterMix (Eppendorf) and
SYBR Green as described **. Primer pairs used in this study are shown in Supplementary
Table 3. Each experiment was performed in triplicate and results normalized by comparison to

rplpO mRNA expression.
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Chromatin Immunoprecipitation (ChIP) and Re-ChIP Assays

ChIP assays were performed using the Chromatin immunoprecipitation Assay Kit (Upstate
Biotechnology) according to the manufacturer’s protocol. In brief,

5 x 10° cells were treated with 1% formaldehyde for 10 minutes and lysed subsequently.
Chromatin was sheared to 200-1000 bp fragments using F&ioruptorTM (Diagenode). The
antibodies used are shown in Supplementary Table 1. Irrelevant IgG (10pg) was used as a
control. Immuniprecipitated DNA was Phenol-Chlorophorm extracted, ethanol precipitated
and dissolved in 30ul TE buffer. 2ul. of recovered DNA were used for subsequent PCR
analyses. Primer sequences for pl6™*" ARF and Vegf-4 promoter and PCR conditions were
used as reported previously ****. PCR products were separated on a 2% agarose gel stained
with GelRed™ (Biotium). Primer sequences for histonmark analysis are shown in
Supplementary Table 3.

For Re-ChIP experiments, 1 x 10° cells were lysed and chromatin was sonicated as described
above. After immunoprecipitation with the first antibody protein-DNA complexes were eluted
from protein A agarose beads by incubation for 30 min at 37°C in 50 ul of elution buffer (1X
TE, 15% DTT and protease inhibitors). The second immunoprecipitation was performed as

described above.

Statistical Analysis

Data are reported as mean values £ SEM. Biochemical experiments were performed in
triplicates and a minimum of three independent experiments were evaluated. Differences were
assessed for statistical significance by an unpaired two-tailed £ test, by the log rank test (for

Kaplan-Meier plots) or by the y*-square test (for contingency tables).
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Figure legends
Figure 1: Enforced expression of CDK6 unmasks its tumour suppressing activities by
regulating p1 G expression

a) Colony-forming assays were performed by seeding pJ’SSMR"'M‘

-transformed Cdk6"”
(expressing a pMSC I -puro based retrovirus) or Cdk6™* +Cak6 (expressing a pMSCV-Cdlk6-
puro based retrovirus) cells in growth factor-free methyleellulose. Left side: representative set
of pictures of both genotypes is given. Right side: Number of colonies per dish counted after
five days of incubation (n = 4/genotype; p = 0.023)

b) Kaplan Meier blot of Nu/Nu mice injected subcutancously with Cdk6™™ or Cdk6™ +Cak6
cells (n = 4 cell lines/genotype; n = 4 mice/cell line; mean survival: 16.5 (Cdk6™™) vs. 27
(Cdk6™ +Cdk6) days; p = 0.002).

¢) Immunoblot for CDK6 and plem“ of three individually derived Cdké6 7t cell lines with

b/

(+Cdk6) or without (w/o vector, empty vector) enforced CDK6 expression.

d) p1 6™ mRNA levels of Cdké”" and Cdk6™" +Cdk6 cells were analysed by gPCR (n = 6;
p = 0.03).

€) ChIP assays were performed using Cdk6™ +Cdké and Cdk6 ”~ cells. Protein-DNA
complexes were immunoprecipitated using an anti-CDK6-antibody and analysed by PCR for

VM promoter sequence. As specificity control the presence of ARF

the presence of pl
promoter sequence was analysed. One representative experiment out of three is depicted.

f) Promoter ChIP assays were performed using Cdk6™, Cdk6™" +Cdk6 and Cdk6™ cells.
Protein-DNA complexes were immunoprecipitated using antibodies specific for the indicated
histone modification. ChIP and input DNA were analysed by qPCR for the presence of a
pl

modification was determined by dividing the percentage of precipitated DNA of the pJ/

6N promoter sequence (region 1 in Figure g). The relative enrichment of the histone

INKa
promoter sequence (ChIP/input) by the percentage of precipitated DNA of a positive control
region (ChIP/input). A Thp promoter region was used as positive control for H3K9ac,
H3K4me2 and H3K4me3 and a Neurog! promoter region was used for H3K27me3. The mean
and S.E.M. of two independent experiments is shown.

g) H3K36me3 ChIP assays were performed using Cdk6™" and Cdk6"" +Cdk6 cells. Protein-
DNA complexes were immunoprecipitated using an antibody specific for H3K36me3. ChIP

and input DNA were analysed by qPCR for the presence of ;}}6““’{"“

sequences depicted in the
lower panel [black rectangles; middle of the amplicon relative to the TSS (arrow symbol
marked +1) of pI6™. 1 -169 bp. 2 +538 bp. 3 +2278 bp. 4 +4312 bp]. The relative
enrichment of the histone modification was determined by dividing the percentage of

15
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precipitated DNA of the given p/6™*" region (ChIP/input) by the percentage of precipitated
DNA of a Gapdh gene region (ChIP/input). The mean and S.E.M. of two independent
experiments is shown.

h) Immunoblot for CDK6 and p16™~* of Cdk6"", Cak6"" +Cdlic6 and Cdk6

+f4

FCdGK 43M
cells.

i) °[H]-thymidine incorporation of Cdké V', INK4@ARF", INK4@WARF"+Cdk6 and
INK4@ARF"+Cdlc6R31C p1855°%ABL transformed cells (n = 3; Cdk6"" vs.: INK4a/ARF™", p

0.002; INK4&/ARF™"+Cdk6, p = 0.001; INK4a/ARF"+Cdk6R31C, p = 0.005).

j) Kaplan Meier blot of Rag2” mice intravenously transplanted with Cdk6™", INK 4a/ARF™,
INK4a/ARF"+Cdk6 and INK4a/ARF"+Cdk6R31C cells (n = 3 cell lines/genotype; mean
survival: 18 (Cak6™"), 15 (INK4a/ARF™), 15 (INK 4a/ARF"+Cdk6) and 15.5 (INK4a/ARF™"
tCdkER31C) days: p = 0.02).

61?‘1 Kda

Figure 2: Inverse relation between CDK6 and p1 expression in human lymphomas

a) Immunohistochemical stainings of a B-cell lymphoma tissue array including 16 lvmphoma

samples and two control lymph nodes for CDK6 and pl()mm“

. Representative examples
including different types of B-cell lymphoma, a diffuse large B-cell lymphoma (patient #A)
and two follicular lymphoma (patient #B and #C) and one control lymph node (left panel) are
depicted. Original magnification 20x.

b, ¢) The expression of CD30, CDK6 and pl 6™ was analysed for (b) 17 NPM-ALK positive
and (¢) 11 NPM-ALK negative lymphoma cases by immunohistochemistry. Representative
cases for NPM-ALK positive (patient #D and #E) and NPM-ALK negative (patient #F and #G)
cases are depicted. Original magnification 20x.

d) Cdk6™, Cdk6™ and Cdk6” mice crossed with NPM-ALK transgenic mice developed a 'I-
cell lymphoma after several weeks (n > 8; mean survival 120 (Cdk6™™"), 143.5 (Cdk6™) and
212 (Cdk6™") days; p = 0.001).

€) Immunoblot for CDK6 and p16™** of NPM-ALK-transformed Cdké"" and Cdk6" cells.
f) Immunoblot for CDK6 of murine Cdk6’ " and Cak6™" +Cdk6 leSBCK'ABL-transfomwd
cells as well as human B-lymphoid leukemice cell lines (R1-7, REH, Ramos).

g) Immunoblot for CDK6 of murine Cdk6" " NPM-ALK-transformed cells as well as human
T-lymphoid leukemic cell lines (Mac2a, HPB-ALL, Sudhll, CCRF).

Figure 3: CDKG regulates Jegf-4 expression and angiogenesis
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a, b, ¢, d) Cdk6"*, Cdk6", Cdk6"+Cdk6, Cdk6"+Cdk6R3IC or Cdk6 +Cadk6K43M
p185°RABL transformed cells were injected subcutaneously (sc) into Nw/Nu mice (n = 3 cell
lines/genotype; n > 6 tumors/genotype). (a) Immunofluorescence staining for CD31 (red) was
performed to analyze blood vessel formation in the tumours. Original magnification 20x.
Representative cases of each genotype are depicted. (b) Quantitative assessment
(HistoQuest™) of the blood vessels of the subcutaneous tumours (n > 4 tumours of three
independent cell lines; Cdk6™ vs.: Cdk6™": p = 0.001; Cdk6"+Cdk6: p < 0.0001; Cdk6™
+Cdk6R3IC: p = 0.0002; Cdk6+Cdk6 K43M: p < 0.0001). (¢) Tumour weight was detected
after eight days (Cdk6™ vs.: Cdk6™: p = 0.003; Cdk6"+Cdk6R31C: p = 0.0001). (d) Ex vivo
VEGF-A protein levels (pg/mL) of the tumours were analysed by an ELISA experiment (n =
3).

e, f) Murine endothelial cell (mEC) spheroids were cultured in methylcellulose with 20%
supernatant derived from indicated cells for 24 h. (e) Quantitative analysis of the relative
sprout length was measured with ImageJ software (n > 3; Cdk6™ vs.: Cdk6'", p = 0,042;
Cdi6™ +Cd6, p = 0.002; Cdk6"+Cdk6R3IC, p = 0.009; Cdk6"+Cdk6K 43M, p = 0.038). (f)
One representative set of pictures is given.

g, h) A monolayer wounding assay was performed to analyse migration of mECs incubated
with supernatant derived from indicated cells. After 2 and 24 h pictures were taken and mEC
migration quantified (% open area after 24h) by the TScratch Software. (g) (n > 5; Cdk6™ vs.:
Cdk6™, p = 0.0007; Cdk6"+Cdk6, p = 0.0014; Cdk6+Cdk6R3IC, p = 0.0092; Cdk6™
+Cdk6K43M, p = 0.0009). (h) One representative set of pictures is given.

i) Relative Jegf~4 mRNA levels of indicated cells were analysed by qPCR. The fold change
compared to Cdk6” Vegf-A mRNA level is shown (n > 4; Cdk6™ vs.: Cdk6"+Cdk6: p <
0.0001; Cdk6”+Cdk6R31C: p = 0.03; Cdk6”+Cdk6K 43M: p = 0.004).

Y p185BRABL transformed cells treated 24 h with the

j) Dose-response curve of Cdk6
CDKG6/4 inhibitor PD 0332991 (n = 3).

k) Vegf-A mRNA levels of Cdk6™* p185°“*AB-_transformed cells (n = 3) treated 24 h with 0,
30, 100, 300 and 1000 nM PD 0332991 were analysed by qPCR. The fold change compared

to untreated Vegf~4 mRNA levels is shown.

Figure 4: Transcriptional interaction partners of CDK6

a, b) ChIP assays were performed on (a) Cdk6 " and Cdk6™ cells expressing an HA-tagged
CDK6 using different amounts of an anti-HA-antibody (5 pug. 10ug or 15 pg) as well as on
(b) Cdk6” and Cdk6™* +Cadk6 cells using an anti-CDK6-antibody. PCR for the presence of
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Vegf-A promoter sequence was performed. IgG and no-antibody controls were included. One
representative experiment out of three is depicted.

¢) An anti-STAT3 co-immunoprecipitation (co-IP) was done with Stat3**, Cdk6”, Cdke™™*
and Cdk6” +Cdk6 cell extracts and immunoblotted with anti-STAT3- and anti-CDKG6-
antibodies.

d) An anti-cJUN co-IP was done with ¢/ur™®, Cdk6”, Cdk6"" and Cdk6'"" +Cdk6 cell
extracts and immunoblotted with anti-¢JUN- and anti-CDKG6-antibodies.

e, ) Vegf-A mRNA levels of (¢) cJun™™ vs. cJun™*+Cdk6 and (f) Stat3* B ys. Stat3A+Cdk6
p185"FABL transformed cells were analysed by qPCR (n > 3: Stat3™ vs. Stat3**+Cdk6: p=
0.025).

g, h) pl6™ mRNA levels of (g) cJun™® vs. cJun*+Cdk6 and (h) Star3™™ vs.

Stat3** +Cdk6 p185nm"\m‘ transformed cells were analysed by qPCR (n = 3; cJun™™ vs.
cJun+Cdk6: p = 0.008).

i) A potential interaction between CDK6 and ¢JUN or STAT3 was analyzed in Cdk6” " +Cdk6
cells by ChIP-Re-ChIP experiments at the promoter regions of legf-4 and pl 6™ C k6",
cJun™™ and Stat3™ cells were used as controls as well as IgG and no-antibody controls were
included. Antibodies used for ChIP (1™ AB) and Re-ChIP (2"d ARB) are shown on the right

side of the panel.

j» K) Vegf-A and (1, m) p16™% mRNA levels of Cyelin D1/2/3” MEFs vs. Cyclin D1/2/3”
MEFs enforced expressing CDK6 as well as Cyclin D1/2/3""" MEFs vs. Cyelin D1/2/3™"
MEFs enforced expressing CDK6 were analysed by qPCR.

n) Schematic representation of the kinase dependent, as well as the non-canonical kinase-

independent functions of CDK&6.
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Figure 2
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Suppl. Figure 1
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a) *[H]-thymidine incorporation of Cdké™" and Cdké6™* +Cadk6 p185°“F "™ _transformed cells (n = 4; p = 0.009),
b) Cell cyele profiles of Ck6™" and Cdk6™*+Cdl6 cells were determined by FACS (n=3).

¢, d) Proliferation assay of Cdk6"" and Cak6"" +Cdlké cells via CFSE dilution staining over a period of 20 h. (¢)
Histogram overlay is shown. (d) Mean fluorescence intensity (MFI) was analyzed after 20 h (n = 3; p=0.001)

¢) Immunoblot for CDK6 and pl16™5* of Cdk6™ cells expressing a doxyeycline inducible tet-on Cdle6 vector
(Cdl6™ +tet-on Cdlk 6). 1.lane: Cak6™ cells; 2. -5. lane: Cdk6™ +tet-on C dk6 cells 48 h after treatment with

doxycycline (0, 0.3, 1,3 uM).

f, g) Apoptosis stain of Cdk6™ +tet-on Cdké cells 24-72h after 3uM doxyeyeline (DOX) treatment. Propidium
iodide (PI)- annexin V+ cells, early apoptosis; PI+-annexin V+ cells, middle apoptosis; PI+—annexinV— cells,
late apoptosis. (f) Percentages of each apoptotic stage are in the comer of each blot. (g) Bar graphs represent the

indicated stages of apoptosis.
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Suppl. Figure 1
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h) Senescence [-Galactosidase ( f-Gal) -staining of Cdi6™+tet-on C dk6 cells 48 hafter treatment with
doxyeycline (0, 0.3, 3 uM).

i) Kaplan Meier blot of Rag2” mice transplanted with Cdk6"'* or Calk6"*+Cedk6 cells (n = 3 cell lines/genotype,
n = 6 mice/genotype; mean survival: 18 ( Cak6™") and 29 (Cak6™ "+ Celk6) days; p = 0.014).

j» k) Immunchistochemical stainings for the proliferation marker Ki -67 of Cde6™* (n= 4) and Cak6™* +Cdk6 (n
=9) tumours were quantified by HistoQuest™ software. (j) Bar graphs depict percentage of Ki  -67 positive
tumour cells (p = 0.029). (k) A representative set of pictures is given. Original magnification 20x.
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Suppl. Figure 2
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a) Immunoblot for CDK6, CDK4, p15™&® p18™Kte 11g™K4 and p19°RF of Cak6™* and Cdk6™* +Cadké cells.
b) Immunablot for CDKB, p16 ™% and 19 *%F of MEFs infected with eithera  pMSCV-puro (Cdk6™*) or a
PMSCV-Cdk6-puro (Cdk6™* +Cdk6) based retrovirus.

©) Immunoblot for p16™42 of Cak6** and Cdk6"*+Cdk6 cells after treatment with cycloheximide (an inhibitor
of protein biosynthesis), bortezomib (a proteasome inhibitor) or a combination of both for four hours.

d) Immunoblot for CDK4, HA and p16 ™ jn p1855*EL transformed wild type cells infected with either a
PMSCV-puro (Cdk4™™) or a pMSCV-Cak4HA-puro (Cdk4™"* + Cdk4) based retrovirus.

¢) Cdkd** and Cdk4**+Cdk4 cells were injected subcutaneously into  Nu/Nu mice. Tumour weight was
measured after eight days (n = 2 cell lines/genotype; n = 3 mice/genotype; p = 0.94).

) pl16"™*mRNA levels of Cdk4** and Cdk4** +Cdk4 cells were analysed by qPCR (n = 2).

g) Immunchistochemical stainings for the proliferation marker Ki ~ -67 of Cdk4™* and Cdkd™* +Cdkd cells.
Original magnification 20x. A representative set of pictures is given.
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Suppl. Figure 3
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a) pl6™% pre-mRNA levels of Cdk6™* and Cdk6** +Cdk6 as well as Cdk6” and Cdk6” +Cdk6 were analyzed
(n=5, p=0.048). Elevated pre-mRNA levels support our concept of a transcriptional regulation by CDKG6. This
experiment excludes that the observed effect originate uniguely from an increased mRNA stability.

b) p16™% mRNA levelsof Cdk6™", Cdk6™ +Cdk6R31C and Cdk6™™ +Cdk6K43M cells were analysed by
qPCR (n> 3; Cdk6™* vs: Cdk6™"* +Cdk6R31C, p < 0.0001; Cdk6™* +Cdk6K43M, p = 0.025),

©) *[H]-thymidine incorporationof ~ Cdk6**, Cdk6™*+Cdk6R3IC and Cdk6"*+Cak6K43M cells (n = 3;
Cdk6** vs: Cdk6*" +Cdk6R3IIC, p = 0.002; Cdké*"* +Cdk6K43M, p = 0.006).

d) Immunoblot for CDK6 and p16™ = of Cdk6"*, Cdk6** +Cdké and Cdk6*" +Cdk6R31C cells.
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Suppl. Figure 4
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a) Immunoblot for CDKGB and p16™%4* of Cdks™, Cdk6™ +Cdké and Caks™ +Cak6K45M cells.

b) pI67%% mRNA levels of Cdk6', Cdk6”, Cak6”+Cdks and CakS"+CAkERIIC and  Cdkf” +CakBRK4IM
cells were analysed by qPCR (n 2 4; Cak6" vs: Cakf™* +Cdké, p = 0.036; Cakt”" +CakBRIIC, p = 0.02).

<) *[H]-thymidine incorporation of Cdk6™, CAkE™, CAkE™" +Cdké, CAk6” +CAkERIIC and Cdkf™” +CAkBEAIM
cells was measured (n = 3; Cdké™ vs.: Cdk6™*: p < 0.0001; Cdk6” +Caké: p=0.008; Cak6™ +Cdk6RIIC: p=
0.005).

d) Immunoblot for CDKS and pl6™™" of Ck6™ and Caké” +CakERIIC cells.
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Suppl. Figure 5
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a, b) The immunohistochemical sections of (a) 17 NPM-ALK positive lymphomas and (b) 11 NPM-ALK negative
lymphomas were ﬁuanl:iﬁed by the HistoQuest™ software. Scattergrams show the percentage of cells positive

for CDKG or p16™** of all samples (MI = Mean Intensity).

¢) Double immunofluorescence stainings on 8 human ALCL whole tissue sections were performed for co
localization studies; stainings illustrated an inverse relation between CDK6  (green) and p16 ™* (red), with
tumour cells being either positive for CDK6 or p16 ™% Original magnification 20x. Representative cases are

depicted.

d) *[H]-thymidine incorporation of NPM-ALK-transformed Cdlk6"*and Cdk6” cells (n > 3; p = 0.009).
e) Hypermethylation in NPM-ALK-transformed cells as detected by methylation specific PCR. The visible PCR
product indicates the presence of methylated alleles. Abbreviations: wt BM, bone marrow of a healthy mouse;

pos.-Ctrl (control for methylated samples); neg.-Ctrl (control for unmethylated samples).

f) Immunoblot for CDK6 of murine Cdk6™ and Cdk6” +Cdk6 p185°°F“E-_transformed cells as well as human

B-lymphoid leukemic cell lines (RL-7, REH, Ramos).
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Suppl. Figure 6
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a) The expression of CD31 was analysed of elght human ALCL whole tissue sections by Immunohistochemistry .
Original magnification 200x. A high CDKB expressing case (left panel, patient #3) and a low CDKG expressing
case (rlght panel, patlent #8) are depicted.

h) Statistical analysis of vessel densitly o f CD31 immunchistochemical stainings of elght human ALCL whole
tissue sectlons (two of them depicted in panel a). Two Independent observers notlced a higher vessel density in
human ALCL with high CDKS6 expression compared to human ALCL with low or lacking CDKS levels.  CD3l
stalned lumen were counted w Ithin a hotspot In an area of 0, 25 mm  * at a magnification of 200x. Counting
results confirmed the Increase In vessels In T -cell lymphoma cases with high CDKS6 expression.

¢, d) Human () CDEE or (d) CDK4 aswell as VEGE-A mRNA levels of several human cell lines (MacZA,
Sudhll, CCRF, HPB-ALL, K562, Reh, RL -7, Ramos, Jurkat, Molt4 and control lymphocytes ) were analysed by
qPCR. The correlatlon between CURE and VEGF-A as well as CDF4 and VEGF-4 1s depleted 1n a x,y blot,
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Suppl. Figure 7
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a) Kaplan Meler blot of Nu/Vu mice subcutanecusly injected with Cgk6™" and Cak8” NPM-ALK-transformed
cells {n = 2 cell lines/ genotype; n = & mice/genotype; mean survival: 9 {Cdk6””) and 16 {Cdk6”); p = 0.003).

b) Imrmumnohistochemical stalning for CD3 1 (red) was performed in Cak6™* and Cdk6”" NPM-ALK*
subcutaneous tumours to analyze blood vessel formation . Original magnification 20x. Representative cases of
each genotype are depicted

o VegfA mRNA levels of Cdk6™ and Cdké”” NPM-ALK-transformed cells were quantifled by qPCE (n= 3: p

=0.036).
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Suppl. Figure 8
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a) Vegf-a pre-mRNA levels of Cdk6"* and Cdk6"*+Cdk6 as well as of Cdké” and Cak6”+Cdké cells were
analyzed (n = 5, p = 0.035), Elevated pre-mRNA levels support our concept of a transcriptional regulation by
CDKB. This experiment excludes that the observed effect originate uniquely from an increased mRNA stability.
b) VEGF-A protein (pg/mL) levelsin the supematant of Cdk6” and Cdk6”+Cdk6 as well as of Cdk6** and
Cdk6"* +Cdk6 cells were analyzed by ELISA (n = 3).

¢) A monolayer wounding assay was performed to  analyse migration of mEC s incubated with the supernatant
derived from Cdk6"* and Cdk6""+Cdk6 cells. After 2 and 24 hours pictures were taken and mEC migration
quantified (% open area after 24h) by the TScratch Software (n = 3; Cdk6”* vs. Cdk6™* +Cdk6, p = 0.0007).

d) VegtA mRNA levels of Cdk6"* and Cdk6"+Cdk6, Cdk6"*+Cdk6R31C and Cak6"" +Cdk6K43M cells
analysed by qPCR . The fold change compared to  Cdk6*"* VegfA mRNA level Is shown (n = 3; Cdk6"* vs.:
Cdk6"* +Cdk6: p = 0.02; Cak6"" +Cak6R3IC: p = 0.06; Cdk6*" +Cdk6K43M: p = 0.04).
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Suppl. Figure 9
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a, b} Cdid™ and Cakd™ +Cdid p185°F* transformed cells were Injected subcutaneously Into NV mice
(n =2 cell llnes/genotype; n = 4 tumors/genotype). (a) Immunofluorescence stalning for CD3 1 (red) was
performed to analyze blood vessel formation in the tumours. Original magnification 20x. Kepresentative cases of
each genotype are deplcted. (b) Quantitative assessment (HlstoQuestm) of the blood vessels of the subcutaneous
tumours {n = 3}.

©) VegEAmRNA levels of Cdkd™” and Calkd™” +Cdkd cells analysed by qPCR (n = 2).
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Suppl. Figure 10
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a) VegfA mRNA levels of Cdk6” p185°°™*E. _transformed cells and the cells overexpressing mVEGF -A were

quantified by gPCR (n = 3; p = 0.01).

b) Cdk6™", Cdké6™" and Cdk6"+mVegfA cells were injected subcutaneously into Nu/Nu mice. Tumour weights of
diseased mice were analysed after eight days (n = 3 cell lines/genotype; n = 5 mice/genotype; Cdk6™* vs. Cdk6™"

p=0.015 and Cdk6” vs. Cdk6” +mVegEA: p = 0,009).
©) *[H]-thymidine incorporation of Cdk8” and Cak6” +mVegf-A cells (n=3; p = 0.8).
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Suppl. Figure 11

a b CDK6 mRNA c Vegf-A mRNA
1.0
Sudhi1
empty shco  shil  shill shi+ll+ll co « 0.8
<
CDK6|—-—-——| g %0.3-
£
o= -
e —— 02-
0.0
d e CDK6 mRNA f Vegf-A mRNA
1.0-
Mac2a
empty shco shl shil shil co 0.8
CDK6 <
— — - o -- Z 06-
£
p1smma| —‘ o 04- .
g
L s
0.0- 00-
g h CDK6 mRNA | Vegf-A mRNA
HEK293T 1.0 157
empty shco  shl shll co 084
< <
CDKeé ‘-- J— —-| % i % 1.0
P‘ls.ﬂ“n - g | g
| | ¢ 04 € o054
HSC-T0 [ A——————— 021 -
0.0- 0.0

a) Immunoblot for CDK6 and p16™% of the human cell line Sudhl1 expressing one or a combination of three
different shRNA CDKB8 knockdown constructs or the shRNA control construet.

b,¢) CDK6 and VEGF-A mRNA levels of the shRNA transfected human cell line Sudhll
quantified by qPCR.

d) Immunoblot for CDK6 and p16™%% of the human cell line Mac2a expressing one of three different sShRNA
CDKE6 knockdown constructs or the shRNA control construct.

e, ) CDK6 and VEGF-A mRNA levels of the shRNA transfected human cell line Mac2a
quantified by qPCR.

g) Immunoblot for CDK6 and p16™¢* of the human cell line HEK293T expressing one of two different sStRNA
CDKB knockdown constructs or the shRNA control construct.

h, i) CDK6 and VEGF-A mRNA levels of the shRNA transfected human cell line HEK293T (shown in panel g)
quantified by gPCR.

(shown in panel a)

(shown in panel d)
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Suppl. Figure 12
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a) CHIP assayswere performed using Cdk6**+Cdk6, Cdk™ and Cdk&™ cells. Protein-DNA complexes were
imrnunoprecipitated using an anti  -CDKSE, anti -CDK4 oranti -Polll-antibody and analysed by PCR for the
presence ofj:u‘t‘ﬁ'm‘r(‘}‘a or VegfA promoter sequence. One representative experiment out of three is depicted.

b} Promoter ChIP assays were performed using  Cdk6”", Caks"*+Cak6 and Cdks” cells. Protein -DNA
complexes were immunoprecipitated using antibodies specific for the indicated histone modification. CHIP

and input DNA were analysed by qPCR for the presence of a Vegfd promoter sequence (region 1 in
Supplementary Figure 11c). The relative enrichment of the histone modification was determined by dividing

the percentage of precipitated DN A of the Vegfd promoter region (ChIP/input) by the percentage of
precipitated DNA at a positive control region (ChIFfinput). &  Thp promoter region was u sed as positive
control for H3K9ac, H3K4me2 and HiK4me? and a Newrog! promoter region was used for H3K27me3.

The mean + S.E.M. of two independent experiments is shown.

¢) H3K36me3 CHIP assays were performed using  Cai"™ and Cdké™® cells, Protein -DNA complexes were
immunoprecipitated using an antibody specific for H3K36me3. ChIP and input DN A were analysed by qPCR for
the presence of VegfA sequences depicted in the lower panel [black rectangles; middle of the amplicon  relative
to the TSS (arrow symbol marked +1) of Vegfd: 1 -388bp, 2 +693 hp, 3+ 2710bp, 4 + 6461 bp, 5+ 8621 bp).
The relative enrichment of the histone modification was determined by dividing the percentage of precipitated
DNA of the given Vegfd region (ChIP/input) by the percentage of precipitated DNA of a  Gapdi gene region
(ChlP/finput). The mean+ SEM. of two independent experiments is shown,
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Suppl. Figure 13
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a) Luciferase reporter assay was performed in - HEK293T cells. Cells were co -tramsfected with 0.4 g of the
216" promoter reporter construct together with 0.4 g of empty plasmid ( pMSCV-pure) or plasmid expressing
CDKS ( pMSCV-Cdicf-pura) or JUNB ( pMSCV-funBpurd) and 0.04 pg of a Renilla  -expressing vector.
Experiments were performed in triplicates and repeated three times.
h) Luciferase reporter assay was performed in  HEK293T cells. Cells were co -trarsfected with 0.4 pg of the
VegtA promoter reporter construct together with 0.4 g of empty plasmid { pMSCV-pure) or plasmid expressing
CDKS ( pMSCV-Cadkb-pura or fand ¢JUN (pMSCV-cfun-purdd and 0.04 pg ofa Renilla -expressing vector.
Experiments were performed in triplicates and repeated three times.
¢, d, €} ChIP assays were performed using (¢) Stat3”*+Cdké and Stat?? cells. Protein-DNA complexes were
immuneprecipitated using an anti -STAT3antibody and analysed by PCR for the presence of  Vegfd or p/8
promater sequence {d) c/un™" + Cdkfand c/ir*® cells. Protein-DNA complexes were immunoprecipitated using
an anti -cJUN-antibody and analysed by PCR for the presence of VegtA o pl6™% promoter sequence (e)
CyelinDI/2/5 + Cdk6 and CyclinD1/2/3" cells. Protein -DNA complexes were immunoprecipitated using an
anti-CYCLIN D2 or CDK6 -antibody and analysed by PCR for th e presence of pZ6™" ** promoter sequence. Two
representative experiments are depicted.
f) VegfA mRNA levels of MEFs infected with eithera  pMSCV-pure or a pMECV Cdk6K43M based retrovirus
were quantified by qPCR.
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Supplementary Table 1

origin species | cell line Vegf-a p16™4* | proliferation

(=128
epithelial human Panc-1
DLD-1

melanom T B16-F10
Mac2a

p.1 8 EBIJK-RDL-I-

haemato- mouse NPM-ALK+
poietic RAW2
RMA-S
RN2

. HEPA-1

liver mouse

: - HSC

non- MEFs
transformed NIH3T3

Fold increase of Vegf-a and pl 6™“ mRNA of murine and human cell lines overexpressing murine or
human CDKB®, respectively. Arrows indicate changes in proliferation compared to control cells. ( —
not detectable; Arrows: % change of cells in 8 phase upon enforced expression of CDK6; 1:>
5% increase; |: > 5% decrease; —: changes < 5%).
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Supplementary table 2: Antibodies used in the study

Antibodies used for histonmark analysation:

H3K9%ac Millipore, 07-352
H3K4me?2 Millipore, 07-030
H3K4me3 Diagenode, pAb-003-050
H3K27me3 Millipore, 07-449
H3K36me3 Cell Signaling, 4909

Antibodies used for Chip experiments:

CDKo6 Santa Cruz, sc-177
HA Abcam, ab9110
CDK4 Santa Cruz. sc-260
STAT3 Cell Signalling, 9132
c-JUN Santa Cruz, sc-1694x
Polll Santa Cruz, sc-899
CyclinD2 Santa Cruz, sc-593

Antibodies used for immunoblot and co-
immunoprecipitation experiments:

CDK6 Santa Cruz, C8343
a-Tubulin Sigma Aldrich Ine., T-9026
CDK4 Santa Cruz, sc-260
STAT3 Cell Signalling, 9132
c-JUN Santa Cruz, sc-1694x
HA Abcam, ab9110
15K Santa Cruz, sc-612
16Tk Santa Cruz, sc-1207
1gTRAe Santa Cruz, sc-8653
pl19" Santa Cruz, sc-1063
pl9™ Abcam Inc., Ab80
Gapdh Cell Signalling, 2119
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Supplementary table 3: Primer used in the study

Primer (5' - 3") used for histonmark analyzation:

mouse Cdkn2a 1 AACACCCCTGAAAACACTGC
TCCTGAACCCTGCATICTCTT
mouse Cdin2a_2 AGGAGTCCTGGCCCTAGAAA
TATGCACAGGCTCTGGAATG
mouse Cdkn2a 3 TTGGCAATGTGTGCAAGACT
TCCTCCTCCTCTCCTGTTGA
mouse Cdkn2a 4 CCTCAGGGATGACCTGTGTT
GAATGCTTGCCTGGTGTTTT
mouse Vegfa I GGCAGGGACGTATGAGGATA
GCATGCATGTGTGTGTGTGT
mouse Vegfa 2 CCAACTTCTGGGCTCTICTC
GCTAGCACTTCTCCCAGCTC
mouse Vegfa 3 GCCACAGTGTGACCTTCAGA
CTTTGAACCCCTTCCCAGAT
mouse Vegfa 4 GGGATGAATGGTGGTGTTTC
CTTCCCCATGTTCCCACTAA
mouse Vegfa 5 CACAGCAGAGTGCAGGAGAG
CACAGTCACCACCCAACAAG
mouse Thp AAAGGGGAGGAGCCAGTAAG
TGTGTAGCCCCGACTTTCTT
mouse Neurogl CAATCTTGGTGAGCTTGGTG
GAGGCTCTGCTGCACTCC
mouse Gapdh TGAAGCAGGCATCTGAGGG

CGAAGGTGGAAGAGTGGGAG

Primer (5'

- 3") used for qPCR analysis:

mouse P GTGTGCATGACGTGCGGG
GCAGTTCGAATCTGCACCGTAG
mouse Vegf-A GCACAGCAGATGTGAATGCAG
CGCTCTGAACAAGGCTCACA
mouse Cdlc6 GCTTCGTGGCTCTGAAGCGCG
TGGTTTCTGTGGGTACGCCGG
mouse rplpO TTCATTGTGGGAGCAGAC
CAGCAGTTTCTCCAGAGC
mouse pre-mRNA pl6™ @ GGGTGCTCTTTGTGTTCCGC
GCTTTTGGACCAACTATGC
mouse pre-mRNA Vegf-A TCCCTCTACAG ATCATGCGG
CCTGAGTGTGAAGCTCTGG
human Celkés GGACGTGATTGGACTCCC
AAGTATGGGTGAGACAGGG
human Clle4 GCTGACTTTTAACCCACACA
AAAGATTGCCCTCTCAGTGT
human Vegf-A GTCGGGCCTCCGAAACCATG
CGTGATGATTCTGCCCTCCTCCTTC
human rplpQ GGCGACCTGGAAGTCCAACT

CCATCAGCACCACAGCCTTC
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Supplementary Information

Material and Methods
BCR-ABL_transformed Cdk6™ cells with inducible expression of CDK6

To generate cell lines with doxycycline-inducible expression of CDKS6, plSSBCR‘ABL~
transformed Cdk6” cells were retrovirally transduced with pRevTet-On (Clontech) and

Generation of p185

selected with puromycin (2 pg/ml). To test for doxycycline-inducible gene expression, Cdk6™
-tet-on cells were transduced with the pRevIRE vector (Clontech) containing a GFP ¢cDNA
and selected by growing in hygromycin (400 pg/ml). Single cell clones were generated by
FACS sorting and screened for clones with the highest doxycyline-dependent induction of
GFP and the lowest background expression. These Cdk6” -tet-on cells were than transduced
with the pRevTRE-tight vector (Clontech) containing CDK6 ¢cDNA and selected by growing
in hygromyein (400 pg/ml). Expression of CDK6 was induced by addition of doxycycline
(0.3-10 pg/ml) .

FACS analysis

Cells were analyzed by a BD FACS-Canto II FACS device and BD FACS Diva software
(Beckton Dickinson). To evaluate the onset of apoptosis, 5 x 10° cells were stained with
propidium iodide and an APC-conjugated antibody to annexinV (BD Bioscience) and
analyzed using a FACS device. For evaluation of proliferation rate, 5 x 10° cells were stained
with CFSE using the CellTrace CFSE Proliferation Kit (Invitrogen) and CFSE-MFI was
measured over 20 h. Cell cycle profiles were obtained by staining 5 x 10° cells with
propidium iodide (50 pg mI™") in hypotonic lysis solution (0.1% (w/v) sodium citrate, 0.1%
(v/v) Triton X-100, 100 pg ml™ RNAse) and incubated at 37 °C for 30 min before

measurement via FACS.

Senescence p-Galactosidase—staining
Senescence P-Galactosidase—staining Kit (Cell Signaling, #9860) was used according to

manufacturer’s recommendation.
Protein analysis and Immunoblotting

Cell lysates and Immunoblotting was performed as described previously . The used
antibodies are shown in Supplementary Table 1.

134 | Results



Treatment with bortezomib and cycloheximide: 5 x 10° cells were seeded in either 10nM
bortezomib, 1uM cycloheximide or a combination of these drugs. Afier 4h incubation

immunoblot analysis was performed.

Immunohistochemistry

The B-lymphoid tissue array was obtained from the Institute of Pathology, University
Hospital Graz. The T-lymphoid tissue array was obtained from the Department of Clinical
Pathology., University of Vienna and was established using samples from patients with
anaplastic large cell lymphoma (NPM-ALK positive and NPM-ALK negative). Samples were
obtained afier informed consent in compliance with the Declaration of Helsinki.

Tissue array technology was applied to compare samples using antibodies against CDKG6 (sc-
177, Santa Cruz Biotechnology), CD30 (Ber-H2, 0751, DakoCytomation), pl6™~* (9511,
CINtee® pl16™*** Histology Kit, mtm laboratories AG), Ki-67 (Novocastra Laboratories,
Newecastle, UK) and murine CD31 (Dianova, Hamburg, Germany) and using the ABC kit
(Vector Laboratories) (AEC for CDKé and DAB for ple, CD30) according to the
manufacturers’ recommendations. The Ki-67 signal was visualized with 3-amino-9-
ethylcarbazole (ID laboratories, London, CDN) followed by a counierstaining with
hematoxilin. Samples were rated positive for the individual antibodies when the staining
intensity of the tumour cells was consistently higher than that of the surrounding
untransformed cells. Normal lymph nodes were used as controls.

Human CD31 immunhistochemistry was performed on whole tissue sections. CD31 (JCT70A,
Dako) —ABC kit: AEC according to the manufacturers recommendations.
Immunofluorescence staining for blood vessels was performed using an antibody against
murine CD31 ( DIA310, Dianova ) and as fluorocrome Alexa Fluor ® 594 ( A11007,

Molecular Probes ).

Image Acquisition and Protein Quantification in vive
Samples were analysed with a Zeiss Axiolmager Z1 microscope system with CCD camera
and an automated acquisition system TissueFAXS™ (TissueGnostics GmbI). The

percentages of Ki-67-, CDK6-, p16™*

- or CD30-positive cells were depicted as scattergrams.
Pictures were digitalized, analysed and quantified. Statistical analysis was performed using
HistoQuest ™ software (TissueGnostics GmbH).

Vessel density of human tissue samples: Vessel density was assessed by two independent

observers. CD31 immunostained sections were scanned (Aperio technologies).
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Hot spots of vessel density were determined at low magnification (40x). Each CD31-stained
lumen within this hot spot was counted at a magnification of 200x in an area of 0, 25 mm2 by
two independent pathologists. Vessel density was prescribed as mean values of counting

results,

Immunoflourescence Analysis

IF- Analyses were performed on whole tissue sections of 8 human ALCL cases. Tissue
sections were deparaflinized, antigen retrieval was carried out by steamer in TE-buffer. Non
specific binding sites were saturated by goatserum for 15 minutes at room temperature. The
primary antibodies CDK6 (1: 50 dilution; Sigma-Aldrich, AB-13, SAB4300595) and p16"™~ "
(9511, CINtec® pl6™™* Histology Kit, mtm laboratories AG) were incubated at 4° C
overnight. After washing the primary antibodies were detected with appropriate secondary
antibodies 1 hour at room temperature (Alexa Flour 488 goat anti rabbit, 1: 500 for CDKe;

INK4 . .. .
6 '), After immunostaining the sections were

Alexa Flour 594 goat anti mouse, 1:500 for p1
incubated with 4°, 6-diamidino-2 phenylindole (DAPI).

Stainings for CDK6 und plGlM’“El were scored semiquantively as negative (-: <10% positive
tumour cells, weak positive (+: 10-30% positive tumour cells or weakly positive tumour cells)

and positive (++: =30% positive tumour cells).

Methylation-specific PCR (MSP)

Genomic DNA was sodium bisulfite treated using Epitect bisulfite kit (Qiagen) according to
the manufacturer’s instructions. The following primer sequences were used: MSP-f, 5'-
TGGTTATACGATTGGGCGATTGG-3" and MSP-r, 5-
CGCACGTCATACACACGACCCTA-3". Annealing temperatures of MSP primers were 62°C
and 58°C, respectively. PCR products were separated on a 2% agarose gel stained with

GelRed™ (Biotium).

shRNA knockdown of CDK6

For the knockdown of CDKG6, a set of 3 different pGIPZ lentiviral particles containing short
hairpin  RNAs targeting human CDKé6 (I: V3LHS 112906, II: V3LHS 636830, IIL
V3LHS_404081) where purchased from Open Biosystems (Huntsville, AL, USA). pGIPZ
viral particles containing a validated non-silencing shRNA (RHS4348) were used as control.
Mac2a and SUDHLI cells were infected with lentiviral particles at a MOI of 20. Briefly,
Mac2a and SUDHIL1 cells were transduced by spin infection (800 x g. 30 minutes. 32 °C) in
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the presence of 7 pg/ml polybrene (Sigma-Aldrich) and selected with 2 pg/ml puromyein
(Invivogen/Eubio) for 10 days. Cells were also checked for their GFP-expression. The

knockdown of CDK6 was confirmed by immunoblotting and gPCR.

Luciferase reporter assay

Calcium phosphate transfection of 293T cells: 1 x 10° cells were seeded per well in a 6-well
plate one day before transfection in DMEM complete. On the next day HeBS (Hepes buffered
saline) bufler and CaCl; were thawed at room temperature. For each transfection aliquots of
71ul. HeBS buffer were prepared. 1.5ug of expression vector, 1.5ug of the luciferase
construct and 0.15pg of a constitutively expressed SV40-Renilla luciferase plasmid was
added to 62uL distilled water and 9uL CaCl,. This mixture was added dropwise to the HeBS
buffer, gently mixed and incubated for 3min. at room temperature. The DNA precipitate was
added dropwise to the cells and incubated for 24-48h. SV40-Renilla luciferase plasmid
(Promega) was used as an internal control. The dual luciferase reporter assay system
(Promega) was employed to measure luciferase activity. Positive reporter firefly luciferase
values were normalized to constitutively expressed renilla luciferase and a negative reporter

fold change of 1.

Supplementary Reference:

1. Mayerhofer, M. et al. Unique effects of KIT D816V in BaF3 cells: induction of cluster formation,
histamine synthesis, and early mast cell differentiation antigens. Joumal of immunclogy (Baltimore,
Md. : 1950) 180, 5466-76 (2008).
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DISCUSSION

The successful treatment of breast cancer patients requires reliable prognostic and predictive
markers that allow appropriate therapy design. Therefore it is of great importance to define
candidate genes that serve as stable predictors and help to estimate treatment responses and
outcome. The transcription factor STAT1 has recently gained attention in the field of breast
cancer research and is discussed as an independent prognostic marker. High expression of
tyrosine phosphorylated and thus activated STAT1 protein in human breast cancer patients
correlates positively with disease outcome and relapse-free survival '. However, the exact
function of STAT1 in mammary tumorigenesis and how STAT1 confers this positive effect had not
been clarified. Using STAT1-deficient mice, | showed for the first time that the absence of STAT1
suffices to significantly enhance the incidence of spontaneous mammary tumor development.
Moreover, my studies revealed a dual function of STAT1 in suppressing mammary tumor
formation: on the one hand STAT1 sustains efficient CTL dependent tumor surveillance and is
required for full-fledged T cell cytotoxicity; on the other hand STAT1 regulates cell proliferation

in the mammary epithelial cells themselves and acts as key factor controlling growth.

Three related studies were performed in the laboratories of R. Schreiber %, L. Hennighausen *
and A. Koromilas * all investigating the role of STAT1 in mammary tumor formation. In Table |
and Table Il the distinct study designs and outcomes of each individual report - including mine ° -
are summarized. Despite the use of different experimental conditions all studies reached similar
conclusions and confirmed the tumor suppressing role of STAT1 in mammary tumorigenesis.
Klover et al. (Hennighausen laboratory) reported on the generation of a novel floxed allele of
Statl; the selective STAT1 deletion in the mammary epithelium was achieved by crossing
stat?" mice to MMTV-neu-IRES —cre and used to study ErbB2/neu-induced tumor formation in
virgin mice. Although first tumors were detectable in both groups 36 weeks after birth, the
overall disease latency was significantly enhanced in “STAT1-deleter” mice being 49.4 weeks

compared to 62.4 weeks in STAT1-expressing animals. In this experimental system all cells of the
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tumor microenvironment do express STAT1; the tumor suppressing role of STAT1 is thereby

unequivocally linked to a cell intrinsic function of STAT1 within the mammary epithelium.

Similarly, Raven et al. (Koromilas laboratory) employed ErbB2/neu as an oncogene to drive
tumor formation. They showed that ErbB2 induces phosphorylation of STAT1 on tyrosine 701
(Y701) and serine 727 (S727). When they used purified bacterial lysates, ErbB2 directly
phosphorylated STAT1 on Y701 in vitro. Whether this is actually the case in cells remains to be
determined. Raven et al. excluded that these effects are mediated by JAK kinases or by Src
family members using signal interceptors. The ErbB2-induced phosphorylation of STAT1 does not
promote tumor formation but appears to serve as an internal safeguard counteracting
transformation. ErbB2-transformed MEFs lacking both p53 and STAT1 formed large tumors upon
transplantation into SCID mice; this tumor growth is significantly suppressed by the expression
of wild type STAT1. Interestingly, the tumor suppressing effect is independent of STAT1
activation as STAT1-Y701F as well as STAT1-S727A exerted comparable effects to wild type
STAT1.

Raven et al. also observed a clear tumor suppressing effect of STAT1 when they exposed STAT1-
deficient animals to ErbB2/neu-driven tumor formation. Both, virgin as well as parous females
developed mammary tumors significantly faster in the absence of STAT1 when compared to wild
type controls. No differences in histological appearances were detected between Stat1” and
wild type tumors irrespective whether they were derived from virgin or parous mice. When cells
obtained from these tumors were further orthotopically transplanted into wild type and Stat1”
mice, a clear effect of the microenvironment became visible. The transplantation of Stat1” cells
induced a significantly larger tumor growth in Stat1” mice than in wild type mice. Notably, no

** tumor cells were

significant enhancement in tumor growth was observed when Statl
orthotopically injected which may point at a STAT1-dependent interaction between the tumor
and the microenvironment. It is currently hard to interpret the data based on the low numbers

of individual tumors investigated in this interesting experimental setting.

Further evidence for a key role of STAT1 in the tumor microenvironment was obtained in the
study of Chan et al. (Schreiber laboratory) as well as from my own data. Chan reported on the
selective down-regulation of STAT1 protein in a large cohort of patients using
immunohistochemistry in tumor biopsies. The down-regulation was most prominent in the
tumor cells themselves and lower when compared to the surrounding stroma and infiltrating

lymphocytes. The expression of STAT1 in the tumor stroma and the infiltrating lymphocytes may
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explain why many researchers do find high STAT1 expression in breast cancer samples if they use
methods that do not allow dissection of tumor stroma and the tumor cells themselves such as
western blotting or microarrays of total tumors. There is increasing evidence highlighting the key
role of the microenvironment for tumor development. Thus, it is necessary to perform single-cell
resolution analysis in order to assign protein expression to a distinct cellular compartment. The
availability of conditional knockout mouse strains and Cre mouse lines that allow the deletion of

genes in distinct cellular subtypes will provide further insights.

Similar to my study, Chan used spontaneous mammary tumor development to evaluate the
impact of STAT1 in vivo and confirmed my findings. In her mouse cohort the tumor incidence in
Stat1”" animals was even higher and exceeded 90% in the parous mice compared to 55% in my
cohort. While | never observed tumors in virgin mice, Chan also reported on a tumor incidence
of 65% in in virgin animals. Slight differences were also found in the receptor expression of the
tumors in both studies; whereas the tumors in Chan’s study displayed an estrogen receptor
alpha (ERa)" phenotype and closely resembled human progesterone receptor (PR)*/ERa’ tumors
of the luminal subtype, “my” Stat1” tumors were only in 50% ERa.". One can only speculate on
the underlying differences. One major difference is the background of the animals; while | was
using BALB/c animals, Chan investigated 12956/SvEv mice which are prone to develop mammary
tumors °. It should also be mentioned that two different knockout mouse model for STAT1 do
exist which were both presented to the scientific community in 1996. The group around D.
Levy’s laboratory deleted exon 7-10 which resulted in the complete loss of the STAT1 protein ’.
In contrast, Schreiber’s lab targeted exon 1-3 which resulted in the appearance of an N-
terminally truncated protein % | used the “Levy-mouse model” for my studies, whereas Chan
initially worked with mice expressing the truncated version (the “Schreiber-mice”). During the
course of her work she confirmed her findings by using the complete “Levy-knockout mouse”.
This rules out that the N- terminus of STAT1 plays a major role - a consideration which is not a
far- fetched as the experience with STAT5 deficient mouse models had revealed considerable
activity of an N-terminally truncated protein even when expressed at low level *°. While
complete STAT5 knockout mice display perinatal lethality !, mice carrying an N-terminally
truncated version of STATS are viable with minor phenotypes **°. One can also not exclude that
the difference in mouse housing affects mammary tumor development which is known to be
influenced by nutrition. Moreover, recent evidence has shown that the gut microbiota may alter

phenotypes occurring in transgenic mouse strains *>. Therefore, | can also not exclude that
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different microbiota contribute to the alterations in outcome between the study of Chan et al.

and my own data.

Both studies, Chan and my own work, report on the enhanced appearance of mammary
intraepithelial neoplasias (MINs) in Stat1” animals. These alterations represent precancerous
lesions and have the potential to develop into carcinomas. MINs are considered to result from
an increased proliferative rate and the decreased capability to undergo apoptosis of the
mammary epithelial cells. STAT1 has been implicated in both processes; on the one hand STAT1
is an important regulator of cell growth and inhibits cell proliferation e.g. downstream of
interferons. Among the STAT1-dependent target genes are important cell cycle regulators such
as the cell cycle inhibitor proteins p27"* and p21"*™/“! Most importantly, the group of
Koromilas has recently shown that the STAT1-p27 axis controls Ras-dependent transformation

and proliferation ****. Both, p21""/%"1 and p27"** deficient mice are tumor prone; mice lacking

WAF1/cip1 Kip1 15-17
p21 /cip P .

or p27°""" show increased frequencies of intestinal tumors in Apc mutatnt mice
Other STAT1 target genes involved in cell cycle regulation are D-type cyclins as well as CDK4 2.
The significance of cyclinD/CDK4 complexes for mammary cancer development has recently
come into the focus of attention and is currently a matter of debate in the field *?°. On the
other hand, STAT1 also regulates apoptosis as demonstrated in numerous reports. STAT1 was
shown to regulate the expression of several caspases as well as of Fas and Fas ligand .
Accordingly, Chan et al. were capable to induce apoptosis in STAT1-deficient breast cancer cell
lines solely by the enforced expression of STAT1. Apoptosis induction required active STAT1 as
only wild type but not STAT1-Y701F was capable to induced cell death. This opposes the findings
by Raven et al. where tumor suppression did not rely on tyrosine phosphorylation and was also
observed upon the expression of STAT1-Y701F. It has to be mentioned that Chan et al.
performed annexin V stainings to unequivocally determine apoptosis, whereas Raven
investigated tumor growth as read-out system and did not further dissect the underlying
mechanisms. The reduced tumor growth may be related to altered apoptosis but as well to a
reduced cell proliferation which has not been clarified. Moreover, the study of Raven et al.
employed p53'/'5tat1'/' MEFs transformed with the ErbB2/neu-oncogene to monitor tumor
growth upon transplantations in SCID mice whereas Chan et al. used Stat1” mammary tumor
cells. Different cell types may certainly act in a different manner. Moreover, p53 has been
reported to interact with STAT1, again representing a considerable difference in experimental
models. It will be of great significance to decipher the molecular mechanism underlying the

tumor suppressive effect of STAT1 in different experimental models. The interaction of p53 and
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STAT1 and its relevance for mammary cancer needs to be unraveled, as both p53 and Statl have
prognostic and/or therapeutic relevance in human breast cancer *% In this regard it should also
be noted that an interaction between STAT1 and BRCA1 has been reported which underscores

the importance of studying STAT1 in human mammary tumors 2.

| failed to detect any obvious signs of cell death or apoptosis in our experimental system. In
contrast, | was clearly able to observe enhanced proliferation in vivo in both, non-tumorigenic
and tumorigenic mammary epithelial cells. Further confirmation for a key role of STAT1 to
regulate mammary epithelial cell growth came from my 3D culture studies. Jechlinger et al.
developed the 3D culture system to study the effects of Kras(G12D) and MYC on the ability of
mammary epithelial cells to form structured and polarized mammospheres **. | used this novel
and innovative technique to compare the formation of mammospheres derived from primary
mammary epithelial cells of STAT1-deficient versus wild type virgin mice. The first steps of MIN
formation were recapitulated in Stat1” mammospheres; Stat1” cells formed spheres with
significantly thicker epithelial layers, displayed increased proliferation rates and in some cases
started to fill the lumen of the acini. Therefore, | consider the 3D cultures system by Jechlinger et
al. as an exciting novel tool to test the probability of primary epithelial cells to undergo MIN

formation and may serve as valuable screening system.

My data also suggest that the STAT1 downstream transcription factor IRF1 mediates the growth
inhibitory effects of STAT1 in mammary epithelial cells. This assumption is supported by several
lines of evidence. First, | found a significant down-regulation of IRF1 in STAT1-deficient
mammary tumors. This result may be anticipated as STAT1 does regulate the expression of IRF1.
Importantly, | found structural similarities in Stat1” and Irfl'/' mammary tissue when analyzing
mammary gland whole mounts of 7 week old virgin mice. In both cases the density of ductal
structures was enhanced when compared to wild type controls indicative of the increased
proliferative capacity. Accordingly, when exposing Irfl'/' mammary epithelial cells to 3D cultures,
| recapitulated the alteration seen in Stat1” mammospheres. Lastly, in vivo-BrdU incorporation
experiments confirmed the overlap of phenotypes between STAT1 and IRF1 in mammary
epithelial cells and revealed increased proliferative capacities of both Stat1” and Irf1”"
mammary epithelial cells. It is thus attractive to speculate that at least the effects of STAT1 on
cell cycle control are mediated via IRF1. The importance of IRF1 is further supported by
observation in human patients suffering from breast cancer; IRF1 is frequently heterozygous in

tumor tissue * and high-grade ductal carcinomas in situ or node-positive invasive ductal cancers
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express less IRF1 than normal tissue *°. Tissue microarrays confirmed the finding that IRF1 is
down-regulated in high grade breast cancer *’. However, information on the expression levels of
STAT1 is unfortunately missing in these studies; no parallel analysis of STAT1 has been done. It is
thus not clear whether down-regulation of IRF1 correlates with loss of STAT1 or occurs
irrespective whether STAT1 is expressed at regular levels. It is attractive to speculate that the
loss of IRF1 occurs independently of alterations in STAT1 expression and suffices to trigger
tumorigenesis. Support for this concept comes from observations in cell lines; the enforced
expression of IRF1 may inhibit cell proliferation and suffices to induce apoptosis in mammary cell
lines 2. It is currently unclear under which conditions STAT1/IRF1 block proliferation and when
they induce apoptosis. In my hands, STAT1/IRF1-deficiency resulted in increased proliferative
capacities of mammary epithelial cells. Though, | can also not exclude the possibility that the 3D

culture system is not perfectly suited to detect alterations in apoptosis but rather proliferation.

One open question that still remains to be determined is the influence of STAT1 in already
established tumors. It will be interesting to explore whether deletion of STAT1 in established
tumors has the potency to modulate tumorigenesis. The fact that | found a mosaic expression in
human (observation unpublished) and murine mammary tumors for STAT1 favors this possibility.
The lack of STAT1 in wild type tumors was focal and restricted to certain areas of the tumors
indicating that the tumor cell do down-regulate STAT1 after tumor induction. The loss of STAT1
appears to be advantageous as huge homogenous patches of the tumor lacked STAT1. The
availability and use of inducible conditional knockout mouse models will ultimately address this

issue.

Conditional mouse models will also be crucial in dissecting the contribution of individual cell
types to STAT1 mediated tumor suppression. Besides the effects of STAT1 in the mammary
epithelial cells themselves, there is a clear-cut effect of the microenvironment. Raven et al. were
the first who described - using orthotopic transplantation of tumor cells — that mammary tumors
develop significantly faster in a Stat1”” microenvironment when compared to a wild type host.
Interestingly, in his experimental setting the effect was only detectable when he transplanted
STAT1-deficient tumors. Only minor effects were observed upon the transplantation of wild type
tumors. | reached a similar conclusion - albeit with an entirely different system. | transplanted
untransformed mammary gland tissue from 3 weeks old Stat1” and control animals into the
cleared fat pad of both Stat1”" and wild type recipients and monitored tumor incidence and

tumor latency. In this setting and in line with the findings of Raven, mammary tumor
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development occurred at the highest rate upon transplantation of Stat1”~ mammary cells into
Stat1” recipients. The transplantation of Stat1” cells into wild type mice significantly reduced
tumor incidence and increased disease latency. This indicates that STAT1 controls both, tumor
onset as well as growth of a once established malignancy. Wild type mammary tumors also
evolved, with a slightly higher incidence in Stat1” mice compared to wild-type animals again
supporting a role for the tumor microenvironment. Further evidence came from the finding that
tumor growth was significantly faster in a Stat1” microenvironment. As | detected a prominent
infiltration of lymphoid cells within the mammary tumors, | concentrated on the influence of
cytotoxic T lymphocytes (CTLs) and NK cells. Both cell types represent major components of the
tumor microenvironment and the tumor surveillance system. Of note, this is also the case in
human breast cancers which frequently display dense infiltrations of lymphoid cells; further,
high numbers of tumor-infiltrating CD8" T lymphocytes in invasive breast cancer have been
correlated with a better prognosis . Immunohistochemical analysis of the tumors identified the
infiltrates as primarily of T lymphoid origin. To test their impact, | made use of Rag2”" mice
which lack mature lymphoid cells but do express functional NK cells. The transplantation of four
individually derived mammary tumor cell lines confirmed the dominating role of cytotoxic T cells
in mammary tumor surveillance. Tumor growth was significantly enhanced in Rag2'/' mice
irrespective whether the tumor cells did express STAT1 or not. A comparable increased tumor
growth was observed in Stat1” mice which lack fully functional cytotoxic T cells as well as NK
cells. The removal of Stat1” defective T cells by crossing Stat1” to Rag2'/' mice did not change
tumor progression. These findings underscore the importance of STAT1 for CTL dependent
tumor surveillance. The loss of STAT1 suffices to completely abrogate CTL-dependent immune
control as no further enhancement of the Stat1”-phenotype was obtained by complete removal

of the T cell compartment in RagZ'/'/Statl'/' mice.

Therefore, it is clearly of advantage for a breast tumor if the controlling CTLs express no or low
levels of STAT1. Patients with STAT1 mutations do exist and have been described *. However,
these patients suffer from severe recurrent infections and most of them die at young age which
does not allow to draw any conclusions or statements on tumor development. However, there is
one interesting report in a murine model: mice which had been transplanted with a mammary
tumor cell line displayed a time dependent down-regulation of STAT1 in the T lymphoid
compartment *%. It is tempting to propose that the tumor may somehow induce the down-
regulation of STAT1 in order to facilitate its own proliferation and escape immune control.

Tumor cells frequently display alterations that help them to escape immune control. Down-
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regulation of interferon receptors has been described in many tumor types *. Interferons are
considered as major players in tumor surveillance with STAT1 being a key transcription factor
mediating IFN-induced effects. Nevertheless, the effects of STAT1 on mammary tumor
development may not simply reflect the inability to react on interferons and are beyond the
control of interferon only. STAT1 has been shown to suppress Ras-mediated transformation

Kipl 13,14

independent of IFNs by up-regulating p27 . The mechanisms, how STAT1 regulates growth
control of mammary epithelial cells and whether this occurs IFN-dependent or independent has

not been addressed in my study and still needs further investigation.

Several recent studies investigated the role of STAT1 in the context of mammary tumor
formation and the evidence is compelling: it is safe to conclude that loss of STAT1 not only
represents a predictive factor that correlates with disease outcome, but represents a true
mammary tumor suppressor. All studies on STAT1’s role in mammary tumorigenesis — including
mine — demonstrated the crucial role of STAT1 in the tumor initiating phase. It will be interesting
to determine if and how STAT1 influences the progression of an already established breast

cancer using inducible and conditional STAT1 mouse models.

Table I. Recent publications on the topic “Statl acts as suppressor of mammary tumorigenesis in murine
model systems”- Different experimental setups and outcomes are summarized.

Mouse Mouse oncogenic | parous Earliest median % tumor
genotype background driver / tumor onset | tumor onset bearer

(STAT1 exons virgin [weeks] [weeks] (Statl'/ /wt)
deleted) (Stat1”/wt) = (Stat1”/wt)

Klover, Stat1’” x 129SvEv MMTV- virgin 36/36 49/62 100%/100%
PJ.etal.’  MMTV-neu- neu
IRES-cre
(1-3)
Raven, J.F. Statl” BALB/c MMTV- virgin 29/43 42/49 100%/100%
etal.’ (7-10) neu
Stat1” BALB/c MMTV- parous 21/22 27/33 100%/100%
(7-10) neu
Schnecken Statl” BALB/c none virgin no tumors no tumors 0%/0%
leithner, (7-10)
C.etal.’ Statl”” BALB/c none parous 37/53 54/70 55%/10%
(7-10)
Chan, S.R. Statl”” 129SvEv none virgin 49/no 104/no 65%/0%
etal.’ (1-3) tumors tumors
Stat1”” 129SvEv none parous  50/no data 64/nodata  99%/no data
(1-3)
Statl”” mixed none virgin 40/no data 65/nodata  65%/no data
(7-10) 129SvEv/BL6
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Table II. Recent publications on the topic “Statl acts as suppressor of mammary tumorigenesis in
murine model systems”- Different experimental setups and outcomes are summarized.

Method used to test STAT1’s ... in suppressing mammary tumor

additional notes

formation
cell-intrinsic immunological phosphoryation
contribution contribution status
Klover, mammary gland no data / no tumors in parous
P.J. et specific deletion of stat?™ x MMTV-cre
al.’ STAT1 mice after 15 month
(numbers of
pregnancies unknown)
Raven, xenografts of orthotopic injection of xenografts of no tumors in Stat1”"
J.F. et p53'/ '/Statl'/ - Stat1” and wt p53_/ _/Statl'/ - mice
al.’ Neu MEFs mammary tumor cells Neu MEFs (gestation/latency
reconstituted with in Stat1”" and wt mice reconstituted with unknown)
STAT1,; orthotopic STAT1 Y701F/S727A:
injection of Stat1” tumor suppressive
and wt mammary function independent
tumor cells in Stat1”” of P-Y701 and P-S727
and wt mice
Schnecke orthotopic mammary orthotopic mammary / MIN formation in
nleithner, gland transplanations,  gland transplantations, stat1” mice;
C.etal.’ 3D cultures of orthotopic injection of heterogeneous
mammary epithelial mammary tumor cell immunohistology of
cells lines in wt, Statl'/', Stat1” tumors (50%
Rag2”, Stat1” Rag2”" ERa’/50% ERar)
mice
Chan, S.R. re-expression of STAT1 no data re-expression of STAT1 MIN formation in
etal.’ in Stat1”” mammary Y701F/S727A in Stat1”" Stat1” mice;
tumor cell lines mammary tumor cell > 90% of Stat1”
lines: tumor tumors ERa’, luminal
suppressive function subtype
dependent of P-Y701,
independent of P-S727

Additional thoughts - Why does pregnancy induce mammary tumorigenesis?

During my thesis, | was frequently confronted with the question: “Why do only multiparous mice
develop mammary cancer in your study, and not nulliparous ones? | always thought that
pregnancy offers a certain protection against breast cancer?” One might only speculate to

address this issue:

Already in the 1700s, reports on childless nuns associated nulliparity with an increased likelihood
to develop breast cancer **. Subsequently, numerous studies associated an early first pregnancy
(younger than 25) and a high number of full-term pregnancies to a protective effect, compared
with nulliparous women and women with a late first pregnancy (after 30 years). The underlying

mechanism mediating this protective effect towards breast cancer development remained
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speculative and has not been unraveled yet. Changes that occur during pregnancy and lactation
include a complex morphological, physiological and molecular remodelling of the mammary
gland tissue. Recent evidence points at an increase in DNA repair capability of the mammary
epithelium after pregnancy and involution. Parity induces a distinct “genomic signature” that is
clearly distinct from the gene pattern found in nulliparous mammary glands. The transcription of
genes controlling differentiation and programmed cell death is enhanced **. Apparently,
protection only occurs if the pregnancy and involution have been completed prior to the
exposure of any damaging agent such as carcinogen exposure, radiation, smoking, etc. This

explains why only pregnancies at early age do have a protective effect.

Despite the overall reduced breast cancer risk in parous females, there is the consensus that
each gestation temporarily increases the probability to develop breast cancer. After each full-
term pregnancy, the breast cancer risk is transiently increased *. This may be explained two-
fold: in mouse models, Wagner et al. described a distinct parity-induced mammary epithelial cell
population that accumulates during pregnancy without undergoing apoptosis during
involution *. These cells display features of multipotent progenitors such as self-renewal and
have the capability to contribute to ductal and alveolar morphogenesis. Moreover, these parity-
induced mammary epithelial cells represent cellular targets for MMTV-neu-induced mammary

¥ In line, MMTV-neu-induced tumor formation is significantly enhanced in

tumorigenesis
pregnant mice and ablation of parity-induced mammary epithelial cells reduces the risk for
tumor formation. Beside this distinct cell population the microenvironment of an involuting
mammary gland has been discussed to contribute to tumor formation. Involution is associated
with inflammation and wound healing which are discussed to drive tumorigenesis in many types

of tumors *. However, the role in the mammary gland is unclear and matter of a vivid debate.
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ABBREVIATIONS

ATP
BRCA1/2
CTL

DNA

EGF

ERa

ET
GAS-site
HER2
HP1
IFNa/p
IFNAR1/2
IFNGR1/2
IGFBP

IL

IRF1/9
ISG

ISGF3 complex
ISRE

JAK

LPS

MAPK

Adenosine triphosphate

Breast cancer 1/2

Cytotoxic T lymphocyte
Deoxyribonucleic acid

Epidermal growth factor

Estrogen receptor alpha
Thrombocytopenia

Gamma-activated sequence-site

Human epidermal growth factor receptor 2
Heterochromatin protein 1

Interferon alpha/beta

Interferon alpha receptor 1/2

Interferon gamma receptor %

Insulin-like growth factor-binding protein
Interleukin

Interferon regulatory factor 1/9
Interferon-stimulated gene
Interferon-stimulated gene factor 3 complex
Interferon-stimulated response element
Janus kinase

Lipopolysaccharide

Mitogen-activated protein kinases
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MCA
MIN
MMTV
MPD
MRI

NK cell
NMU
NO
SCID
PIAS
PI3K
PR

PTP

PV
RANK
RANKL
ROS
SH2 domain
SOCS
STAT
S727F
TAD
TAg
Tyk2
U-STAT
VEGF-A
V617F
WAP

Y701A
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Methylcholanthrene

Mammary intraepithelial neoplasia

Mouse mammary tumor virus

Myeloproliferative disorder

Magnetic resonance imaging

Natural killer cell

N-nitroso-N-methylurea

Nitric Oxide

Severe combined immune deficiency

Protein inhibitors of activated STATs
Phosphoinositide 3-Kinase

Progesterone receptor

Protein tyrosine phosphatases

Polycythemia vera

Receptor activator of nuclear factor-kappaB
Receptor activator of nuclear factor-kappaB ligand
Reactive oxygen species

Src-homology-2 domain

Suppressor of cytokine signaling

Signal transducer and activator of transcription
Serine at amino acid position 727 mutated to Phenylalanine
Transactivation domain

Simian virus 40 large T antigen

Tyrosine kinase

Unphosphorylated STAT

Vascular endothelial growth factor-A

Valine at amino acid position 617 mutated to Phenylalanine
Whey acidic protein

Tyrosine at amino acid position 701 mutated to Alanine
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