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Summary

1. Summary

Breast cancer is the most diagnosed cancer type in women worldwide. It is a heterogeneous
disease that can progress and metastasize into distant organs. After lung cancer, breast cancer
is the second leading cause of cancer death among women in developed countries. However,
death rates are declining since 1990, mainly due to earlier detection and improved therapies.
The development of therapies specifically targeting known oncogenes have improved patient
survival. For example the estrogen receptor (ER), a hormone receptor expressed in 70% of
breast cancer and the receptor tyrosine kinase ErbB2, which is expressed in 20% of breast
cancer, are treated by endocrine therapies and targeted antibodies or kinase inhibitors,
respectively. Despite many successes, not all patients respond to these treatments or they
develop resistance leading to cancer recurrence. The treatment of metastases remains the
biggest challenge. Therefore, new therapies are required and this demands a better
understanding of disease development and progression. With the two studies presented here,
we aimed to gain more insight in the role of histone deacetylase 11 (HDAC11) in breast cancer,
and in the function of Memo (Mediator of ErbB2-driven cell motility), in tumorigenesis and

metastasis.

Results from several preclinical studies suggest that the inhibition of HDACs is a promising
approach to target cancer. However, the role of individual HDACs in breast cancer is largely
unknown. In our study, we aimed to find HDACs with an oncogenic role in breast cancer. By
screening available online databases, we discovered HDAC11 to be overexpressed in breast
cancer compared to normal breast. Furthermore, we found a correlation between HDAC11
expression and ER levels in breast cancer, and could show that HDAC11 expression is induced
by estrogen-signaling. Moreover, a knockdown (KD) approach revealed that HDAC11 promotes
proliferation in the ER-positive breast cancer cell lines T47D and MCF7, but does not
significantly alter proliferation of the ER-negative breast cancer cell lines MDA-MB-231 and
SUM159. KD of HDAC11 in the ER-positive murine breast cancer cell line J110 decreased tumor
growth in vivo. In addition, RNA sequencing combined with gene set enrichment analyses

(GSEA) revealed that HDAC11 controls part of the estrogen responsive transcriptional program,
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especially genes that are normally downregulated upon estrogen induced signaling. This
suggests that HDACT11 is an estrogen induced repressor of gene transcription. Furthermore,
Kaplan-Meier analysis revealed that HDAC11 has prognostic value for patients who received
endocrine therapy, as the probability of recurrence-free survival (RFS) and distant metastasis-
free survival (DMFS) decreased significantly for patients having tumors with high levels of
HDAC11. In summary, we show that HDAC11 has oncogenic potential in ER-positive breast

cancer and therefore might be a new target for therapy.

Memo was initially found through its interaction with ErbB2. Several studies have
demonstrated that Memo is required for breast cancer cell migration in response to ligands
activating receptor tyrosine kinases (RTKs). In this study we aimed to investigate if Memo is
involved in breast cancer metastasis and tumorigenesis. Recently, we discovered that Memo is
a copper-dependent redox enzyme, which promotes spontaneous metastasis from a xenograft
breast cancer model. By tissue microarray analysis of primary human breast tumors we found
Memo to be overexpressed in 40% of breast cancer, while expressed at low levels in the normal
human breast. Moreover, high cytoplasmic Memo localization has prognostic value for early
distant metastasis and death. However, primary tumor growth was not affected by Memo,
neither in a xenograft model using the triple-negative human breast cancer cell line MDA-MB-
231, nor in a constitutively active ErbB2 (NeuNT)-driven murine spontaneous breast cancer
model. Immunohistochemistry of normal murine mammary glands revealed that Memo is
expressed throughout all stages of development, specifically in the luminal cell compartment.
To study the role of Memo in tumorigenesis, we generated a spontaneous NeuNT-driven
murine breast cancer cell model, in which Memo excision and NeuNT expression should be
achieved at the same time. Mice from all strains developed tumors with the same frequency.
However, they were all positive for Memo expression, suggesting that either Memo-depleted
mammary epithelial cells were outcompeted by Memo expressing cells and/or only Memo-
positive cells can give rise to tumors, or that Cre-recombinase mediated excision of Memo was
not functional. In summary, this study revealed that Memo is a copper-dependent redox

enzyme that promotes breast cancer metastasis.
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2. Introduction

2.1 Breast cancer

Breast cancer is the most diagnosed cancer in women worldwide. In 2012, 1.7 million new cases
were reported with over 500000 deaths, rendering it the major cause of cancer death among
women. Although the incidence of breast cancer is rising, death rates are declining, due to
better screening methods and therefore earlier detection, as well as improvements in cancer
treatment (Torre et al., 2015). Several risk factors for the development of breast cancer are
known, and include menopausal hormones (Saxena et al., 2010), a long menstrual history,
overweight, and a family history of breast cancer (Tamimi et al., 2012). Factors associated with
decreased risk are a younger age at first pregnancy and breastfeeding (Clavel-Chapelon et al.,

2002).

Breast cancer arises from epithelial cells lining the ducts and the lobules of the mammary gland.
The epithelium consists of two layers, an inner layer of secretory luminal cells facing the lumen
of the ducts, and the outer layer of basal, or myoepithelial, cells (Macias and Hinck, 2012). As
breast cancer can arise from either of these two cell lineages, and can be caused by various
genetic and epigenetic alterations, breast tumors from different patients can have vastly
different phenotypic properties. Depending on the expression of specific oncogenes,
mutations and epigenetic modifications, breast tumors can vary in their proliferation rate,
metastatic potential, invasiveness, and response to anti-cancer therapies (Skibinski and
Kuperwasser, 2015). This inter-tumor heterogeneity represents a significant challenge for the

treatment of patients with breast cancer.

2.1.1 Characterization of Breast Cancer Subtypes

In order to better predict breast cancer outcome and response to therapy, breast cancers have
been classified based on their clinical parameters, such as histopathological type, grade of
differentiation, lymph node status, and stage of the tumor as well as on their expression of the

estrogen receptor (ER), progesterone receptor (PR) and the receptor-tyrosine kinase ErbB2 (Di

5



Introduction

Cosimo and Baselga, 2010). In the last decade, gene expression profiling of breast cancer
samples has been used to characterize the disease. In the original studies, five molecular
subtypes were found including luminal A, luminal B, normal-like, ErbB2-enriched and basal-like
(Perou et al., 2000; Sarlie et al., 2001). Further studies comparing gene expression profiles from
human and murine breast tumors revealed an additional subtype, comprising tumors which
are claudin-low that are similar to the normal-like group (Herschkowitz et al., 2007; Prat et al.,
2010). These six breast cancer subtypes have distinctive prognoses for tumor progression, the
potential to metastasize and to treatment response, and are now being used in the clinic to

predict sensitivity to specific therapeutic regimes.

The normal breast-like subtype shares characteristics with normal breast cells (Serlie et al.,
2001) and is associated with good prognosis (Liu et al., 2014). However, the significance of this
subtype is under debate as studies suggest that this subtype results from a high percentage of
normal cells in the tumor (Parker et al., 2009). Luminal A and B subtypes are ER-positive and
express luminal markers, distinguishing them from the other subtypes (Perou et al., 2000; Sgrlie
et al,, 2001). In addition to the expression of ER, luminal A tumors tend to be PR-positive.
Conversely, luminal B tumors usually have low or no PR expression, in addition to lower ER
levels, and a reduced reliance on the estrogen pathway (Inic et al., 2014; Osborne, 1998).
Compared to luminal A tumors, luminal B tumors are associated with a worse prognosis, and
generally have a higher tumor grade, higher expression of proliferation-related genes,
activation of alternative signaling pathways, and are less responsive to hormonal therapy
(Creighton, 2012; Serlie et al., 2001). The ErbB2-enriched subtype is characterized by the
amplification of the ERBB2 gene and is associated with aggressive disease and decreased
survival (Slamon et al., 1987). The basal like subtype is characterized by the expression of
markers of basal-cellular origin, like cytokeratins, and by the lack of ErbB2, ER and PR expression
(triple-negative). This subtype is associated with aggressive behavior and poor prognosis
(Perou et al., 2000; Serlie et al., 2001). The claudin-low tumors are also triple-negative, have low
or absent expression of luminal differentiation markers, and are enriched for epithelial to

mesenchymal transition (EMT) markers, as well as immune response genes (Prat et al., 2010). In
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summary, luminal A tumors tend to have the best outcome, whereas luminal B, ErbB2-enriched,

basal-like and claudin-low tumors have worse prognosis (Figure 2.1) (Prat and Perou, 2011).
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Figure 2.1 Prognosis of different molecular breast cancer subtypes. Kaplan-Meier curves for probability of
Relapse Free Survival and Overall Survival (Prat and Perou, 2011).

With the improvements in sequencing methods, several further studies have proposed
alternative tumor subclasses. For example, an analysis of copy number and gene expression in
2000 breast tumors revealed 10 new subgroups within the subgroups described above, with
distinct clinical prognoses (Curtis et al., 2012). In another study, hundreds of primary breast
cancers were analyzed for DNA copy numbers, methylation, messenger RNAs (mRNA),
microRNAs (miR) and protein expression, which revealed the existence of four main breast
cancer classes that correlated well with previously published mRNA subtypes (luminal A,
luminal B, ErbB2-enriched and basal-like). Interestingly, this study demonstrated that different
genetic and epigenetic alterations can lead to similar phenotypes, and that these all converge
into four main breast cancer classes. However, these classes also display a lot of heterogeneity

(The Cancer Genome Atlas Network, 2012).
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2.1.2 Intra-Tumor Heterogeneity and its Implications

Although the classification of tumors into different subtypes can help to predict tumor
response to cancer therapeutics, a big obstacle in cancer therapy is the presence of spatial and
temporal intra-tumor heterogeneity. Spatial heterogeneity describes differences observed
within the primary tumor (Patani et al., 2011), between metastasis and the primary tumor, or
between individual metastases (Wu et al., 2008), which could reflect different subclones. The
term temporal heterogeneity refers to the differences occurring over time in local or distant
tumor recurrence (Kuukasjarvi et al., 1997). Depending on the genetic or epigenetic alterations
present in different areas of a particular tumor and/or metastases, cancer cells can have
different drug sensitivities. Thus, cancer therapies might not be effective against all subclones
or all metastases. Furthermore, through the selective pressure applied by anticancer
therapeutics, as well as through the host immune response, subclones can be selected for and
give rise to therapeutic resistance (Balko et al., 2014). Thus, the phenomenon of intra-tumor
heterogeneity renders the successful treatment of patients challenging. New strategies that
take inter- and intra-tumor heterogeneity into account will probably help to improve breast
cancer treatment. Such strategies might include the sampling and sequencing of biopsies and
blood throughout tumor progression, which could allow adjustment of the applied cancer
therapies to the emerging alterations. Such an approach is currently being performed by the

AURORA initiative for metastatic breast cancer (Zardavas et al., 2014).

2.1.3 The Metastatic Process

Mortality due to breast cancer is rarely a result of the primary tumor, which is usually surgically
removed, but results from the metastatic dissemination of cancer cells from the primary tumor
that spread into distant organs, which give rise to new tumors. Common sites of metastasis for
breast cancer patients are lung, liver, brain and bone. The metastatic process involves several

steps including intravasation into blood and/or lymphatic vessels, survival in the circulation,
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extravasation into distant sites, and survival and proliferation in the foreign microenvironment

(Figure 2.2) (Nguyen et al., 2009).

During each step of the metastatic cascade tumor cells are exposed to immune cells that can
recognize and destroy them. It has been demonstrated that depletion of CD8* T cells and
natural killer (NK) cells increases breast cancer metastasis without altering primary tumor
growth (Bidwell et al., 2012). To overcome anti-tumor immune responses, tumor cells recruit
immunosuppressive cells and modulate their expansion and function. Secretion of various
cytokines and chemokines by the tumor attracts macrophages that infiltrate the tumor. These
so called tumor-associated macrophages were shown to suppress infiltration of CD8* T cells
and anti-tumor immunity in primary tumors (DeNardo et al., 2011). Furthermore, myeloid
derived suppressor cells (MDSCs) can suppress cytokine production and proliferation of T cells
(Abe et al, 2010; Gallina et al, 2006). Recruitment of regulatory T cells (Trq cells),
immunosuppressive cells that normally prevent over-reaction of the immune system to avoid
self-destruction, also suppresses anti-tumor responses (Karavitis et al., 2012). Thus, tumor cells
can avoid detection and destruction by the immune system by altering the recruitment,

expansion and function of immune cells, which allows them to disseminate to distant organs.

In order to metastasize, tumor cells need to overcome physical and biological barriers. As a first
step, cells need to acquire the ability to migrate and to leave the primary tumor. The traditional
view is that individual cells gain the ability to migrate and leave the primary tumor by activation
of an epithelial to mesenchymal transition (EMT), a crucial embryogenic developmental
program that leads to loss of intercellular adhesion, increase of mesenchymal markers and
polarization of tumor cells (Bill and Christofori, 2015; Tiwari et al.,, 2013). In addition to
individually migrating cells, collective tumor migration as a group of cells with intact cell-cell
interactions, has been observed in breast cancer tumors, suggesting that several modes of
tumor cell migration might exist (Giampieri et al., 2009). Furthermore, other models propose
that tumor clumps might break off from primary tumors into the blood circulation, where they
get blocked in small capillaries and grow into distant tumors (Aceto et al., 2014). However, most
tumors are surrounded by the basal membrane and an extracellular matrix (ECM) that tumor

cells need to overcome in order to intravasate into blood vessels. This can be achieved by the
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secretion of matrix metalloproteases (MMPs) by tumor as well as stromal cells, which can
degrade the ECM and basement membrane (Kessenbrock et al., 2010). Tumor cells can reach
the tumor associated vessels by squeezing through existing gaps in the ECM that is facilitated
by the leakiness of vessels often observed in tumors (Hashizume et al., 2000; Kitamura et al.,

2015).

Once the cells are in the circulation, they need to find ways to survive the harsh environment
and to extravasate into distant organs. Platelets support this process by the formation of fibrin
clots that protects tumor cells in the circulation from NK cells (Camerer et al., 2004; Palumbo et
al., 2005), and by the recruitment of tumor-associated macrophages that transmit pro-survival
signals to the tumor cells (Gil-Bernabé et al.,, 2012). In the distant organ tumor cells need to be
able to survive in an environment different than the original tumor. Interestingly, it has been
described that tumors can create metastasis-promoting environments at the future metastatic
sites through the production of systemic factors that attract myeloid cells (Kaplan et al., 2005).
As myeloid cells can suppress immune responses, it is likely that these cells prepare an
immunosuppressive niche that favors the extravasation and survival of tumor cells and thus
the formation of metastases. Once in the distant organ, the tumor cells need to proliferate in
order to form macrometastases. To achieve this, the mesenchymal tumor cells, which are
thought to be slowly proliferating cells, need to undergo mesenchymal to epithelial transition
(MET). Thus EMT is likely to be a transient and reversible transition (Brabletz, 2012). Tumor cells,
referred to as micrometastases, can remain quiescent for long periods of time and only start to
form macrometastases many years after removal of the primary tumor. The switch from a
dormant to a proliferating state might be caused by changes in the microenvironment that
suddenly allow the cells to activate proliferative programs and form a new tumor (Wan et al.,

2013).
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Figure 2.2 The metastatic process. Several steps are required for the formation of metastases in distant organs
such as brain, lung, liver and bone. First, the tumor cells need to escape from anti-tumor immune responses
mediated by T-cells and natural killer (NK) cells. Furthermore, they secrete systemic factors to prepare the pre-
metastatic niche and have to acquire the ability to migrate to enter blood vessels (intravasation). The circulating
tumor cells that survive in the circulation escape from the blood vessel (extravasation) and have to be able to
survive in the new environment in order to from a secondary tumor (Kitamura et al., 2015).

Treating patients with metastatic cancer is the biggest challenge in breast cancer therapy and
until now there has been limited success. After an initial response, metastases often become
resistant to targeted therapies which might be due to heterogeneity between the primary
tumor on which the targeted therapy was based, and the metastatic lesions, as well as between
secondary lesions. One strategy for the treatment of patients with metastases has arisen from
the many studies that describe the involvement of immune cells in the different steps of
metastasis. It is thought that targeting these cell populations may be beneficial for the

treatment of metastases (Wan et al., 2013). Furthermore, recent work has shown that metastasis
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can emerge from cell clusters that escaped the primary tumor. These clusters survive better in
the circulation than single tumor cells and have therefore a higher probability to from
metastases. In human samples, more clusters were indicative of a shorter time to disease
progression (Aceto et al., 2014). Hence, sequencing of these clusters in the circulation might be
more helpful for choosing effective therapies to treat metastasis than the analysis of primary

tumors.

2.2 The Estrogen Receptor a

The estrogen receptor a (ER) plays an important role in breast cancer, as a high percentage of
human breast tumors are positive for ER expression (Zafrani et al., 2000). The ER, encoded by
the ESR1 gene (Menasce et al., 1993), is a ligand-dependent transcription factor that belongs to
the nuclear receptor superfamily. The sequence of ER contains a DNA-binding domain (DBD)
that binds to estrogen response elements (EREs) in the DNA, a ligand binding domain (LBD), as
well as two transcriptional activation function (AF) domains. While the N-terminal AF1 domain
can mediate ligand-independent activation of ER, the C-terminal AF2 domain harbors the
ligand-dependent activation function. Both AF domains are responsible for the recruitment of

several transcriptional coregulators (Figure 2.3) (Heldring et al., 2007).

AF1 DBD LBD and AF2

A/B D E/F 595 aa

184 263 302 595

Figure 2.3 Schematic representation of ER and its functional domains. The ER consists of six nuclear receptor
structural domains (A-F). Activation function 1 (AF1) and AF2, DNA binding domain (DBD), and ligand binding
domain (LBD). Adjusted from (Thomas and Gustafsson, 2011)
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The ER is expressed in various tissues including breast, brain, kidney, liver, ovaries and bone
(Nilsson and Gustafsson, 2011). While ER KO mice are viable, reproductive functions are
severely impaired (Lubahn et al., 1993). ER has been best studied in the breast, where it was
demonstrated to be essential for ductal outgrowth and morphogenesis in normal mammary
gland development (Mallepell et al., 2006). ER-signaling leads to changes in transcription of a
large set of genes. In cancer cells, pro-proliferative genes are generally upregulated, while a
significant fraction of genes that are downregulated upon ER-signaling, encode proteins with
anti-proliferative and pro-apoptotic functions (Carroll et al., 2006; Dutertre et al., 2010; Frasor
et al., 2003). The ER controls gene transcription through several mechanisms. The classical
mechanism involves binding of the ER ligand estrogen (E2) that causes a conformational
change and dissociation from the chaperone protein Hsp90. This allows ER dimerization and
subsequently translocation to the nucleus where it binds DNA at EREs. Once ER is bound,
coregulatory proteins are recruited that regulate gene expression (Figure 2.4 [1]) (Aumais et al.,
1997; Kumar and Chambon, 1988). Another mechanism of ER gene transcription regulation, is
via interaction with other transcription factors such as activating protein 1 (AP1) (Kushner et al.,
2000), NFkB (Quaedackers et al., 2007) and specificity protein 1 (SP1) (Saville et al., 2000). The
interaction of ER with DNA via transcription factors does not require a full ERE, instead the ER
binds chromatin indirectly via transcription factors (Figure 2.4 [2]). Furthermore, ER-signaling
can be mediated through a so called non-genomic mechanism. Ligand binding of ER, which is
localized in the cytoplasm or at the membrane, induces the recruitment of SRC and PI3K,
activating the MAPK and PI3K/AKT pathway, resulting in transcription factor activation (Figure
2.4 [3]). However, ER can also control transcription in the absence of its ligand. Growth factor
induced activation of receptor tyrosine kinases (RTKs) including EGFR, ErbB2, and the insulin-
like growth factor 1 receptor (IGF1R), leads to the activation of the kinases ERK and AKT, which
in turn phosphorylate and activate ER in a ligand-independent manner (Figure 2.4 [4]) (Thomas
and Gustafsson, 2011). The transcriptional responses of ER largely depend on the recruitment
of coactivators including SRC3, CBP and p300, or corepressors such as NCoR and HDACs
(Barnes et al., 2004).

13
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Figure 2.4 ER signaling pathways. Ligand dependent and ligand independent activation of ER are shown. (1)
Activation of the classical genomic pathway involves the release of ligand-bound ER from chaperone Hsp90,
dimerization, translocation to the nucleus and binding of DNA at estrogen response elements (EREs), and
recruitment of coregulatory proteins. (2) Ligand bound ER can interact with other transcription factors (TFs) that
bind to their own response elements. (3) The non-genomic pathway involves a small pool of ER located at the cell
membrane that upon activation recruit protein kinases, leading to the activation of AKT and ERK and subsequent
activation of transcription factors. (4) Activation of growth factor receptor (GFR) by growth factors (GF) lead to the
phosphorylation and activation of ER in a ligand-independent manner (Roman-Blas et al., 2009).
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2.2.1 ER-Signaling Is Controlled by Post-Translational Modifications

The ER is target for several post-translational modifications (PTMs) including phosphorylation,
ubiquitination, acetylation and palmitoylation. These can influence ER functions, for example
by affecting protein stability, DNA binding, ligand sensitivity, dimerization, subcellular

localization and interaction with coregulators (Le Romancer et al., 2011).

Phosphorylation was the first PTM demonstrated to enhance ligand binding of the ER
(Auricchio and Migliaccio, 1980). Since then, numerous phosphorylation sites have been
described that affect various ER functions. For example, ER transcriptional activity is induced
upon ligand-dependent phosphorylation of serine residue 118 (Ali et al., 1993), as well as upon
ligand-independent phosphorylation of serine 118 or 167 (Bunone et al., 1996; Sun et al., 2001).
Moreover, phosphorylation at serine 236 inhibits receptor dimerization, thereby preventing
DNA binding (Chen et al., 1999a). Furthermore, ubiquitin-dependent degradation of ligand-
bound ER is suggested to be critical for promoter clearance and additional rounds of
transcription (Reid et al., 2003). The effect of ER acetylation will be discussed later (section 2.3.4).
Thus, a plethora of PTMs tightly regulate ER-mediated functions.

2.2.2 ERin Breast Cancer

The ER is expressed in about 70% of breast cancer, promoting tumor proliferation and survival
(Briinner et al., 1989; Zafrani et al., 2000). Endocrine therapies are commonly used to treat
patients with ER-positive breast cancer, including tamoxifen, a selective estrogen modulator
(SERM) that competes for ligand binding to the ER, the selective estrogen down regulator
(SERD) fulvestrant, and aromatase inhibitors (letrozole, anastrozole and exemestane) that
suppress estradiol production by blocking the aromatase enzyme . Despite the general success
of endocrine agents, resistance towards these therapies often occurs leading to disease
progression and death (Johnston, 2010). Several mechanisms have been suggested that alone
or in combination might account for the development of resistance. Interestingly, loss of ER
expression, an obvious resistance mechanism, is only observed in 15-20% of patients with

tamoxifen resistant breast cancer (Encarnacion et al., 1993; Gutierrez et al., 2005). Loss of ER
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expression has been suggested to be caused by extensive methylation of the ESRT gene that
was observed in primary ER-negative breast cancer but not in normal breast samples and ER-
positive tumors (Lapidus et al., 1998). Indeed, demethylating agents have been shown to cause

re-expression of ER in ER-negative breast cancer cells (Ferguson et al., 1995).

However, in the majority of endocrine resistant tumors, ER is still expressed and active,
suggesting that these tumors acquired alternative mechanisms to become resistant. One
possible mechanism of resistance is through activation of signaling pathways that activate ER
by ligand-independent mechanisms. Indeed, upregulation of ErbB2 has been found in some
tamoxifen resistant tumors (Gutierrez et al., 2005). Furthermore, activation of signaling
pathways downstream of RTKs such as PI3K/AKT (Kirkegaard et al., 2005) that lead to altered
phosphorylation of ER (Holm et al., 2009), and its coregulators (Carascossa et al., 2010), has been
associated with tamoxifen resistance. Another recently reported resistance mechanism, is the
occurrence of ESRT mutations that render ER less sensitive to endocrine therapy (Jeselsohn et
al., 2015). While mutations in ESRT are rarely detected in primary breast cancer (Fuqua et al.,
1993; The Cancer Genome Atlas Network, 2012), several point mutations have been found in
metastatic breast cancer from patients that were treated with endocrine therapy (Jeselsohn et
al., 2014; Merenbakh-Lamin et al., 2013; Robinson et al., 2013), suggesting a role for them in the
development of metastatic disease and endocrine resistance. Indeed, the majority of these
missense point mutations cluster within the LBD and several mutations have been shown to
result in constitutive ER activity (Figure 2.5) (Jeselsohn et al., 2014; Merenbakh-Lamin et al.,

2013; Robinson et al., 2013).

16



Introduction

a Wild-type ERa

Oestrogen ¢
0°

b LBD mutant ERa

Oestrogen © o
Qe

HD Ful  Co-activator
HD Tam  inhibitors
BZA A

ARN-810

PI3Ki
HSP90I

ERE

RNA — — =

e g
CDK4/6 Inhibitors to ESR1
inhibitors mut-unique targets

Endocrine
resistance
and increased
metastatic capacity

Figure 2.5 Treatment of ER-positive breast cancer. (a) ER wild-type expressing tumors are largely sensitive to
endocrine therapies such as aromatase inhibitors (Als), tamoxifen (TAM) and fulvestrant (Ful). (b) Tumors
expressing ligand-binding domain (LBD) mutant ER, might also have enhanced ligand-independent activity,
rendering them insensitive to standard endocrine therapy. Alternative therapeutic strategies mightinclude higher
doses (HD) of Ful or TAM, or more potent or mutant-specific inhibitors (BZD and ARN-810), inhibitors targeting ER
gene-products (e.g. cyclinD1 blockade by CDK4/6 inhibitors), LBD mutant-unique gene products, inhibitors for
coactivators (CoA) or other signaling molecules involved in ligand-independent activation of ER (mTORI, PI3Ki,
Hsp90i) (Jeselsohn et al., 2015)
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A better understanding of the underlying mechanisms driving resistance will help to better
predict response to endocrine therapy and might lead to new treatment strategies in order to
overcome resistance. For example, it has been shown that ER mutants are still sensitive to
endocrine therapy, however at higher concentrations (Jeselsohn et al., 2014; Merenbakh-Lamin
etal., 2013; Robinson et al., 2013). This opens new treatment strategies for patients with tumors
harboring these mutations, for example using higher doses or more potent new endocrine
therapies. Furthermore, combination therapies of endocrine therapies together with drugs
targeting proteins involved in endocrine resistance, might lead to better responses of
endocrine resistant tumors (Figure 2.5). Of note, a phase 2 clinical trial using an aromatase
inhibitor in combination with a cyclin dependent kinase inhibitor for advanced breast cancer
patients, showed promising results, and a phase 3 clinical trial is ongoing (Finn et al., 2014).
Moreover, a phase 2 study combining an aromatase inhibitor with an ERBB2- and an mTOR-
inhibitor is ongoing (https://clinicaltrials.gov/ct2/show/NCT01499160?term=GCC+0901&

rank=1).

Despite these promising results, the treatment of endocrine resistant tumors remains a
challenge and future studies are required to gain more insight in the underlying mechanisms
of resistance. Furthermore, personalized therapies based on the present resistance
mechanisms, as well as analysis of tumors throughout the course of disease to monitor the

development of novel resistances, might lead to strategies that improve patient outcome.

2.3 Epigenetic Modifications in Cancer

The underlying mechanisms driving tumorigenesis are diverse. They include genomic
alterations such as amplifications, translocations, deletions and point mutations, but also
epigenetic modifications. These epigenetic modifications alter DNA-based processes, such as
transcription, replication and DNA repair, without changing the nucleotide sequence of the

DNA. As epigenetic modifications are reversible, they allow dynamic changes in gene
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transcription, a process which needs to be tightly controlled in order for a cell to produce a
given gene product at the appropriate time and level. Epigenetic modifications include
methylation of the DNA, as well as PTMs of histone proteins, for example acetylation,

methylation, ubiquitination and phosphorylation (Figure 2.6) (Dawson and Kouzarides, 2012).

Methylation of the DNA is mediated by methyltransferases (DNMTs) that transfer a methyl
group to a cytosine (Bestor et al., 1988). DNA methylation occurs predominantly, but not
exclusively, at CpG sites, regions in the DNA where a cytosine nucleotide is located next to a
guanine and is linked by a phosphate (Lister et al., 2009; Ramsahoye et al., 2000). Methylation
of the DNA is generally negatively associated with gene expression. Hence, DNA
hypermethylation has been shown to inhibit the expression of genes (DeSmet et al., 1999), as
well as transposons (Reik, 2007), and is involved in the inactivation of the X-chromosome (Plath

et al., 2003).

The function of histone proteins is to organize the DNA into nucleosomes, in order to package
DNA into chromatin. Nucleosomes consist of a histone octamer, with two of each of the
histones H2A, H2B, H3 and H4, around which 146 bp of DNA are wrapped (Luger et al., 1997).
PTMs on histone tails can influence the interaction between histones and DNA, thereby
modulating the accessibility of the DNA to proteins involved in gene transcription (Dawson and
Kouzarides, 2012). Many different histone modifications have been identified, one of the most
common ones, the acetylation of lysine residues regulated by histone acetyltransferases (HATs)
(Brownell et al., 1996) and histone deacetylases (HDACs) (Taunton et al., 1996), will be discussed

below (section 2.3.1).

In cancer, deregulation of epigenetic modifications of DNA and histones are often observed.
These include massively hypomethylated DNA (Ehrlich, 2002; Goelz et al., 1985), which is
associated with increased chromosomal instability (Eden et al., 2003), as well as focal
hypermethylation causing transcriptional repression of tumor suppressor genes like
retinoblastoma (Rb) (Greger et al., 1989). Moreover, loss of acetylation on specific lysine
residues from histone 4 (K16 and K20) has been shown to be a common eventin human cancer

(Fraga et al., 2005). It is therefore not surprising, that several epigenetic modifiers including
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DNMTs, HATs and HDACs are often deregulated in cancer. For example, DNMT3B is
overexpressed in leukemia, the HAT p300 was found to be overexpressed in colorectal
carcinoma (Ishihama et al., 2007), and HDAC1, HDAC2 and HDACG6 are overexpressed in human
breast cancer (Krusche et al., 2005; Miiller et al., 2013; Zhang et al., 2004). Furthermore, aberrant
recruitment of HDACs to specific gene promoters by oncogenic fusion proteins, such as PML-
RARqa, PLZF-RARa and AML1-ETO, is known to contribute to leukemogenesis (Dawson and
Kouzarides, 2012).
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Figure 2.6 Epigenetic modifications of the DNA and histone proteins. Post-translational modifications on
histone proteins, such as methylation, acetylation, ubiquitination and phosphorylation induce changes in the
chromatin structure and thereby alter transcription. Histone acetyltransferases (HATs) transfer acetyl groups to
lysine residues which can be removed by histone deacetylases (HDACs) that can be inhibited with HDAC inhibitors
(HDACis). DNA methylation by DNA methyltransferases (DNMTs) is generally associated with transcriptional
repression, which can be counteracted by DNMT inhibitors (DNMITs). Epigenetic modifications can recruit proteins
that are able to read the modifications (readers) (Falahi et al., 2014).
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2.3.1 Acetylation of Histones and Non-Histone Proteins

Acetylation is a dynamic process that is controlled by the opposing activities of HATs and
HDACs. While HATs catalyze the transfer of an acetyl moiety from acetyl co-enzyme A to lysines,
the removal of acetyl groups is mediated by HDACs (Parbin et al., 2013). Acetylation of histone
tails plays an important role in the regulation of gene transcription, as acetylation neutralizes
the positive charge on lysine residues and thereby weakens the interaction between histones
and the negatively charged DNA (Figure 2.7) (Hong et al., 1993). This leads to a more open
chromatin structure, rendering the DNA accessible for transcriptional regulators (Figure 2.6)
(Lee et al, 1993). Furthermore, bromodomain-containing proteins including HATs and
transcriptional coactivators, recognize and bind to acetylated histones and modulate gene
transcription (Figure 2.7) (Dhalluin et al., 1999; LeRoy et al., 2008). Thus, acetylation is generally
associated with increased transcriptional activity. As HDACs revert the action of HATs and cause
a more condensed chromatin structure (Taunton et al., 1996), they are regarded as
transcriptional repressors. Moreover, they are often found in complexes with transcriptional

repressors such as NCoR and mSin3 (Heinzel et al., 1997)

In addition to its role in transcriptional regulation, acetylation of non-histone proteins has a big
impact on protein functions. Acetylation is involved in protein stability, activity, cellular
localization and protein-protein interactions (Singh et al., 2010). For example de-acetylation of
the tumor suppressor p53 decreases its transcriptional activity, and thereby prevents p53-
dependent apoptosis in response to DNA damage (Luo et al., 2001). More than 1750 proteins
have been shown to be acetylated; these are involved in many cellular processes such as cell
cycle, cell migration, splicing, chromatin remodeling and DNA replication (Choudhary et al.,
2009). Thus, acetylation not only regulates gene transcription but also numerous cellular
processes. Furthermore, acetylation of lysine residues competes with other post-translational
modifications such as ubiquitination, methylation and sumoylation and therefore can also

indirectly affect protein functions (Figure 2.7) (Yang and Seto, 2008).
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Figure 2.7 Acetylation and de-acetylation of lysine residues. Histone acetyltransferases (HATSs), also called
lysine (K) acetyltransferases (KATs), transfer acetyl groups to lysine residues, while histone deacetylases (HDACs),
also called lysine deacetylases (KDACs), remove them and restore the positive charge on the lysine residue.
Acetylated lysines are recognized by proteins containing bromodomains. De-acetylated lysines can serve for
catalysis and interaction with the DNA. Furthermore, acetylation competes with other post-translational
modifications such as methylation, ubiquitination and sumoylation (Yang and Seto, 2008).

2.3.2 The Histone Deacetylase Family

The family of HDACs contains 18 members and can be divided in two distinct groups. The so
called “classic” HDACs consist of 11 members and require zinc for their catalytic activity (de
Ruijter et al., 2003). In contrast, the second group of HDACs, called sirtuins (SIRT1, -2, -3, -4, -5, -
6 and -7), are not dependent on zinc but require NAD* as a cofactor (Afshar and Murnane, 1999;

Frye, 1999).

The classical HDACs are further divided into four different classes, based on their homology to
yeast proteins and their subcellular localization (Figure 2.8). Class | (HDACT, -2, -3 and -8) share
homology with the yeast HDAC Rpd3 and are primarily localized in the nucleus (Dangond et
al., 1998; de Ruijter et al., 2003; Taunton et al., 1996). This class of HDACs are ubiquitously
expressed and have been implicated in several cellular processes such as cell cycle regulation,
tissue development and cell differentiation. Class | HDACs are generally components of multi-

protein complexes and interact with various transcription factors (Reichert et al., 2012). HDAC1
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and HDAC2 originate from a common ancestor, have overlapping functions and can partially

compensate for each other (Gregoretti et al., 2004; Montgomery et al., 2007).

The class Il HDACs are most closely related to the yeast protein Hda1l and in contrast to class |
HDACs, their expression seems to be tissue specific. They are further divided in class lla
(HDAC4,-5, -7 and -9) and class llb (HDAC6 and 10) HDACs (Fischle et al., 1999, 2001; Grozinger
et al., 1999; Guardiola and Yao, 2002; Kao et al., 2000; Yang and Seto, 2008). HDACs of both
classes, lla and llb, can shuttle between the nucleus and cytoplasm, however class llb HDACs
are mainly localized in the cytoplasm (Hubbert et al., 2002; Parra et al., 2007; Tong et al., 2002).
The shuttling of class lla HDACs is mediated by phosphorylation. Phosphorylation of HDACs
leads to binding of 14-3-3 proteins and subsequent export of HDACs from the nucleus, causing

de-repression of target genes (Grozinger and Schreiber, 2000).

In contrast to class lla, class llb HDACs have two catalytic domains, although one of them is
inactive in HDAC10 (Yang and Seto, 2008). While little is known about the functions of HDAC10,
HDAC6 has been shown to affect cell migration through de-acetylation of a-tubulin as well as
cortactin (Hubbert et al., 2002; Zhang et al., 2007a). Another target of HDACG6 is the chaperone
protein Hsp90. It has been shown that knockdown of HDAC6 caused acetylation of Hsp90
which led to loss of chaperone activity (Kovacs et al., 2005). Furthermore, HDACG is the only
HDAC with an ubiquitin binding site which allows binding of ubigitinated proteins and the
formation of aggresomes that organize misfolded proteins into a single location (Kawaguchi et

al., 2003).

HDACT1, the most recently identified HDAC, is the sole member of class IV (Gao et al., 2002). As
it shares sequence homology to both, class | and class Il HDACs, it was assigned to a separate
class. Because class Il was already assigned to the sirtuins, HDAC11 was defined as a class IV
HDAC (Gregoretti et al., 2004; de Ruijter et al., 2003). HDAC11 is mainly localized in the nucleus
and its expression is restricted to specific tissues (Gao et al., 2002). This protein will be discussed

in more detail later (see in section 2.4)
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Figure 2.8 Classification of classical HDAC family members. HDACs are grouped into different classes based

on their sequence homology to yeast proteins. Class | HDACs are homologous to the yeast protein Rpd3 and
consist of HDAC1, -2, -3 and 8. Class Il HDACs are structurally related to class | HDACs and further divided into class
lla (HDAC4, -5, -7 and 9) and class IIb (HDAC6 and -10). Class IV consists of HDAC11. The deacetylase (DAC) domain
is depicted as an orange cylinder. The numbers in the cylinder reflect the percentage of amino acid sequence
identity/similarity to Rpd3 (for class I) or to Hda1 (for class Il and 1V). The sequence identity/similarity of Hda1 and
HDAC11 to Rpd3 is given in brackets. Myocyte enhancer factor-2 (MEF2)-binding motifs are shown as green
cylinders and blue small cylinders represent 14-3-3 binding motifs. The larger blue cylinders show SE14: Ser-Glu-
containing tetradecapeptide repeats; ZnF: ubiquitin-binding zinc finger and Leucine-rich motif. On the right, the

total number of amino acid residues of each deacetylase is shown (Yang and Seto, 2008).
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2.3.3 Targeting HDACs in Cancer

To date, a wide range of HDAC inhibitors (HDACi) that vary in structure, activity and specificity,
have been identified. Most of the HDACi are pan-inhibitors targeting several HDACs, however,
with different affinities (Ververis et al., 2013). The only specific HDACi identified to date, is the
HDACS6 inhibitor tubacin, which induces hyperacetylation of a-tubulin but has no effect on
histone acetylation (Haggarty et al., 2003). HDACi can be classified into several groups based
on their chemical structure, including hydoxamic acid (tichostatin A and vorinostat, also known

as SAHA), benzamides (entinostat, mocetinostat), cyclic peptides (romidepsin), short-chain

fatty acids (valporic acid and butyrate) (Table 2-1) (Ververis et al., 2013).

Specificity
HDACi Groups HDACi Reference
(Class)
Mocetinostat land IV (Fournel et al., 2008)
Benzamides
Entinostat [ (Khan et al., 2008)
Short chain Valporic acid I (Khan et al., 2008)
fatty acid based Phenylbutyrate land lla (Mottamal et al., 2015)
Cyclic peptide Romidepsin [ (Furumai et al., 2002)
Pracinostat l, land IV (Novotny-Diermayr et al., 2010)
Trichostatin A [, lb and IV (Loberaetal., 2013)
Hydroxamic Vorinostat (SAHA) land Il (Khan et al., 2008)
acid Tubacin HDAC6 (Haggarty et al., 2003)
Belinostat land Il (Khan et al., 2008)
Panobinostat land Il (Khan et al., 2008)

Table 2-1 Selection of HDAC inhibitors with different specificities.
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Numerous preclinical studies using these inhibitors have been performed, which revealed that
HDACi can have beneficial effects on tumor cells. Originally they were discovered through their
ability to induce tumor cell differentiation (Leder and Leder, 1975; Riggs et al., 1977), but are
now known to affect additional cellular functions such as cell-cycle arrest, apoptosis,
angiogenesis and DNA repair (West and Johnstone, 2014). HDACi exert these multiple cellular
effects through transcriptional control by modifying histones, but also through their action on
non-histone proteins (Figure 2.9). For example, HDACi have been shown to disrupt the
chaperone function of Hsp90 through deacetylation, exposing HIF1a to proteasomal
degradation and preventing transcription of pro-angiogenic factors such as VEGF (Zhang et al.,
2010a). Furthermore, most HDACI, induce cell cycle arrest at the G1/S transition (Bolden et al.,
2006), which is mediated by upregulation of the cyclin-dependent kinase inhibitor 1 (p21WA™")
(Gui et al., 2004), as well as by downregulation of cyclins (Sandor et al., 2000). Moreover, HDACi
induce apoptosis in cancer cells through induction of extrinsic (death receptor) and intrinsic
(mitochondrial) pathways, through upregulation of death receptors such as FAS and TRAIL
(Insinga et al., 2005), and of pro-apoptotic proteins such as Bim, Bmf and Bax (Cohen et al., 2004;
Zhang et al., 2006; Zhao et al., 2005). HDACi have also been demonstrated to sensitize cancer
cells to DNA-damaging agents through downregulation of proteins involved in DNA-repair

such as BRCA1 (Zhang et al., 2007b), and RAD51 (Figure 2.9) (Adimoolam et al., 2007).
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Figure 2.9 HDACi activate multiple anti-tumor pathways by affecting histone acetylation and non-histone
protein acetylation. Abbreviation: homologous recombination (HR), non-homologous end joining (NHE)J)
(Mottamal et al., 2015)

To date, the four HDACi vorinostat, romidepsin, belinostat and panobinostat have been
approved by the US Food and Drug Administration (FDA) for the treatment of hematological
malignancies (Mann et al., 2007; Mottamal et al., 2015; San-Miguel et al., 2014). However,
despite the successful treatment of hematological malignancies, as well as numerous
promising preclinical studies using HDACi to target different cancer cells, clinical studies with
HDAC i on solid tumors showed little success (West and Johnstone, 2014). This might be caused
by the unspecific nature of HDACs targeting several HDACs at the same time, which could have
different cellular functions. In breast cancer for example, high HDAC6 expression is correlated
with better prognosis (Zhang et al., 2004), while high levels of HDAC2 and HDAC3 are
associated with more aggressive disease (Miiller et al., 2013). Furthermore, HDACi cause
deregulation of large numbers of genes (Peart et al., 2005), which might cause re-expression of
tumor suppressor genes, but could also contain genes that are tumor promoting. A better

knowledge about the individual roles of specific HDACs in different cancer types, together with
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development of more specific inhibitors might help to improve HDACi-based therapies.
Furthermore, combining HDACi with other therapeutic agents might lead to improved anti-
tumor responses. Indeed, promising results come from clinical trials using a multitargeted
inhibitor of HDACs, EGFR and ErbB2 for patients with advanced solid tumors (Shimizu et al.,
2014), as well as from a phase Il clinical study combining a HDACi with an aromatase inhibitor
for patients with ER-positive endocrine resistant tumors (Yardley et al., 2013). Several clinical
studies using HDACi in combination with other cancer therapies for the treatment of solid
tumors are ongoing (Mottamal et al., 2015), which might lead to new strategies for cancer

therapy.

2.3.4 HDACs and the Estrogen Receptor

Several HDACs such as HDAC1, HDAC3 and HDACS6 (Krusche et al., 2005; Saji et al., 2005), have
been reported to be expressed in ER-positive breast cancer and numerous studies have

revealed arole for HDACs in the regulation of ER expression and signaling (Cavailles et al., 2011).

In most studies, treatments with different pan-HDACi (De los Santos et al., 2007; Reid et al.,
2005; Yi et al., 2008) as well as KD of HDAC1, HDAC2 and HDAC6 (Bicaku et al., 2008) in ER-
positive breast cancer cells, has been shown to decrease ER protein and mRNA levels, generally
resulting in reduced ER transcriptional activity and inhibition of cell proliferation. The reduction
in ER levels is mediated on the transcriptional as well as on the post-transcriptional level, as
combination of HDACi with a proteasomal inhibitor, could partially rescue receptor
downregulation (De los Santos et al., 2007). The mechanism by which inhibition of HDACs
decreases ESR1 transcription is largely unknown. However, as several transcription factors have
been reported to be acetylated (Singh et al., 2010), HDACi might induce their hyperacetylation,
altering transcriptional activity and/or recruitment of cofactors, thereby inducing ESRT
transcriptional repression (Figure 2.10). Furthermore, as HDACs are generally known to act as
transcriptional repressors by deacetylation of histone proteins (Taunton et al., 1996), they could
control ER expression by repressing the transcription of miRs known to target ESRT mRNA

(Figure 2.10) (Adams et al., 2007; Zhao et al., 2008).
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On the protein level, HDACi have been shown to alter ER stability. This is mediated by
hyperacetylation of the ER chaperone Hsp90 in response to HDACi treatment, which decreases
its binding to ER, leading to polyubiquitylation and proteasomal degradation of ER (Figure 2.10)
(Fiskus et al., 2007). In this study, pan-HDACi (targeting class | and Il HDACs) have been used.
However, as HDAC6 levels were decreased in response to these inhibitors, together with the
previous finding that HDAC6 deacetylates Hsp90 (Kovacs et al., 2005), this effect was likely
caused by the reduced HDACG levels. In contrast to this negative regulation of ER protein
stability by HDACI, direct acetylation of ER by overexpression of the HAT p300, or treatment
with the HDACGi trichostatin A (targeting class |, Ilb and IV HDACs), prevents its ubiquitylation
and proteasomal degradation, thereby increasing ER protein stability (Figure 2.10) (Kim et al.,
2010a). Furthermore, HDACi have been shown to induce re-expression of ER in ER-negative
breast cancer cell lines rendering them sensitive to endocrine therapy (Sabnis et al., 2011; Yang
et al., 2000). Taken together these data show that the effect of HDACi on ER expression is
complex and likely to be dependent not only on the breast tumor sub-type but also the

targeted HDAC.
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Figure 2.10 Crosstalk between HDACs and ER. HDAC6 deacetylates Hsp90, allowing interaction with ER,
preventing its ubiquitylation and thereby increasing ER protein stability. HDACi promote ER acetylation,
preventing its ubiquitylation, increasing ER protein stability. HDACi lead to alterations in ESRT mRNA levels,
potentially resulting from various mechanisms, including enhanced acetylation of histone proteins at the ESR1
promoter, altering the transcriptional activity of transcription factors and/or by repressing miRs that target ESR1
mRNA for degradation.
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In addition, HDACi alter ER-target gene transcription, which is also very likely to be mediated
by various mechanisms, including downregulation of ER levels, histone acetylation as well as
acetylation of ER and its coregulators (Figure 2.11) (Cavailles et al., 2011). Interestingly, ER has
been shown to be acetylated by the HAT p300 at different lysine residues. While acetylation at
lysine 266 and 268 enhances DNA-binding activity and transcriptional activity of ER (Kim et al.,
2006), acetylation of lysine 302 and 303 results in suppressed ligand sensitivity (Wang et al.,
2001). Thus, the function of ER acetylation is site specific. Moreover, several ER coregulators
such as SRC3 (Chen et al., 1999b), RIP140/NRIP1 (Vo et al., 2001) and HDAC1 (Qiu et al., 2006)
are also modified by acetylation, increasing the complexity of how HDACi could alter ER-target
gene transcription. Unfortunately, little is known about the roles of individual HDACs with
respect to ER. HDAC1 and HDAC4 have been shown to interact with ER and overexpression of
these HDACs decreases ER transcriptional activity (Kawai et al., 2003; Leong et al., 2005).
Furthermore, both HDAC1 and HDAC7 have been found on the promoter of pS2, a well-studied
ER-target gene (Métivier et al., 2003). Interestingly, HDAC1 and HDAC3 have been found on the
promoter of c-myc in the presence of tamoxifen, suggesting that the transcriptional repression
by tamoxifen-bound ER of ER-target genes, involves the recruitment of HDACs (Liu and Bagchi,
2004). On the other hand, in breast cancer cells HDAC6 expression is induced by estrogen
signaling, and this HDAC promotes cell migration by deacetylation of tubulin (Saji et al., 2005).
Future studies might reveal additional functions of HDACs in breast cancer and help to better

understand the action of HDACi in ER-positive breast cancer.

ER transcriptional activity

ﬂ ER-target genes
ERE

Figure 2.11 HDACs alter transcription of ER-target genes potentially by decreasing acetylation of ER, its
coregulators and histone proteins.
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2.4 The Histone Deacetylase 11

HDAC11 is the most recently discovered HDAC and was found through its sequence homology
with the yeast protein HOS3 (Gao et al., 2002). The HDACT11 gene is localized on chromosome 3
and two HDAC11 transcripts were found, resulting from alternative gene splicing. HDAC11 is
the smallest member of the HDAC family and consists essentially of the catalytic domain (Figure
2.12). Its cellular localization was found to be mainly nuclear. In contrast to class | HDACs which
are ubiquitously expressed, HDAC11 expression is, like class Il HDACs, restricted to certain
tissues. Expression of HDAC11 has been reported for testis, brain, heart, skeletal muscle and
kidney, indicating a tissue-specific role for HDAC11. Furthermore, high levels of HDAC11 were
detected in different human cancer cell lines, which suggests that HDAC11 not only plays a role

in normal tissues but also in cancer (Gao et al., 2002).

35 304 347

Figure 2.12. Schematic representation of HDAC11 with its catalytic domain.

2.4.1 Functions of HDAC11 in Normal Physiology

This section will summarize studies describing HDAC11 in normal physiology including the

brain and immune system.

HDAC11 is expressed in human brain cells (Gao et al., 2002), and throughout the murine brain,
it is one of the most highly expressed member of the HDAC family as demonstrated by in situ
hybridization (Broide et al., 2007). Interestingly, expression levels of HDAC11 increase in
specific areas of the mouse brain during the postnatal development of the central neural
system (Liu et al., 2008). Furthermore, elevated HDAC11 levels have been found in a screen for
nuclear receptors and their coregulators involved in the differentiation of neural stem cells
(NSCs) (Androutsellis-Theotokis et al., 2013). NSCs differentiate into astrocytes, neurons and
oligodendrocytes and expression of HDAC11 has been found in nuclei of oligodendrocytes and

neurons, however only low levels have been detected in astrocytes (Broide et al., 2007; Liu et
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al., 2008). Furthermore, during maturation of oligodendrocytes, HDAC11 mRNA levels
accumulate and coincide with reduced acetylation levels of histones within the two
oligodendrocyte-specific genes encoding proteolipid protein (PLP) and myelin basic protein
(MBP). HDAC11 binds to the promoter regions of these two genes and interacts with histone
H3 in mature oligodendrocytes, reducing its acetylation. Interestingly, although histone de-
acetylation is commonly linked to transcriptional repression, de-acetylation of histones in the
promoter region of PLP and MBP genes led to an increased recruitment of RNA Polymerase I
and subsequently increased mRNA levels of PLP and MBP. Thus, HDAC11 positively regulates
the transcription of PLP and MBP and thereby influences oligodendrocyte maturation (Liu et

al., 2009).

HDACT1 has also been implicated in the regulation of immune activation versus immune
tolerance. A tight regulation of these two processes is mandatory in order to allow an
appropriate immune response against pathogens and at the same time prevent the system
from over-reacting and causing self-tissue damage. Antigen presenting cells (APCs), such as
macrophages, are important players in keeping this balance, as they modulate the antigen-
specific activation of T-cells against pathogens, as well as their tolerance against self-antigens.
In macrophages, HDAC11 represses the transcription of il-10 (Cheng et al., 2014), encoding a
cytokine with key function in tolerance induction (Moore et al., 2001), thereby promoting
immune activation of T-cells and preventing T-cell tolerance (Figure 2.13) (Villagra et al., 2009).
The levels of HDAC11 in macrophages are negatively controlled by miR-145. IFN(
downregulates miR-145 in a JAK1-STAT1 dependent manner, leading to increased HDACT1
levels and subsequently to il-10 repression (Lin et al., 2013). Interestingly, while HDAC11
represses il-10 gene transcription, HDAC6 interacts with HDAC11 and binds to the same DNA
sequence within the il-10 gene promoter, where it acts as a transcriptional activator. These
divergent roles of HDAC11 and HDAC6 could allow the dynamic regulation of il-10 transcription
that is important forimmune regulation by APC (Cheng et al., 2014).

32



Introduction

Tolerance
APC
o @
\‘ ’(

.

CD4* T cell o)

Figure 2.13 HDAC11 influences immune activation versus immune tolerance. HDAC11 represses
transcription of il-10 in antigen presenting cells (APCs), thereby promoting T-cell activation. Inactivation of
HDACT1 in APCs increases IL-10 expression, which results in T-cell tolerance. Adjusted from (Georgopoulos, 2009).

2.4.2 HDAC11 Mediates DNA Replication and Proliferation

HDAC11 alters DNA replication by inducing chromatin condensation, as well as by decreasing
the protein stability of Cdt1, a replication licensing factor (Glozak and Seto, 2009; Wong et al.,
2014). Replication licensing is an important process to prevent re-replication and thus assuring
that chromosomes are only replicated once per cell cycle to maintain genomic integrity. The
initiation of DNA replication starts with the binding of the Origin Recognition Complex (ORC)
to origins of replication and the recruitment of Cdcé and Cdt1 that are required to load the
hexameric Mini-Chromosome Maintenance (MCM) helicase complex (Machida et al., 2005).
During G1, Cdt1 recruits HBO1, a histone acetyltransferase (HAT), to replication origins, causing
chromatin de-condensation. Upon entering S phase, HDAC11 interacts with the replication
licensing factor Cdt1 and binds to origins of replication. This causes chromatin condensation
that alters the recruitment of MCMs and thereby prevents re-replication (Figure 2.14) (Wong et
al, 2014). Furthermore, HDAC11 prevents re-replication by altering Cdt1 protein stability.
During S phase Cdt1 is negatively regulated to ensure that the MCM2 helicase complex is not
recruited to origins of replication which already fired. HDAC11 affects protein stability of Cdt1
through its de-acetylation. Acetylation can protect proteins from ubiquitination, as these post-

translational modifications occur on the same lysine residues. Thus, de-acetylation of Cdt1 by
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HDAC11 increases ubiquitylation that mediates its subsequent proteasomal degradation
(Glozak and Seto, 2009). As replication licensing is important for proliferation (Stoeber et al.,
2001), the authors suggest that HDAC11 might be negative regulator of cell proliferation
(Glozak and Seto, 2009).
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Figure 2.14 Model for replication licensing influenced by HDAC11. During G1 Cdt1 binds to origin recognition
complex (ORC) and allows binding of the MCM helicase complex. Cdt1 recruits the histone acetyltransferase (HAT)
HBO1, which induces chromatin de-condensation. Geminin inhibits HAT activity and recruits HDAC11, leading to
chromatin condensation and preventing re-replication (Wong et al., 2014)

However, other studies have revealed that KD of HDAC11 decreases proliferation in
oligodendrocytes (Liu et al., 2009), and different human cancer cell lines such as prostate, colon,
ovarian and breast cancer (Deubzer et al., 2013). Thus, HDAC11’s role in proliferation might be

dependent on the cell type.
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2.4.3 The Role of HDAC11 in Disease

HDAC11 has been described to be involved in several different diseases. Interestingly, in some
cases HDAC11 expression contributes to the malignant phenotype, while in others it is involved

in disease prevention.

For example, HDAC11 suppresses neurodegeneration in a drosophila model of the fragile X
tremor ataxia syndrome (FXTAS), an inherited neurodegenerative disorder. This disease is
caused by an expansion of a CGG trinucleotide repeat in the 5'UTR of the fragile X syndrome
(FXS) gene, FMR1. FXTAS patients show an increase in mRNA levels of FMR1, while FMR protein
levels are normal or decreased, as the expanded CGG repeat is insufficiently translated. It is
thought that the CGG repeat-containing mRNA sequesters proteins and prevents them from
performing their normal functions. Overexpression of HDAC11, HDAC6 or HDAC3 represses
transcription of CGG-repeat containing FMR1, thereby suppressing neurodegeneration (Todd

et al.,, 2010).

HDACT1 has been suggested to be oncogenic in cancer as KD of HDAC11 in colon, prostate,
breast and ovarian cancer cell lines decreased metabolic activity while non-transformed cell
lines were not affected (Deubzer et al., 2013). Furthermore, another study revealed that
HDAC11 can induce repression of the tumor suppressor gene ARHI, which is expressed in
normal cells but not in breast and ovarian cancer cells. Knockdown of HDAC11 increases
acetylation of E2F1 (Feng et al., 2007), which has been shown to increase DNA-binding of E2F1
(Martinez-Balbas et al., 2000), suggesting that HDAC11 controls ARHI transcription through
deacetylation of E2F1 (Feng et al., 2007).

These studies suggest, that HDAC11 might be a target for cancer therapy. However, targeting
HDACT1 might also cause unwanted side effects, as it has been shown to play a role in immune
responses. Two studies have looked at the role for HDAC11 in the immune defense against
cancer cells. In the first study, HDAC11 has been shown to be a negative regulator of myeloid-
derived suppressor cell (MDSC) expansion and function, a heterogeneous population of
myeloid cells such as immature dendritic cells, macrophages and granulocytes (Sahakian et al.,

2014). These cells interact with T-cells and negatively regulate their function to prevent
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damage caused by excessive inflammation. Tumor infiltrating MDSCs can suppress anti-tumor
T cell function in the tumor microenvironment and thereby modulate the immune response
towards cancer cells (Serafini et al., 2006). HDAC11 is highly expressed in immature myeloid
cells (IMCs), but decreased in MDSCs, which have increased IL-10 levels and promote T-cell
tolerance against cancer cells. Consequently, mouse lymphoma cells injected into HDAC11 KO
mice grew faster than in control mice, suggesting that the anti-tumor T cell response was
suppressed in HDAC11 KO mice. These results suggest, that it might be unfavorable to treat
cancer patients with HDAC1 1-inhibitors as this might decrease anti-tumor responses (Sahakian

et al.,, 2014).

However, in a study investigating the role of HDAC11 in Hodgkin Lymphoma (HL), HDAC11 KD
induced favorable anti-tumor immune responses. HL is a B-cell lymphoid cancer characterized
by Hodgkin and Reed-Sternberg (HRS) cells which are surrounded by inflammatory cells such
as T cells and regulatory T cells (Treg) that are involved in immune tolerance to self-antigens.
Activated T cells, natural killer T cells and Tgeq cells express OX40 which is a receptor for the
OX40 ligand (OX40L) that is produced by antigen-presenting cells like dendritic cells,
macrophages, activated B cells, T cells and endothelial cells. The binding of OX40L by its
receptor induces the generation of antigen-specific memory T cells that are important for
antitumor responses. Furthermore, OX40L has been shown to suppress the generation of Treg
cells. In HL cells, OX40L is not expressed but KD of HDAC11 induces its expression as well as the
expression of TNF-q, interferon-y, IL-17 and IL-6, but not IL-10, and causes apoptosis of HL cells.
Additionally, expression of OX40L induced by HDACi in HL cells inhibited the generation of Tgeq
cells. Thus, HDAC11 inhibition might be a promising approach to treat patients with HL (Buglio
etal., 2011).

The contrasting observations of HDAC11’s function in immune response against cancer cells
suggest that OX40L and IL-10 signaling might vary in different cell types and in the presence of
different cytokines. Whether HDAC11 inhibitors could cause favorable responses in the clinic
might largely depend on the disease and the role HDAC11 is playing in the different contexts.

Further studies are required to investigate the genomic- as well as non-genomic targets of
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HDAC11 that might help to better understand the normal- as well as the malignant-function of

HDAC11.

2.5 Memo (Mediator of ErbB2-Driven Cell Motility)

Memo, for Mediator of ErbB2-driven cell motility, was initially discovered through its interaction
with the phosphotyrosine site Tyr-1227 of the ErbB2 receptor (Marone et al., 2004). Structural
analysis revealed homology with the iron-dependent dioxygenase LigB (Qiu et al., 2008), a
bacterial enzyme that catalyzes oxidative cleavage of carbon-carbon bonds of aromatic
catechol ring systems (Noda et al., 1990). In LigB, three histidine amino acids (His-12, His-61,
His-195) and one glutamic acid (Glu-242) are responsible for iron binding and its catalytic
activity (Sugimoto et al., 1999). Interestingly, the three histidines (His-49, His81, and His-192)
are conserved in Memo, while the glutamic acid is replaced by a cysteine (Cys-244). Indeed, we
have shown that Memo binds copper via this site and functions as a redox protein (MacDonald
et al., 2014). Memo is conserved in all branches of life, from bacteria to human, with a high

sequence homology close to its active site (Qiu et al., 2008; Schlatter et al., 2012).

In cells, Memo is expressed in the cytoplasm and the nucleus (Schlatter et al., 2012) and upon
heregulin (HRG)-stimulation Memo translocates to the cell membrane (Marone et al., 2004).
While Memo contains a nuclear export sequence, and its nuclear export can be blocked by the
nuclear export inhibitor Lebtomycin B, it remains unknown how Memo enters the nucleus.
Given its small size of 34kDa, it might well be that it freely diffuses through the nuclear pores
(Schlatter et al., 2012). In mammals, Memo is expressed in most adult organs, which suggests
an important role for Memo in normal physiology. Indeed, Memo conditional full body
knockout (KO) mice, where Memo deletion is induced after birth, have a reduced life span and
show characteristics of premature aging that was accompanied by elevated serum levels of
vitamin D and calcium (Haenzi et al., 2014). Furthermore, Memo deletion was demonstrated to
be embryonic lethal, showing a bleeding phenotype that is likely caused by vascular defects

(Kondo et al.,, 2014). However, the exact physiological role of Memo remains largely unknown.
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2.5.1 Memo in Migration

Memo is required for cell migration downstream of several receptor tyrosine kinases (RTKs) as
stimulation with HRG, fibroblast growth factor 2 (FGF2) and epidermal growth factor (EGF) in
breast cancer cell lines (Marone et al., 2004), and platelet derived growth factor (PDGF) in
mouse embryonic fibroblast (Kondo et al., 2014), induced cell migration in control cells, but
was decreased in cells with reduced Memo levels. Thus, Memo harbors a widespread role in
RTK-induced cell motility. Cell migration is a dynamic process that requires the remodeling of
the actin and microtubule network, as well as the formation of adhesion sites (Ridley, 2011).
Actin polymerization at the cell front pushes the plasma membrane forward leading to the
formation of cell protrusions. Several different protrusions exist, including lamellipodia and
filopodia that form at the leading edge of moving cells (Abercrombie et al., 1970; Gustafson
and Wolpert, 1999; Wood and Martin, 2002). Furthermore, invadapodia and podosomes have
been discovered that are matrix-degrading structures appearing on the ventral surface of cells
(Chen, 1989; Tarone et al., 1985). The formation of adhesion sites, which link the actin
cytoskeleton to the extracellular matrix, stabilizes the protrusions and generates traction
forces. Contractile tension induces the disassembly of adhesions at the cell rear that allows tail
retraction and cell movement (Ridley et al., 2003). Furthermore, microtubules extend within
protrusions and regulate the turnover of focal adhesions and contribute to maintain cell

polarity (Figure 2.15) (Watanabe et al., 2005).

38



Introduction

ey =

1 Stimulation 2 Locomotory or invasive protrusion
o
5 De-adhesion and tail retraction 3 Adhesion
-

4 Contractile tension

Figure 2.15 Steps involved in cell motility. 1) External stimuli induce actin polymerization and 2) the formation
of cellular protrusions. 3) Protrusions adhere to the extracellular matrix via adhesion sites. 4) Contractile tension
creates cell elongation. 5) Adhesion sites at the cell rear are disassembled, allowing the cell to move forward
(Bravo-Cordero et al., 2013).

Memo mediates cell migration by controlling microtubule outgrowth into lamellipodia,
adhesion site formation and organization of the actin network in lamellipodia in response to
HRG-stimulation by localizing active RhoA, a small GTPase, and its effector mDia1 to the cell
membrane (Zaoui et al., 2008). The growth of microtubules is mediated though dynamic
changes between phases of growth and shrinkage at their plus ends until stabilized at the cell
cortex. Microtubule capture and stabilization is required for cell polarization and directed cell
migration (Watanabe et al., 2005). Memo mediates this process by controlling the localization
of two microtubule binding and stabilizing proteins, adenomatous polyposis coli (APC) and
cytoplasmic linker-associated protein 2 (CLASP2), to the plasma membrane in response to HRG-
stimulation (Zaoui et al., 2010). The binding of APC and CLASP2 to microtubules is negatively
regulated by glycogen synthase kinase-3f (GSK3pB) (Wittmann and Waterman-Storer, 2005;
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Zumbrunn etal., 2001). Memo inhibits GSK3{ through HRG-induced phosphorylation of GSK3f3
most likely via AKT (Cross et al., 1995; Zaoui et al., 2010), which inhibits its activity and allows
APC and CLASP2 to bind microtubules. Subsequently, membrane-bound APC recruits the
protein ACF7 to the plasma membrane, which then mediates microtubule capture and
stabilization at the cell cortex, allowing directed cell migration (Zaoui et al., 2010). Thus, the
Memo-RhoA-mDial signaling pathway promotes cell migration through capturing
microtubules to the cell cortex and causing their stabilization. Furthermore, Memo has been
shown to interact with the actin-binding protein cofilin that controls actin dynamics and
regulates actin filament turnover. Cofilin generates a pool of actin monomers that are required
for lamellipodium extension at the cell leading edge. Memo is required for the localization of
cofilin at the plasma membrane, and was shown to enhance the actin depolymerizing- and
severing activity of cofilin and thereby controlling directed cell migration (Meira et al., 2009).
Thus, Memo controls cell migration through the recruitment of several proteins involved in the

organization of the microtubule- and actin network to the leading edge of migrating cells.

In addition, overexpression of Memo was reported to induce epithelial to mesenchymal
transition (EMT), leading to increased cell migration and invasion. Stimulation of the insulin-
like growth factor 1 receptor (IGF1R) was shown to induce the interaction between its effector
insulin receptor substrate 1 (IRS1) and Memo, which leads to the upregulation of the
transcriptional repressor Snail and subsequently repression of the epithelial cell-cell junction
protein E-cadherin (Sorokin and Chen, 2013). Hence, Memo is involved in many cellular

processes that promote cell migration.

2.5.2 Memo in Cancer

Several studies have suggested a role for Memo in cancer. For example, increased Memo mRNA
levels were found in a human pancreatic cancer cell line compared to normal pancreas (Kalinina
et al,, 2010). In another study, the tumor suppressor miR-125b, which represses the expression
of Memo, has been shown to be downregulated in pre-invasive breast cancer compared to

normal breast epithelium, suggesting that Memo might play a role in early breast cancer
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development (Hannafon et al., 2011). Furthermore, we have shown that Memo is expressed at
low levels in normal breast, while it is overexpressed in 40% of human breast cancer. Moreover,
we found that high cytoplasmic Memo is prognostic for early distant metastasis and death
(MacDonald et al., 2014). Together these studies suggest that high Memo levels might promote

malignancy.

2.6 Reactive Oxygen Species Acting as Signaling Molecules

Reactive oxygen species (ROS) are highly reactive molecules that are generated by the partial
reduction of oxygen to form superoxide (O,), hydrogen peroxide (H,0,), and hydroxyl radical
(HO). Depending on the species, these ROS have different reactivity. HO'is highly oxidizing,
H.O. is a relatively weak oxidant and O, can act as both a mild oxidant and a weak reductant
(Lambeth and Neish, 2014). In the cell, reactive oxygen species are generated as natural by-
products during mitochondrial electron transport (Boveris et al., 1972; Loschen et al., 1971) or
by oxidases that are involved in diverse cellular processes including lipoxygenases (Los et al.,
1995), xanthine oxidase (Fridovich, 1970) and cytochrome P450 (Gorsky et al., 1984). However,
the first identified oxidases that produce ROS not as a byproduct, but as its primary function
are the enzymes NADPH oxidases (NOX). The NOX family consists of seven membrane spanning
catalytic isoforms NOX1-NOX5, DUOX-1 and DUOX-2, which differ in their subcellular
localization, activation, cytoplasmic subunits, organ specificity and type of ROS release
(Brandes et al., 2014). NOX complexes generate ROS by transferring an electron from NADPH
across membranes to oxygen, thereby generating superoxide. This superoxide is then
converted by superoxide dismutase (SOD) to hydrogen peroxide, which is then imported or

can freely diffuse through the plasma membrane (Figure 2.16) (Gough and Cotter, 2011).
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Figure 2.16 Superoxide production by the NADPH oxidase 1 (NOX1). Upon assembly of the NOX-complex
through binding of its subunits, an electron from NADPH is transferred through the membrane to oxygen (0O,),
generating superoxide (Oy). Adjusted from: (Brandes et al., 2014)

Traditionally, ROS has been viewed as a molecular damaging agent that can react with nucleic
acids, proteins and lipids, disrupting biochemical functions and causing genome instability and
apoptosis (Ray et al., 2012). Antioxidant enzymes including superoxide dismutase (SOD),
catalase, glutathione peroxidase (GPX) and peroxiredoxin protect cells against ROS induced
damage. Peroxiredoxin and GPX convert hydrogen peroxyde into water, or in the case of SOD
catalyze the breakdown of O, into H,0, that can then be further oxidized into H,O (Table 2-2)
(Gough and Cotter, 2011). Furthermore, cysteine-rich proteins and peptides such as
glutathione and thioredoxins function as redox sinks, as their cysteine residues rapidly get

oxidized by ROS, quenching further biochemical reactivity (Lambeth and Neish, 2014).

Imbalance between ROS generation and detoxifying reactions leads to a disturbed cellular
redox state and results in oxidative stress, which has been implicated in carcinogenesis
(Szatrowski and Nathan, 1991; Toyokuni et al., 1995), neurodegeneration (Andersen, 2004),
diabetes (Tanaka et al., 2002) and atherosclerosis (Kisucka et al., 2008). However, localized ROS

in phagolysosomes of macrophages mediates microbial killing and thus serves as an important
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protection against infections (Babior et al., 1973, 1975). Furthermore, low concentrations of
ROS act as signaling molecules, causing reversible alterations in protein structure and/or
activity. Redox-reactive cysteine residues are oxidized by ROS, which leads to the formation of
sulfenic acid (-SOH) that can form disulfide bonds with cysteines in close proximity (-S-S-).
These cysteine oxidations can be reversed by mechanisms involving glutathione or
thioredoxins, which results in an off/on regulation similar to phosphorylation and
dephosphorylation. However, high ROS concentrations lead to irreversible oxidation of
cysteine residues to sulfinic (-SO,H) or sulfonic (-SO;H) acid, resulting in cell damage (Ray et al.,

2012).

Several proteins have been shown to be redox-controlled. For example, the activity of protein
tyrosine phosphatases (PTPs), including PTP-1B (Lee et al., 1998), SHP1 (Cunnick et al., 1998)
and SHP2 (Meng et al.,, 2002), are negatively controlled by ROS. Oxidation of the cysteine
residue that normally acts as a phosphate acceptor results in the inhibition of the phosphatase-
activity thereby altering downstream signaling pathways (Lee et al., 1998). Furthermore, the
protein tyrosine kinase SRC has been shown to be activated upon oxidation of two cysteines
(Giannoni et al., 2005). ROS-mediated signaling has also been shown to be involved in gene
transcription as several transcription factors including NF-kB, p53 and activator protein-1 (AP1)
(Sun and Oberley, 1996) were shown to be redox-regulated. Thus, ROS can act as signaling
molecules and regulate many cellular processes such as proliferation, apoptosis, migration and

adhesion (Gough and Cotter, 2011).

Enzymatic antioxidant Cellular location Substrate Reaction
Superoxide dismutase (Mn/Cu/ZnSOD) Mitochondrial matrix (MnSOD) Superoxide (Oz-7) 02" =H0,
Cytosal (Cu/ZnSOD)
Catalase Peroxisomes Hydrogen peroxide (H202) 2H,0, — 0,+H:0
Cytosol
Glutathione peroxidase (GPX) Cytosol Hydrogen peroxide (H2O5) Hz02+GSH - GSSG+H0
Peroxiredoxin 1— VI (Prx) Cytosol Hydrogen peroxide (H,O,) Ho00+TrxS; — Trx(SH)+H,0

Table 2-2 Enzymatic antioxidants: Superoxide dismutases (SODs) are located in the cytosol and mitochondria,
and require a metal ion cofactor such as copper (Cu), zinc (Zn) or manganeses (Mn). These enzymes convert
superoxide (O;) into hydrogen peroxide (H,0,). Catalase converts hydrogen peroxide to water (H,0) and is found
in peroxisomes and in the cytoplasm. Glutathione peroxidases and peroxiredoxins reduce hydrogen peroxide to
water and are localized in the cytoplasm. (Gough and Cotter, 2011)
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2.6.1 ROS Involvement in Cell Migration

Numerous studies have demonstrated that ROS play a role in cell migration. For example,
reduction of ROS by antioxidants or NOX-inhibitors has been shown to impair cell migration
towards growth factors (Kim et al., 2010b). Furthermore, several growth factors, such as PDGF
(Adachi et al., 2005), FGF (Schréder et al., 2007) and vascular endothelial growth factor (VEGF)
(Evangelista et al., 2012), have been demonstrated to induce NOX-dependent ROS production

during cell migration.

The activation of some of the NOX complexes, including NOX1, NOX2 and NOX3, require the
assembly of regulatory subunits including p47phox and p21-activated kinase-1 (PAK1), as well
as the recruitment of GTP-bound Rac (Brandes et al., 2014). Upon stimulation with growth
factors, Rac is activated either through G-protein-mediated guanine exchange factor (GEF)
activation or through PIP3-mediated GEF activation downstream of RTK signaling. The
recruitment of p47phox is controlled by protein kinase C (PKC) activation that phosphorylates
p47phox and allows its association with the NOX-complex and induction of superoxide
production (Figure 2.17) (Brandes et al., 2014). Due to the unspecific nature of ROS, localized
ROS production at specific cellular compartments is required in order to gain specificity.
Indeed, NOX-complexes have been found to localize to the leading edge of migrating cells
(Ikeda et al., 2005; Wu et al., 2005). This is thought to be mediated through the interaction of
p47phox with myosin (Wientjes et al., 2001), cortactin (Touyz et al., 2005) and WASP-family
verprolin-homologous protein 1 (WAVE1) (Figure 2.18 B-D) (Wu et al., 2003), three actin binding

proteins that are enriched within lamellipodia.
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Figure 2.17 Growth factor induced superoxide production by NADPH oxidases (NOX) to promote cell
migration. Ligand-activation of receptor tyrosine kinase (RTK) induces the recruitment of activated Rac1,
p47phox, PAK1 and other NOX-subunits to the leading edge of the cell, where superoxide (O,) is produced.
Extracellular superoxide is converted to hydrogen peroxide (H,0,) by superoxide dismutase (SOD) and enters the
cytoplasm of the cell. Intracellular hydrogen peroxide oxidizes proteins including protein tyrosine phosphatases
(PTPs) and thereby promotes cell migration (Hurd et al., 2012).

While it is well established that NOX-generated ROS influences cell migration, the exact
signaling involved in these processes is largely unknown. However, several proteins involved
in the remodeling of the actin cytoskeleton during cell migration are known to be redox-
regulated. Interestingly, actin itself has been shown to be controlled by redox-signaling, as ROS
indirectly enhanced G-actin binding to glutathione, which has been demonstrated to decrease
its ability to polymerize into F-actin (Dalle-Donne et al., 2003). Indeed, inhibition of ROS in
neutrophils decreased actin glutathionylation, leading to increased F-actin formation that
resulted in a higher number of pseudopodia and impaired directed cell migration (Figure 2.18

F) (Sakai et al., 2012).

Another protein involved in actin remodeling in lamellipiodia that has been shown to be

directly- and indirectly controlled by ROS is cofilin, which harbors actin depolymerizing activity.
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Cofilin is activated through de-phosphorylation by the phosphatase Slingshot-1L (SSH-1L).
NOX-dependent ROS leads to oxidation of 14-3-3 and auto-dephosphorylation of SSH-1L,
causing the disruption of the SSH-1L/14-3-3 complex, and therefore cofilin activation and cell
migration (Figure 2.18 A) (Kim et al., 2009; Maheswaranathan et al., 2011). Moreover, direct
oxidation of cofilin at two cysteine residues (Cys139 and Cys147) has been shown to decrease
binding of cofilin to F-actin, thereby decreasing F-actin severing. Expression of an oxidation-
resistant cofilin mutant has been shown to impair cell migration, suggesting that direct
oxidation of cofilin at the cell front contributes to directed cell migration by enhancing F-actin

stability at the cell leading edge (Cameron et al., 2015).

Furthermore, Rho GTPases have been shown to be sensitive to oxidation. This protein family is
known to regulate many processes during cell migration. Ligand-induced activation of the Rac
subfamily enhances actin polymerization and promotes lamellipodia formation, while
members of the Rho subfamily stimulate cell contractility and adhesion by controlling the
assembly of actin stress fibers and focal adhesions (Parri and Chiarugi, 2010). The regulation of
these opposing processes needs to be balanced in order to allow directed cell migration.
Interestingly, Rac mediated ROS production has been shown to indirectly inhibit RhoA activity.
Oxidation of LMW-PTP (low-molecular-weight protein tyrosine phosphatase), resulted in its
inhibition causing increased phosphorylation of p190Rho-GAP. This subsequently increased
the GAP-mediated hydrolysis of RhoA-bound GTP to GDP, leading to its inactivation and
allowing Rac-mediated lamellipodia formation (Nimnual et al., 2003). However, RhoA has also
been shown to be regulated through direct oxidation of two cysteine-residues, leading to its
activation and increased stress fiber formation (Aghajanian et al., 2009). Thus, redox-signaling

is involved in many aspects of Rho GTPase mediated cell migration.

In addition to the role of Rac in the formation of lamellipodia, Rac is also required for the
induction of a functional NOX-complex. Interestingly, it has been demonstrated that Rac can
act both, upstream and downstream of NOX-dependent ROS production. ROS-induced
oxidation of phosphatase and tensin homolog (PTEN) that counteracts the formation of

PtdIns(3,4,5)P; by PI3Ks, leads to an accumulation of Ptdins(3,4,5)P; at the cell leading edge and
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subsequently to activation of Rac and directed cell migration (Kuiper et al., 2011). Thus, Rac

provides a positive feedback loop that promotes directed cell migration.

Localized and tightly regulated ROS in cellular protrusions has emerged as a signaling
molecule, promoting cell migration by regulating proteins involved in cell migration. Future
studies are likely to reveal additional redox-regulated proteins, which will lead to a better

understanding how ROS controls cell migration.
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Figure 2.18 Schematic representation of ROS-mediated effects on the cellular actin network during cell
migration. Red solid arrows represent NOX-mediated ROS production, black solid arrows show redox regulation,
green solid arrows show protein regulation, black dashed arrows show post-translational modifications of
proteins, red dashed arrows show actin depolymerization, the blue dashed arrow shows actin nucleation and the
green dashed arrow shows actin polymerization. (A) NOX-mediated ROS production leads to oxidation of 14-3-3,
release of the phosphatase Slingshot-1L (SSH-1L), and dephosphorylation of Cofilin, which leads to activation of
its actin depolymerization activity. (B-E) p47phox is recruited to the cell membrane probably via its interaction
with myosin (B), cortactin (C), the WASP-family verprolin-homologous protein (WAVE) (D) or actin (E). (F) NOX-
dependent ROS increases actin binding to glutathione (GS), thereby decreasing actin polymerization, supporting
an ordered migration process. Glutathionylated actin needs to undergo deglutathionylation by glutaredoxin
(GRX) (Stanley et al., 2014).
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3. Results
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ABSTRACT

Breast cancer is a heterogeneous disease that affects approximately 1 in 8 women worldwide.
Despite improvements in cancer therapy and development of novel therapeutic agents,
successful treatment of some breast cancer subtypes remains challenging and resistance often
occurs. Therefore, it is important to find new strategies for the treatment of breast cancer
patients. The inhibition of histone deacetylases (HDACs), a family of epigenetic regulators, is a
promising therapeutic approach in cancer. However, knowledge about the role of individual
HDACs in breast cancer is largely missing. We aimed to identify HDACs that are oncogenic in
breast cancer and that might be potential targets for breast cancer therapy. Screening HDACs
in publicly available databases revealed that HDAC11 is overexpressed in breast cancer.
Moreover, we found a correlation between HDAC11 expression and estrogen receptor (ER)
levels. By applying a knockdown (KD) approach, we demonstrated that HDAC11 promotes
proliferation, in the ER-positive breast cancer cell lines T47D, MCF7 and J110. Furthermore, we
identified HDAC11 as an estrogen-induced gene, which regulates a part of the estrogen
responsive transcriptional program. In addition, Kaplan-Meier analysis revealed that high
HDACT11 expression correlates with a decreased probability of recurrence-free survival (RFS)
and distant metastasis-free survival (DMFS). In summary, we showed that HDAC11 has
oncogenic potential in ER-positive breast cancer, and therefore might be a new target for

therapy.
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INTRODUCTION

Breast cancer is the most diagnosed cancer type in women and the first leading cause of cancer
death among women worldwide (Torre et al., 2015). Several drugs are successfully used in the
clinic to treat breast cancer patients, including chemotherapeutic agents as well as targeted
therapies. One example of targeted therapies commonly used in the clinic, are endocrine
agents that target the ER (EBCTCG, 2005). The ER is a transcription factor that is overexpressed
in over 70% of breast cancer cases (Zafrani et al., 2000). Moreover, it plays a key role in breast
cancer progression as it promotes proliferation and survival of breast cancer cells (Briinner et
al., 1989). Upon binding to its ligand, 17--estradiol (E2), the ER dimerizes and translocates to
the nucleus where it controls the expression of a large set of genes (Frasor et al., 2003; Kumar
and Chambon, 1988). For example, it induces the expression of several pro-proliferative genes
such as MYC, CCND1 and CDK1 (Frasor et al., 2003). Interestingly, besides acting as a
transcriptional activator, studies have shown that the ER can also act as a transcriptional
repressor (Carroll et al., 2006; Dutertre et al., 2010; Frasor et al., 2003). Targeting the ER by
endocrine therapy has turned out to be a very efficient strategy to treat ER-positive breast
cancer patients. For instance, inhibitors targeting aromatase, an enzyme responsible for the
synthesis of estrogen, are successfully used for the treatment of postmenopausal women, while
tamoxifen that directly binds to the ER and prevents binding of its natural ligand, is the
standard therapy for premenopausal women. However, resistance towards these agents often
occurs (Johnston, 2010). Therefore, it is important to gain better insight into the molecular
mechanisms involved in cancer development, as well as in the occurrence of resistance, as this
might lead to novel therapeutic approaches.

Numerous studies have described that epigenetic modifiers play important roles in breast
cancer (Huang et al,, 2011). Histone deacetylases (HDACs) are a family of epigenetic modifiers
that de-acetylate lysine residues in histones, which results in a more compact chromatin
structure, rendering the DNA less accessible for transcription factors. Thus, HDACs are generally
associated with transcriptional repression (Grunstein, 1997). Furthermore, HDACs can also de-
acetylate non-histone proteins, thereby affecting major cellular processes (Choudhary et al.,

2009). HDACs are classified based on their homology to yeast proteins and their subcellular
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localization. Class | HDACs (HDACT1, -2, -3 and -8) are highly homologous to the yeast HDAC
Rpd3 and are primarily localized in the nucleus. Class Il HDACs are homologous to yeast protein
Hda1 and are further divided in class lla HDACs (HDAC4, -5, -7 and -9) that can shuttle between
the nucleus and cytoplasm, and class llb HDACs (HDAC6 and -10) that are mainly localized in
the nucleus. HDAC11, the most recently identified HDAC, is the sole member of the class IV
HDACs, based on homology to both class | and class Il, and is mainly found in the nucleus
(Gregoretti et al., 2004; de Ruijter et al., 2003). It has been demonstrated, that HDAC11 harbors
de-acetylation-activity and can target histone and non-histone proteins (Gao et al., 2002;
Glozak and Seto, 2009). Moreover, a recent study revealed that HDAC11 mediates the balance
between T-cell activation versus T-cell tolerance through repression of il-10 (Villagra et al.,
2009). Furthermore, several publications have linked HDAC11 to proliferation. HDAC11 KD-
studies in oligodendrocytes and several human cancer cell lines demonstrated that HDAC11
promotes proliferation. (Deubzer et al., 2013; Liu et al., 2009). Interestingly, others have
reported that HDAC11 is a negative regulator of proliferation in cancer- and non-transformed
cells (Bagui et al., 2013; Wong et al., 2014).

Overexpression and aberrant recruitment of HDACs has been found in different types of cancer
(Gelmetti et al., 1998; Weichert, 2009). As inhibition of HDACs can drive the re-expression of
silenced genes, including tumor suppressors, HDAC-inhibitors (HDACi) are promising drugs for
cancer therapy (Cooper et al., 2012; Feng et al., 2007). Therefore, many clinical trials using
HDAUC i as single therapy or in combination with other drugs have been initiated (Mottamal et
al., 2015). These trials revealed that HDACi are potent drugs for treating several hematopoietic
malignancies. For example, the HDACi vorinostat and romidepsin are FDA-approved and have
been successfully used for treating patients with cutaneous T-cell ymphoma (Mann et al., 2007;
Mottamal et al., 2015). Unfortunately, targeting solid tumors with HDACi revealed in general no
significant responses (West and Johnstone, 2014). However, combinations of HDACi with other
therapies has occasionally been shown to yield responses in patients with solid tumors. For
example, treating patients with metastatic endocrine-therapy resistant breast cancer, with a
combination of the HDACi entinsostat and the aromatase inhibitor exemestane showed a

significant clinical response (Yardley et al., 2013).
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An important reason for the limited successes of HDACi-based therapies is their generally non-
specific nature. Most of these inhibitors target many HDACs, which might lead to opposing
activities and unwanted side effects (Mottamal et al., 2015). In order to improve HDACi-based
cancer therapy, it is therefore crucial to gain more knowledge about specific HDACs in the
context of specific cancers. It is especially important to learn which HDACs are oncogenic and
should be targeted. This knowledge could be used as a rationale to develop more specific
HDACi and to choose the best available HDACi for the treatment of a specific cancer type.

In our study, we aimed to identify HDACs that are oncogenic in breast cancer. Screening HDACs
in publicly available databases revealed that HDAC11 is overexpressed in breast cancer.
Moreover, we found a correlation between HDAC11 expression and ER levels. By applying a
knockdown (KD) approach, we demonstrate that HDAC11 promotes proliferation, specifically
in ER-positive breast cancer cells. In addition, we identified HDAC11 as an estrogen-induced

gene, which regulates a part of the estrogen responsive transcriptional program.
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RESULTS
Overexpression of HDAC11 in Breast Cancer

To identify HDACs that have oncogenic potential in breast cancer, we examined HDAC mRNA
levels in cancer cell lines and breast tumors using publicly available databases. Interestingly, a
comparison of HDAC11 transcript level, between collections of cancer cell lines from different
origin (Barretina et al., 2012), revealed that HDAC11 mRNA shows significantly higher
expression in breast cancer cell lines, compared to all other cancer types (Figure 3.1 A). A similar
comparison for HDAC1-10 did not show any significant increase in breast cancer cell lines (data
not shown). Moreover, when we analyzed HDAC1-11 expression specifically in breast cancer
subtypes, we observed a clear accumulation of tumors that express high levels of HDAC11. In
contrast, we did not observe such a specific accumulation in breast cancer subtypes for any of
the other tested HDACs (Figure 3.1 B). Previous findings by others demonstrated that HDAC11
mRNA expression in normal breast is marginal (Gao et al, 2002), suggesting that
overexpression of HDAC11 might play a role in breast tumorigenesis. In agreement, a
comparison between HDAC11 transcript levels in normal human mammary gland and different
groups of human breast tumor samples showed significant elevation of the HDAC11 transcript
in breast tumor samples (Figure 3.1 C). In addition, analysis of mutations in HDAC11 shows that
the majority of HDAC11 alterations involve amplification (Figure 3.1 D), providing a potential
mechanism for the elevation of HDAC11 mRNA expression in breast cancer. As overexpression
of several HDACs was demonstrated to be tumor promoting in many malignancies (Hayashi et
al., 2010; Marquard et al., 2008; Tang et al., 2013; Weichert, 2009), we hypothesized that

HDAC11 overexpression in breast cancer has oncogenic potential.
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Figure 3.1 HDAC11 is overexpressed in Breast Cancer. (A and B) Expression levels of several HDACs were
analyzed across different cancer cell lines in the Barretina CellLine dataset (Barretina et al., 2012) using the
microarray database Oncomine. (A) Box plots showing HDAC11 mRNA expression (y-axis) in collections of
different cancer cell lines (x-axis). (B) Section of the heat map from the Barretina Cell Line dataset, showing the
expression profile of several HDACs (x-axis) in breast cancer cell lines (y-axis). Note: Colors are z-score normalized
to depict relative values within columns. Levels between different HDACs cannot be compared. (C) Box plots
generated in Oncomine using datasets of different breast cancer types and normal breast from the breast cancer
dataset of The Cancer Genome Atlas (TCGA). Normal breast tissue samples and different types of breast cancer
samples (x-axis) are plotted against the level of HDAC11 mRNA expression (y-axis). (D) Cross-cancer summary of
genomic alterations in HDAC11 for “All Cancer Studies” in the cBioPortal for Cancer Genomics.
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HDAC11 promotes Proliferation of ER-Positive Breast Cancer Cells

Several members of the HDAC family have been shown to positively regulate cell proliferation
and survival in normal- and cancer cells (Reichert et al., 2012). For example, HDAC1 and HDAC?2,
have been shown to control cell cycle progression by regulating transition from the G1 to S

phase in fibroblasts (Wilting et al., 2010).

To examine a possible role for HDAC11 in breast cancer cell proliferation and/or survival, we
applied a knockdown approach. Therefore, we generated stable HDAC11 knockdown (KD) in
ER-positive (T47D and MCF7) (Figure 3.2 A - D), and ER-negative (MDA-MB-231 and SUM159)
(Figure 3.3 A and C) breast cancer cell lines. To exclude off target effects we used three different
shRNAs targeting HDACT 1. In addition, to control our experiments we used an empty vector
(ev) and a non-targeted shRNA (shNT). KD efficiencies were tested by qPCR (Figure 3.2 Aand C,
Figure 3.3 A and C) and by western blot analysis (Figure 3.2 B and D), revealing KD of HDAC11
in all four breast cancer models ranging from 60-90%. To investigate the effect of HDAC11 KD
on proliferation we generated growth curves, comparing cell growth between KD and control
cells in time. While no consistent differences in proliferation were observed in the tested ER-
negative breast cancer cell lines (Figure 3.3 B and D), we observed a consistent decrease in
proliferation, in ER-positive HDAC11 KD lines (Figure 3.2 E and F). In agreement, when testing
clonogenic potential, only in the ER-positive cell lines did we observe a significant reduction in
both colony number and size (Figure 3.2 G and H, Figure 3.3 E and F). These findings can be the
result of either a proliferation- and/or a survival defect in HDAC11 KD cells. To investigate
survival we measured apoptosis performing YoPro assays, which revealed no increase in
apoptosis in HDAC11 KD cells (Figure 3.2 | and J). This finding suggests that decreased cell
growth in HDAC11 KD cells is caused by defective proliferation. In conclusion, our data reveal

that HDAC11 promotes proliferation in ER-positive breast cancer cells.
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Figure 3.2 HDAC11 promotes Proliferation of ER-positive Breast Cancer Cells. (A and C) Relative HDAC11
MRNA expression levels in T47D and MCF?7 cells, that stably express shRNAs against HDAC11, were measured by
gPCR. (B and D) Western blot analysis of HDAC11 levels. (E and F) Proliferation assay showing relative proliferation
of control and HDAC11 KD lines at different timepoints normalized to day 1 after seeding. Experiment was
performed in triplicates. Error bars represent stdev. *p<0.05, **<0.01 by t-test. (G and H) Colony assay of T47D and
MCF7 control and HDAC11 KD cells. Cells were seeded at low density and colonies stained with crystal violet after
1 week of culturing. Left panel: Representative pictures of colony assay. Right panel: Colony numbers were
quantified and the average colony size was calculated. Experiment was performed in triplicates. Error bars
represent stdev. *p< 0.05, **p< 0.01, ***p< 0.001 by t-test. (I and J) Apoptosis of control and HDAC11 KD cells was
detected with the YoPro assay and plotted in percentage to total cells. As a positive control, cells were treated
with 50uM Camptothecin in DMSO for 30min to induce apoptosis. Experiment was performed in quadruplicates.
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Figure 3.3 HDAC11 has no mayor effect on Proliferation of ER-negative Breast Cancer Cells. (A and C)
Relative HDAC11 mRNA expression levels were measured by gPCR in MDA-MB-231 and SUM159 cells that stably
express shRNAs against HDAC11. (B and D) Proliferation assay showing relative proliferation of control and
HDAC11 KD lines at different timepoints, normalized to day 1 after seeding. Experiment was performed in
triplicates. (E and F) Colony assay of MDA-MB-231 and SUM159 control and HDAC11 KD cells. Cells were seeded
at low density and colonies stained with crystal violet after 1 week of culturing. Left panel: Representative pictures
of colony assay. Right panel: Colony numbers were quantified and the average colony size was calculated.
Experiment was performed in triplicates. Error bars represent stdev. *p< 0.05 by t-test.
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Knockdown of HDAC11 reduces Tumor Growth in vivo

To investigate, whether HDAC11 affects tumor growth in vivo, we performed allografts using
an ER-positive murine mammary cancer cell line (J110) (Torres-Arzayus et al., 2010). We
generated HDAC11 KD cells using two hairpins targeting the mouse homologue of HDAC11
(Figure 3.4 A). As KD of HDAC11 in J110 recapitulated the results obtained with human ER-
positive cancer cell lines (Figure 3.4 B and C), we used this cell line to assess the effect of

HDAC11 KD on tumor growth in vivo.

HDAC11 knockdown cells, injected in the mammary fat pad of mice, showed a significant
reduction in tumor growth compared to control tumors and a reduction in tumor weight at the
end of the experiment (Figure 3.4 D and E). To examine if HDAC11 KD was stable throughout
the experiment, we performed gqPCR using RNA isolated from tumors. This analysis revealed
lower HDAC11 expression in KD tumors, indicating that HDAC11 KD was stable (Figure 3.4 F).
In summary, our data suggest that HDAC11 promotes proliferation both in vivo and in vitro in
ER-positive breast cancer cell lines. As it has been shown that estrogen signaling controls
proliferation in ER-positive breast cancer cells (Briinner et al., 1989) our findings suggest a

possible link between HDAC11 and estrogen signaling.
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Figure 3.4 Knockdown of HDAC11 Reduces Tumor Growth in vivo. (A) qPCR analysis of HDAC11 mRNA levels
in the ER-positive murine breast cancer cell line J110. (B) Proliferation assay showing relative proliferation of
control and HDAC11 KD cells at different timepoints normalized to day 1 after seeding. Experiment was performed
in triplicates. Error bars represent stdev. *p< 0.05, by t-test (C) Colony assay of J110 control and HDAC11 KD cells.
Cells were seeded at low density and colonies stained with crystal violet after 1 week of culturing. Left panel:
Representative pictures of colony assay. Right panel: Colony numbers were quantified and the average colony size
was calculated. Experiment was performed in triplicates. Error bars represent stdev. *p< 0.05 by t-test. (D)
Orthotopic tumor growth of J110 control and HDAC11 KD cells in mice. Curves show the mean tumor volumes
(n=5-6 mice per group). Error bars represent stdev. *p< 0.05, by t-test. (E) Tumor weight measured at the end of
the experiment. Error bars represent stdev. ***p< 0.001 by t-test. (F) gPCR analysis of HDAC11 mRNA levels of
tumor lysates (n= 2-3 tumor lysates).

HDAC11 Expression Correlates with ER Levels

To investigate a possible link between HDAC11 and ER signaling, we analyzed the correlation
between HDAC11- and ER-expression using several publicly available datasets. Meta-analysis
of 25 independent gene expression datasets comparing ER-negative versus ER-positive breast

cancer revealed a significant association between ESR71 (encoding ER) and HDAC71 mRNA
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expression (Figure 3.5 A). Furthermore, using the van’t Veer breast dataset (vant Veer et al,,
2002), which includes gene expression data and ER protein level of 117 breast carcinoma
samples, we found a clear correlation between ER protein level and HDACT1 mRNA expression
(Figure 3.5 B). We could verify this result using the TCGA Breast Invasive Carcinoma dataset,
which contains gene- and protein expression data of 1104 breast cancer samples (Figure 3.5 C).
In summary, these findings suggest a link between estrogen signaling and HDAC11 expression

in breast cancer.

To investigate a potential link between ER and HDAC11, we grew T47D and MCF7 cells in
steroid-deprived conditions and subsequently stimulated these cells with the ER ligand 17-(3-
estradiol (E2). Comparing HDACT71 mRNA levels of stimulated versus steroid-deprived cells,
revealed a significant up-regulation of HDAC77 mRNA upon E2 stimulation for both cell types
(Figure 3.5 D). Conversely, inhibition of ER with the selective estrogen receptor modulator
(SERM) 4-hydroxytamoxifen (TAM) or the selective estrogen receptor down-regulator (SERD)
fulvestrant (Fulv) decreased HDACT1 mRNA levels in a dose-dependent manner in MCF7 cells,

as well as in T47D cells in response to Fulv (Figure 3.5 E).

Previous studies have shown that the ER can directly bind to estrogen induced genes (Kumar
and Chambon, 1988), suggesting that HDACT11 might be a direct target of the ER. Indeed, a
genome-wide ER binding-profile performed by the Brown lab (Carroll et al., 2006), revealed that
HDACT11 has ER binding sites within the gene and in close proximity (Figure 3.5 F). In conclusion,
we demonstrated that HDAC11 expression is induced by ER signaling and findings by others
suggest HDACT1 as a direct target of the ER.
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Figure 3.5 HDAC11 Expression Correlates with ER Levels. (A) Meta-analysis of 25 independent gene expression
datasets comparing HDAC11 expression in ER-negative versus ER-positive breast carcinoma (carc.). Analysis was
performed with Oncomine using studies from [1] Bittner, Not Published, 2005; [2] (Boersma et al., 2008); [3] (Chin
etal., 2006); [4-6] (Curtis et al., 2012); [7] (Desmedt et al., 2007); [8] (Esserman et al., 2012); [9] (Ginestier et al., 2006);
[10] (Gllck et al., 2012), [11] (Gruvberger et al., 2001); [12] (Hatzis et al., 2011); [13] (lvshina et al., 2006); [14] (Julka
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et al,, 2008); [15] (Kao et al., 2011); [16] (Korde et al., 2010); [17] (Lu et al., 2009); [18] (Minn et al., 2005); [19] (Miyake
et al., 2012); [20] (Neve et al., 2006); [21] TCGA 2011 [http://cancergenome.nih.gov/.]; [22] (Marc J. Van De V ljver,
2002); [23] (Waddell et al., 2010); [24] (Wang et al., 2005); [25] (Zhao et al., 2004). The rank for a gene is the median
rank for that gene across each of the analyses. The p-value for a gene is its p-value for the median-ranked analysis.
(B) Box plots generated in Oncomine using the Van't Veer breast cancer dataset showing ER expression levels (0-
100%) (x-axis) against HDACT1 mRNA expression levels (y-axis). (C) Analysis of the dataset Breast Invasive
Carcinoma (TCGA, Provisional) using cBioportal. The dataset includes 1104 cases of breast cancer patients. Box
plots showing breast cancer samples expressing high (expression >1.5) and low (expression <1.5) HDACT1 mRNA
expression (x-axis) against ER protein levels (y-axis) measured by Reverse Phase Protein Array (RPPA). (D) Q-PCR
analysis of HDAC11 mRNA levels of T47D (upper panel) and MCF7 (lower panel) grown for 3 days in steroid-
deprived medium and subsequently stimulated with 50nM E2 for different time points. HDAC11 levels were
normalized to vehicle treated cells. Error bars represent stdev. ***p< 0.001 by t-test. (E) Relative HDAC7T mRNA
levels of T47D (upper panel) and MCF7 (lower panel) treated with vehicle or indicated doses of Fulv or TAM for 2
days. HDAC11 levels were normalized to vehicle treated cells. Error bars represent stdev. *p< 0.05, **p< 0.01, ***p<
0.001 by t-test. (F) Schematic representation of HDACI1 transcript 1 and 2 modified from Ensembl
[www.ensembl.org], with ER- and Polll-binding sites on chromosome 3 as described by the Brown lab (Carroll et
al., 2006). Tables are showing start- and stop-site on chromosome 3 for ER- and Polll-binding with corresponding
p-values. Data was generated by ChIP-on-chip experiments.

HDAC11 KD does not affect Protein Levels of other HDACs.

Several HDACs have been shown to be functionally redundant in promoting proliferation. For
example, knocking-out either HDAC1 or HDAC2 leads to functional compensation by the other
HDAC in heart-, skin- and B cells (LeBoeuf et al., 2010; Montgomery et al., 2007; Yamaguchi et
al., 2010). Thus, we tested the possibility that HDAC11 affects proliferation in ER-positive breast
cancer cells, by stimulating expression of other HDACs. For this, we carried out western blot
analysis of several class | HDACs and the class Il HDAC6, which has been shown to interact with
HDAC11 (Cheng et al.,, 2014; Gao et al., 2002). This analysis revealed no changes in protein level
for these HDACs in HDAC11 KD cells (Figure 3.6 A and B). Therefore, we exclude the possibility
that HDAC11 mediates proliferation by interplay with these HDACs.
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Figure 3.6 HDAC11 KD does not affect Protein Levels of other HDACs. (A and B) Western blot analysis of several
HDACs in HDAC11 KD and control T47D and MCF7 lysates.

HDAC11 controls ER Levels

The ERis a transcription factor that induces genes that promote proliferation, like MYC, CCND1,
GREB1 and others (Dubik and Shiu, 1988; Rae et al., 2005; Shiozawa et al., 2004) Therefore,
another mechanism by which HDAC11 might promote proliferation is by directly controlling
ER activity and/or levels. Thus, we first analyzed ER protein levels in HDAC11 KD cells, revealing
that they were reduced compared to control cells (Figure 3.7 A and B). Moreover, a gPCR
analysis revealed decreased ESRT mRNA levels in HDAC11 KD cells (Figure 3.7 C and D).
Suggesting, that HDAC11 controls ER expression at the transcriptional level. As HDAC11 is
described as both a repressor and inducer of transcription (Liu et al., 2009; Villagra et al., 2009),

the observed decrease in ESRT mRNA might be caused by a direct or indirect effect.

Phosphorylation of ER has been shown to modulate its transcriptional activity. For example it
has been described that phosphorylation of residues Serine 118 and 167 affect transcriptional
activity of ER either ligand-dependent and/or —independent (Ali et al., 1993; Bunone et al., 1996;
Sun et al, 2001). We analyzed ER phosphorylation at these residues by western blot. This
analysis showed no changes in phosphorylation levels upon HDAC11 KD (Figure 3.7 E).

Subsequently we took a direct approach to measure ER transcriptional activity. We performed
reporter assays using an ER-inducible luciferase construct, which includes several ER-binding
sites (EREs) preceding a luciferase gene. As a negative-control we used a non-inducible

luciferase construct, lacking ERE-sites. This experiment did not show consistent differences in
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luciferase-signal between HDAC11 KD and controls in both MCF7 and T47D cells (Figure 3.7 F
and G). In summary, our findings demonstrate that HDAC11 positively regulates ER levels.
However, it does not affect the phosphorylation status or the transcriptional activity of the ER.

Hence, it is unlikely that HDAC11 promotes proliferation by directly controlling ER-activity.
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Figure 3.7 HDAC11 controls ER Protein Level. (A and B) Western blot analysis of ER levels in HDAC11 KD and
control T47D and MCF7 lysates. (C and D) Relative ESRT mRNA expression levels in T47D and MCF7 cells, that stably
express shRNAs against HDAC11, were measured by gqPCR. Expression levels were normalized to ev control cells.
Error bars represent stdev. *p< 0.05, **p<0.01 by t-test. (E) Western blot analysis of ER-phosphorylation in HDAC11
KD and control T47D lysates. (F and G) T47D and MCF7 cells were transfected with an ER-inducible luciferase
reporter construct. ER transcriptional activity was measured by luciferase assay and normalized to Renilla-
luciferase activity. As a negative control, cells were transfected with a non-inducible luciferase construct.
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HDAC11 KD does not Affect Global Histone-Acetylation but Deregulates a Subgroup of

Genes

Most HDACs act as transcriptional repressors by de-acetylation of histones (Thiagalingam et al.,
2003), and HDAC11 has also been shown to harbor histone de-acetylation activity (Gao et al.,
2002). For example, HDAC11 has been shown to directly repress expression of il-10 in antigen
presenting cells (Villagra et al., 2009). Knockout (KO) studies have shown that some HDACs, like
HDACT,-2 and -3, affect global histone acetylation (Bhaskara et al., 2010; Yamaguchi et al.,
2010). To examine if HDAC11 KD affects global histone acetylation in ER-positive breast cancer
cells, we compared histone acetylation between HDAC11 control and KD cells. This analysis
revealed no difference in histone acetylation, indicating that HDAC11 is not a global histone-

deacetylase (Figure 3.8 A and B).

Another possibility is that HDAC11 controls histone acetylation of a subset of genes in ER-
positive breast cancer cells. To identify possible direct and indirect genomic targets of HDAC11,
we generated genome wide expression profiles using RNA sequencing (RNAseq). We
compared mRNA of three different T47D HDAC11 KD cell lines and control cells harboring
either a non-targeted shRNA (shNT) or that were infected with an empty vector (ev). This
revealed a modest number of differentially regulated genes, varying from 130-210 genes
depending on the comparison. Interestingly, we could clearly observe that the number of up-
regulated genes is much higher than the one of down-regulated genes (Figure 3.8 C). As
HDACT1 can act as a repressor of transcription, this finding suggests that these genes might be
direct targets. Among the highly significant de-regulated genes in all KD cells are genes that
are related to estrogen signaling (Figure 3.8 D). For instance, interleukin 1 receptor type I (IL1R1)
has been shown to be down-regulated in response to E2 in uterine epithelial cells (Schaefer et

al., 2005).

Although HDAC11 does not affect global histone-acetylation, gene-expression profiling
revealed that HDAC11 KD deregulates a subset of genes, which includes estrogen responsive
genes. These findings suggest, that HDAC11 might affect proliferation downstream of the ER

at the level of transcriptional regulation of estrogen responsive genes.
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Figure 3.8 HDAC11 KD does not affect global histone-acetylation but deregulates a subgroup of genes. (A
and B) Western blot analysis of acetylation-levels of histone H3 and H4 upon knockdown of HDAC11 in T47D and
MCF7 cells. (C) Volcano plots of log2 fold-change (x-axis) of gene expression between two genotypes (sh1 vs. ev;
sh1 vs. shNT; sh2 vs. ev; sh2 vs. shNT; sh3 vs ev; sh3 vs. shNT) versus —log1oFDR p-value (y-axis, representing the
probability that the gene is differentially expressed). Expression profiles of T47D HDAC11 KD and control cells
were obtained by RNAseq. (D) List of genes differentially regulated in all comparisons between HDAC11 KD and
controls cells with a Fold change >1.4, p-value <0.05 and FDR<0.15 in the RNAseq experiment. Shown is the Log2

Fold change.
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HDAC11 partially controls the Estrogen induced Transcriptional Program

To investigate with an unbiased approach if the estrogen responsive transcriptional program
is affected by HDAC11 KD, we performed gene set enrichment analysis (GSEA) (Mootha et al.,
2003; Subramanian et al., 2005). In this analysis we projected 3395 gene sets representing
expression signatures of genetic and chemical perturbations (CGP: chemical and genetic
perturbations) on our RNAseq datasets comparing HDAC11 KD versus control cells.
Interestingly, the gene sets “Estradiol_Response_6HR_DN”" and
“Estradiol_Response_24HR_DN” (Dutertre et al., 2010), which include estrogen responsive
genes down-regulated in MCF7 cells at time points 6 and 24 hours after E2 stimulation, were in
general significantly enriched among genes that are upregulated in HDAC11 KD cells (Figure
3.9 A and B). Thus, genes which are normally down-regulated upon E2-stimulation, are
upregulated in HDAC11 KD cells. In contrast, the gene-sets “Estradiol_Response_6HR_UP” and
“Estradiol_Response_24HR_UP”, which include genes up-regulated upon estrogen stimulation
after 6 or 24 hours respectively, were in general not significantly enriched among genes that

are down regulated in HDAC11KD cells (data not shown).

The gene sets, generated by Dutertre, were obtained from MCF7 cells, while our gene
expression profile of HDAC11 KD cells was generated using T47D cells. To strengthen our
findings, we created similar gene sets, from T47D cells. Therefore, we generated gene
expression profiles of T47D cells stimulated with E2 for 8 and 24 hours and compared these
expression profiles to vehicle-treated cells (Figure 3.10 A). From these datasets we extracted
four gene sets which include 1) up-regulated after 8h E2 stimulation 2) down-regulated after
8h E2 stimulation 3) up-regulated after 24h E2 stimulation 4) down-regulated after 24h E2
stimulation. When projecting these gene sets on the HDAC11 KD versus control datasets, we
observed that a significant number of genes that are normally down-regulated upon E2
stimulation, are up-regulated in HDAC11 KD cells (Figure 3.10 B and C). However, the gene set
of normally up-regulated genes upon E2 stimulation, were generally not enriched in HDAC11
KD cells (Figure 3.10 D and E). In summary, these findings indicate that especially genes that
normally are repressed by estrogen signaling are up-regulated in HDAC11 KD cells, strongly

suggesting that HDAC11 might be a direct repressor of these estrogen responsive genes.
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Figure 3.9 Enrichment of Estrogen-induced down-regulated gene sets in HDAC11 KD cells. (A and B)
Enrichment plots generated by GSEA analysis of ranked gene expression data of HDAC11 KD versus control cells.
The enrichment score is shown as a scattered green line, and the black bars indicate position of the genes from
the gene set. The color-bar shows the gene list used in the GSEA ordered by differential gene expression. Red
indicates higher (positively correlated) and blue indicates lower (negatively correlated) signal to noise in HDAC11
KD compared to control lines. Shown are Enrichment Score (ES), Normalized Enrichment Score (NES), Nominal p
value (P) and Q-value of False discovery rate (Q). The enrichment for the gene set
“Dutertre_Estradiol_Response_6HR_DN" in HDAC11 KD cells is shown in (A) and the enrichment for the gene set
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Figure 3.10 HDAC11 controls a subset of the Estrogen induced Transcriptional Program. (A) Heat map from
microarray of T47D cells stimulated with vehicle or E2 for 8 or 24 hours, showing clustering of genes up- or down-
regulated in response to E2 treatment. Fold change >2, p-value <0.01 (B-E) Enrichment plots of ranked gene
expression data of HDAC11 KD versus control cells for the gene sets generated from the T47D microarray analysis.
Enrichment plots of gene-sets for genes up-regulated after E2-stimulation for 8 (B) and 24 hours (C) and for genes
down-regulated after E2-stimulation for 8 (D) and 24 hours (E) are shown with respective Normalized Enrichment
Scores (NES), P-values (P) and FDR g-values (Q).
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HDAC11 levels correlate with worse prognosis

As our findings reveal that HDAC11 is a regulator of proliferation in ER-positive breast cancer
cells, we asked if HDAC11 expression level has prognostic value for breast cancer patients.
Therefore, we performed several Kaplan-Meier analyses, using the KM-plotter which includes
gene expression data of breast tumors and matched clinical data from breast cancer patients
(Gyorffy et al., 2013). In this analysis breast cancer patients were split in two groups based on
HDACT1 transcript level expression in their tumor samples. Subsequently, the probability of
recurrence-free survival (RFS) and distant metastasis-free survival (DMFS) over time between
these groups were compared. For our first analysis, we used the complete dataset, consisting
of both ER-positive and -negative tumors. This analysis demonstrates that high levels of
HDACT1 correlated with an increased probability of RFS and DMFS (Figure 3.11 A and B). These
results were expected, as HDAC11 levels positively correlate with ER-expression and ER-
positive tumors have in general a better prognosis (Figure 3.11 Q). Intriguingly, when we
performed a similar analysis, in a subgroup that includes patients with ER-positive, high grade
breast tumors, that received endocrine therapy, the probability of RFS and DMFS was worse for
the HDAC11-high group (Figure 3.11 D and E). As this group of patients likely includes many
patients harboring therapy-resistant tumors, this finding suggest that high levels of HDACT11
might play a role in endocrine therapy resistance. Future and ongoing studies should reveal if

HDAC11 has real potential as a drug-target for endocrine resistant breast cancer.
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Figure 3.11 HDAC11-expression has prognostic-value for Breast Cancer Patients. Kaplan-Meier plots
showing probability for recurrence-free survival (RFS) or distant metastasis-free survival (DMFS) for patients with
tumors expressing high HDAC11 or ER (upper quartile) in red, and in black for patients with low HDAC11 or ER
levels. Hazard ratio (HR) with 95% confidence intervals and log rank p-value are shown. (A and B) Kaplan-Meier
plots showing probability of RFS and DMFS for patients with tumors expressing high or low levels of HDAC11,
irrespective of ER-status. (C) Plot showing probability of RFS for patients with tumors expressing high or low levels
of ER. (D) Plots showing probability of RFS for patients with ER-positive, grade 3 tumors who received tamoxifen
but no chemotherapy, expressing high or low levels of HDAC11. (E) Plots showing probability of DMFS for patients
with ER-positive, grade 3 tumors who received endocrine therapy but no chemotherapy, expressing high or low
levels of HDAC11.
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DISCUSSION

In this study, we aimed to identify HDACs with oncogenic potential in breast cancer. Screening
HDACs in publicly available databases revealed that HDAC11 is overexpressed in breast cancer
and that its expression correlates with ER expression levels. HDAC11 KD studies revealed a role
for HDAC11 in proliferation, specifically in ER-positive breast cancer cells. In addition, we show
that HDAC11 expression is induced by estrogen and that it might be a direct transcriptional
target of the ER. Interestingly, genomic and bioinformatics approaches suggest that HDAC11
affects the estrogen responsive transcriptional program, as genes that are downregulated
upon estrogen signaling are upregulated in HDAC11 KD cells. Finally, Kaplan-Meier analysis,
using a group of patients that received endocrine therapy, revealed that HDAC11 expression
has prognostic value, as the probability of RFS and DMFS decreased significantly for patients

having tumors with high levels of HDAC11 expression.

Overexpression of HDACs has been shown in several cancer types and has been associated with
tumor promotion. For example, overexpression of HDAC1 has been found in breast (Zhang et
al., 2005), gastric (Choi et al.,, 2001) and colon (Ishihama et al., 2007) cancer. In addition,
overexpression of HDAC6 has been observed in breast cancer (Zhang et al., 2004) and increased
expression levels of HDAC1, HDAC2 and HDAC3 have been reported in prostate cancer
(Weichert et al., 2008). Interestingly, our data base screening revealed that HDACT1 is
overexpressed in ER-positive breast cancer, suggesting an oncogenic role for HDAC11 in that
breast cancer subtype. Overexpression of HDAC11 in cancer cells has been reported in previous
studies. In these studies the authors showed that HDAC11 is highly expressed in several cancer
cell lines, but only marginal expression was observed in normal tissues, except for brain, testis,
kidney, skeletal muscle and heart (Deubzer et al., 2013; Gao et al., 2002). For most cases it
remains unknown why HDACs are overexpressed in cancer. One explanation for HDAC11
overexpression in breast cancer could be gene amplification. Indeed, a cross-cancer analysis of
genomic alterations in HDACT1 revealed that HDACT1 is amplified in some breast cancer
samples (Figure 3.1 D). As amplification of HDAC11 cannot explain the general elevation of
HDACT1 in ER-positive breast cancer, another explanation might be that active ER signaling in

breast tumors induces HDAC11 expression. This is supported by our findings in several ER-
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positive breast cancer cell lines, in which we observed that E2 stimulation induced activation
of ER signaling which in turn increased HDACT71 mRNA levels. In addition, we have shown that
inhibition of the pathway by tamoxifen or fulvestrant decreased HDACT1 transcription.
Previous studies from the Brown lab, in which they constructed genome wide binding maps of
the ER, revealed that the HDACT11 locus harbors two binding sites, suggesting that HDACT1 is a
direct target of the ER (Carroll et al., 2006).However, it still remains to be tested if these binding
sites control transcription of HDACT1. Finally, HDAC11 could also be affected indirectly by
estrogen signaling, as HDAC11 mRNA has been shown to be negatively regulated by the miR-
145 (Lin et al., 2013), a micro RNA down-regulated upon E2 stimulation (Dai et al., 2008).

To test if HDAC11 has oncogenic potential in breast cancer cells that overexpress it, we applied
a KD approach which revealed that HDAC11 promotes proliferation. This finding is in line with
previous studies showing a role for HDAC11 in proliferation. For example, it has been
demonstrated that KD of HDAC11 in oligodendrocytes decreased proliferation (Liu et al., 2009).
In addition, similar findings were observed in ovarian-, breast-, prostate-, and colon cancer cell
lines (Deubzer et al., 2013). Our findings revealed that HDAC11 specifically affects proliferation
in ER-positive breast cancer cells, suggesting that HDAC11 might promote proliferation via ER
signaling. ER signaling is known to promote proliferation by inducing a transcriptional
program, in which activators of proliferation such as MYC, cyclin D1 and cyclin-dependent
kinase 1 are upregulated upon ER activation (Frasor et al., 2003). Interestingly, previous studies
revealed that acetylation affects ER function directly, as it was demonstrated that ER
acetylation, depending on the acetylation site, can either positively (Kim et al., 2006) or
negatively (Wang et al., 2001), affect its activity. Moreover, several studies demonstrated that
treating breast cancer cells with HDACi resulted in a decrease of total ER protein levels (De los
Santos et al., 2007; Yi et al., 2008). Excitingly, we found a direct link between HDAC11 and the
ER, as ER protein- and mRNA levels were reduced in HDAC11 KD cells. As HDAC11 is a known
transcriptional repressor, for example, it was shown to directly repress il-10 (Villagra et al., 2009),
it is unlikely that HDAC11 regulates ER levels in a direct manner. We consider it more likely that
HDAC11 represses genes encoding proteins that repress ESRT transcription. In addition,

HDACT11 might also affect ER protein level. This could involve the Hsp90 chaperone which binds
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ER to maintain the receptor in a conformation capable of ligand binding (Fliss et al., 2000;
Redeuilh et al., 1987), and whose inhibition results in the degradation of ER (Bagatell et al.,
2001). Interestingly, the chaperone function of Hsp90 has been shown to be affected by
acetylation (Kovacs et al., 2005). Inhibition of HDACS, an interaction partner of HDAC11 (Cheng
et al,, 2014; Gao et al., 2002), causes Hsp90 hyperacetylation, decreases its association with ER
and results in proteasomal degradation of ER (Figure 3.12) (Fiskus et al., 2007). Therefore,
HDAC11 could indirectly control ER levels by contributing to the de-acetylation of Hsp90, a
hypothesis which will be addressed in future studies. Surprisingly, the reduced ER levels in
HDAC11 KD cells do not affect transcription from an ERE-containing reporter construct.

However, the activity of ER on specific genes might be affected.

negative regulator of ER expression

Figure 3.12 Potential mechanisms by which HDAC11 could control ER levels.

Using genomic and bioinformatics approaches we then examined if HDAC11 acts downstream
of the ER by affecting transcription of estrogen responsive genes, in particular the ones that are
normally silenced upon estrogen stimulation. These include genes known to decrease
proliferation, such as CDKN1A encoding cyclin-dependent kinase inhibitor p21 (Cariou et al.,
2000; Frasor et al., 2003), CCNG2 encoding cyclin G2, a negative regulator of cell proliferation
(Frasor et al., 2003; Liu et al., 2004) and BTG2 encoding the BTG family member 2, another
negative regulator of proliferation (Frasor et al., 2003; Zhang et al., 2010b). Our RNA-sequence
analysis revealed that in HDAC11 KD cells, the number of upregulated genes is much higher

compared to the down regulated genes, suggesting that HDAC11 can act as a direct repressor.
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Interestingly, several of the significantly upregulated genes are associated with estrogen
signaling, such as the cytokine receptor ILTR1 shown to be down-regulated upon estrogen
signaling (Schaefer et al.,, 2005), CYP1A1, a member of the cytochrome P450 (CYP) superfamily
that contains proteins involved in hormone synthesis (Go et al., 2015) and albumin shown to
regulate binding of estrogen to the ER (Baker, 1998). Moreover, our GSEA analysis using these
RNA-sequence datasets demonstrated that genes, which are normally downregulated upon
estrogen signaling, are enriched in HDAC11 KD cells. In summary, our findings suggest that
HDAC11 might be a direct repressor of genes that are silenced by estrogen signaling, including
anti-proliferative genes. Ongoing studies, in which we aim to generate a genome wide binding

profile of HDAC11, should reveal if HDAC11 binds directly to these genes.

Finally, we tested if HDAC11 expression has prognostic value for breast cancer patients. Indeed,
when we analyzed a group of endocrine therapy treated patients, we found that the probability
of RFS and DMFS decreased significantly for patients with high levels of HDAC11. These
findings in combination with HDAC11’s role in proliferation in ER-positive breast cancer cells,
imply that HDAC11 might be a new target for breast cancer therapy.

As ER-positive breast cancer patient are already effectively targeted by endocrine therapy
(Criscitiello et al., 2011), our findings might have implications for patients that become resistant
to endocrine agents. Therefore, it would be interesting to examine HDAC11 levels in these
resistant tumors and select the cases that express high levels of HDAC11 for targeted therapy.
HDACs are currently targeted by non-specific inhibitors that target many HDACs at the same
time, some of these inhibitors also target the activity of HDAC11 (Mottamal et al., 2015).
However, using pan-inhibitors to target HDAC11 might cause opposing effects, like inhibition
of HDACs that are tumor suppressive. Previous studies, for example, revealed that HDAC1 and
HDAC2 have both oncogenic and tumor suppressive potential (Heideman et al., 2013; Winter
et al.,, 2013). To avoid these problems, an increasing number of more selective HDACi are
becoming available, which are either class specific or in the case of HDAC6 specific (tubacin)
(West and Johnstone, 2014). Ideally, to test the full potential of HDAC11 targeting in breast

cancer it would be crucial to develop a specific HDAC11 inhibitor, which might be feasible, as

74



Results

the catalytic domain of HDAC11 is distinct from all other HDACs (Gao et al., 2002; Yang and
Seto, 2008).

Numerous clinical trials have been performed using HDACi to target different cancer types,
either as single therapy or in combination with another therapy (Mottamal et al., 2015).
Promising results have been observed for hematological malignancies, like multiple myeloma
(San-Miguel et al., 2014) and cutaneous T cell lymphoma (Mann et al., 2007). However,
treatment of most other cancer types showed in general no or only marginal response. An
exception is a clinical study in which patients with endocrine therapy resistant tumors were
treated with a combination of the class | HDACi entinostat and the endocrine agent
exemestane. This study revealed a clinical response and showed that the HDACi could re-
sensitize the endocrine-resistant tumors to endocrine therapy (Yardley et al., 2013). In our
opinion, the overall marginal outcomes of HDACi treatment of cancer patients in the clinical
setting reflects our lack of knowledge about the function of specific HDACs in specific cancer
types. Therefore future studies should reveal the oncogenic HDACs and drugs should be used

and designed to target these specifically.

MATERIALS AND METHODS
Antibodies, reagents, plasmids

For western blot analysis the following antibodies were used: HDAC1, HDAC2, HDAC6 and
HDAC11 (BioVision); HDAC3 and HDAC8 (Abcam); P-ERa Ser118 (Upstate); P-ERa Ser167 (Cell
Signaling); ERa and Tubulin-a (NeoMarkers); Actin (Chemicon); Acetyl-Histone H3 (Millipore);
Histone H3, Acetyl-Histone H4 and Histone H4 (Abcam).

17-B-estradiol (E2) (Sigma) was dissolved in ethanol at TmM and 10mM concentration and
stored at -20°C. The inhibitors 4-OH-tamoxifen (Sigma) and fulvestrant (Sigma) were dissolved

in DMSO at 10mM and stored at 4°C.
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Data Mining in Online Platforms

The online platform Oncomine [www.oncomine.com, March 2015, Thermo Fisher Scientific]
was used for the following analyses and visualizations: 1. The expression levels of several
HDACs in different cancer cell lines were analyzed using the Barretina Cell Line dataset
(Barretina et al., 2012). 2. For comparison of HDACT1 mRNA levels in normal breast versus
different types of breast cancer samples (Invasive Breast Carcinoma, Invasive Lobular Breast
Carcinoma, Invasive Ductal Breast Carcinoma) the breast dataset (No Associated Paper
2011/09/02) of The Cancer Genome Atlas (TCGA) [http://cancergenome.nih.gov/.] was used. 3.
The comparison of HDAC11 expression in ER-negative versus ER-positive breast cancer samples
and cell lines was performed using the following 25 independent gene expression datasets: [1]
Bittner, Not Published, 2005; [2] (Boersma et al., 2008); [3] (Chin et al., 2006); [4-6] (Curtis et al.,
2012); [7] (Desmedt et al., 2007); [8] (Esserman et al., 2012); [9] (Ginestier et al., 2006); [10] (Glick
etal, 2012), [11] (Gruvberger et al., 2001); [12] (Hatzis et al., 2011); [13] (Ivshina et al., 2006); [14]
(Julka et al., 2008); [15] (Kao et al., 2011); [16] (Korde et al., 2010); [17] (Lu et al., 2009); [18] (Minn
et al., 2005); [19] (Miyake et al, 2012); [20] (Neve et al, 2006); [21] TCGA 2011
[http://cancergenome.nih.gov/.]; [22] (Marc J. Van De V ljver, 2002); [23] (Waddell et al., 2010);
[24] (Wang et al., 2005); [25] (Zhao et al., 2004). 4. For the correlation analysis of HDAC11 and

ER expression, the van't Veer breast cancer dataset (van’t Veer et al., 2002) was used.

The database of the cBioPortal for Cancer Genomics [www.cbioportal.org] (Cerami et al., 2012;
Gao et al,, 2013) was used to analyze the prevalence of genomic alterations of HDAC11 in “All
Cancer Studies”. The same platform was used for the correlation between ER protein and
HDACT1 mRNA levels in the dataset Breast Invasive Carcinoma (TCGA, Provisional) including

1104 cases of breast cancer patient.

The prognostic value for HDAC11 was analyzed using the Kaplan-Meier plotter
[http://kmplot.com/analysis], a database containing gene expression data and clinical data of
breast cancer patients (Gyorffy et al., 2013). The two patient groups for high (upper quartile)
and low HDAC11 expression were compared for RFS and DMFS in different cancer subtypes

(ER-status and grade) and in selected cohorts (including or excluding patients receiving
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chemotherapy and/or endocrine therapy). The hazard ratios with 95% confidence intervals and

log rank p-values were calculated.

Cell culture, transfection, virus production and infection

HEK293T, T47D, MCF7, MDA-MB-231 and SUM159 cells were routinely grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C,
5% CO,. The murine breast cancer cell line J110 was obtained from Dr.Myles Brown (Dana
Farber Cancer Institute, Boston) and grown in RPMI 1640 supplemented with 10% FBS. For E2-
stimulations, cells were steroid-deprived using phenol red-free DMEM supplemented with 10%
charcoal-stripped FBS (Gibco) for 2-3 days before stimulation with 10 — 50nM E2. For HDAC11
mMRNA analysis upon tamoxifen and fulvestrant treatment, cells were grown in normal growth

condition and 100nM of either inhibitor was added for 48 hours.

Lentiviruses for generation of HDAC11 knockdown cells were produced by transient
transfection of HEK293T cells with 0.8 pg pLKO.1-puro vectors containing different shRNA
sequences from sigma (MISSION shRNA library: shNT (SHCO16); ev (SHCO001); sh1
(TRCN0000199149); sh2 (TRCN0000330937); sh3 (TRCN0000330863)), 0.4 ug HDM-tat16, 0.4 pug
HDM-HgPM2, 0.4 ug pRC-CMV-Rall and 0.8 ug HDM-VSV-G using polyethylenimine (PEI)
(Polysciences Inc.) or ProFection (Promega) and incubated o.n. at 37°C. Viruses were collected
72 h post-transfection, filter sterilized and used for infection of cells in the presence of 8 ug
polybrene (Sigma) for 24 h. Successfully infected cells were selected using 2 pg puromycin

(Sigma).

Proliferation and Colony assay

Proliferation was measured by growing cells in 12-well plates for 1 week. Cells were fixed with
2.5% Glutaraldehyde (Fluka) at different time points and stained with crystal violet (0.5% crystal
violet, 25% Methanol). The dye was dissolved using 10% Acetic acid (Alfa Aesar) and absorption
was measured using a spectrophotometer plate reader (Molecular Devices). Experiments were

performed in triplicates.

77



Results

Clonogenic potential was measured by seeding 1000 cells into 10cm dishes and colony
formation was analyzed after 1 week. Cells were fixed and stained as described in the
proliferation assay and colony numbers were counted. Total covered area was measured with
the image processing program Fiji. The mean colony size was calculated by dividing the total

covered area by the number of colonies. Experiments were performed in triplicates.

YoPro apoptosis assay

Effect of HDAC11 KD on apoptosis was measured by the YoPro assay (Idziorek et al., 1995). Cells
were grown in 96-well plates in quadruplicates and cells for the positive apoptosis control were
treated for 30min with medium containing 50uM camtothecin (Sigma) dissolved in DMSO. A
final concentration of 2.5 uyM YO-PRO-1 (Invitrogen) was diluted in 5x YO-PRO buffer (100mM
Na-citrate pH4, 134mM NaCl) and added to the cells. After 10min incubation apoptosis was
determined by measuring the fluorescence intensity (485nm excitation, 529nm emission)
using a Cytofluor Il Plate Reader. After the first reading, cells were lysed with lysis buffer (500mM
EDTA, 500mM EGTA, 10% NP40, 1x YO-PRO buffer) and incubated for 30 min in the dark before
fluorescence was measured to determine the total number of cells. The measured fluorescence
intensity of the lysed cells was used to calculate the percentage of apoptotic cells. The

experiment was performed in quadruplicates.

Lysates and Western blot analysis

Whole cell lysates were extracted in NP-40 buffer (50mM Hepes pH7.4, 150mM NaCl, 20mM f-
glycerophosphate, 2.5mM NaF, 5mM EGTA, TmM EDTA, 15mM PPI, 1% NP-40, 10ug/ml
Leupeptin, 10pg/ml Aprotinin, 2mM Na Ortho Vanadate, TmM DTT and 1TmM PMSF). Lysates
were cleared by centrifugation and protein concentration was measured by Bradford (Bio-Rad)
using bovine serum albumin as a standard. Samples were boiled in SDS-sample buffer. The
proteins were separated by SDS-PAGE, blotted onto nitrocellulose membranes (Whatmann)
and probed with the specific antibodies after blocking with 10% horse serum (Gibco) in 1x TBS
and 0.05% Tween 20 (Sigma-Aldrich), or for probing with HDAC11 antibodies, with 5% milk and
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2.5% BSA (Sigma) in 1x TBS and 0.05% Tween 20. Tumor lysates were homogenized in NP-40

buffer using a polytron (Kinematica) and debris were removed by centrifugation.

Luciferase Reporter Assay

The Cignal Reporter Assay Kit (Qiagen) for ER-responsive firefly luciferase reporter activity was
performed according to the manufacturer’s protocol. Cells were seeded in 12-well plates and
the following day transfected with 150ng of a mixture of the ER-responsive luciferase construct,
encoding the firefly luciferase reporter gene under the control of a basal promoter element
(TATA box) joined by tandem repeats of the estrogen transcriptional response element (ERE),
and of a construct constitutively expressing the Renilla luciferase reporter gene under the
control of a CMV promoter. The Renilla luciferase reporter was used as an internal control for
normalizing transfection efficiencies. As a negative control, cells were transfected with 150ng
of a mixture of a non-inducible firefly luciferase construct, encoding firefly luciferase under the
control of a basal promoter (TATA box) without any additional transcriptional response
elements, and the constitutively expressing Renilla luciferase construct. Transfections were
performed using FUGENE HD (Promega). After 24 hours cells were washed and after 48h hours
lysed with 1x Passive lysis buffer from the Dual-Luciferase Reporter Assay System (Promega).
Luciferase activity was measured using the Dual-Luciferase reporter assay kit (Promega). Data
were normalized for transfection efficiency by dividing firefly luciferase activity with that of
Renilla luciferase. In all luciferase assays, values represent mean + SDEV from 3 independent

biological replicates.

Animal experiments

Animal experiment was performed according to the Swiss guidelines governing animal
experimentation and approved by the Swiss veterinary authorities. 2x10° J110 HDAC11 KD and
control cells were injected into the fourth mammary fat pad of 6 week old female FVBN mice
(Harlan). Tumors were measured and volume calculated (height x (diameter/2)> x m). At the end

of the experiment, mice were euthanized, tumors dissected and tumor weight measured.
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Quantitative real-time PCR

RNA was isolated from cells using the QlAshredder and RNeasy Mini Kit (Qiagen). Synthesis and
amplification of cDNA was carried out with the Ready-To-Go You-Prime First-Stand Beads (GE
Healthcare) using oligo-dT(15) primers (Promega) according to the manufacturer’s instruction.
Quantitative real-time polymerase chain reaction (QPCR) was performed using SYBR Green ROX
Mix (Thermo Scientific) and StepOnePlus Real-Time PCR System instrument and software
(Applied Biosystems). The following primer sequences were used: HDACT1_fw:
GAGCTCAAGTGGTCCTTTGG; HDAC11_rw: CTCCTGTCTGGGTCCGAAG; ESR1_fw:
CCACCAACCAGTGCACCATT; ESR1_rw: GGTCTTTTCGTATCCCACCTTTG; Actin_fw:
TGTCCACCTTCCAGCAGATGT; Actin_rw: CGCAACTAAGTCATAGTCCGCC. mRNA levels were

measured in triplicates and normalized to respective actin levels.

Genomic and bioinformatics analysis

Microarray processing and analysis

T47D cells were grown in steroid-deprived condition for 3 days before stimulated with 10nM
E2 for 8 and 24 hours. RNA from three biological replicates was isolated using the QlAshredder
and RNeasy Mini Kit (Qiagen). 100ng of extracted total RNA was amplified using the Ambion
WT Expression kit (Ambion, Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) and
the resulting sense-strand cDNA was fragmented and labeled using the Affymetrix GeneChip
WT Terminal Labeling kit (Affymetrix, Santa Clara, CA, USA). 2.75ug of labeled material for each
sample was hybridized to an Affymetrix Human Gene 1.0 ST Array following the "GeneChip
Whole Transcript (WT) Sense Target Labeling Assay Manual" (Affymetrix) with a hybridization
time of 16h. The Affymetrix Fluidiscs protocol FS450_0007 was used for washing. Scanning was
performed with Affymetrix GCC Scan Control v. 3.0.0.1214 on a GeneChip Scanner 3000 with
autoloader. Arrays were normalized and probeset-level expression values were calculated with

R/Bioconductor's (v2.14) 'affy' package using the rma() function.

Arrays were analyzed using R/Bioconductor version (version 3.2.1). The function featureFilter()

of the genefilter package was used to filter out probesets without Entrez Gene ID. For Entrez
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genes with several mapping probesets only the probeset with the most significant interquartile
range (IQR) was kept. Of the remaining probesets, those with a linear fold-change >= 2, an log2
average expression of >= 4 across all arrays and an FDR <= 0.01 in the contrast “"WT8hr -

WT24hr" were plotted with the heatmap.2() function of the gplots package.

Gene set enrichment analysis (GSEA) was performed using the GSEA software (Mootha et al.,
2003; Subramanian et al., 2005). Probesets differential in the contrast WT8hr-WT with adjusted
p-value <= 0.05, linear fold-change >= 1.0 and average expression >= 4.0 and for the contrast
WT24hr-WT with adjusted p-value <= 0.05, linear fold-change >= 1.3 and average expression
>= 4.0 were identified and a .gmx file was created according to the specifications on

http://www.broadinstitute.org/gsea/index.jsp and loaded into GSEA calculate geneset

enrichments.

RNA-seguencing experiment

RNA from T47D HDAC11 KD (sh1, sh2 and sh3) and control lines (ev and shNT) were isolated
using the QlAshredder and RNeasy Mini Kit (Qiagen). Libraries for RNA-seq were prepared with
the TruSeq STrandend mRNA Sample Prep LS Protocol Rev.C (lllumina, CA, USA) starting from
2ug total RNA, pooled equimolarly. 50bp reads were sequenced on a one lane of a HiSeq2500
instrument (lllumina) using RTA 1.13.48 for basecalling. Demultiplexing and fastq generation
was performed with bcl2fastq (bcl2fastqg-1.8.4). Adapter sequences
(GATCGGAAGAGCACACGTCTGAACTCCAGTCAC) were removed from the 3’ end of the read.

Raw read counts for all hg19 refseq genes were extracted and analyzed with the edgeR
packagel, in short, common and tagwise dispersions were calculated for all genes with at least
1 count per million in at least 2 samples. Statistics for contrasts were calculated fitting
a negative binomial generalized log-linear model to the read counts for each gene and conduct
genewise statistical tests for a given contrast. Genes were considered differential when having
a fold-change of >= 1.4, p-value of <0.05 and an FDR of <=0.15.

Volcano plots were created by plotting log2 fold-changes against the —-log10 of the FDR.
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For GSEA-analysis, read counts normalized for library size were extracted and a gct file was
created according to GSEA instructions, uploaded to GSEA and analyzed for enrichments of

curated genesets of chemical and genetic pertubations (cgp) from GSEAs MSigDB.
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Targeting a novel ER/HOXB?7 signaling loop in tamoxifen resistant breast
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Summary: The majority of breast cancer patients present with an estrogen receptor positive
(ER+) tumor and the endocrine agent tamoxifen is a mainstay for their treatment;
unfortunately, however, resistance remains a major problem since most patients who respond
eventually have a recurrence. Thus, an enduring challenge in the breast cancer field is to
identify mechanisms underlying tamoxifen resistance. In the current issue of Cancer Discovery,
Jin and colleagues describe a novel ER/HOXB7 signaling loop in tamoxifen-resistant breast
cancer models. Importantly, they reveal that targeting this signaling loop has great promise as

an approach to treat tamoxifen-resistant breast cancer.

The approximately 70% of breast cancer patients whose tumors are ER+ are treated with
endocrine agents, including tamoxifen, the first clinically successful ER modulator (SERM), and
the more recently introduced agents fulvestrant, an ER degrader (SERD), and aromatase
inhibitors that block estradiol production. Endocrine agents have increased the survival of
hundreds of thousands of breast cancer patients since the introduction of tamoxifen into the

clinic in the mid-1970s (Jordan, 2008). Unfortunately, tumor recurrence caused by acquired

“ Repreinted by permission from the American Association for Cancer Research: Marinus R.Heideman, Anna Frei,
and Nancy E. Hynes; Targeting a Novel ER/HOXB7 Signaling Loop in Tamoxifen-Resistant Breast Cancer; Cancer
Discovery; September 2015; 5:909-911; doi:10.1158/2159-8290.CD-15-0871
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resistance often occurs (reviewed in refs. Jeselson et al., 2015 and Musgrove et al., 2009).
Therefore, it is crucial to gain an understanding of the mechanisms underlying endocrine
therapy resistance.

ER biology is quite complex and it is likely that multiple, non-exclusive mechanisms
contribute to endocrine resistance. For example, loss of ER, which is observed in 15-20% of
recurrences, is an obvious resistance mechanism (Hoefnagel et al., 2012). RTK overexpression
has also been proposed to contribute to endocrine resistance. Indeed, breast tumors with high
expression and activity of EGFR and ERBB2 are less sensitive to tamoxifen (Newby et al., 1997).
Moreover, the sub-group of breast cancer patients with ER+ tumors and the ERBB2 amplicon
generally do not respond to tamoxifen (Borg et al., 1994). These clinical data suggest that ERBB
RTK signaling can circumvent the requirement for ER signaling. Recent findings demonstrate
that mutations in the ER are also linked to acquired resistance. Genomic sequencing efforts
revealed that metastatic tumors have a higher frequency of ESRT mutations than primary
tumors (~20% vs 0.5%). The ESRT missense mutations identified in metastatic disease generally
lead to ligand-independent constitutive activation of the receptor and are thought to be
acquired during treatment (Jeselsohn et al., 2015). Biochemical analyses of some of the mutant
ERs suggest that treatment of these patients with higher doses of current endocrine agents or
with newer more potent agents might provide clinical benefit (Toy et al., 2013).

In this issue of Cancer Discovery, the Sukumar lab follows up on their 2012 Proceedings
of the National Academy of Sciences paper (Jin et al., 2012), in which they showed that the
HOXB7 transcription factor renders breast cancer cells resistant to tamoxifen through
activation of the EGFR pathway. Their new manuscript (Jin et al, 2015) provides novel
mechanistic insight into the regulation of HOXB7 in tamoxifen-resistant breast cancer models
and proposes novel approaches to target tamoxifen-resistant breast cancer.

Interestingly, their data indicate that a direct interaction between HOXB7 and the ER is
crucial for the upregulation of ER target genes in tamoxifen resistant cells. By performing co-
immunoprecipitations they revealed a physical interaction between these two proteins.
Moreover, ChIP experiments demonstrated increased binding of both HOXB7 and the ER at
EREs in known ER target genes like MYC, GREBT and CCND1, suggesting that HOXB7 binds to
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these sites in association with the ER. Of note, binding between HOXB7 and ER was shown to
be enhanced upon E2 or tamoxifen treatment.

An important question that the authors answer then is “Why do these tamoxifen-
resistant cells have increased HOXB7 levels?” To summarize the answer, the authors
demonstrate that MYC is stabilized by phosphorylation mediated by ERBB2-EGFR signaling.
Subsequently, stabilized MYC represses the expression of miRNA-196a, a known repressor of
HOXB7 (Braig et al., 2010), resulting in increased HOXB?7 levels (Figure 3.13).

One interesting aspect of this work is the direct relation between HOXB7 and ERBB2-
EGFR expression and activation. The authors convincingly showed increased levels of
phosphorylated ERBB2 and EGFR in cells that overexpress HOXB7. Furthermore, their data
suggest that ERBB2 levels are directly regulated by ER/HOXB7 in tamoxifen resistant cells. This
is based on chromatin immunoprecipitations revealing increased HOXB7 and transcriptional
cofactor binding at an ERE site in the ERBB2 locus of HOXB7 overexpressing, tamoxifen-
resistant, MCF7 cells. In addition, quantitative PCR data show an increase in ERBB2 mRNA upon
tamoxifen treatment. Data demonstrating increased HOXB7 and ER binding upon E2 or
tamoxifen treatment is lacking, so it still remains a question whether or not ERBB2 is regulated
in a similar manner as the other ER/HOXB7 targets described in the paper. Moreover, it cannot
be ruled out that HOXB7 controls ERBB2 and EGFR level and phosphorylation by other direct or
indirect mechanisms.

Another important finding in the HOXB7 overexpressing tamoxifen-resistant models is
the stabilization of MYC by HER2/EGFR signaling leading to repression of miR-196a, which in
turn represses HOXB7. Overexpression of miR196a was shown to reduce expression of ER
targets and could reverse resistance to tamoxifen. In agreement, in vivo xenograft studies,
using miR-196a overexpressing tamoxifen resistant BT474 cells, revealed a highly significant
decrease in primary tumor growth.

Importantly, uncovering this new ER/HOXB7 signaling loop implies that targeting the
ER associated HOXB?7, either directly, or indirectly by ERBB2, MYC or miR-196a might have
potential for treating tamoxifen-resistant breast cancer (Figure 3.13). To test targeting different
nodes of this loop, the authors used several tamoxifen-resistant xenograft models. In BT474

xenografts, a model for ER+/ERBB2 amplicon positive breast cancer, HOXB7 knock-down
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almost totally blocked tumor outgrowth. This block was associated with a strong decrease in
ERBB2 and EGFR levels and a subsequent decrease in AKT signaling. As there are currently no
drugs directly targeting HOXB7, the authors targeted MYC, using the inhibitor 10058-F4 and
targeted ERBB2 using trastuzumab. As anticipated, treatment of BT474 xenografts with
trastuzumab caused a strong reduction in tumor growth. MYC inhibition reduced primary
tumor growth only slightly but, interestingly, the combination of 10058-F4 and trastuzumab
revealed synergy and tumor stasis. In another model, HOXB7-overexpressing MCF7 cells,
treatment with fulvestrant resulted in complete remission. These data suggest that breast
cancer patients with high HOXB7 levels might be the target population for fulvestrant
treatment after tamoxifen-resistance emerges. It would be interesting to examine how the
BT474 xenograft model responds to fulvestrant combined with the other inhibitors. Overall,
these pre-clinical findings reveal that tamoxifen resistant tumors expressing high levels of
HOXB7 can be targeted at several nodes of the ER/HOXB7 signaling loop.

Finally, the authors show analyses utilizing several independent databases harboring
information of endocrine therapy treated ER+ breast cancer patients. These analyses revealed
that patients expressing high HOXB7 have a worse probability of overall survival. Interestingly,
elevated HOXB7 in combination with high ERBB2 and MYC showed an even stronger decrease
in the probability of overall-survival. In summary, their findings imply that it could be beneficial
to select tamoxifen-resistant patients based on these three markers, for rationalized targeting

of the ER/HOXB?7 signaling loop.
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Figure 3.13 Targeting the ER/HOXB?7 signaling loop in tamoxifen-resistant breast cancer. HOXB7 interacts
with the tamoxifen (TAM) bound estrogen receptor (ER) and coactivators, inducing ER-target gene expression
including MYC and ERBB2. HOXB7 binds the EGFR promoter directly increasing EGFR transcription. Increased
signaling through ERBB2 and EGFR leads to MYC phosphorylation and stability. MYC represses miR-196a
transcription, a repressor of HOXB7. Red boxes represent potential treatment strategies to target the ER/HOXB7
signaling loop: ERBB2 by trastuzumab, EGFR/ERBB2 by lapatinib, MYC by 10058-F4 or 10074-G5, miR-196a by
nanoparticles containing miR-196 and ER by fulvestrant.
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ABSTRACT

Memo is a conserved protein that has a critical role in cell motility. We show here that Memo
was required for migration and invasion of breast cancer cells, and for in vivo spontaneous lung
metastasis from MDA-MB-231 xenografts. Biochemical assays revealed that Memo is a novel
copper-dependent redox enzyme that affected the intracellular redox milieu and levels of
reactive oxygen species (ROS) in specific cellular locations. Memo also modulated the activity
of NADPH oxidase (NOX), and was required for sustained O, production in response to NOX
activation. Memo abundance was increased in >40% of the primary breast tumors, was
correlated with clinical parameters of aggressive disease and was an independent prognostic

factor of early distant metastasis.

Summary Sentence

Memo is a redox enzyme that affects localized ROS levels, modulates NOX-mediated O,

production, and is required for metastasis.

INTRODUCTION

The majority of breast cancer patients die from metastases, making it crucial to identify proteins
and signaling pathways involved in tumor cell dissemination. Our group previously identified
Memo as being essential for breast cancer cell motility in response to several receptor tyrosine
kinases. Tumor cells with Memo knockdown fail to migrate in response to epidermal growth
factor, heregulin, fibroblast growth factor or serum (7-4). Memo has also recently been reported
to interact with insulin receptor substrate 1 and insulin-like growth factor receptor 1 (5, 6). Thus,
Memo links extracellular signals to intracellular responses through multiple receptors.

Memo is evolutionarily conserved, with homologs found in all branches of life (7, 8). The 2.1 A
crystal structure of Memo revealed its structural homology with iron- and zinc-binding
enzymes, however, no evidence for metal binding was found in these studies (7). In this
manuscript, we present evidence that Memo is a metal-binding enzyme that required Cu(ll) for
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its oxidase activity. Reactive oxygen species (ROS) function as intracellular second messengers
regulating physiological processes by controlling the activity of redox-regulated proteins
including transcription factors, kinases and phosphatases (9-12). We showed here that Memo
affected localized ROS production, cell migration and in vivo metastasis. NADPH oxidases (NOX)
are major cellular ROS generating complexes. We present results showing that Memo was
required for sustained O, production in response to NOX activation. Moreover, we showed that
elevated Memo levels were present in >40% of primary human breast tumors and correlated

with poor prognostic factors and distant recurrence-free survival.

RESULTS
Memo is required for cell motility and invasion

Memo knockdown has been shown to decrease directed motility of breast cancer cell lines in
transwell and Dunn chamber assays (7, 2, 13). In the following experiments, we examined the
effect of Memo knockdown using wound-closure and invasion assays. In the MDA-MB-231
breast cancer model, a control shRNA line (shLZ) and two lines expressing independent Memo
shRNAs (sh2, sh5), were established; both shRNAs were efficient in decreasing Memo levels
(Figure 1A, lower panel). Loss of Memo significantly impaired the cellular migration of both of
the knockdown cells lines in wound-closure assays and (Figure 1A) and was also seen with
SKBR3 and T47D sh5 lines (Figure S1A). The invasiveness of MDA-MB-231 tumor cells in
Matrigel-coated assays was also lower in the Memo knockdown cells (Figure 1B), although
significance was only achieved with the sh5 pool, which had the lowest amount of Memo
(Figure 1B, lower panel). Rescue of Memo levels, achieved by expressing a non-targetable (NT)
Myc-tagged Memo in the sh5 cells restored invasiveness to control levels, confirming the
specificity of the shRNA knockdown for Memo (Figure 1B). We further analyzed the invasion
phenotype using MCF10A-ErbB2/ErbB3 cells, which form hyperproliferative, invasive structures
and display loss of polarity when grown in 3D (74). Doxycycline-induced Memo knockdown in
these cells had no effect on proliferation (Ki67 staining, Figure 1C), but led to a significant
reduction in the number of invasive structures and a concomitant increase in the number of

polarized structures, defined by the basal marker Laminin V and the apical golgi marker GM130
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staining, respectively (Figure 1C; Figure S1B). Together these data confirmed that Memo is
important for breast tumor cell migration and invasion. Additionally, increased Memo levels
alone did not appear to be transforming, as Memo overexpression did not change the invasion,
proliferation, nor luminal filling of MCF10A or MCF10A-ErbB2 cells cultured in 3D (Figure
S1C). Memo overexpression in MCF10A and HEK293 cells, however, increased migration in

wound-closure assays (Figure S1D).

Memo is required for breast cancer metastasis

In the following experiments we used the MDA-MB-231 model, which represents the poor-
outcome triple negative subtype and is one of few xenograft models known to spontaneously
metastasize in mice (75), to test the in vivo role of Memo in tumor progression. The parental
line, a control shRNA (shLZ) line and the two lines expressing independent Memo shRNAs (sh2,
sh5) were injected into mice and tumor growth and metastasis were monitored. Control and
Memo knockdown tumors grew with similar kinetics to similar volumes (Figure 2A), Memo
knockdown was retained in the tumors (Figure S2A) and there were no significant differences
in proliferation or angiogenesis by immunohistochemistry comparing the control and sh5
groups (Figure S2B). Our in vitro analyses with other Memo knockdown and reconstituted
tumor cell lines also revealed no changes in cellular proliferation (Figure S2C).

To quantify metastases, lungs of the tumor-bearing animals were sectioned and stained for
human vimentin. No difference in lesion number was seen between parental and shLZ tumors,
however, Memo knockdown reduced these numbers, which was significant for the sh5 group
(Figure 2B). To examine if Memo knockdown impacts on proliferation of lung metastases, we
measured the area of each individual lung lesion. Compared to the control groups, there was
no difference in the median lung lesion size in the sh2 knockdown mice, however, the mean
lesion size in the sh5 knockdown mice was significantly lower (Figure S2D). Sh5 knockdown
cells have lower Memo levels compared to the sh2 cells (Figures S2A). This suggests that Memo
levels can influence the proliferative ability of the tumor cells in the lung environment.

To monitor the ability of the cells to extravasate we performed tail vein injection of the control

shLZ and two Memo knockdown cell lines. The number of experimental lung metastases was
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significantly decreased for both Memo knockdown cell lines (Figure 2C). To analyze the role of
Memo in the early stages of metastasis, we used intravital imaging to look at the periphery of
GFP-expressing shLZ and Memo knockdown sh5 primary tumors. In comparison to controls,
Memo knockdown tumors had a greater number of cells extending protrusions, however, the
number of motile cells was significantly lower (Figure 2D; Movies S1-2). Taken together, these
data suggest that the decreased number of spontaneous lung metastases observed in mice
with Memo knockdown tumors is due at least in part to a defect in intravasation from the
primary site as well as a decreased potential to extravasate into the lungs. The results show that

Memo has an essential role in metastatic dissemination.

Reconstitution of Memo knockdown cells with non-targetable Memo rescues the in vivo

phenotype

In the next experiments, we tested the in vivo effect of reconstituting MDA-MB-231 Memo
knockdown sh5 cells with Myc-tagged NT Memo rescue vector (sh5-NT). GFP-expressing- shLZ
control, -sh5 and -sh5-NT cell lines (Figure 3A) were injected into mice and tumor growth and
metastasis were monitored. All tumors grew with similar kinetics to similar volumes (Figure
S3A) and Memo knockdown and NT-Memo levels were retained in the tumors (Figure S3B). We
used intravital imaging to quantify the number of cells extending protrusions and the number
of motile cells in the periphery of the primary tumor. Sh5 tumors had a significant increase in
the number of cells extending protrusions and a significant decrease in motile cells (Figures
3B), as observed in Figure 2D. The reconstituted sh5-NT tumors were similar to the control shLZ
tumors in the numbers of protruding and motile cells (Figure 3B). Likewise, reconstitution of
Memo in sh5 tumors caused a significant increase in lung metastases (Figure 3C). We also
monitored the tumor blood burden (Figure S3C). Although there were no significant
differences between the three groups, due to large intra-group variation in the number of
circulating tumor cells, there was a trend for lower circulating tumor cells in the sh5-tumor-
bearing mice and this trend was reversed in the sh5-NT tumor-bearing mice (Figure S3C). These
results confirm that the defects in metastatic dissemination to the lungs were specific to Memo

loss, as reexpression of Memo recapitulated the phenotypes seen with the control tumors.
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Memo is a copper-dependent redox enzyme

Although Memo’s role in migration is well documented (7, 2, 4, 13), nothing is known about its
biochemical function. Memo is structurally homologous to a class of bacterial non-heme, iron-
dependent dioxygenases (7), but these enzymes (for example, protocatechuate dioxygenase,
PD) hydrolyze catechols and Memo lacks this activity (Figure S4A). Memo does, however, have
a putative metal-binding pocket (3 His, 1 Asp, 1 Cys) that resembles those of metal-dependent
redox enzymes (Figure 4A). To test if Memo has redox activity, we measured its ability to
generate O;, an intermediate product of many metal-catalyzed redox reactions. Out of 8
common metal ions tested, only Cu(ll) specifically generated O, in Memo's presence (Figure
S4B). Indeed, Memo has oxygen-dependent, copper-reducing activity (Figure 4B) which the
dioxygenase PD lacks (Figure S4C).

The amino acid residues in Memo’s putative active site (Figure 4A) were mutated and the
proteins analyzed for Cu(ll) reducing activity. The three histidine mutants had the lowest
activities both as recombinant proteins (Figure 4C) and when expressed in HEK293T cells as
Myc-tagged proteins (Figure S4D-E). The H192A mutant produced significantly less Oy in the
presence of Cu(ll) compared to WT Memo; the production of O, by both proteins was abolished
upon addition of superoxide dismutase (Figure 4D).

We next asked if Cu(ll) is stably or transiently present in the active site by incubating Memo
with Cu(ll), followed by extensive dialysis to remove free Cu(ll) and measurement of O,
production. Cu(ll)-preloading of Memo resulted in approximately 20-fold higher activity, as
compared to no preloading or to preloading with Fe(ll) (Figure 4E), suggesting that Memo
retained Cu(ll) once it was bound; Cu(ll)-preloaded H192A-Memo produced significantly less
O, than WT (Figure 4E).

Next we determined the enzymatic properties of WT and H192A Memo using Cu(ll) as a
substrate. For this, O, production, in the presence of increasing amounts of Cu(ll) or Memo, was
measured (Figure S4F-G). This revealed that WT Memo had a lower affinity (K.) for Cu(ll) than
H192A Memo (Figure 4F). However, the catalytic turnover (Ke.t) of Cu(ll) by WT Memo was 4-fold
higher than that of the mutant (Figure 4F). This suggests that Cu(ll) binds the mutant more

readily than the WT, but is either not efficiently reduced, or rapidly dissociates; the end result

94



Results

being that WT Memo reduces Cu(ll) more efficiently than the mutant (K./Km). During this
process, the active-site histidines could act as bases to donate an electron to Cu(ll), generating
a Cu(l) intermediate that is able to reduce and activate molecular oxygen to produce O, (Figure
S4H). In order for Memo to remain active in vivo it would need to be regenerated, namely
reduced, either actively (for example, by reductases) or passively (for example, by reduced
glutathione), something that will be analyzed in the future.

Finally, we examined the influence of Memo on RhoA, a protein that interacts with Memo (76)
and has been reported to be redox sensitive (77, 18). For this we used recombinant proteins
and a quantitative mass spectrometric (MS) approach (Figure 4G). We quantified the effects of
WT and H192A Memo, with or without Cu(ll) preloading, on the net oxidation state of RhoA
cysteines. These results showed that without Cu(ll) pre-loading Memo has no effect on RhoA
oxidation (Figure S4l). With Cul(ll) preloaded Memo, we observed a significant increase in the
net oxidation status (Figure S4l), as well as the oxidation of individual cysteines in RhoA (Figure
4G). The increase in RhoA oxidation status was also significant, albeit slightly lower, with H192A

Memo (Figure 4G and S4l), which is in line with its lower catalytic activity.

Memo influences the cellular redox status

We established that Memo is a copper-binding redox enzyme. In the following experiments we
explored Memo's cellular activity. First, we tested invasion in the presence of the copper
chelator tetrathiomolybdate (TM). Treatment of MDA-MB-231 shLZ cells with TM resulted in a
40% decrease in invasion (Figure 5A), showing that inhibition of copper impacts on signaling
pathways required for this process. Memo knockdown sh5 cells, which exhibited impaired
invasion capacity, were not affected by TM treatment (Figure 5A), suggesting that Memo might
be the major copper binding target involved in invasions in the MDA-MB-231 model.

Next, we asked if the presence or absence of Memo has an influence on the cellular redox
status, first by examining specific proteins, including RhoA, Shc, and actin, which have been
shown to interact with Memo (7, 2, 16), as well as Rac1, another important protein involved in
migration. For this experiment, lysates from MDA-MB-231 control shLZ, sh5, and sh5
reconstituted (sh5-NT) cells were treated with the heavy thiol-binding probe AMS, and then
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run on non-reducing SDS-PAGE. This revealed a shifted band of reduced RhoA (Red.), which is
only present in the sh5 lysates (Figure 5B, quantification below). These results support the MS
results obtained with the recombinant proteins. In the same lysates, the redox status of Rac
and actin were not altered (Figure 5B). Lysates from SKBR3 control and Memo knockdown cells
were also examined and we detected elevated levels of reduced RhoA, as well as p52 Shg, in
the Memo knockdown cells (Figure S5A).

Finally we examined expression levels of key redox homeostasis enzymes; namely catalase,
glutamate-cysteine ligase (GCLC) and glutathione peroxidase (GPx1) in the MDA-MB-231 and
SKBR3 shLZ control and Memo knockdown cell lines. RNA levels of catalase, which converts
H.O, to H,0, was decreased in sh5 MDA-MB-231 (Figure 5C) and SKBR3 cells (Figure S5B). In
addition, GCLC, a rate-limiting enzyme for glutathione synthesis, was also lower in MDA-MB-
231 sh5 cells (Figure S5B). Conversely, GPx1, which oxidizes GSH to GSSG, was elevated in both
SKBR3 and MDA-MB-231 knockdown cells (Figure 5D, Figure S5B). These changes were
reversed in the sh5-NT reconstituted MDA-MB-231 cells (Figure 5C). Taken together these
results suggest that the cellular environment is more reduced when cells have low Memo
levels, both at the level of individual proteins, and more generally, using key redox enzymes as

a read-out.

Memo regulates ROS in protrusions and O, production

Memo is a redox enzyme, which prompted us to study ROS levels in Memo knockdown cells.
There are several major ROS sources within cells including the mitochondrial transport chain,
peroxisomes and redoxisomes (79). We investigated levels of intracellular ROS, using Carboxy-
H.DCF-DA (DCF-DA) followed by fluorescence activated cell sorting (FACS) and found no
significant differences between MDA-MB-231 control shLZ and sh5 Memo knockdown cells
(Figure 6A). However, by visualization and quantification of ROS using the CellROX Deep Red
reagent, we determined that ROS levels in cellular protrusions, specifically the lamellipodium
and lamella (example seen in Figure 6B), were significantly lower in sh5 cells (Figure 6C). In
control cells, 3.5% of total cellular ROS was found in these protrusions and in Memo knockdown

cells the amount was significantly decreased to 1% (Figure 6C, quantification right graph).
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Reconstitution of Memo in MDA-MB-231 sh5 cells restored ROS to the values measured in the
control cells (Figure 6C, quantification right graph). Similar results were obtained with SKBR3
and T47D cells (Figure S6A-B). Expression of GFP-tagged Memo in SKBR3 cells confirmed that
Memo co-localized with ROS in these protrusions (Figure S6C). Thus, Memo is required for
production of a small percentage of cellular ROS, which can be visualized due to its localized
nature, but is not measurable by FACS.

The plasma membrane is a site of localized ROS signaling (20, 27). The ROS-producing NOXes,
which have well established roles in migration (71, 12, 22), localize to cellular membranes and
have been shown to be concentrated in the lamellae of motile cells (23). We examined if Memo
might influence the activity of a specific pool of NOX. MDA-MB-231 cells express NOX1 and
NOX2 (Figure S6D), both of which are protein kinase C (PKC) activated (79, 22). We thus
measured extracellular O, levels in the medium of live MDA-MB-231 cells following stimulation
with the PKC activator phorbol 12-myristate 13-acetate (PMA). Following PMA addition to
control shLZ cells, there is a rapid peak of O, production at 60 sec (Figures S6E), then a second
broader wave between 0 and 200 min, peaking at 60 min (Figure 6D). There was no significant
between shLZ, sh5 or sh5-NT cells in the 60 sec peak of O, produced in response to PMA (Figure
S6E). However, Memo knockdown cells were missing the second wave of O, produced during
the 200 min time course and this was restored in the sh5-NT cells (Figure 6D); these data were
quantified by measuring the area under the curve (Figure 6D, right panel). The higher amounts
of Oy produced in the sh5-NT cells compared to control cells, likely reflect the higher Memo
levels in the reconstituted cells (Figure 3A). The general NOX inhibitor diphenyleneiodonium
chloride (DPI) blocked both basal and PMA-induced O.production (Figure S6F), providing
evidence that the O, generated in response to PMA was NOX-mediated. It is tempting to
speculate that the ROS visualized in the protrusions is due to NOX activity; however, as these
protrusions are not formed following DPI treatment, we were not able to confirm this. In
summary, the results suggest that Memo promotes a more oxidized environment in cellular
protrusions formed upon stimulation with growth factors and that Memo is required for

sustained O, production in response to NOX activation.
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Elevated Memo levels in breast cancer correlates with aggressive disease parameters and

early events

We know very little about the role of Memo in human tumors, however, Memo has been
reported to be overexpressed in a human pancreatic adenocarcinoma cell line (24). Moreover,
Memo is a target of miR-125, a microRNA that is downregulated early in breast cancer
development, at the pre-invasive stage (25, 26). To investigate if Memo plays a role in human
breast disease, immunohistochemistry (IHC) was carried out on a breast cancer cohort arrayed
on tissue microarrays (TMA) (27, 28), (Table S1). We determined that Memo levels are low in
normal breast tissue and significantly higher > 40% of the tumors (Figure 7A-B).

Memo is present in the cytoplasm and nucleus in normal cells and in breast tumor cells lines
(8). To examine if the sub-cellular localization of Memo correlates with any clinical or
histopathological parameters, we categorized the breast tumor samples according to Memo
levels and localization. In this analysis Memo was found at low levels in both the cytoplasm and
nucleus of > 90% of normal breast samples and displayed high nuclear Memo in the remaining
cases (Figure 7A, normal breast, high). In the tumor samples Memo was found to be low in both
the nuclear and cytoplasmic compartments in 56.3%; high in both of these compartments in
23.3%; high exclusively in the cytoplasm (C-Memo) in 6.6%; and high exclusively in the nucleus
(N-Memo) in 13.8% (Figure 7C-D; Figure S7A). We next performed a correlation analysis of
Memo status with the different molecular subtypes and various clinical and histopathological
parameters (Figure 7E; Table S2). As the function of Memo could vary between cellular
compartments, a correction for the possible confounding effect of the contribution of C-Memo
to the N-Memo analysis, and vice versa, was made. A significant correlation was observed
between predominantly high C-Memo and many parameters indicative of aggressive disease
(high grade, ER/PgR’, Ki67*, ErbB2* and p53™) (Figure 7E, C-Memo, p value red; Table S2), as well

as with the poor-prognosis triple negative (TN) and Luminal B (Lum B) molecular subtypes (29,

30). Predominantly high N- Memo inversely associated with poor prognostic factors (high
tumor grade, ER/PgR’, and TN tumors) (Figure 7E, N-Memo; Table S2). These dichotomous
results explain why none of the examined parameters, except p53* status, significantly

correlate with total Memo staining (Figure 7E; Table S2, Total Memo) and suggest that Memo'’s
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cellular localization can impact on tumor biology. Additionally, in a multivariate logistic
regression model, elevated C-Memo retained its correlation with ER/PgR™and p53™ (odds ratio

(OR): 2.87, confidence interval (Cl) 95% 1.03-7.98, p-value 0.043; OR: 2.73, Cl 95% 1.34-5.57, p-
value 0.006; respectively).

Finally, in a time-dependent survival analysis, C-Memo was strongly prognostic of distant
metastasis (HR: 3.89, C1 95% 1.16-13.07, p-value 0.028) and overall survival (OS) (HR: 8.36, C1 95%
1.31-53.42, p-value 0.025) within 5 years (Figure 7F, Tables S3-S4), outperforming lymph node
status, the single most important indicator of disease-free survival and overall survival in breast
cancer (37) (Table S4). Given the limited size of the breast subtype groups, we could not
evaluate the independent prognostic value of C-Memo with regard to the different molecular
subtypes. Nonetheless, these results provide evidence that C-Memo is an independent
prognostic factor for more aggressive tumors, with higher risk of early distant recurrence and

death.

DISCUSSION

Metastasis is the major cause of breast cancer-related death. Accordingly, studies aimed at
understanding the molecular underpinnings of tumor cell spread, as well as their survival and
proliferation in metastatic sites, are of utmost importance in order to identify new anti-cancer
approaches. Herein we demonstrated that Memo is crucial for breast tumor cell migration, in
vivo metastasis and is prognostic of poor patient outcome. In addition, we showed that Memo
is an oxidase, required for sustained NOX-mediated O, production, and influencing localized
ROS levels. Furthermore, loss of Memo altered the redox status of several proteins involved in
important biological processes, including migration.

In our study of 407 human breast tumors we found that Memo abundance was prognostic of
poor patient outcome. This is noteworthy as the breast cancer patients in the studied cohort
generally had a good prognosis. Indeed, 65% had no involved lymph nodes; > 90% are ER/PgR+
and had low grade tumors, and/or had no distant recurrence at 12.1 years. Increased levels of

C-Memo, which were observed in ~7% of the tumors, significantly predicted early metastasis
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and death, and outperformed nodal status for both outcomes. We propose that Memo’s
cytoplasmic role is to promote tumor cell motility. In our in vitro analyses we have consistently
observed that Memo is required for cell motility, be it chemotactic transwell migration (7, 2, 4),
invasion in 3D matrices or wound closure (this paper). Moreover, we showed herein that tumors
with Memo knockdown had significantly fewer motile cells and lung metastatic lesions. How
does Memo influence motility and metastasis? As discussed below, we know that Memo has a
role in many pathways that influence migration. Related to the new results in this paper,
Memo’s role in promoting localized ROS production in the lamellae may be important. The
NOXs, which have well-established roles in migration (77, 12, 22), have been shown to be
concentrated in the lamellae of motile cells (27, 23). NOX activation contributes to spatially-
controlled increases in ROS levels, thereby modulating the function of proteins important for
cell motility (70, 32). NOXs produce ROS and, in turn, are activated by ROS, suggesting that a
positive feed-forward mechanism might amplify O, production. We propose a model (Figure
8) whereby Memo, which is also present at the cell cortex (8), influences activity of redox
sensitive proteins that are required for sustained activation of specific NOX complexes.
Considering ErbB2-induced migration, the model in which we discovered Memo (1), a pathway
linking Memo to RhoA-mDial and microtubule capture and chemotaxis has been elucidated
(33). ErbB2-induced phospholipase C gamma has also been shown to converge on Memo and
participate in microtubule capture (73). Whether RhoA redox status influences its activation in
this pathway is not known. Moreover, we have shown that cofilin, an actin regulator is
subjected to Memo control (2). Taken together, these results suggest, that Memo regulates
various pathways that have roles in migration (Figure 8).

Our results also showed that in Memo knockdown cells there are general changes in the redox
environment that are reflected in alterations in the RNA levels of enzymes controlling redox
homeostasis. These changes were consistent with a more reduced cellular environment in the
absence of Memo. This was further reflected in the redox status of RhoA and p52 Shc, both of
which showed an increase in their reduced forms in Memo knockdown cells. On the other hand,
actin and Rac1, both known to be subject to redox control (34, 35) were not altered in Memo
knockdown cells. The redox status of a protein is controlled by multiple inputs including ROS

concentration, cellular localization, and upstream signaling pathways (9, 19, 27). The different
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outcome of Memo loss on the examined proteins likely reflects the complex nature of ROS
control. Since RhoA activation has been shown to be ROS dependent (77) and to lie
downstream of NOX (36), it is possible that the observed redox changes in RhoA in the absence
of Memo reflect alterations in NOX activity. Alternatively, RhoA might be a direct Memo
substrate since using recombinant proteins we showed that Memo oxidizes RhoA. Further
analyses will be necessary to sort out the pathway by which Memo controls the redox status of
cellular proteins.

In the TMA analysis a significant correlation was observed between high cytoplasmic Memo
and the proliferative marker Ki67. We have examined normal (4) and cancer cell lines (this work)
and have not observed an effect of Memo loss on proliferation. It is possible that cultured cell
lines cannot respond to Memo levels. However, while Memo knockdown MDA-MB-231
xenografts grew the same as controls, lung metastatic lesions from Memo knockdown tumors
were significantly smaller. These results suggest that in the lung environment Memo levels
might impact on survival or proliferation.

The data from the TMA also suggested that Memo has distinct roles in different cellular
compartments and that elevated nuclear Memo, which was present in approximately 14% of
the tumors, correlated with good prognostic parameters. We have not explored Memo'’s
nuclear role, however, Memo has recently been shown to interact with ER and to influence its
transcriptional activity (6). Moreover, it has been reported that Memo regulates some
transcriptional pathways. Indeed, overexpressing Memo in MCF10A cells triggers epithelial-to-
mesenchymal transition by upregulating levels of Snail and Zeb1/2 transcription factors (5). We
did not specifically examine epithelial-to-mesenchymal transition in our analyses, but
considering its importance in migration, the results are in line with our studies. It is also
interesting to discuss our recent paper showing that Memo conditional knock-out mice have a
reduced life-span which is accompanied by other characteristics of premature aging (3). It is
possible that the reduced lifespan of the mice is related to the redox activity of Memo, but this
question remains open.

The crystallization of Memo revealed its structural homology with metal binding enzymes (7).
Herein we showed that the active site pocket of Memo most likely coordinates a copper ion.

The importance of other copper-dependent proteins such as SOD1 (37), or indirectly HIF-
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1alpha (38, 39), in tumor growth and angiogenesis has been documented (40-42). We showed
that treatment of control MDA-MB-231 cells with the copper chelator TM reduced their ability
to invade, however, Memo knockdown cells were not affected, suggesting that Memo might
be the major copper-bound enzyme promotin invasion in this model. Early clinical trials with

copper chelators are ongoing (http://clinicaltrials.gov/show/NCT00195091) (43) and it is

tempting to speculate that Memo inhibition might contribute to the anti-tumor effects of these
compounds. To conclude, our data suggest that further analyses of Memo’s mechanisms of
activation, downstream targets and localized functions are warranted, based on its integral role

in human metastatic disease and its novel function as a modulator of cellular ROS signaling.

MATERIALS AND METHODS

Ethics Statement

A TMA from 407 female breast cancer patients was analyzed retrospectively under protocols
approved by the Institutional Ethical Committee of the European Institute of Oncology. All
animal experiments were carried out according Swiss guidelines governing animal

experimentation, approved by the Swiss veterinary authorities (Licenses 2286 and 1412).

Reagents and antibodies

Beta1-Heregulin (HRG) was from R&D systems (Minneapolis, MN, USA), 12-myristate 13-acetate
(PMA), CuCl,, CuSOs, (NH4),Fe(SO.),, ZnCl,, FeCls, CoCl,, Na;MoOs, MnCl,, CaCl,, superoxide
dismutase (SOD), doxycycline and ammonium tetrathiomolybdate (TM) were from Sigma (St.
Louis, MO, USA). Diphenyleneiodonium Chloride (DPI) was from Millipore (Billerica, MA, USA).
Carboxy-H,DCF-DA, CellROX Deep Red reagent and 4-acetamido-4'-maleimidylstilbene-2,2'-
disulfonic acid (AMS) were from Invitrogen (Pailsley, UK). TO-PRO-3 was from Molecular Probes
Inc., (Eugene, OR, USA). Growth factor-reduced Matrigel was from BD Biosciences (San Jose,

CA, USA). Doxycycline (Dox) chow was from BioServ (Frenchtown, NJ, USA). The monoclonal
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mouse anti-human Memo antibody was purified in-house (2). Other antibodies: Beta-Actin
MAB1501, Rac1 23A8 and Laminin V MAB19562 (Merck Millipore Corporation, Billerica, MA,
USA); Vimentin NCL-VIM-V9 (Novocastra Leica Biosystems, Newcastle Upon Tyne, UK); CD31
550274 and GM130 610822 (BD Biosciences, San Jose, California, USA); pHistoneH3 9701 (Cell
Signaling Technology, Inc. Danvers, MA, USA), Alpha-Tubulin MS-581-P1 (Thermo Fischer
Scientific, Kalamazoo, MI, USA); Ki67 18-0191 and GFP A-11122 (Invitrogen Corporation,
Camarillo, CA, USA); ErbB2 21N (7); and c-Myc 9E10 sc-40 and RhoA sc-179 (Santa Cruz
Biotechnology, Dallas, TX, USA).

Cell culturing and proliferation assays

MDA-MB-231, T47D, SKBR3, HEK293 and HEK293T cells were cultured in DMEM supplemented
with 10% fetal calf serum (FCS) (GIBCO Invitrogen, Basel, Switzerland) at 37°C, 5% CO,. MCF10A-
derived lines were cultured in 2D and 3D as described (74). For all experiments performed with
dox-inducible lines, cells were pre-treated with dox for a minimum of 3 days and treatment was
maintained for the duration of the experiment. To measure proliferation, cells were seeded in
full growth medium and three wells were counted each day up to 4 days post-plating, using

Trypan-blue exclusion, in a Beckman Coulter Vi-Cell counter (Beckman Coulter, Brea, CA, USA).

Vectors and Cloning

For a list of constructs and primers see Table S5. Lentiviral constructs were purchased from
Sigma or cloned in house. Synonymous mutations were introduced into the sh5 recognition
site of the N-terminally Myc-tagged Memo-construct in pcDNA3.1 (7). This construct was
further subcloned to produce Myc-Memo-sh5-non targetable (NT)-pLHCX (referred to as sh5-

NT). Lenti- and retroviral infections

Cells were infected over-night at 37°C with lenti- or retroviral particles at a multiplicity of
infection of 2, in the presence of 5 pg/ml polybrene (Sigma). The media was then changed and
the cells incubated 24 h at 37°C. Successfully infected cells were selected using puromycin,

hygromycin (both from Sigma), or FACS sorted for GFP levels.
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Wound-healing and Invasion Assays

Cells were grown to confluency and either maintained in full medium or starved over-night in
DMEM containing 0.1% FCS. Monolayers were scratched and wound healing was monitored
using a Widefield TILL5x, Axiovert 200M (5% CO, and 37°C chamber). Time-lapse images were
digitally captured every 20 min with a CCD camera over 8 h. The area recovered by the
migrating cells was calculated using Imagel. Matrigel invasion assays were performed using BD
BioCoat Growth Factor Reduced Matrigel Invasion Chambers as per the manufacturer’s
instructions (Becton Dickinson. Allschwil, Switzerland). Briefly, 2.5 x10* MDA-MB-231cells were
seeded in the upper chamber in DMEM containing 0.1% BSA. The lower chamber was filled with
DMEM containing 10% FCS. TM (1 nM top and bottom chambers) and DPI (5 uM top chamber)
were added at the time of seeding. Cells were left to invade for 24 h at which point the upper
chambers were cleaned using a cotton swab. Cells on the lower surface of the membrane were
fixed with 4% PFA, stained with crystal violet, imaged, and quantified using ImageJ. MCF10A-
ErbB2/ErbB3-derived lines were cultured in 3D in the presence of dox and 1.2 nM HRG. After 7
days the cells were fixed, stained forimmunofluorescence and imaged as previously described

(14).

Animal Experiments

All experiments were performed with 6 week old female NOD/SCID mice (Charles River
Laboratories, Wilmington, MA, USA); 5 x 10° cells were injected into the second mammary fat
pad, or into the tail vein. Mice were sacrificed 28 days post-injection. Lungs and tumors were
processed as previously described (44). All IHC stainings were done using the Ventana
DiscoveryXT biomarker platform. The right lobe of the lung was paraffin embedded and
sections were taken every 50 um, through the entire block and sections were stained using
antibodies against human Vimentin or GFP. Tumor sections were stained using antibodies
against phospho-HistoneH3 and CD31. Digital slide image data was generated using a slide
scanner (Zeiss Mirax, v. 1.12, Zeiss, Germany) at a final magnification comparable to 400x.
Whole slide automated quantitative assessment of stained tissue areas were performed using

Definiens XD software (version XD 2.0, Definiens AG, Germany) and an in-house developed
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image analysis algorithm. Blood burdens were assessed as described (45). Single tumor cells

from blood were grown in DMEM 20% FBS media and counted 10 days after plating.

Intravital Imaging by Multiphoton Microscopy (IVI-MP)

For IVI-MP experiments, stable or dox-inducible shRNA GFP-expressing cells were injected into
the second or fourth mammary fatpad of mice. Inducible lines were cultured in dox-containing
medium for 3 days prior to injection. Recipient mice were fed dox-containing chow 2 days prior
to injection and for the remainder of the experiment. Orthotopic primary tumors were imaged
5 weeks post injection. The animals were imaged as described previously in (45) on a custom-

built microscope (46).

Cell and tumor lysates

Cells were lysed in Triton X-100 buffer as described (2). Tumors were homogenized in NP-40
lysis buffer (44) using the Precellys-24 tissue homogenizer in 2mL tubes with ceramic beads
(20s at 5500 rpm at 4 °C). The extracts were clarified using a tabletop centrifuge at maximum

speed for 20 min at 4°C and protein concentrations determined.

Expression and purification of recombinant proteins

Human Memo ¢cDNA was cloned into pOPINF (47) and expressed in BL21(DE3) E. coli as
described (48). Cell pellets were freeze-thawed, resuspended in lysis buffer (50 mM Tris pH 7.5,
500 mM NaCl, 20 mM imidazole 0.2% Tween, Complete EDTA-free protease inhibitor cocktail
(Roche), and 3 U/ml Benzoase (Sigma)) and homogenized with the EmulsiFlex-C3 high-pressure
homogenizer (Avestin GmbH, Mannheim, Germany). Cleared lysates were batch purified on Ni-
NTA beads and bound protein was cleaved by incubating with His-tagged 3C enzyme for 2 h
at +4°C in 50 mM Tris pH 7.5, 500 mM NaCl, and 20 mM imidazole. The eluted protein was
monitored on AKTA Purifier (GE life sciences), concentrated and purified to >96% using
sephadex-75 gel filtration in 20 mM Tris pH 7.5, 200 mM NaCl, 0.02% NaN;. The ultrapure, eluted

Memo was concentrated with an Amicon Ultra filtration unit. GST-RhoA in the pxRB096 vector
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(provided by Dr. X. Bustelo, University of Salamanca, Spain) was induced in BL21(DE3) E. coli
using 0.3 mM isopropyl thiogalactopyranoseide (IPTG) for 4 h at 30°C. Cell pellets were freeze-
thawed and incubated with BugBuster lysis buffer (Millipore) supplemented with 2 mg
lysozyme, 60U benzonase and Complete EDTA-free protease inhibitor cocktail for 20 min at RT.
Cleared lysates were batch purified on Glutathione Sepharose 4B resin (GE Healthcare) and the
bound GST-RhoA was incubated in thrombin buffer (20 mM Tris-HCI, pH 8.4, 150 mM Nacl, 2.5
mM CaCl,, 15 U biotinylated thrombin (Novagen)). To remove free thrombin, beads were
sedimented and the supernatant was incubated with 50 pl Neutravidin beads (Thermo Fischer
Scientific) that were then sedimented and the concentration of cleaved RhoA in the

supernatant was measured.

gPCR analyses of selected targets

Total RNA was collected from cells using the QIAShredder and RNeasy Mini Kit (Qiagen,
Hombrechtikon, Switzerland). cDNA synthesis and amplification was performed using GE
Healthcare Ready-to-go You-Prime First-Strand Beads according to the manufacturer’s
instructions. Quantitative real-time PCR (qPCR) was performed with the Absolute gPCR Master
Mix (Thermo Fischer Scientific), SetpOnePlus real-time PCR (Applied Biosystems, Pailsley, UK).

Data were normalized to h18S levels. See Table S5 for primer sequences.

Dioxygenase activity measurements

Intra- or extradiol dioxygenase activity was measured as described (49). In brief, 400 uM
protocatechuic acid was added to each well of a 96- well plate containing either 0.1 nmol Memo
or 0.1 nmol Protocatechuate dioxygenase (PD) in 10 mM Tris-HCI pH 8.5. The cleavage of
protocatechuic acid was monitored spectrophotometrically by the decrease in absorbance at

290 nm. The absorbance of the blank sample was subtracted from each reading.
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Cu(ll) reduction assays.

The Cu(ll) reduction capacity of 0.1 nmol recombinant Memo was assayed as described (Cell
Biolabs, San Diego, CA, USA). The spectrophotometric absorbance at 490 nm was read in a
SpectraMax 190 absorbance plate reader (Molecular Devices, Sunnyvale, CA, USA) and
correlated to a uric acid standard curve, yielding copper reducing equivalent values (uM CRE).
The activity of protein-free samples was subtracted. To measure Memo activity in cells, pcDNA
Myc-Memo and Myc-Memo mutants were transiently expressed in HEK293 cells for 72 hrs. Cells
were lysed in RIPA buffer, and 500 pg of lysate was loaded onto 50 ul 50% EZ-view Anti-Myc
sepharose slurry. Beads with bound Myc-Memo were resuspended in 35 pl 10 mM Tris-HCI, pH
8.5; 5 ul was used for western blot quantification and 30 ul for copper reduction activity
measurements. Assays under hypoxic conditions were performed as described above except

all buffers were flushed with N, for 2 h prior to the assay.

Superoxide detection assays

O, production was determined by using a luminol oxidation assay (Sigma) with slight
modifications. In brief, recombinant protein, or 1x10°¢ cells were used per reaction; in some
assays 4U of SOD were added. To stimulate NOX activity 1ug/mL PMA was added to cultures;
10 uM DPI was added to block NOX. Values from blank samples, without Memo or PMA, were
subtracted from each reading. For short-term (200s) and long-term (220 min) assays, luminol
oxidation was measured as relative light units for 10s every 10 s or 30 min, respectively, using
a Berthold Centro XS3 LB 960 plate reader (Berthold Technologies GmbH, Bad Wildbad,
Germany). For assays done with metal-preloaded recombinant Memo, 50 pmol Memo (5uM
final) was incubated with 50uM CuCl, or (NH4),Fe(SO4), in 50 mM Tris-HCI, pH 6.8 for 30 min at
4°C. Excess metal ions were removed by dialysis against the same buffer for a minimum of 3 h

at 4°C. For the assays in Figure S4F-G, the indicated amounts of Memo or Cu(ll) were used.
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Redox status of recombinant RhoA and other proteins

The oxidation status of cysteine residues in RhoA was determined by quantitative MS.
Recombinant RhoA was incubated in the presence or absence of recombinant, Cu(ll)-pre-
loaded or non-preloaded WT-Memo or H192A-Memo, in 50 mM Tris-HCl, pH 6.8, for 30 min at
RT. Then the samples were incubated 30 min at RT in the dark with 35 mM heavy
iodoacetamide-'3C;, 2-d, (heavy IAA) (Sigma). IAA was removed by trichloroacetic acid/acetone
precipitation. The remaining oxidized cysteines were reduced with 20 mM Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) for 30 min at RT, then alkylated by 35 mM IAA-
12C, (light IAA). Samples were then digested 6h at 37°C with endoproteinase Lys-C, followed by
over-night digestion in trypsin at 37°C. Diluted samples were applied on an EASY n-LC 1000
liquid chromatography system, coupled to a LTQ Orbitrap Velos MS (both from Thermo
Scientific). Quantitative analysis of the ratio light/heavy IAA incorporation was done with

ProgenesisLC (Nonlinear Dynamics, Durham, NC, USA).

For intracellular redox status of different proteins, cells were harvested in PBS with inhibitors,
then sonicated and supernatants collected. Equal amounts of protein extracts were treated 30
min at RT with 15 mM AMS. Samples were separated by 15% non-reducing and reducing SDS-
PAGE.

Detection of intracellular ROS levels

For quantification of ROS levels by FACS, cells were washed 2 times with PBS and incubated
with 20 puM carboxy-H,DCF-DA in PBS for 10 min at 37°C. Cells were then washed 2 times,
trypsinized, resuspended in PBS with 10% FCS, spun down for 3.5 min and resuspended in PBS
with 0.1% BSA. Samples were then analyzed using a BD LSRIl SORP (BD Biosciences). For
quantification of ROS levels by imaging, growing or serum-starved cells, stimulated as
indicated, were cultured in 5 uM CellROX Deep Red reagent. Then cells were incubated at 37°C
for 30 min, washed with growth medium and imaged at excitation/emission maxima
640/665nm in a temperature and CO, controlled chamber using an OlympusIX81 spinning-disk

microscope driven by Metamorph 7.7.10.0 software (Molecular Devices, Sunnyvale, CA, USA).
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CellROX intensities in cell protrusions were measured and quantified relative to the total ROS

levels in the cell, using ImageJ.

Analyses of breast cancer TMAs

Clinical and pathological characteristics of 407 female breast cancers (27, 28, 50) are shown in
Table ST and Table S2. Stainings for Memo were performed on 2 um sections, using the
EnVision Plus/HRP system (DAKO). The specificity of the Memo antibody was verified by
staining breast tumor cells lines with Memo overexpression or Memo knockdown (Figure S7B).
For scoring, a semi-quantitative approach with scores ranging from 0 to 3 was used. For the
correlation analyses of Memo abundance with clinical parameters, 3 categories were defined:
Total Memo, considering Memo levels in the nucleus and/or the cytoplasm; C-Memo,
considering only cytoplasmic Memo; and N-Memo, considering only nuclear Memo. Memo
scores in normal tissue (n=32) ranged between 0 and 1.0; tumor samples with IHC scores > 1.0

were considered high; those < 1.0 were considered low.

Association between clinical parameters at surgery and probability of high Total Memo was
evaluated by univariate analysis. To control for possible confounding effects of the
contribution of C-Memo to N-Memo, and vice versa, the association of clinical variables with
the probability of high C-Memo and high N-Memo was evaluated by bivariate logistic
regression models, adjusted for N-Memo or C-Memo, respectively. The impact of patients’
characteristics on the probability of high C-Memo or N-Memo (adjusted for N-Memo or C-
Memo, respectively) was also assessed by multivariable logistic regression models adjusted for
ER/PgR, Ki-67, ErbB2, p53, grade, and histology, and is expressed as odds ratios (ORs) with 95%
confidence interval (Cl). A time-dependent multivariable Cox model was used to estimate the
hazard ratios (HRs) comparing C-Memo high vs low within 5 years and after 5 years from
surgery, controlled for age at diagnosis, tumor size, lymph node status, grade, and status of
ER/PgR, ErbB2, p53 and Ki-67, as well as N-Memo, when evaluating C-Memo and C-Memo, when
evaluating N-Memo. SAS statistical software was used for all analyses (SAS Institute, Inc., Cary

NC).
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Statistical Methods

Unless stated otherwise, statistical significance of data following a normal distribution, as
determined by the Shapiro-Wilk normality test, was determined using an unpaired, two-tailed
Student's t-test, assuming unequal variances or a one-way ANOVA followed by Tukey’s post-
hoc test for multiple comparisons. Data that failed the normality test was analyzed using the
Wilcoxon-Rank Sum Test (one and two-condition comparisons), or the Kruskal-Wallis test
followed by Dunn’s post-hoc test for multiple comparisons. Differences were considered

significant if the p-value was <0.05; * p < 0.05, ** p < 0.01, *** p < 0.001, for all tests.
SUPPLEMENTARY MATERIALS

Figure S1. Memo is required for cellular migration and invasion; Memo overexpression is not
transforming.

Figure S2. Memo does not affect in vitro cellular proliferation or primary tumor outgrowth, but
may affect the survival or proliferation of disseminated tumor cells in the lungs.

Figure S3. Reconstitution of Memo restores invasion and tumor cell migration in vivo.

Figure S4. Analyses of Memo activity.

Figure S5. Memo influences the intracellular redox status.

Figure S6. Analysis of ROS and selected RNAs in Memo KD cell lines.

Figure S7. Memo immunohistochemistry.

Table S1, Clinico-pathological characteristics of the breast cancer cohort analyzed for Memo
abundance.

Table S2, Correlations between Memo status and clinical and pathological parameters in the
breast cancer cohort.

Table S3, Observed events in the breast cancer cohort.

Table S4, A Time-dependent multivariable Cox model to measure Hazard Ratios.

Table S5, Sequences of all primers and oligos used for cloning and gPCR.

Movie 1, shLZ tumor cell motility.

Movie 2, sh5 tumor cell protrusions.

Movie 3, sh5-NT tumor cell motility
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Figure 1. Memo is needed for migration and invasion in vitro. (A) Relative wound closure of MDA-MB-231
control shLZ and Memo knockdown (KD) sh2 and sh5 cells, grown in full medium. Data represent means + SD of
6 fields. Western blot analysis of Memo levels is shown below. (B) Invasion of MDA-MB-231 shLZ control, Memo
KD sh2 and sh5 cells, and sh5 non-targeting Memo-reconstituted cells (sh5-NT), through matrigel-coated Boyden
chambers. Data represent means + SD (n=4-8 chambers per condition). Western blot analysis of Memo levels is
shown below. (C) Confocal images of MCF10A-ErbB2/ErbB3 inducible shLZ and sh5 cells grown in 3D culture in
the presence of doxycycline (dox). Images are representative of 3 independent experiments. The percentages of
Ki67-positive cells, invasive structures, and polarized structures were quantified. Data represent average
percentages = SEM (n=5 wells per condition). Western blot analysis of Memo levels is shown below.

116



Results

=
S N o o
o 4 B B OB
g — — Memo
£ 000 e - 0N T
E =
£ 15004
g
5 10009
g | O
2 5004

8 1 1B 2 24 B
Time (days post injection)

=]
O
*

16y [ g 140 z
E 1.4 S 120
£ 42 38
o . c 100
& o
b 1 % 80
£ os 3
- 60
E os G
2 04 é 40
g o2 3 2
0 0
TN g 2 o9 W
s 3 5 & i 5 %
o
o
D 72
150 - & _— Memo
E * S c— e A C1i0
3 a2
£ 6100 ES4 .
25 2
$8 50 g8
WQ_ -
5 g
2 9 < 9
shiz sh5 shLZ sh5

Figure 2. Memo is required for invasion and tumor cell migration in vivo. (A) Orthotopic tumor growth of
MDA-MB-231 control (parental and shLZ) and Memo KD (sh2 and sh5) cells in mice. Curves are the mean tumor
volumes + SEM (n=8 mice per group). Inset: Western blot analysis of Memo levels in injected cells. (B) Relative
number of spontaneous lung metastases per unit lung area, normalized to final tumor mass (Metastatic index), in
the animals described in (A). Data are the means + SEM (n=8 mice per group). For statistical analyses, each
shMemo group was compared to the combined parental and shLZ control groups. (C) Average number of tail-vein
derived lung surface metastases + SEM 4 weeks post-injection (n=6-10 mice per group). (D) Intravital time-lapse
imaging of orthotopic tumors from GFP-labeled MDA-MB-231 shLZ and sh5 cells. The average numbers of cells
extending protrusions and motile cells were determined per z-stack. Data are the means + SEM of 7-8 separate z-
stacks (n=3 mice per group). Inset: Western blot analysis of Memo levels in injected cells. Lower panels: one motile
shLZ tumor cell is outlined, frames are 4 min apart; one protruding sh5 tumor cell is outlined, frames are at 0, 8, 22
and 28 min.
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Figure 3. Reconstitution of Memo expression rescues tumor cell migration and invasion in vivo. (A) Western
blot analysis of Memo levels in control shLZ, Memo sh5 KD and sh5 non-targeting Memo reconstituted cells (sh5-
NT). (B) Intravital time-lapse imaging of orthotopic tumors from GFP-labeled MDA-MB-231 shLZ, sh5 and sh5-NT
cells. The average numbers of cells extending protrusions (left graph) and motile cells (right graph) were
determined per z-stack. Data are the means + SEM of 7-8 separate z-stacks (n=3-5 mice per group). (C) Relative
number of spontaneous lung metastases per unit lung area, normalized to final tumor mass (Metastatic index),
from mice with orthotopic MDA-MB-231 shLZ, sh5 and sh5-NT MDA-MB-231-derived tumors. Data are the means

+ SEM (n= mice per group).
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Figure 4. Memo has copper-dependent redox activity. (A) Structural model of Memo showing the putative
active site pocket and residues (7). Histidine residues required for copper binding are shown in red. (B) Cu(ll)
reduction assay, measured as pM Cu(ll) reducing equivalents (CRE) per nmol purified protein, in normoxic and
hypoxic conditions. (C) Cu(ll) reduction assay with Memo mutants, measured as CRE normalized to wild-type (WT)
(normoxic conditions). (D) O, production by WT or H192A Memo in the presence or absence of 50 uM CuCl, and
4U SOD, measured as relative light units (RLU). (E) O, production by WT or H192A Memo, pre-loaded with the
indicated metal or assayed in the presence of Cu(ll). (F) Enzymatic properties of WT and H192A Memo during the
generation of O, using CuCl, as a substrate (K, substrate affinity; K.t substrate turnover; Ke../Km, enzymatic
efficiency). K.t was determined from figure S4G and is the maximum number of Cu(ll) molecules converted per 50
nmol protein per 10 s. (G) Quantitative mass spectrometric analysis of the oxidation state of 4 cysteines in the
indicated RhoA peptides. All data represent means + SD of 4 independent experiments.
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Figure 5. Memo influences the intracellular redox status. (A) Invasion of MDA-MB-231 control shLZ and Memo
KD sh5 cells treated with 1 nM tetrathiomolybdate (TM), through matrigel-coated Boyden chambers. Data
represent means + SD (n=4 chambers per condition). (B) Western blot analysis of levels of reduced and total actin,
Rac1 and RhoA in lysates incubated with AMS. Quantification of reduced RhoA, relative to total and normalized to
shLZ, is shown below. Data represent means + SD of 4 independent experiments. (D) Relative abundance of
MRNAs encoding catalase, GCLC, and GPx1 in the indicated MDA-MB-231 cell lines. Data represent means + SD of
6 independent experiments.
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Figure 6. Memo regulates ROS levels in cellular protrusions and NOX-mediated O, production. (A)
Intracelllular ROS levels in MDA-MB-231 shLZ and sh5 Memo KD cells under normal growth conditions as
determined by carboxy-H,DCF-DA treatment followed by FACS. Data represent means + SD of 3 biological
replicates from 2 independent experiments. (B) MDA-MB-231 cell stained to visualize the nucleus (blue),
microtubules (green) and actin (red). Protrusions (lamellae) are circled. The lamellipodia, actin-rich structures at
the leading edge of the protrusion, are indicated by the white arrows. (C) CellROX staining of MDA-MB-231 shLZ
control, sh5 Memo KD, and sh5-NT Memo reconstituted cells, after starvation and serum stimulation. Outlines
indicate cell boundaries, arrows indicate protrusions (for magnifications see upper images). Images are
representative of 3 independent experiments. The percentage of ROS present in protrusions relative to total
intracellular ROS levels were quantified (graph, right). Data represent means + SD (n=16 images/group). (C)
Representative graph of long-term NOX activity, as measured by O, production (relative light units, RLU), upon
PMA stimulation of MDA-MB-231 shLZ, sh5, and sh5-NT cells (left). The area under the curve was quantified (right).
Data represent means + SD of 3 independent experiments.
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Figure 7. Memo expression is upregulated in breast cancer and is correlated with aggressive disease. (A)
IHC quantification of Memo in human normal and breast cancer samples. The number and percentage of samples
with low and high Memo levels are shown. Statistical analysis was performed by Contingency Table analysis with
Fisher's Exact Test (JMP 10). (B) An example of Memo expression in non-neoplastic (N) and invasive tumor (T)
structures within the same core. (C) Distribution of the number of cases displaying low and high C- and N-Memo.
C- and N-Memo levels are significantly correlated (p<0.0001). (D) Examples of C- and N-Memo staining. (E)
Correlation between high total Memo (cytoplasm and/or nucleus), C-Memo and N-Memo with patients’ clinical
and histopathological parameters at surgery. £: the OR and p-value of the univariate logistic regression model,
high total Memo. *: the OR and p-value of the bivariate logistic regression model, high C-Memo adjusted for N-
Memo. $: the OR and p-value of the bivariate logistic regression model, high N-Memo adjusted for C-Memo. (F)
Multivariate analysis of high C- or N-Memo with distant metastasis and OS. The HRs comparing C- or N-Memo high
vs low were estimated with a multivariable Cox proportional hazards model, controlled for clinical and
histopathological parameters at surgery within 5 years (< 5 years) and after 5 years (> 5 years) from surgery.
Significant p-values are indicated in red.
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Figure 8. Model for Memo's function in intracellular ROS production and migration. Extracellular stimuli can
induce signaling pathways, for example PKC, leading to NOX1 and NOX2 activation (1). NOX-dependent redox
signaling, occurring at cellular membranes, leads to spatially-restricted increases in ROS levels, thereby
modulating the function of proteins important for cell motility (2). In addition, NOX complexes themselves have
been shown to be activated by ROS, suggesting that a positive feed-forward mechanism might amplify Oy
production (3). Memo, which is also recruited to the cell cortex upon growth factor stimulation, is necessary for
sustained activation of NOX signaling, perhaps by influencing the activity of redox sensitive proteins (3). Memo
also controls the cellular redox status of RhoA, Shc and potentially other proteins (4). Memo is also known to
influence pathways promoting cell motility and, as we show herein, invasion and metastasis (5).
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Figure S2. Memo downregulation does not
decrease in vitro cellular proliferation or
primary tumor outgrowth, but may decrease
the survival or proliferation of disseminated
tumor cells in the lungs. (A) Western blot
analysis of Memo abundance in MDA-MB-231
control (parental and shLZ) and Memo KD (sh2
and sh5) tumor lysates. Each lane represents an
individual tumor. (B) Quantification of CD31 and
phospho-HistoneH3 staining of MDA-MB-231
control shLZ and Memo sh5 KD tumors to assess
angiogenesis and cell proliferation, respectively.
Data represent means £ SD (n=3 mice per
group). (C) Proliferation of stable MDA-MB-231
and T47D and dox-inducible MCF10A-
ErbB2/ErbB3 control (shLZ), Memo knockdown
(sh1, sh2, sh5) and sh5 Memo NT-reconstituted
cells. Data represent means x SD of 3 wells; each
experiment was performed at least 3 times.
Western blot analysis of Memo in the indicated
cell lines; each experiment was performed at
least 3 times. (D) Area of individual lung lesions
arising from MDA-MB-231 control (parental and
shLZ groups) and Memo KD sh2 and sh5 tumors.
Grey bars indicate the median lesion areas (n=8
mice per group).
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Figure S3. Reconstitution of Memo restores invasion and tumor cell migration in vivo. (A) Orthotopic tumor
growth in mice of GFP-labeled MDA-MB-231 control shLZ, Memo sh5 KD and sh5 Memo NT-reconstituted cells.
Curves are the mean tumor volumes + SEM (n=9-15 mice per group). (B) Western blot analysis of Memo
abundance in tumor lysates produced from mice described in (A). Each lane represents an individual tumor. (C)

Number of tumor cells per mL blood taken from the mice described in (A). Data represent the means + SEM (n=8-
15 mice per group).
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Figure S4. Analyses of Memo activity. (A) Measurement of the dioxygenase activity of 0.1 nmol protocatechuate
dioxygenase (PD), Memo and Memo supplemented with 50 uM CuCl; (Cu(ll)). The activity of PD is significantly
greater than that of Memo alone (p=0.004) or Memo with CuCl, (p=0.004), as determined by regression analysis.
(B) Oy production by 100 pmol Memo, assayed in the presence of 50 uM of the indicated metal. Fe(ll)-generated
Oy is a result of Fenton chemistry. (C) Cu(ll) reducing equivalents (CRE) of increasing amounts of Memo or PD. The
activity of PD is less than that of Memo (p=7x107) as determined by regression analysis. (D) Western blot analysis
of the abundance of WT and mutant Myc-tagged Memo proteins in whole cell extracts (WCE) and
immunoprecipitates from transfected HEK293T cells. (E) Relative CRE of the immunoprecipitated Memo proteins
shown in panel D. Values are relative to Memo protein levels and normalized to WT. (F) Measurement of Oy
production in the presence of 50 uM CuCl; and increasing amounts of WT or H192A Memo. Values are significantly
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different for measurements = 50 pmol Memo (p<0.008) (G) Measurement of O, production in the presence of 50
pmol WT or H192A Memo and increasing amounts of CuCl.. Values are significantly different for measurements >
50 uM Cu(ll) (p<0.004) (H) Putative Cu(ll)-dependent mechanism of O, production by Memo. (I) MS analysis of the
relative average oxidation status of 4 cysteine residues within RhoA, in the presence or absence of Cu(ll)-preloaded
(+Cu) or non-preloaded (-Cu) WT or H192A Memo. Data for (A), (F-G) and (1) represent means + SD of 4 independent
experiments; data for (B) and (E) represent means = SD of 3 independent experiments. Data for (C) are
representative of 3 independent experiments.
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Figure S5. Memo influences the intracellular redox status. (A) Western blot analysis of the abundance of
reduced (non-reducing SDS-PAGE) and total (reducing SDS-PAGE) p52 Shc and RhoA in SKBR3 lysates incubated
with AMS. Data are representative of 3 independent experiments. (B) Relative abundance of mRNAs encoding
catalase, GCLC, and GPx1 in the indicated SKBR3 cell lines. Data represent means = SD of 6 independent
experiments.
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Figure S6. Analysis of ROS and selected mRNAs in Memo knockdown cell lines. Relative ROS concentrations
in protrusions of (A) SKBR3 and (B) T47D shLZ and sh5 cells stimulated with 12 nM HRG, normalized to total ROS
concentrations. Data represent means + SD of 3 independent experiments. (C) Detection of GFP-Memo and
CellROX Deep Red ROS reagent staining in HRG-stimulated SKBR3 cells. 100x magnification. Arrows indicate
regions where Memo and ROS overlap. Images are representative of 2 independent experiments, with a total of 4
biological replicates. (D) Quantification of Nox1 and Nox2 mRNA abundance in MDA-MB-231 cells by gPCR,
normalized to 18S RNA abundance. Data represent means + SD of 3 independent experiments. (E) Representative
graph of short-term NOX activity, as measured by O, production (relative light units, RLU), upon PMA stimulation
of MDA-MB-231 shLZ, sh5, and sh5-NT cells. Arrow indicates PMA addition. Graphs are representative of 3
independent experiments. (F) Quantification of O, production (relative light units, RLU) in shLZ, sh5, and sh5-NT
cells untreated (basal) or treated for 60 min with PMA or PMA + DPI. Data represent means * SD of 3 independent
experiments.
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Figure S7. Memo immunohistochemistry. (A) Immunohistochemical quantification of Memo in human
neoplastic breast samples. 20x and 40x magnifications of the tumor sections shown in Figure 7D are shown. (B)
Memo immunohistochemistry on sections of paraffin-embedded: T47D shLZ and sh5 cells, and SKBR3 control (EV)
and Memo overexpressing (NT) cells done to control for Memo antibody specificity (80X and 20x magnification).
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Variable Definition N(% col)
All 407 (100.0)
Age at surgery 35-50 125 (30.7)
51-65 217 (53.3)
=63 65 (16)
Histology Ductal 319 (78.4)
No Ductal 88 (21.6)
pT pTla 4(1)
pTlb 91 (22.4)
pTle 277 (68.1)
pT2 35(8.6)
Positive lymph nodes None 264 (64.9)
1+ 143 (35.1)
Grade NA 12(2.9)
1 111 (27.3)
2 197 (48.4)
3 87 (21.4)
PVI Absent 340 (83.5)
Present 67 (16.5)
ER ER=0 32(79)
ER>0 375 (92.1)
PgR PGR=0 81 (19.9)
PGR>0 326 (80.1)
ER/PgR - (Both 0) 30 (7.4)
+ (ER>0 or PgR>0) |377 (92.6)
ErbB2 NA 8(2)
- 378 (92.9)
+ 21 (5.2)
Ki67 <14% 175 (43)
>14% 232 (57)
P33 NA 92 (22.6)
<16 244 (60)
=16 71 (17.4)
Subtype NA 5(1.2)
LUM A 168 (41.3)
LUM B Ki67 HIGH |191 (46.9)
LUM B ErbB2+ 15(3.7)
ErbB2+ 6 (1.5)
TN 22 (5.4)
Distant metastasis No event 369 (90.7)
Event 38 (9.3)
Overall Survival Alive 360 (88.5)
Dead 47 (11.5)

Table S1. Clinico-pathological characteristics of the breast cancer cohort analyzed for Memo abundance.
pT, primary tumor stage; tumor grade; proliferation index (Ki-67); p53 IHC status; subtype (Luminal (LUM) A; LUM
B with high Ki67; LUM B with positive ErbB2, ErbB2 positive and triple negative (TN) breast tumors (46). Distant
metastasis is defined as the time from surgery to distant recurrence or death from breast cancer; overall survival
(OS) as alive or dead, defined as the time from surgery until the date of death from any cause. NA, not available.
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Total Memo (£} C-Memo (*} N-Memo ($)
[Variable Low HIGH OR (85% CI) p Low HIGH OR (95% CI) b Low HIGH OR (95Y% CI) P
Age at surgery 3550 69(552)  56(448)  Rel 62(656)  43(344)  Rel 62(656)  43(344)  Rel
5165 127(585) S0(415]  087(056135) 0549 180(73.7) 57(263)  05(02809) 0021 135(622) 82(37.6)  168(095288) 0073
-85 33(506)  32(492)  119(066:218) 0561 43(662)  22(338)  0.78(0.361.59) 053 38 (50) 26 (40) 146(069313) 0325
Histology Ductal 180 (56.4) 139 (436)  Ref. 222(60.6) 97(304)  Ref. 203(636) 116 (364)  Ref.
No Ductal 40(557)  20(443) 103 (084168 0901 63(71.6)  25(284)  0.77(0.41.1.44) 0415 52(50.2)  35(30.8)  132(074235 0346
pT pT1af 47 (495)  48(505)  Ref 65(65.4)  30(316)  Rel 55(57.9)  40(42.1)  Ref
eT1e 183(588) 114(412) 068(043100) 0113 198 (715 79(285  1.02(0551.88 0957 178(843) ©0(357) 076043134 0341
BTz 19 (54 3) 18 (45 7] 082 (035179 0827 22 (52 8) 13 (37 1) 181071518 02 23 (857 12 (34.3) 05 [0.16,1.54) 017
Pesitive lymph nodes Mane 142(547)  121(458)  Ref 182 (BRO) B2 (31T Ret 185 (E25) 90 (378 el
1+ B5(60.1)  57(308)  075(052118) 0247 103 (72) 40 (28) 0.84(0.4.1.44) 0520 91636  52(364) 104063173 0874
Grade 1 B4(577)  A47(423)  Ref B5(756)  26(234) Ref 62513  43(387)  Ref
2 106(563) 88(447)  11(069178) 0693 135(885) 62(315) 18095338 007 121(614)  76(386) 074042131 0302
3 52(50.8)  35(402)  082{052162) 0785 S0 (678  28(322)  203(134638  0.007 B2(724)  24(27.6) 034016072  0.005
PVI Absent 188(563) 152(447) Ref 237 (86.7)  103(303] Ref 209 (815) 131 (385  Ref
Present 41(612)  25(3658)  078(045134) 0374 45(716)  10(28.4)  1.21(D624% 0508 47 (701)  20(208) 061031122 0182
ER ER=D 18 (56 7) 14 (43 7] 10,482 07) 088 18 (59 4) 13 (406 353 (143874 0006 24 (75) B (25) 026 (009071) 0008
ER=D 211 (583  184(437)  Ref 286(709) 102291  Ref FE2(E18)  143(381)  Ref
PgR FGR=0 47 (58) 34 (42) 081(08615) 0722 s (728  22(272)  0.99(051.188 0858 55(67.9)  26(321) 077041142 0401
FGR=0 182(558) 144(442)  Ref 206(58.3)  100(30.7)  Ref. 201 (817)  125(38.3)  Ref
ERIPGR - (eathe) 18(533)  14(467) 114 (05424) 0737 17(567)  13(433)  3.91 (1559.85 0004 22(723)  B{267) 027(01:074  0.011
+ (ER=0 or PgR=0) 213(565) 164 (435)  Ref 255(711)  109(28.9) Ref, 224 (621)  143(379)  Rel
ErbB2 - 213(563) 165(437)  Ref 285 (70.8) 110(281]  Ref 237 (627) 141(37.3) Ref
+ 12(57.1) 9428 067 (04235 0843 12(571)  0(429) 336(1.14.088) 0028 15(71.4)  6{288) 033(01,1.08 0067
Ki6T <14% 106(606) €0(304)  Ref 135(77.1) 40 (228)  Ref 113(8468) 62(354)  Ref
214% 123 (53) 108 (47) 136061203 0129 150(647)  B2(35.3) 217 (1.27.3.71)  0.05 143 (61.6)  80(36.4)  076(045.125) 0278
p53 <16 143(586) 101 (41.4)  Ref. 176 (73) 66 (27) Ref. 158 (64.8) 86(352)  Refl
216 32(451)  30(549)  173(101:2984) 0045 37(521)  34(479)  3.03(1.53509  0.001 41(57.7)  30(423)  071(036141) 033
Subtype LUM A 101(60.1)  67(30.8)  Ref, 120(76.8) 30(232)  Rel, 108 (843) 60(357)  Rel
LUM B KI67 High 103(530)  88(461)  120(085188) 0238 120(575)  62(325)  1.65(0.06208) 007 115(802)  76(30.8) 00054153 0708
LUM E ErbE2 POS 8 (53.3) 7467 132 {045381)  0.600 5(53.3) T(4BT) 551 (1.46.208) 0012 10(88T) 5233 034 (0.08,1.34) 0123
ErbE2 FOS 4 (66.7) 2(333) 075013423 0748 4 (86.7) 2(333) 455(0.61.3358) 0130 5 (83.3) 1(16.7) 0.15(0.01,1.84) 0128
™ 11(50) 11(50) 151 (062367 0367 12(545)  10(455)  §32(207.19.28) 0001 16(727)  6{27.3) 023(007.078)  0.018

Table S2. Correlations between Memo status and clinical and pathological parameters in the breast cancer
cohort. £: Odd Ratio (OR) and p-value of the univariate logistic regression model, association between patients’
characteristics at surgery and probability of high Total Memo. OR and p-value of the bivariate logistic regression
model, association between patients’ characteristics at surgery and probability of high: * cytosolic Memo (C-
Memo), adjusted for nuclear Memo (N-Memo); and $ N-Memo, adjusted for C-Memo, respectively. Significant p-

values are indicated in red.
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Total Memo (N%) C-Memo (N%) N-Memo (N%)
Definition All cases analyzed Low High Low High Low High
All cases analyzed Al 407 (100) 229 (100) 178 (100) 285 (100) 122 (100) 256 (100) 151 (100)
Distant Metastasis No Event 369 (90.7) 204 (89.1) 165 (92.7) 259 (90.9) 110 (90.2) 228 (89.1) 141 (93.4)
Event 38 (9.3) 25 (10.9) 13 (7.3) 26 (9.1) 12(9.8) 28 (10.9) 10 (6.6)
Overall Survival Alive 360 (88.5) 199 (86.9) 161 (90.4) 254 (89.1) 106 (86.9) 222 (86.7) 138 (91.4)
Dead 47 (11.5) 30 (13.1) 17 (9.6) 31(10.9) 16 (13.1) 34 (13.3) 13 (8.6)

Table S3. Observed events in the breast cancer cohort. Median follow-up time estimated in non-events: 12.1
years; Interquartile range: 11.3-12.9 years, according to Total memo, cytosolic Memo (C-Memo) or nuclear Memo
(N-Memo) high compared low abundance; (% in parenthesis).

Distant metastasis Overall survival

Variable HR {95% Cl) p HR (95% Cl) p

C-Memo <5 years: High vs Low 3.89(1.16;13.07) 0.028|8.36(1.31;53.42) 0.025
C-Memo =5 years: High vs Low 0.44 (0.11;1.8) 0.25|1.05 (0.45;2.43) 0.92
N-Memo <5 years: High vs Low 0.44 (0.13;1.53) 0.2|0.38 (0.07;2.1) 0.27
N-Memo 25 years: High vs Low 0.57 {0.16;2.01) 0.38]0.54 {0.23;1.28) 0.16
Age: 35-50 vs 65+ 0.44 {0.17;1.18) 0.1|0.34 (0.15,0.76) 0.008
Age: 51-65 vs 65+ 0.61(0.26;1.43) 0.25]0.36 (0.18,0.74) 0.005
pT2 vs pT1 2.9(1.26,6.71) 0.013|1.92 (0.85;4.35) 0.12
Positive lymph nodes: 1+ vs none [2.75(1.42;5.32) 0.003|1.94 (1.06;3.53) 0.031
Grade 3vs 1-2 1.42 (0.64;3.15) 0.39|1.64 (0.77,3.48) 0.2
ER/PgR: - vs + 1.98(0.82;4.78) 0.13|1.42 (0.59;3.41) 0.43
ErbB2:+ vs - 1.52(0.49;4.76) 0.47|1.26 (0.41;3.91) 0.69
Kie7 214% vs <14% 1.63(0.7;3.78) 0.25|1.13 {(0.56;2.27) 0.74
p53 216 vs <16 2.26(1.06;4.81) 0.034]2.7 (1.31,5.56) 0.007

Table S4. A time-dependent multivariable Cox model was used to estimate the hazard ratios. The
comparison is between cytosolic Memo (C-Memo) high compared to low, within 5 years and after 5 years from
surgery; controlled for age, tumor size, lymph node status, grade, hormone-receptor status, ErbB2 status, p53 and
Ki-67, and nuclear Memo (N-Memo) when evaluating C-Memo and C-Memo when evaluating N-Memao.
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Lentiviral constucts:

pLKQ.1-puro shMemo vectors purchased from Sigma:
Given construct name

sh1

sh2

sh5

pLKOQ-tet-on-puro shRNA vectors cloned in house:
Given construct name

control shLZ: pLKO.1-puro and pLKO-tet-on-puro

Memo sh5: pLKO-tet-on-puro

GFP lenti

Retroviral expression constructs:

Sigma order number
MISSION shRNA library TRCNOOD0122894

MISSION shRNA library TRCNO000122895
MISSION shRNA library TRCNO000122898

Forward/reverse oligo sequences
5-CCGGGCGGUTGCCGGAATTTACCTTCTCGAGGGTAAATTCCGGCAGCCGCTTTTT-3
5-AATTAAAAAGCGGCTGCCGGAATTTACCCTCGAGAAGGTAAATTCCGGCAGCCGC-3
5-CCGGGCAAGACAGTTCAGTGAGTTACTCGAGTAACTCACTGAACTGTCTTGCTTTTTG-3
5-GAATTCAAAAAGCAAGACAGTTCAGTGAGTTACTCGAGTAACTCACTGAACTGTCTTGC-3

GFP-pWPXL

Oligos used to introduce synonymous mutations into the Memo sh5 recognition sequence:

Given construct name
NT
EY

Other vectors:
GFP-Memo

qPCR Primers:
gene

hGPX1

hGCLC

hCAT

h18s

Table S5. Primers, oligos, and vectors used.

5- GCAGGATTCGAGTGTATCGTATGCAGCTGGAGCAC-3
5-CGATACACTCGAATCCTGCCAGTTTCTACACTGGC-Y

Description
Myc-Memo with mutated sh5 recognition sequence in pLHCX
pLHCX empty vector

eGFP-Memo-pcDNA3 .1

forward/reverse primers
5-TTCCCGTGCAACCAGTTTG-3'

5-TTCACCTCGCACTTCTCGAA-3'
5-GGCACAAGGACGTTCTCAAGT-¥
5-CAGACAGGACCAACCGGAC-3
5-TGGGATCTCGTTGGAAATAACAC-Y
5-TCAGGACGTAGGCTCCAGAAG-3'
5-GGACATCTAAGGGCATCACAGACC-3'
5-TGACTCAACACGGGAAACCTCAC-3

Movie S1. Motility of MDA-MB-231 tumor cells expressing shLZ. Representative 30 min time lapse movie from

multiphoton imaging of a shLZ tumor is shown. Movie shows several moving tumor cells. Tumor cells show GFP

fluorescence (green). Scale is 0.994 um/pixel.

Movie S2. Cell protrusions in MDA-MB-231 tumor cells with sh5-mediated Memo knockdown.
Representative 30 min time lapse movie from multiphoton imaging of a sh5 tumor is shown. Movie shows an

example of cell protrusions. Tumor cells show GFP fluorescence (green). Scale is 0.994 um/pixel.

Movie S3. Motility of sh5-expressing MDA-MB-231 tumor cells reconstituted with Memo. Representative 30
min time lapse movie from multiphoton imaging of a sh5-NT tumor is shown. Movie shows several moving tumor
cells. Tumor cells show GFP fluorescence (green). Scale is 0.994 um/pixel.
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3.3.1 Contributions

My contributions to the publication “Memo is a Copper-Dependent Redox Protein with an
Essential Role in Migration and Metastasis” include: 1) preparation of lung sections for the
staining of lung metastases; 2) generation of the T47D Memo rescue cell line and 3) Co-

Immunoprecipitation experiments of Memo with ErbB2 and RhoA.

| also collaborated with Gwen MacDonald on a sub-project, in which we aimed to investigate

the role of Memo in tumorigenesis in a transgenic mouse model (see following chapter).
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3.4 Unpublished Results: Memo in Tumorigenesis

We have demonstrated that Memo is a redox protein involved in breast cancer metastasis.
Furthermore, we have shown that Memo is expressed at low levels in normal mammary gland,
while 40% of human breast cancer samples have elevated Memo expression, suggesting an
oncogenic role for Memo. Moreover, high cytoplasmic localization of Memo is predictive for
early metastasis and death, which is therefore a prognostic factor for aggressive disease
(section 3.3). Interestingly, in a study comparing miRNA expression between normal epithelium
of human breast samples with ductal carcinoma in situ (DCIS), miR-125b that targets Memo,
was demonstrated to be downregulated early in breast cancer development (Hannafon et al.,

2011). Thus, Memo might be involved in the progression from normal to cancer cells.

Memo is expressed in a subset of luminal cells in pubertal mice and changes its

expression pattern during pregnancy, lactation and involution.

Before testing the role of Memo in tumorigenesis, we first aimed to analyze the expression of
Memo in a normal physiological setting in the murine mammary gland. The mammary gland is
a unique organ as it undergoes most of its developmental changes after birth in order to
prepare for its function to produce and secrete milk for offspring. These changes include the
development of secretory alveoli during pregnancy that are capable of producing milk, the
induction of milk production and secretion during lactation and the re-establishment of the
pre-pregnant gland, a process that is called involution (Inman et al., 2015). As each of these
developmental programs requires diverse molecular mechanisms, we investigated Memo
expression in the different developmental stages to see if Memo might be involved in these
processes. Western blot analysis of lysates from mammary glands that were obtained from
pubertal and older virgin mice as well as from mice during pregnancy, lactation and involution,
revealed that Memo was expressed in all developmental stages (Figure 3.14 A). To investigate
if Memo is localized to a specific compartment of the mammary gland, we first isolated
mammary glands from pubertal mice and performed immunohistochemistry (IHC) for Memo.

Interestingly, luminal cells that line the inner epithelial layer facing the lumen of the ducts, were
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positive for Memo expression. However, not all luminal cells were positive for Memo (Figure
3.14 B). In myoepithelial cells, which comprise the outer layer of the ducts, no Memo expression
could be detected (Figure 3.14 B).

Next, we analyzed Memo expression in mammary glands from pregnant (Figure 3.14 C), and
lactating (Figure 3.14 D) mice, and from mice undergoing involution (Figure 3.14 E). In contrast
to pubertal glands, where Memo was expressed in a subset of luminal cells (Figure 3.14 B), the
majority of luminal cells express Memo during pregnancy, lactation and involution (Figure 3.14
C-E). This staining was not caused by non-specific binding of the secondary anti-mouse
antibody as IHC staining without the primary anti-Memo antibody showed no signal (Figure
3.14 F-H). In summary, these observations suggest, that Memo could be involved in the
development and/or remodeling of the mammary gland during different stages of
development - a hypothesis that requires further investigation. However, we have clear
evidence, that Memo is expressed in luminal cells of the murine mammary gland, therefore, we

next studied the role of Memo in tumorigenesis in a mouse model.
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Figure 3.14 Expression pattern of Memo during mammary gland development. (A) Western blot analysis of
Memo expression in mammary gland lysates from different stages of mammary gland development. (B-E) IHC
staining of Memo on mammary glands from mice in different developmental stages. (B) Mammary gland from a
36 days old pubertal mouse. Memo is expressed in a subset of luminal cells but not in myoepithelial cells.
Arrowheads indicate some Memo-negative cells. (C) Mammary gland from a pregnant mouse at day 16.5, (D) from
day 10 of lactation and (E) from involution 48 hours after weaning. (F-H) IHC staining without primary anti-Memo
antibody on same mammary gland sections as in B, C and D to rule out that staining is not caused by secondary
anti-mouse antibody.
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Memo might be required for tumorigenesis in a spontaneous murine tumor model

Memo is expressed at low levels in the human breast and overexpressed in 40% of breast
cancer. Therefore, we hypothesized that Memo is involved in the transition from normal to
cancerous cells. In order to investigate this hypothesis we made use of a spontaneous murine
breast cancer model in which tumorigenesis is driven by an oncogene. In contrast to the
experiments performed with the human breast cancer cell line MDA-MB-231 (section 3.3 Figure
2A), in which we studied the effect of Memo depletion in a tumor cell line that already
underwent tumorigenesis, this spontaneous model allows us to investigate if Memo plays a
role in the malignant transformation process. In this mouse tumor model, tumorigenesis is
driven by the expression of a constitutively activated form of the ErbB2/HER2/Neu receptor,
NeuNT, under the transcriptional control of the mouse mammary tumor virus (MMTV) long
terminal repeat (LTR). The expression of NeuNT in the mammary epithelium is well known to
resultin the development of multifocal mammary tumors that metastasize to the lungs (Guy et
al.,, 1996). We chose this model based on the initial discovery of Memo through its interaction
with the receptor tyrosine kinase ErbB2 (Marone et al., 2004), and based on the observed
correlation between high cytoplasmic Memo expression and ErbB2-positivity in human breast
cancer samples (section 3.3 Figure 7E). To investigate if Memo affects MMTV-NeuNT-driven
tumorigenesis, we generated a triple transgenic mouse line. In this mouse line the excision of
LoxP-flanked (floxed) Memo alleles is mediated by a Cre-recombinase. As the Cre-transgene is
under the control of the MMTV-LTR, Memo excision is expected to occur primarily in the
mammary gland. However, MMTV-transgene expression was reported to occur at low levels in
other tissues like salivary gland, thymus, lung and spleen (Guy et al., 1992). Furthermore, as
both, NeuNT- and Cre- expression are under the control of the MMTV-LTR, oncogene expression
and Memo excision are expected to occur at the same time. By crossing Memo"*MMTV-Cre'9/9
mice with Memo™*MMTV-NeuNT¥9 mice, we generated Memo mammary gland wild-type (WT)
mice (Memo**MMTV-Cre'¥*MMTV-NeuNT'?*), Memo mammary gland heterozygous (Het) mice
(Memo™* MMTV-Cre¥*MMTV-NeuNT¥*) and Memo mammary gland knockout (KO) mice
(Memo™" MMTV-Cre'9*MMTV-NeuNTw*) (Figure 3.15 A). IHC analysis with an antibody against
ErbB2, which detects the mutated form of ErbB2 (NeuNT), of mammary glands isolated from
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MMTV-NeuNT transgenic mice, revealed higher ErbB2 expression (Figure 3.15 B) compared to
control mice without the transgene (Figure 3.15 (), indicating that the transgene is
transcriptionally active. Indeed, multifocal adenocarcinomas developed in the mammary
glands about five months after birth and were positive for ErbB2 expression as detected by IHC
(Figure 3.15 D). Furthermore, IHC staining of ErbB2 on lung sections revealed that tumors were
capable to metastasize to the lungs (Figure 3.15 E). We therefore monitored the different
mouse lines for tumor onset, which revealed that mice from all lines developed tumors with
the same latency (Figure 3.15 F), and also the average number of tumors within one mouse did
not show significant differences (Figure 3.15 G). IHC and western blot analysis of the tumor
samples revealed Memo expression in all tumors, independent of the mouse lines (Figure 3.15
H and I). Given the known mosaic expression pattern of MMTV-Cre (Lu et al., 2008; Wagner et
al., 2001), this result suggests that either Memo-depleted mammary epithelial cells have a
growth defect and are replaced by Memo expressing cells, or that only Memo expressing cells
can give rise to tumors. Thus, to fully elucidate the role of Memo in tumorigenesis, further

studies are required.
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Figure 3.15 Effect of Memo expression on tumorigenesis in a spontaneous murine tumor model. (A) Scheme
of the generation of a triple transgenic NeuNT-driven spontaneous murine tumor model in which Memo excision
and NeuNT expression are expected to be accomplished primarily in the mammary gland and at the same time.
Memo*MMTV-Cre'99 mice were crossed with Memo"*MMTV-NeuNT'9" mice to obtain mice with mammary
glands depleted for Memo (Memo™MMTV-Cre'9*MMTV-NeuNT'9*), heterozygous (Het) for Memo (Memo"*MMTV-
Cre'Y*MMTV-NeuNT¥*) and expressing Memo (Memo™*MMTV-Cre9*MMTV-NeuNT'9*). (B - E) IHC analysis using an
anti-ErbB2 antibody that detects NeuNT expression in (B) mammary glands from mice with the MMTV-NeuNT!9/*
transgene and (C) without transgene, (D) in tumors derived from MMTV-NeuNT'9* mice and (E) in lungs to detect
metastases derived from NeuNT-driven tumors. (F) Mice were monitored for tumor onset. Average number of days
until tumor onset was plotted. (G) Numbers of tumors per mouse were counted and the average number of tumors
per mouse was calculated. (H) Western blot analysis of Memo expression in tumor lysates isolated from mice
harboring Memo™" (KO) or Memo*'* alleles (WT) as well as the MMTV-Cre'¥* and MMTV-NeuNT9* transgenes. (I) IHC
staining of Memo on tumor sections from mice harboring Memo™" (KO) or Memo*'* alleles (WT) as well as the
MMTV-Cre'¥* and MMTV-NeuNT'¥* transgenes.
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Memo does not affect tumor growth of established tumor cells

We have demonstrated that Memo KD does not affect tumor growth of the triple-negative
human breast cancer cell line MDA-MB-231 (Section 3.3 Figure 2A). Nevertheless, the function
of Memo might be different depending on the breast cancer subtype. We previously found that
cytoplasmic localization of Memo correlates with ErbB2 expression (Section 3.3 Figure 7E).
Therefore, we investigated if Memo affects proliferation in NeuNT-positive tumors derived from
the spontaneous tumor model described above. As all tumors derived from this tumor model
were positive for Memo expression (Figure 3.15 H and I), we applied a new strategy to deplete
Memo in these tumor cells. In order to achieve the excision of the floxed Memo alleles, isolated
tumor cells were infected with an adenovirus containing a sequence for the Cre-recombinase.
It is important to note, that this strategy does not answer the question if Memo plays a role in
tumorigenesis, as these cells already underwent malignant transformation. However, this
system enables us to investigate if Memo affects tumor growth of NeuNT positive tumors.

To obtain Memo WT as well as Memo KO tumor cells, tumors from Memo**MMTV-NeuNT?* and
Memo"MMTV-NeuNT9* animals were isolated, dispersed into single cell suspension and
infected with an adenovirus containing a sequence for Cre-GFP. As a negative control, cells
were infected with an adenovirus containing a sequence for GFP alone (Figure 3.16 A). An
infection efficiency of about 80% was achieved, determined by the presence of GFP using a
fluorescence microscope and FACS analysis (data not shown).

Infection of Memo""MMTV-NeuNT¥* tumor cells with Ad-Cre-GFP depleted Memo, while
infection of Memo**MMTV-NeuNT¥* cells with Ad-Cre-GFP or cells infected with Ad-GFP did
not lose Memo expression as determined by western blot analysis (Figure 3.16 B). Memo WT,
KO and control cells were injected into mammary fat pads of immunodeficient mice and tumor
growth measured. No significant differences were observed between the tumors formed by
the different lines. This might be caused by the large variance between the tumors sizes across
all cell genotypes and due to the small number of mice (Figure 3.16 C). However, closer analysis
of the tumor growth of Memo WT and Memo KO tumors that originated from the same
Memo" " MMTV-NeuNT¥* tumor cells, which were infected once with Ad-Cre-GFP (Memo KO)
and once with Ad-GFP (Memo WT), showed no difference (Figure 3.16 D), suggesting that

Memo is not involved in tumor growth. Western blot analysis as well as IHC on tumor sections
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revealed reduced Memo levels in Memo KO tumors (Figure 3.16 E and F) and that ErbB2 levels
were not altered upon loss of Memo (Figure 3.16 E and G). As we have demonstrated that Memo
plays a role in tumor metastasis (Section 3.3 Figure 2B and C), we analyzed the lungs of tumor
bearing mice for the presence of metastases. Except for one mouse that was harboring a Memo
WT tumor, no metastases were detected (data not shown). Thus, we could not analyze the
effect of Memo deletion on metastasis in this tumor model. In summary, these results suggest

that Memo does not affect proliferation of NeuNT-driven breast tumors.
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Figure 3.16 Memo deletion in MMTV-NeuNT tumor cells does not affect in vivo tumor growth. (A) Scheme
shows the strategy of how to excise Memo in primary tumor cells derived from the MMTV-NeuNT'9* mouse line.
Tumors from Memo"MMTV-NeuNT9* and Memo**MMTV-NeuNT'"* mice were isolated and dispersed into single
cells. Memo™ cells were infected with an adenovirus containing a sequence for Cre-GFP (Ad-Cre-GFP) to generate
Memo KO cells or GFP alone (Ad-GFP) as a negative control. Memo** cells were infected with Ad-Cre-GFP to control
for Cre-mediated effects. The obtained Memo KO and WT cells were injected into mammary glands of
immunodeficient mice to test for tumor formation. (B) Western blot analysis of Memo and ErbB2 expression in cell
lysates obtained from Ad-Cre-GFP or Ad-GFP infected tumor cells. Tumors were isolated from Memo**MMTV-
NeuNT* mice (T1-3) and from Memo""MMTV-NeuNT¥+ (T4-6). Ad-Cre-GFP induced the excision of the floxed
Memo allele. (C) Tumor growth of Memo*'*-Cre (WT) (n=6), Memo™-Cre (KO) (n=3), Memo™-GFP (WT) (n=2) cells
(as shown in B) in Balb/c nude mice. (D) Tumor growth of individual mice from (C) that derived from same same
Memo " MMTV-NeuNT¥"* tumor and infected either with Ad-Cre-GFP (KO) or Ad-GFP (WT). (E) Western blot analysis
of Memo and ErbB2 in tumor lysates from Memo WT and Memo KO tumors. (F) IHC staining of Memo on tumor

sections from Memo WT and KO tumors. (G) IHC staining of NeuNT on tumor sections from Memo WT and KO
tumors.
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Materials and Methods - for unpublished results

Antibodies, reagents, plasmids

For western blot analysis and immunohistochemistry the following antibodies were used:
Tubulin-a (NeoMarkers); Actin (Chemicon), ErbB2 (Graus-Porta et al., 1995), and the anti-Memo
monoclonal antibody (aa 279-294 human Memo RNWQDSSVSYAAGALTVH) was produced in

house as described previously (Haenzi et al., 2014).
Lysates and Western blot analysis

Whole cell lysates were extracted in NP-40 buffer (50mM Hepes pH7.4, 150mM NaCl, 20mM f3-
glycerophosphate, 2.5mM NaF, 5mM EGTA, TmM EDTA, 15mM PPI, 1% NP-40, 10ug/ml
Leupeptin, 10ug/ml Aprotinin, 2mM Na Ortho Vanadate, TmM DTT and 1TmM PMSF). Tumor
lysates were homogenized in NP-40 buffer using a polytron (Kinematica). Lysates were cleared
by centrifugation and protein concentration was measured by Bradford (Bio-Rad) using bovine
serum albumin as a standard. Samples were boiled in SDS-sample buffer. The proteins were
separated by SDS-PAGE, blotted onto polyvinylidene difluoride membranes (Millipore) and
probed with the specific antibodies after blocking with 10% horse serum (Gibco) in 1x TBS and
0.05% Tween 20 (Sigma-Aldrich).

Immunohistochemistry

Tumors and mammary glands were fixed in 4% paraformaldehyde for 24 hours and transferred
to 70% ethanol. Fixed tissues were embedded in paraffin and cut into 4 um thick sections.
Immunohistochemistry was performed using the anti-Memo (1:200) or anti-ErbB2 (1:1000)
antibodies. Stainings were carried out using the Ventana Discovery XT biomarker platform

(Roche Diagnostics).
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Animal Experiments

Animal experiments were performed according to the Swiss guidelines governing animal
experimentation and approved by the Swiss veterinary authorities. To generate the triple
transgenic mouse lines MMTV-NeuNT/MMTV-Cre/Memo™"+++ and the double transgenic
mouse lines MMTV-NeuNT/Memo™™/+++following lines were crossed: The conditional Memo
KO (Memo™) mice that were generated as described previously (Haenzi et al.,, 2014) and
backcrossed into FVB/N background, were crossed with MMTV-Cre and/or with MMTV-NeuNT
lines that were both a kind gift from Mohamed Bentires-Alj. For the allograft experiment with
tumor cells isolated from MMTV-NeuNT/Memo™"+*+tumors that were infected with adenovirus
containing a sequence for Cre-GFP or GFP alone, 1.5 x 10°% tumor cells were injected with 25%
Matrigel (BD Biosciences) into the mammary gland of Balb/c nude mice (Charles River). Mice
were monitored twice weekly for tumor onset. Tumor growth was measured and tumor volume
calculated (height x (diameter/2)? x m). At the end of the experiment, mice were euthanized and

tumors dissected.

Isolation of tumor cells and infection with adenovirus

Isolated tumors were cut into small pieces and digested for 1Th in a 37°C water bath using
1mg/ml collagenase (Roche), Tmg/ml dispase (Roche) and 50KU/mI DNAse (Sigma). Single cells
were plated and incubated o.n. at 37°, 5% CO.. The next day, the cells were infected with
adenovirus Ad-Cre-GFP or Ad-GFP (Vector Biolabs) at a MOI 100 and cultured for another four

days before they were harvested and injected into mammary glands of immunodeficient mice.
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4. Discussion and Outlook

4.1 HDAC11 in ER-positive breast cancer

Our study revealed that HDAC11 is overexpressed in human breast cancer compared to normal
breast and it correlates with ER expression levels. Furthermore, HDAC11 expression is
controlled by ER signaling, as E2 stimulation increases HDAC11 mRNA levels, while inhibition of
the pathway by tamoxifen or fulvestrant decreases HDACT11 transcription. KD of HDAC11 in the
ER-positive breast cancer cell lines T47D, MCF7 and J110, decreases cell proliferation, but does
not significantly alter proliferation of the ER-negative breast cancer cell lines MDA-MB-231 and
SUM159. Moreover, RNA-sequencing experiments revealed a higher number of upregulated
than downregulated genes upon HDAC11 KD, underscoring its role as a transcriptional
repressor. Interestingly, GSEA analysis suggests that HDAC11 affects the estrogen responsive
transcriptional program, as genes normally downregulated upon estrogen signaling are
upregulated in HDAC11 KD cells compared to control cells. Furthermore, Kaplan-Meier analysis
revealed that HDAC11 has prognostic value for patients who received endocrine therapy, as

the probability of RFS and DMFS was decreased for the HDAC11-high group.

HDAC11 affects ER expression levels

We observed a reduction in ER protein and mRNA levels upon HDAC11 KD in T47D as well as in
MCF7 cells. As HDACT11 is a transcriptional repressor (Villagra et al., 2009), it is unlikely that
HDAC11 induces ESRT transcription in a direct manner. However, HDAC11 might directly
repress genes encoding proteins or miRNAs, which repress ESR1 transcription or target ESR1
mMRNA, respectively (Figure 3.12). Indeed, several miRNAs, including miR-206 (Adams et al.,
2007), miR-221 and miR-222 (Zhao et al., 2008) negatively regulate ER expression. Future
experiments such as ChIP-sequencing, might identify genes directly repressed by HDAC11, and
could reveal how HDAC11 affects ER levels.

Additionally, HDAC11 might also control ER protein levels through deacetylation of the ER
chaperone Hsp90. Hyperacetylation of Hsp90 in response to HDAC6 inhibition decreases its
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binding to ER, leading to polyubiquitylation and proteasomal degradation of ER (Fiskus et al.,
2007). Thus, it would be interesting to investigate the acetylation status of Hsp90 in HDAC11
KD cells and to test if ER ubiquitylation is affected by HDAC11 (Figure 3.12).

HDAC11 controls part of the estrogen-induced transcriptional program

Genes normally downregulated in response to estrogen signaling are upregulated in HDAC11
KD cells compared to control cells. Thus HDAC11 might contribute to the estrogen induced
transcriptional program by acting as a transcriptional repressor. However, it remains unknown
how HDACT11 mediates gene repression in response to estrogen signaling. Several mechanisms
are possible, which might include deacetylation of the ER directly and/or ER-interacting

proteins such as transcription factors and coregulatory proteins.

The ER represses genes by recruiting corepressors such as NCoR1 and HDAC1 (Jackson et al.,
1997; Kawai et al., 2003) to gene promoters. Thus, HDAC11 might be recruited to specific genes
through interaction with ER and induce chromatin condensation and/or alter ER transcriptional
activity. We did not observe differences in transcriptional activity of ER measured by an ER-
responsive reporter construct, however this does not rule out that ER transcriptional activity is
affected by HDAC11 on specific genes. As ER has been shown to be acetylated by the HAT p300,
which, depending on the acetylation site, increases (Kim et al., 2006) or decreases (Wang et al.,
2001) ER transcriptional activity, HDAC11 might control ER activity through its deacetylase
function (Figure 4.1). Therefore, it would be interesting to analyze if HDAC11 and ER interact
and if HDAC11 can deacetylate ER at specific sites.

Alternatively, HDAC11 might be recruited to ER target genes by interacting with transcription
factors such as AP1,a known ER interacting protein (Kushner et al., 2000). Interestingly, genome
wide analysis of ER binding sites revealed that late downregulated ER target genes (at 6 and
12h of E2 stimulation) are more likely to contain AP1 binding sites close to their promoter
region, suggesting that AP1 promotes transcriptional repression of these genes (Carroll et al.,
2006). AP1 interacts with the corepressor protein NRIP1/RIP140 (Teyssier et al., 2003), whose

transcription is induced upon estrogen signaling, and KD of NRIP1 prevents repression of
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several genes normally repressed by estrogen signaling (Carroll et al., 2006). Thus, it would be
interesting to test if HDAC11 is recruited to ER target genes by AP1. Co-IP experiments should
reveal if these two proteins can interact, and Re-ChIP experiments would be required to test
whether HDAC11 and AP1 are found at the same gene promoters. Additionally, HDAC11 might
also affect AP1 transcriptional activity, as the class lHDAC SIRT1 has been shown to deacetylate

AP1, thereby repressing AP1 transcriptional activity (Figure 4.1) (Zhang et al., 2010¢).

Moreover, several ER coregulatory proteins are regulated by acetylation. For example,
acetylation of the two ER corepressor proteins NRIP1/RIP140 and HDACT (Carroll et al., 2006;
Kawai et al., 2003; Lopez-Garcia et al., 2006), leads to loss of gene repression. In the case of
NRIP1, acetylation prevents its association with the transcriptional regulator CtBP (Vo et al.,

2001), while acetylation of HDAC1 inhibits its deacetylase function (Figure 4.1) (Qiu et al., 2006).

Thus, HDAC11 could repress gene transcription by various mechanisms. Future studies will be
aimed to identify the genes directly regulated by HDAC11 as well as its interaction partners by

ChIP-sequencing and mass spectrometric experiments, respectively.

&
TF o
ER-target genes
ERE — RE

Figure 4.1 Potential mechanisms through which HDAC11 could mediate gene repression in response to

estrogen signaling. HDAC11 could be recruited to ER-target genes by ER, coregulatory proteins (CoReg) or
transcription factors (TF), where it could deacetylate histone proteins leading to chromatin condensation,
decreased transcriptional activity of ER and/or other TF, or prevent binding of other coregulatory proteins.
Abbreviations: response element (RE), estrogen response element (ERE)
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HDAC11 as a therapeutic target for breast cancer

Searching online available databases revealed that HDAC11 is overexpressed in human breast
cancer compared to normal breast, suggesting an oncogenic role for HDAC11. This is
supported by our finding that HDAC11 controls proliferation of ER-positive breast cancer cell
lines. Furthermore, allograft experiments using the ER-positive murine breast cancer cell line
J110 revealed reduced tumor growth of HDAC11 KD cells. However, further experiments are
required to test if HDAC11 might be a target for breast cancer therapy. Xenograft experiments
using T47D and/or MCF7 control and HDAC11 KD cells could shed light on HDAC11’s potential
to affect tumor growth of human cell lines in vivo. Treatment of tumor bearing mice with an
HDACT 1-inhibitor, might give additional insight if targeting HDAC11 is beneficial, particularly
since targeting HDAC11 in immune cells has been shown to decrease anti-tumor immune
responses and to cause increased tumor growth (Sahakian et al., 2014). However, this
experiment would require the development of HDAC11 specific inhibitors, as inhibitors that

target HDAC11, generally also target class | and/or class [ HDACs (Mottamal et al., 2015).

Kaplan-Meier analysis revealed a decrease in the probability for RFS and DMFS for patients
treated with endocrine therapy, expressing high HDAC11 levels. As this group of patients is
likely to contain endocrine resistant tumors, HDAC11 might play a role in resistance. In order to
investigate if tumors expressing high HDAC11 levels are more likely to develop resistance, IHC
for HDAC11 on primary tumors and matched relapsed tumors that developed resistance
against endocrine therapies are needed. Furthermore, in vitro studies using tamoxifen resistant
cell lines such as T47D-TMR and MCF7-TMR, might give additional insights into HDAC11’s

potential role in endocrine resistance.

To conclude, our study suggests that HDAC11 is an estrogen induced transcriptional repressor,
promoting ER-positive breast cancer cell proliferation. Furthermore, HDAC11 is overexpressed
in human breast cancer and high HDAC11 levels in endocrine treated patients correlates with
an increased risk of early disease recurrence. Important areas for future research would be to
learn more about HDAC11’s potential role in the development of endocrine resistance and

development of more specific HDAC11 inhibitors to test their effects in the clinic.
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4.2 Memo in Metastasis and Tumorigenesis

We have shown that Memo is a copper-binding redox protein essential for cell migration and
metastasis. Our data suggest that Memo promotes migration by sustaining NOX-mediated ROS
production in cellular protrusions, which are the locations of proteins that are redox controlled
and known to be important for cell migration. Furthermore, we found that Memo alters the
redox state of RhoA and Shc. While Memo is required for breast cancer cell migration and
metastasis, KD of Memo in several breast cancer cell lines did not affect cell proliferation in vitro,
and tumor growth of the triple-negative as well as NeuNT-driven tumor models were not
affected by Memo KD or KO, respectively. However, the average size of lung metastases that
disseminated from Memo KD tumors, were smaller in size, suggesting that these cells have a
growth disadvantage in the lung environment. Moreover, our observation that all developing
tumors in the NeuNT-driven breast cancer model were Memo-positive, might have been
caused by an early growth defect of Memo-negative cells in the mammary gland. In addition,
high cytoplasmic localization of Memo in human breast cancer correlated with the proliferation
marker Ki67. Together, this data suggest a role for Memo in proliferation during early tumor
development and metastasis. Importantly, we provide evidence that Memo has prognostic
value for breast cancer patients, as distant metastasis-free survival and overall survival
decreased for patients with high cytoplasmic Memo. Furthermore, preliminary experiments

suggest that Memo might have a role in normal mammary gland development.

Memo controls the redox-milieu in cellular protrusions and promotes migration

We and others have demonstrated that Memo is required for breast cancer cell migration
(Marone et al., 2004; Meira et al., 2009; Zaoui et al., 2008, 2010). Our novel finding, that Memo

is a copper-binding redox protein, sheds new light on how Memo might control cell migration.

KD of Memo causes a decrease in ROS levels in cellular protrusions upon serum stimulation,
and ROS is known to be involved in affecting proteins located in these protrusions and
important for the migration process (Moldovan et al., 2000; Wagner and Gorin, 2014). Localized,

and tightly regulated ROS can act as signaling molecules, inducing reversible oxidation of
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proteins, thereby altering protein structure, interaction and activity (Ray et al., 2012). Despite
the increasing number of proteins found to be redox-regulated and known to be involved in
cell migration, the exact targets of Memo and how these are involved in cell migration is still

largely unknown.

The main source of ROS in cellular protrusions is generated by NOX-enzymes, which are
membrane spanning proteins that require the assembly and activation of numerous NOX-
specific cytoplasmic subunits for their enzymatic activity. Growth factors have been shown to
induce the recruitment of these subunits to cellular protrusions where they form functional
ROS-producing NOX complexes (Hurd et al., 2012). Many of the NOX-subunits are subject to
functionally relevant phosphorylation, including p22phox, p47phox and p67phox (Brandes et
al., 2014), which is controlled through the opposing actions of protein kinases and PTPs. The
protein kinase MEK1/2 for example, phosphorylates and activates p67phox, while
dephosphorylation by the PTP type 1 and type 2A (PP1/2A) causes its inhibition and suppresses
ROS production (Dang et al., 2011). We have demonstrated that Memo is involved in sustained
ROS production by NOX complexes. The initial NOX-dependent ROS production was not
affected by Memo, which suggests that Memo does not control the assembly and activation of
the NOX-complex. This is in concordance with the previous finding that Memo is not required
for localization of Rac1 to the cell membrane (Zaoui et al., 2008), a protein whose recruitment

is essential for NOX-activation (Diekmann et al., 1994).

As Memo mediates sustained ROS production, we hypothesize that Memo maintains the NOX-
subunits in an active state. This might be achieved through regulation of PTPs, which are
known to be redox-sensitive. PTPs have a cysteine residue in their active site that normally acts
as a phosphate acceptor. Oxidation of this cysteine residue leads to inhibition of the PTP’s
phosphatase-activity (Cunnick et al., 1998; Lee et al., 1998). Thus, Memo might oxidize and
inhibit specific PTPs, preventing the removal of phosphate groups from NOX-subunits, thereby
sustaining NOX-activity. Furthermore, Memo might also regulate the activity of tyrosine kinases
that phosphorylate and activate NOX-subunits. One such kinase is SRC, which can be activated
via oxidation of two cysteine residues (Giannoni et al., 2005), and has been demonstrated to

induce NOX-dependent ROS production (Gianni et al., 2008). Future studies will be aimed at
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uncovering whether Memo can control the redox-state of PTPs and/or tyrosine kinases, and
thereby alter NOX-mediated ROS production. Alternatively, Memo could maintain NOX-activity
by shuttling proteins that regulate NOX-activity to the cell cortex. Indeed, Memo has been
shown to control the localization of several proteins involved in cell migration, such as RhoA
and mDia1, to the cell cortex (Zaoui et al., 2008). Future studies will reveal if Memo mediates
sustained ROS production by NOX-complexes through controlling the activation and/or

localization of NOX-subunits.

Interestingly, using in vitro biochemical assays we found that Memo can directly oxidize RhoA.
Previous studies have revealed that RhoA is subject to different types of redox control in cells
in a direct and indirect manner. For example, Racl-dependent ROS production leads to
inhibition of the low-molecular weight protein tyrosine phosphatase (LMW-PTP), resulting in
an increase in the phosphorylation and activation of its target, p190Rho-GAP. Activation of
p190Rho-GAP, a Rho-specific GTPase-activating protein, facilitates the hydrolysis of RhoA-
bound GTP to GDP, leading to RhoA inactivation. Thus, ROS indirectly causes a decrease in
RhoA activity (Nimnual et al., 2003). Moreover, it has been demonstrated that direct oxidation
of two RhoA cysteine residues (Cys16 and Cys20) enhances RhoA activity, leading to increased
actin stress fiber formation. This was lost in cells expressing an oxidation-insensitive mutant
RhoAC'®20% (Aghajanian et al., 2009). However, it was not tested whether the increase in stress
fiber formation, a well characterized readout of Rho activity (Ridley and Hall, 1992),
subsequently increased cell migration. Thus, it remains unknown whether oxidation of RhoA is
required for cell migration. Interestingly, we have shown that these two cysteine residues are
oxidized by Memo in vitro and that Memo KD cells have increased levels of reduced RhoA
(section 3.3 Figure 4G and 5B). Hence, Memo might control RhoA activity through oxidation,
and thereby modulate cell migration. To test whether Memo’s activity is required for RhoA-
activation and thus cell migration, and if so, if RhoA is the main target of Memo, cell lines KD
for both Memo and RhoA could be reconstituted with combinations of WT Memo or RhoA and
mutant Memo (enzymatically impaired) or mutant RhoA (oxidation-insensitive) constructs. If
these two proteins converge on the same pathway, the loss of activity of either should produce

a similar migration phenotype.
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Other proteins involved in cell migration could potentially be controlled through their redox
status by Memo. Cofilin for example, a known interactor of Memo that mediates cell migration
(Meira et al., 2009), is regulated by redox-signaling directly and indirectly. Specifically, oxidation
of the protein 14-3-3 through Nox-generated ROS causes dissociation of the PTP Slingshot-1L
(SSH-1L) from the 14-3-3/SSH-1L complex. This leads to SSH-1L-mediated dephosphorylation
of cofilin and induces its actin-severing and dephosphorylating activities (Kim et al., 2009).
Moreover, direct oxidation of two cofilin cysteine residues (Cys139 and Cys147) in cells,
decreases its binding to F-actin, resulting in reduced F-actin severing (Cameron et al., 2015). It
would therefore be interesting, to investigate if Memo directly, or indirectly alters cofilin

activity through its redox-activity.

Future studies are required to investigate whether Memo’s enzymatic activity is required for
cell migration, or whether its main function in this process is to control the localization of
important proteins to the cell membrane. Experiments in Memo KD cells, reconstituted with an
enzymatic dead Memo mutant, should reveal if the redox-activity of Memo is required for cell

migration.

Memo’s role in the nucleus

Our analysis of human breast tumor samples revealed that high nuclear Memo expression
inversely correlated with poor prognostic factors, including high tumor grade,
ER/Progesterone-Receptor-negative, and triple-negative tumors, while high cytoplasmic
localization positively correlated with these factors. This suggests that Memo might have
different functions, depending on its cellular localization. Cytoplasmic Memo is involved in cell
migration, while nothing is known about its nuclear function. Memo contains a nuclear export
sequence, and its nuclear export can be blocked by leptomycin B, suggesting that Memo is
actively exported from the nucleus via exportins. Memo does not contain a nuclear localization
sequence, but due to its small size of 33kDa, it could enter the nucleus by passive diffusion

through the nuclear pores. However, as Memo accumulates in the nucleus upon growth factor
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stimulation of leptomycin B treated cells, this could be indicative of a potential active import

mechanism for Memo (Schlatter et al., 2012).

Interestingly, Memo interacts with the ER (Jiang et al.,, 2013), a transcription factor that
translocates to the nucleus upon activation to regulate gene transcription (Heldring et al.,
2007). Intriguingly, transcriptional activity of ER has been reported to be modulated by Memo,
which was suggested to be mediated by an extra nuclear function, as the interaction was
thought to be only cytoplasmic (Jiang et al., 2013). However, as we have shown that Memo is
also expressed in the nucleus (Schlatter et al., 2012), it would be interesting to test whether the
interaction with ER also occurs in this cellular compartment or whether Memo enters the
nucleus in a complex with ER. Furthermore, the question of what Memo’s function is in the
nucleus remains to be determined. An obvious first step would be to investigate if Memo can
bind DNA, either directly or in a complex with ER. Interestingly, one study suggested that ER-
transcriptional activity might be regulated by oxidation. Low levels of ROS decreased the DNA-
binding capacity of ER, which was reverted through addition of thioredoxin (Hayashi et al.,
1997), an antioxidant that facilitates the reduction of proteins by cysteine thiol-disulfide
exchange (Holmgren, 1985). Indeed, several transcription factors have been shown to be
redox-controlled, including p53, NF-kB and AP1 (Sun and Oberley, 1996). Thus, it would be
interesting to explore if Memo controls the redox state of ER and thereby influences its

transcriptional activity.

Furthermore, to study the role of the cytoplasmic- versus nuclear localization of Memo in
cancer, in vivo experiments could be performed using cells expressing constructs targeting
Memo specifically to the nucleus or to the cytoplasm. Immunoprecipitations using
cytoplasmic- and nuclear cellular fractions, in combination with mass-spectrometry analysis,
should identify new interaction partners of Memo, which might provide more insight in its

cytoplasmic- and nuclear functions.
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Memo in normal mammary gland development

In the normal mammary gland, Memo is expressed through all stages of development
including puberty, virgin, pregnancy, lactation and involution. The mammary gland consists
mainly of two cell types, the luminal epithelial cells that face the lumen of the ducts and are
responsible for milk production, and the outer layer of myoepithelial cells that are contractile
and participate in the delivery of milk (Inman et al., 2015). Interestingly, we discovered that
Memo is specifically expressed in luminal cells, while myoepithelial cells are negative for Memo.
Furthermore, in mammary glands from pubertal mice, Memo is expressed only in a subset of
luminal cells, while all luminal cells express Memo during pregnancy, lactation and involution.
This suggests that Memo-negative cells are either outcompeted, or that the expression of
Memo increases after puberty, or during pregnancy. In order to know when exactly the
expression of Memo in luminal cells changes, samples of adult virgin mice will have to be

investigated in the future.

Memo is expressed during all stages of development and changes its expression pattern
between puberty and later stages of mammary gland development, suggesting it may play a
role during mammary gland development. The mammary gland is a unique organ, as the final
stages of development occur postnatal. At birth, the mammary fat pad contains a rudimentary
ductal tree, which at the onset of puberty, and in response to ovarian hormones, starts to
invade into the mammary fat pad. The terminal end buds (TEBs), located on the tips of the
ducts, are highly proliferative and penetrate into the fat pad until it is entirely filled with a
network of branching ducts. During pregnancy, secretory alveoli are formed and are
responsible for milk production and secretion during lactation. In order to re-establish the
mammary gland after weaning, the mammary gland undergoes a process called involution
(Inman et al,, 2015). A large number of different hormones, cytokines and growth factors

control these different stages of development (Hynes and Watson, 2010).

Interestingly, many receptors known to interact with Memo are implicated in these processes.
For example the ER, which is expressed in about 15% of luminal cells (Clarke et al., 1997), plays
an important role during ductal outgrowth (Mallepell et al., 2006). Moreover, ErbB2, which in

contrast to ER is expressed in the majority of the luminal cells (Schroeder and Lee, 1998), is
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required for morphogenesis during puberty, as evidenced by the fact that ErbB2 KO mammary
glands have structural defects in TEBs (Jackson-Fisher et al., 2004). Similar findings were
observed with a mutated IGF1R (Bonnette and Hadsell, 2001). As Memo has been found
downstream of these receptors in breast cancer cells (Jiang et al., 2013; Marone et al., 2004;
Sorokin and Chen, 2013), Memo could play a role during mammary gland development. To
study this hypothesis, mammary gland specific Memo KO and/or Memo overexpression mice
should be generated. Not only would this be a useful tool to elucidate the normal function of
Memo in the mammary gland, it could also be used to examine the role of Memo in breast

cancer tumorigenesis and metastasis.

The role of Memo in NeuNT-driven tumorigenesis

Our analysis of human breast tissue microarrays revealed Memo to be expressed at low levels
in normal breast and at significantly higher levels in 40% of breast cancers, suggesting that it
might be involved in tumorigenesis. However, in a spontaneous MMTV-NeuNT-driven
mammary tumor model, in which Cre-mediated excision of floxed Memo alleles is achieved
specifically in the mammary gland, no differences in tumor onset or in the average number of
tumors per mouse were observed between mice harboring floxed Memo alleles and mice with
non-floxed Memo alleles. Interestingly, tumors from all mice were positive for Memo
expression, which could be explained by one of the following three hypotheses: 1) Memo is
required for NeuNT-driven tumorigenesis; 2) Memo-depleted mammary epithelial cells have a
growth defect and are selected out by Memo expressing cells; or 3) the Cre-recombinase was

not active.

MMTV-Cre is well known to be expressed in a mosaic pattern in the mammary gland (Lu et al.,
2008; Wagner et al., 2001). Thus, it is likely that the mammary glands from mice harboring the
floxed Memo alleles still contain some Memo-expressing cells. Assuming that Memo deletion
was achieved in a significant number of cells, and given our observation that all mice
developed tumors, independent of the Memo phenotype, might suggest that Memo is

required for NeuNT-driven tumorigenesis. However, one would expect that tumors would
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develop less frequently, as statistically a lower number of Memo-expressing cells should lead
to a reduced number of tumors, or a delayed tumor formation. Since all mouse lines developed
tumors with the same latency, with no difference in the average tumor number per mouse, the

lack of Memo-negative tumors cannot be explained by our first hypothesis.

Accordingly, our second hypothesis is based on the mosaic expression pattern of MMTV-Cre. In
contrast to the first hypothesis, we assume that Memo KO cells have a growth and/or survival
disadvantage that leads to mammary glands mainly consisting of Memo-expressing cells,
independent of the presence or absence of floxed Memo alleles. Indeed, it has been previously
reported that in the mammary glands of MMTV-Cre transgenic mice that harbored floxed Fgfr2
alleles, FGFR2-negative cells in the TEBs were outcompeted by FGFR2-expressing cells. BrdU
incorporation assays revealed that the remaining FGFR2-negative cells were less proliferative
than FGFR2 positive cells (Lu et al., 2008). Similarly, Memo KO cells could potentially be

outcompeted by Memo-expressing tumor cells.

In contrast to mammary glands from pubertal mice, mammary glands of mice during the stages
of pregnancy, lactation and involution had no Memo-negative cells. One could speculate that
also during normal development, and in the absence of the Cre-transgene, Memo-negative
cells are outcompeted by Memo expressing-cells. However, we cannot rule out that the Cre-
recombinase was not functional in our transgenic mouse lines. We did confirm the presence of
the Cre-transgene in these mice, however we did not test for Cre-activity. To do this, one would
have to cross these mice with reporter lines such as the R26R-line. This mouse line harbors a
LacZ-transgene that is preceded by a floxed stop-cassette. Thus, active Cre leads to LacZ
expression, which can then be assayed for —galactosidase activity (Soriano, 1999). As we did
not test for Cre-activity, we cannot rule out that our Cre was not functional. It should be
mentioned, however, that the same Cre-transgenic line has been successfully used by another

lab in the FMI (Balavenkatraman et al., 2011; Meyer et al., 2011).

To further investigate the function of Memo in tumorigenesis in vivo, the MMTV/NIC mouse line
could be used in which an oncogenic mutant Neu and Cre-recombinase are linked by an
internal ribosome entry site (IRES) and therefore expressed from the same transcript (MMTV-

neu-IRES-cre) (Ursini-Siegel et al., 2008). This could verify, that Memo excision and Neu-
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expression can occur in the same cells, at the same time. If Memo is required for Neu-driven

tumorigenesis, one would expect no tumor formation in mice with floxed Memo alleles.

Memo does not affect primary tumor growth, but promotes metastasis.

Tumor xenograft experiments using the triple-negative human tumor cell line MDA-MB-231
revealed no differences in tumor onset or growth between Memo WT and KD cells. Similarly,
tumor allograft experiments using tumor cells derived from MMTV-NeuNT transgenic mice, in
which Memo deletion was achieved in vitro, revealed no significant differences between Memo
WT and KO cells. The number of mice in this experiment was relatively small and we observed
large variance within the different groups, potentially reflecting the different genetic profiles
of these cells, as they were derived from different tumors. However, analysis of the tumor
growth of Memo WT and KO tumors that originated from the same tumor, infected once with
Cre-recombinase (Memo KO) or once with GFP-alone (Memo WT), showed no differences. Thus,
Memo does not affect tumor growth of this MMTV-NeuNT-driven tumor cell line, which is in line

with the results from the human triple-negative cell line MDA-MB-231.

Using breast cancer xenograft models, we demonstrated that Memo is required for
spontaneous breast cancer metastasis. Memo KD tumors had less migrating cells than control
tumors, leading to a decreased number of lung metastases. Furthermore, the average size of
the metastases derived from Memo KD tumors was smaller, suggesting that these cells had a
growth and/or survival disadvantage in the lung environment. Thus, Memo might be a

promising target in breast cancer therapy to prevent or treat metastases.

Further studies are required to test if Memo’s enzymatic function, which requires copper, is
essential to promote metastasis. In our experiments, a copper chelator decreased the invasive
potential of Memo WT MDA-MB-231 cells, but had no additive effect on Memo KD cells,
suggesting the hypothesis that Memo’s enzymatic activity contributes to its function in cell
invasion and potentially metastasis. Interestingly, preclinical- and early clinical results have
suggested that the use of copper chelators produces beneficial results with respect to tumor

growth (Brady et al.,, 2014), angiogenesis (Juarez et al., 2006) as well as for re-sensitization to
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platinum-based cancer therapies (Fu et al., 2014). Thus, as Memo’'s copper-dependent
enzymatic activity might be involved in metastasis, copper chelators could be beneficial for the
treatment of metastatic breast cancers over-expressing cytoplasmic Memo. Several clinical
trials using copper chelators for different types of cancer are ongoing
(https://clinicaltrials.gov/ct2/results?term=copper+chelator+cancer&Search=Search). If these
trials are successful, it would be interesting to analyze the expression of Memo in tumors that

responded to copper chelators and those that did not.

With this study, we identified a new redox protein playing an important role during cell
migration. Here, we provide evidence that Memo expression is of relevance for human breast
cancer, as it is expressed at high levels in 40% of breast cancer and its cytoplasmic localization
is prognostic for aggressive disease. Moreover, Memo is required for breast cancer metastasis.
The treatment of metastases remains a big challenge and new therapeutic targets are required.

Future studies will reveal, if Memo could be a new target to treat or prevent metastases.
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6. Abbreviations

AP1 activator protein 1

CCND1 cyclin D1

CDK1 cyclin-dependent kinase 1

DMFS distant metastasis-free
survival

DNMT DNA-methyltransferase

ECM extra cellular matrix

EGF epidermal growth factor

EMT epithelial to mesenchymal
transition

ER estrogen receptor

ERE estrogen response element

ERK extracellular-signal-
regulated kinase

FDR false discovery rate

Fulv fulvestrant

GEF guanine exchange factor

GSEA gene set enrichment
analysis

HAT histone acetyltransferase

HDAC histone deacetylase

HRG heregulin

Hsp90 heat shock protein 90

IGF1R insulin-like growth factor 1
receptor

IHC immunohistochemistry

IL-10 interleukin 10

IRS1 insulin receptor substrate 1

KD knockdown

KO knockout

MAPK mitogen activated protein
kinases

MDSC myeloid derived suppressor
cell

Memo Mediator of ErbB2-driven
cell motility
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MET

MMP
MMTV

miR
NCoR
NeuNT

NK
NOX
PDGF

PI3K

PR
PTM

PTP

RFS
RIP140/NRIP1

ROS
RTK
SSH-1L
TAM
TF
Treg
VEGF

mesenchymal to epithelial
transition

matrix metalloprotease
mouse mammary tumor
virus

microRNA

nuclear receptor corepressor
mutated neuro glioblastoma
derived oncogene homolog
(V664Q)

natural killer cells

NADPH oxidase

platelet derived growth
factor
phosphatdidylinositol-3-
kinase

progesterone receptor
post-translational
modification

protein tyrosine
phosphatase
recurrence-free survival
receptor interacting protein
140/nuclear receptor-
interacting protein 1
reactive oxygen species
receptor tyrosine kinase
slingshot-1L

tamoxifen

transcription factor
regulatory T cells

vascular endothelial growth
factor
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