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Abstract

Breast cancer is the most commonly diagnosed cancer in females, and the leading
cause of cancer-related death. For patients with metastatic disease, there are currently
no curative treatment options and survival rates remain low. Thus, the ability to
successfully target breast cancer metastasis remains an unmet clinical need.
Dysregulation of mRNA translation is known to promote mechanisms of breast cancer
onset and progression, as exemplified by the MNK1/2-elF4E signaling axis. This thesis
investigates hitherto unknown pro-metastatic functions of MNK1/2-elF4E signaling in
multiple components of the tumor microenvironment.

We first explored the role of elF4E phosphorylation in regulating the composition
of the mammary gland extracellular matrix (ECM). By performing proteomics on isolated
murine ECM samples, we demonstrated that phospho-elF4E-deficient mice have
reduced deposition of collagen type | in naive and tumor-bearing mammary glands,
compared to wild-type mice. Consequently, this collagen type I-poor matrix inhibited
ECM-induced tumor cell invasion in vitro and metastasis in vivo. Moreover, using second
harmonic generation microscopy, we showed that phospho-elF4E impacts collagen fiber
topology at the tumor-stroma boundary. Tumors formed in phospho-elF4E-deficient
mammary glands are surrounded by fibers that run parallel to the tumor edge, while more
radially-aligned fibers were observed surrounding tumors grown in wild-type mice. We
additionally observed that targeting elF4E phosphorylation genetically and
pharmacologically helps to resist anti-PD-1 therapy-induced intratumoral collagen

deposition, which correlated with an increased anti-tumor response to immunotherapy.



Finally, we developed immunostaining protocols to identify a positive correlation between
collagen-l and phospho-elF4E protein levels in patient-derived tumor samples and
improved our understanding of the spatial heterogeneity of stromal phospho-elF4E
expression.

Next, we investigated the role of tumor-intrinsic MNK1 kinase activity in influencing
breast cancer stem cell properties. We used CRISPR/Cas9 gene editing to generate
MNK1 knock-out (KO) breast cancer cell lines and observed a reduction of stemness
properties in vitro, resulting in slowed tumor growth in vivo. Analysis of proteomic and
RNA-sequencing data suggested that MNK1 KO cells had rewired their metabolism by
downregulating expression of glycolysis-related enzymes. We validated this finding using
stable isotope tracer analysis and bioenergetic assessment, and further demonstrated a
subsequent energetic dependence on oxidative phosphorylation. Overall, these changes
led to a restriction of metabolic flexibility in MNK1 KO tumor cells that could be
therapeutically exploited. This translated to suppressed metastasis of MNK1 KO tumor
cells to the liver in vivo, but not the lung. Finally, we analyzed publicly available protein
expression data from patient-derived tumor samples and found a strong positive
correlation between MNK1 and several glycolytic enzymes.

Together, these studies define previously unknown consequences of targeting the
MNK1/2-elF4E axis in breast cancer, including regulation of mammary gland collagen
architecture and tumor cell metabolism. This thesis further helps to position inhibitors of
mRNA translation, particularly MNK1/2 inhibitors, as promising therapeutic options to

augment the efficacy of existing anti-cancer therapies.



Résumeé

Le cancer du sein est le cancer le plus fréquemment diagnostiqué chez les
femmes ainsi que la premiére cause de mortalité liée au cancer. Pour les patientes
atteintes d’'un cancer métastatique, il n'existe actuellement aucune option de traitement
curatif et le taux de survie reste faible. Pouvoir cibler avec succés les métastases du
cancer du sein demeure donc un besoin clinique non satisfait. Le déséquilibre de la
traduction de I'ARNm est connu pour favoriser les mécanismes de cancérisation du
cancer du sein, comme l'illustre I'axe de signalisation MNK1/2-elF4E. Cette thése étudie
les fonctions pro-métastatiques jusqu'a présent inconnues de la signalisation MNK1/2-
elF4E dans de multiples composants du microenvironnement tumoral.

Nous avons d'abord regardé le role de la phosphorylation d'elF4E dans la
régulation de la composition de la matrice extracellulaire (ECM) de la glande mammaire.
En réalisant des analyses protéomiques sur des échantillons de la matrice extracellulaire
murine, nous avons démontré que chez les souris déficientes en phospho-elF4E, les
glandes mammaires naives et porteuses de tumeurs ont une déposition réduite de
collagene de type |, par rapport aux souris de type sauvage. Par conséquent, cette
matrice appauvrie en collagene de type | permet de bloquer linvasion des cellules
tumorales facilitées par I'ECM in vitro et les métastases in vivo. De plus, en utilisant la
microscopie a génération de seconde harmonique, nous avons montré que phospho-
elF4E a un impact sur la topologie des fibres de collagéne a la ligne de démarcation entre
la tumeur et le stroma. Les tumeurs formées dans des glandes mammaires déficientes

en phospho-elF4E sont entourées de fibres paralleles au bord de la tumeur, alors que



'opposé a été observé autour des tumeurs cultivées chez des souris de type sauvage.
Nous avons également remarqué que le cibler de facon génétique et pharmacologique
phosphorylation de I'elF4E permettait de résister au dépét de collagéne au sein de tumeur
traitées aux anti-PD-1, conduisant a une réponse anti-tumorale accrue aux
immunothérapies. Enfin, nous avons développé des protocoles d'immunomarquage
démontrant une corrélation positive entre les niveaux de collagéne de type | et de la
protéine phospho-elF4E dans des échantillons de patients et nous avons amélioré notre
compréhension de l'organisation spatiale de I'expression phospho-elF4E et son
hétérogénéité dans le stroma.

Nous avons ensuite étudié la maniére dont la kinase MNK1 propre a la tumeur
influence les propriétés de cellules souches du cancer du sein. Nous avons utilisé la
technique d'édition de genes CRISPR/Cas9 pour générer des lignées cellulaires de
cancer du sein dépourvues de MNK1 (MNK1 KO) et avons observé une réduction des
propriétés de pluripotence in vitro, résultant en un ralentissement de la croissance
tumorale in vivo. L'analyse des données protéomiques et de séquencage de I'ARN
suggere que les cellules MNK1 KO ont modifié leur métabolisme en réduisant
I'expression d’enzymes liées a la glycolyse. Nous avons validé cette découverte en
utilisant des traceurs isotopiques stables pour I'évaluation bioénergétique des cellules.
Nous avons également démontré une dépendance énergétique conséquente a la
phosphorylation oxydative. Dans I'ensemble, ces changements ont conduit a une
restriction dans la flexibilité métabolique des cellules tumorales MNK1 KO qui peut étre

exploitée sur le plan thérapeutique. Cela s'est traduit par la suppression des métastases



des cellules tumorales MNK1 KO dans le foie in vivo, mais pas dans le poumon. Enfin,
nous avons analysé les données d'expression des protéines disponibles publiquement a
partir d'échantillons de tumeurs dérivées de patients et avons trouvé une forte corrélation
positive entre MNK1 et plusieurs enzymes glycolytiques.

Ces études présentent des répercussions jusqu'alors inconnues du ciblage de
I'axe MNK1/2-elF4E dans le cancer du sein, y compris la régulation de I'architecture du
collagéne de la glande mammaire et du métabolisme des cellules tumorales. Cette thése
contribue également a installer les inhibiteurs de la traduction de I'ARNm, en particulier
les inhibiteurs de MNK1/2, comme des options thérapeutiques prometteuses pour

augmenter l'efficacité des thérapies anticancéreuses existantes.
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Contribution to original knowledge

Metastatic breast cancer remains an unmet clinical need with limited therapeutic
options available for patients. This thesis investigates the contribution of the MNK1/2-
elF4E signaling axis in promoting mechanisms of breast cancer progression and
metastasis. The elements of the included work that are original scholarship, and distinct
contributions to knowledge, are outlined below.

e In Chapter 2, we performed novel characterization of how the MNK1/2-elF4E axis
regulates the composition of the mammary gland ECM. This study was the first to
assess how targeting elF4E phosphorylation in fibroblasts specifically impacts the
matrisomal proteins they produce.

e We identified collagen-I as a previously unknown target of translational regulation
by phospho-elF4E, but emphasize that control of collagen-I deposition by the
MNK1/2-elF4E axis likely occurs through multiple mechanisms.

¢ In addition to collagen-I deposition, Chapter 2 is the first study to identify that elF4E

phosphorylation can alter the alignment of collagen fibers both in vitro and in vivo.
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We showed that targeting elF4E phosphorylation genetically or therapeutically
inhibits anti-PD-1-mediated intratumoral collagen deposition to maintain sensitivity
to treatment. This builds on previously-reported evidence from our team to suggest
that MNK1/2 inhibition can augment the efficacy of immunotherapies.

Using dual-target immunostaining protocols, we revealed that phospho-elF4E and
collagen-I protein levels are positively correlated in breast cancer patient samples.
We further improved our knowledge of elF4E phosphorylation heterogeneity in the
breast TME, showing that stromal phospho-elF4E is influenced by spatial proximity
to the tumor.

In Chapter 3, we generated novel MNK1-null murine breast cancer cell lines to
perform multi-omics analysis and assess the differential expression of genes and
proteins in a tumor-intrinsic MNK1-deficient context.

We uncovered a link between MNK1 kinase expression and regulation of cellular
metabolism. In particular, we showed that MNK1-null tumor cells downregulate
glycolytic activity and subsequently increase their dependence on oxidative
phosphorylation. We are the first to demonstrate that targeting MNK1 kinase can
restrict tumor cell metabolic flexibility, and propose a novel therapeutic
combination of MNK1/2 inhibitors and inhibitors of mitochondrial metabolism.
Chapter 3 was the first study to assess how tumor-intrinsic MNK1 kinase can
influence site-specific metastatic potential. Using murine models of experimental
metastasis, we demonstrated that MNK1-null tumor cells have an impaired ability

to colonize the liver, but not the lung.
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e Finally, we analyzed publicly-available protein data from breast cancer patient
samples to uncover a strong correlation between MNK1 expression level and the

expression of glycolytic enzymes.
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Chapter 1 — Introduction and literature review

1.1 Breast cancer

1.1.1 Epidemiology and risk factors

Breast cancer is a global clinical problem. It is the most frequently diagnosed
cancer in women, with 2.26 million new cases in 2020', and accounting for 626,679
deaths in 20182, This is a leading cause of cancer-related death in women worldwide with
an age-adjusted death rate of 13.6 per 100,000'. Moreover, global incidence of breast
cancer is increasing annually by 3.1% on average?, a trend that is predicted to continue.
Between 1990 and 2016, breast cancer incidence rates have more than doubled in 60
countries, while death rates have doubled in 43 countries*. In part, this is thought to be
due to increasing population growth and ageing.

It is important to acknowledge that breast cancer incidence and mortality rates can
be stratified by country development status. High-income countries have higher disease
incidence (92 per 100,000 in North America) than low-income countries (27 per 100,000
in middle Africa and eastern Asia)%%. Opposingly, women diagnosed with breast cancer
in high-income countries are more likely to survive than women in low- and middle-income
countries. With access to developed health care, 5-year survival rates are 90% for
localized cancer, compared to 76% in less-developed countries’. This can be explained
by differences in risk factors (discussed below) and earlier diagnosis due to the availability
of mammography, as prognosis improves the earlier breast cancer is diagnosed?. A
variety of modifiable and non-modifiable risk factors have been identified for the

development of breast cancer. These are outlined in Table 1.1 below.
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Table 1.1. Breast cancer risk factors (adapted from Lukasiewicz et al., 2021)

Risk factor Description

NON-MODIFIABLE FACTORS

Female sex is a major factor due to enhanced hormonal stimulation;
circulating estrogens and androgens are associated with an increased

Sex risk of breast cancer®.
Hormonal risk is increased in pre- and post-menopausal females'®-'2,
Less than 1% of all breast cancers occur in males’.

Age 80% of breast cancer patients are over 50 years old, 40% are over 65

years old. Risk of onset increases with age™ .

Family History

Between 13% and 19% of breast cancer patients have a first-degree
relative with the same condition’®.

This is independent of age, and thought to be driven by epigenetic
changes and environmental triggers in common'’.

Genetic
mutations

Mutations in BRCA1and BRCAZ are linked to increased risk of breast
carcinogenesis (up to 85% risk) and have high penetrance?.

Other highly penetrant genes include: 7P53 ', CDH12, PTEN?!,
STK7722. Other frequently mutated/amplified genes include: PIK3CA,
MYC, CCND1, ERBB2, FGFRZ2, GATA3?.

Several DNA repair genes that interact with BRCA (including A7M 24,
PALB2%, BRIP1%, CHEK2?") are also known to impact
tumorigenesis, but at a much lower penetrance than BRCA
mutations™®.

Ethnicity

Breast cancer incidence rates remain highest among white non-
Hispanic women?82°,

African and African-American women experience significantly higher
mortality and lower survival rates®.

Asian women present with breast cancer earlier (40-50 years old) than
their western counterparts (60-70 years old)3'3,

Reproductive
History

The hormone imbalances associated with pregnancy, breastfeeding,
involution, menstruation, and menopause are crucial points of
induction of tumorigenesis®*.

Full-term pregnancy is associated with reduced breast cancer risk;
protection increases with the number of pregnancies®**.

Early menopause lowers breast cancer risk®®.

Breast Tissue
Density

In both pre- and post-menopausal women, greater breast tissue
density is associated with greater breast cancer risk®’.
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MODIFIABLE FACTORS (Table 1.1 continued)

e Regular physical activity is considered to be a protective factor
Physical Activity against breast cancer, although the precise mechanisms behind this
remain unknown3:39,

¢ Obese women with breast cancer have poorer clinical outcomes*.
¢ Increased BMI is associated with more aggressive tumors and higher
Obesity/BMI rates of metastasis*'.

e Proposed mechanisms of action include upregulated systemic
inflammation and altered circulating hormone levels*.

e Excessive alcohol consumption is associated with increased risk due
to disrupted hormonal balance and increased fat gain*44.

e Consumption of highly-processed food increases breast cancer risk,
partly due to a subsequent obesity predisposition*.

Diet & Alcohol

o Active and passive smoking increases breast cancer risk as
Smoking carcinogens found in tobacco can travel to the breast tissue, thereby
increasing the likelihood of genetic mutation“®.

1.1.2 Classification of breast cancer

Breast cancer is a heterogeneous group of diseases, characterized by a spectrum
of molecular, cellular, and histological features. The latest edition of the World Health
Organisation classification determines there to be 19 major subtypes*’. The most frequent
of these are invasive carcinomas of no special type, previously referred to as invasive
ductal carcinomas (IDC), which represent 70-75% of patients*’. In these cases, invasive
disease is preceded by the development of ductal carcinoma in situ, which is considered
pre-invasive or non-invasive disease, characterized by the aberrant proliferation of
mammary ductal epithelial cells that remain confined to the duct by myoepithelial cells
and the basement membrane. Once these malignant cells break through the basement
membrane, thereby enabling migration and invasion into the surrounding stroma, they

become an IDC48. Additionally, 10% of cases are lobular carcinomas, and the remainder
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are carcinomas of special types including tubular, cribriform, mucinous, and
micropapillary*’.

Other than histological classifications, the American Joint Committee on Cancer
created an internationally-accepted TNM staging system based on anatomical
assessment: tumor size (T), lymph node metastasis (N), distant metastasis (M)*°. Beyond
this, breast cancers can be grouped by their molecular subtype. Largely based on seminal
microarray expression work from Perou et al. (2000), the field has identified four intrinsic
molecular subtypes: Luminal A, Luminal B, HER2-enriched and Triple-negative®5'. It is
worth noting that clinical practice typically uses a surrogate classification of subtypes,
based on histological and molecular characteristics, to allow for easier assessment of
therapeutic benefit for specific patients. These include triple-negative, HER2-enriched
(non-luminal), Luminal B-like HER2+, Luminal B-like HER2-, and Luminal A-like®2.
1.1.2.1  Luminal breast cancer

Luminal breast cancers cover 70% of cases and are estrogen receptor (ER)
positive3. Gene clusters associated with cell proliferation and normal luminal epithelial
cells distinguish two subtypes further: Luminal A and Luminal B tumors. Luminal A tumors
are positive for ER and/or progesterone receptor (PR), while negative for HER2.
Mechanistically, ER-related transcription factors activate genes that are typical of luminal
epithelium cells®*, and genes relating to proliferation are lowly expressed®s. Resulting
tumors are low-grade and slow-growing, often leading to good prognosis. In contrast,
Luminal B tumors are ER positive and may be PR negative and/or HER2 positive.

Clinically, these cases are higher grade and have worse prognosis, with heightened
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expression of proliferation-related genes including recurrent copy number alterations in
the oncogene ZNF703 which stimulates the Wnt and Notch signaling pathways®®.
1.1.22 HERZ2-enriched breast cancer

HER2-enriched tumors are the second intrinsic subtype, representing 10-15% of
cases®3. As the name suggests, this group is characterized by a high expression of HER2
and absent expression of ER and PR. These cancers grow quicker than luminal cancers
due to their expression of clusters of genes and proteins associated with proliferation®’,
alongside increased mutagenesis mediated by APOBEC3B, a DNA cytosine
deaminase®®. Prognosis has increased from poor to intermediate since the introduction
of HER2-targeted therapies (see below).
1.1.2.3 Basal-like (triple-negative) breast cancer

The terms basal-like and triple-negative breast cancer (TNBC) are often used
interchangeably. However, TNBC represents a much larger array of breast cancer types,
with basal-like tumors accounting for one of six subgroups. The other subgroups include
mesenchymal, mesenchymal stem-like, immunomodulatory, luminal androgen receptor,
and unknown®%89, Collectively, this group of tumor types are negative for ER, PR and
HER2 and constitute approximately 20% of cases®3. Interestingly, TNBC are strongly
associated with BRCA1 germline mutations and high levels of genomic instability®'. With
limited therapeutic options for this group of patients, prognosis remains poor due to tumor

aggressiveness and subsequently high risk of metastasis®.
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1.1.3 Metastatic breast cancer

If breast cancer is diagnosed in the early-stages prognosis is highly favorable, with
5-year survival rates above 90%°%. It is difficult to accurately assess the true number of
metastatic breast cancers, as this depends on several factors including mass screening
availability, treatment quality and access, and protocols used for collecting and recording
patient tumor data®4%5. Nevertheless, it is estimated that one-third of breast cancer
patients will develop metastatic (stage 1V) disease, after which 5-year survival rates drop
to 27%?°%3. Roughly one-quarter of these patients are diagnosed with metastatic breast
cancer at first presentation®465. The intrinsic subtype of the tumor can influence its
metastatic potential, time to relapse and/or recurrence, and tropism for specific distant
tissues. Biologically, metastasis is a multi-step process that involves the interaction of
several cell types. Following initial tumorigenesis, malignant cells proliferate, develop
invasive features, and promote neo-angiogenesis through a variety of mechanisms.
Subsequently, local invasion of the primary tumor takes place, leading to tumor cells
escaping from the mammary gland, via the vasculature or the lymphatic system, and
colonizing a distant secondary site®67 (see Fig. 1.1 below).

Concerningly, metastatic breast cancer is virtually incurable using currently
available therapies. Instead, clinical responses aim to relieve symptoms and to improve
quality-adjusted life expectancy. Metastases remain the cause of death in almost all
patients, and median overall survival is 2-3 years®®. Common secondary sites of
metastasis include the bone (67%), the lungs (36.9%), the liver (40.8%) and the brain

(12.6%)%88°. For patients diagnosed with breast cancer liver metastasis (BCLM),
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prognosis is particularly poor. Median survival for BCLM cases is only 4-8 months without
treatment’®. Even with systemic chemotherapy, hormonal and targeted therapies
(discussed below), median overall survival among BCLM patients is 20 months!. It is
clear that improved therapeutic options are needed for these patients. The work
presented in this thesis contributes to an ever-growing pool of research trying to improve
our understanding of the mechanisms and pathways that govern breast cancer

metastasis.
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Figure 1.1. Schematic summary of the essential steps of breast cancer metastatic cascade.
This process begins with tumorigenesis in the mammary gland, most often in the epithelial cells
lining ductal structures, leading to formation of the primary lesion. Tumor cells continue to
proliferate and develop invasive cellular features which, in collaboration with non-tumor cell types
in the TME, promote degradation of the basement membrane. Tumor cells then invade into the
surrounding stroma (local invasion) and intravasate through the endothelial barrier and into the
circulation (vasculature or lymphatic system). Circulating tumor cells must then survive shear
stresses and evade clearance by the immune system before reaching the metastatic site. After
attaching to blood vessels at secondary sites, tumor cells extravasate into the surrounding tissue.
If successful, these metastatic tumor cells colonize and outgrow in the metastatic tissue.
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1.1.4 Current treatment strategies for breast cancer

Patients diagnosed with breast cancer have a variety of treatment modalities
available that target disease at the local and systemic levels (reviewed in-depth in
Harbeck et al., 2019%2). Surgery remains the cornerstone of curative breast cancer
treatment. Either a partial or complete mastectomy can be used to remove cancerous
tissue while preserving intact breast tissue. Partial mastectomies, also referred to as
breast-conserving surgeries, are becoming more common due to the widespread use of
neoadjuvant systemic therapies to de-bulk tumors and the advancement of oncoplastic
techniques’. Typically following surgery comes another locoregional treatment —
radiation therapy — used to target any remaining tumor cells left behind from the surgery.
Definite choice of radiation type and application technique are dependent on the
oncological situation of individual patients. Despite some minor side-effects such as skin
irritation and fatigue, radiotherapy has been significantly associated with improved overall
survival and lowered risk of disease recurrence’s.

To tackle treatment at the systemic level, chemotherapy is commonly prescribed
in either the neoadjuvant or adjuvant setting, which differ based on whether they are
delivered before or after the primary therapy, respectively. In 1988, The National Surgical
Adjuvant Breast and Bowel Project (NSABP) initiated the NSABP-B18 randomized trial,
which was the first to demonstrate that there is no difference in survival outcomes
between dosing of chemotherapy in the pre- versus post-operative period’4. Currently
available therapies are often simultaneously applied and can include the following drugs:

carboplatin, cyclophosphamide, 5-fluorouracil, taxanes (paclitaxel, docetaxel), and
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anthracyclines (doxorubicin, epirubicin). Drug choices are made according to tumor
characteristics as different intrinsic subtypes respond differently to specific
chemotherapeutics’®. Even then, although chemotherapy is considered to be effective,
there are often severe side effects that can impact patient quality of life and mental well-
being.

For patients with ER positive Luminal-subtype tumors, endocrinal (hormonal)
therapy may also be applied in the neoadjuvant or adjuvant settings. For early-stage
luminal cancers, 5 years of endocrinal therapy following surgery is standard practice.
These therapies aim to block activity of the ER by (1) lowering estrogen levels through
use of aromatase inhibitors (letrozole, anastrozole, exemestane), and (2) blocking the
estrogen-ER interaction using selective ER modulators (tamoxifen, toremifene) and/or
selective ER degraders (fulvestrant)’®’’. Both adjuvant hormone therapy and
chemotherapy have been shown to reduce breast cancer mortality by one-third,
independent of each other’879, Unfortunately, development of acquired resistance to
hormonal therapy is seen in approximately 50% of patients, necessitating its frequent
combination with chemotherapy’”.

Targeted therapies present promising treatment options for specific subsets of
breast cancer patients, and can be utilized at any stage of disease. For HER2-enriched
tumors, it has become standard of care to combine chemotherapy either pre- or post-
surgery with HER2-targeting therapies, including monoclonal antibodies (trastuzumab,
pertuzumab)&-8! and pharmacological inhibitors (lapatinib, neratinib)®83, For HER2-

negative Luminal cancers, patients may receive the mammalian target of rapamycin
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(mTORCH1)-targeting inhibitor everolimus in combination with exemestane8*. CDK4/6
inhibitors, which interrupt cell cycle, have also shown clinical promise in several
randomized Phase Il trials, and are now frequently combined with endocrinal therapy as
standard of care to treat hormone receptor positive tumors®®86, Encouragingly, a breadth
of clinical and preclinical studies, largely focussed on patients with metastatic disease,
continue to improve existing therapies and identify potential new targets. These include
inhibitors targeting the PI3K-Akt-mTOR pathway®’88, histone deacetylase inhibitors
(epigenetic regulators)®®, targeting angiogenesis with anti-VEGF antibodies®®, and PARP
inhibitors®1.92,

Immunotherapies, the fourth pillar of cancer treatment, have revolutionized
oncology by providing durable responses and survival improvement across multiple
cancer types®. Broadly, these therapies are designed to boost anti-tumor immunity and
enhance T cell function, often by interrupting the activation of signaling pathways (such
as the CTLA-4 and PD-1/PD-L1 axes, see Figure 1.2) that lead to T cell exhaustion and
inactivity. In breast cancer, however, early trials of immune checkpoint inhibitors (ICls) as
monotherapies resulted in limited objective responses®. It is thought that these
underwhelming results reflect the fact that breast cancer is considered to be poorly
immunogenic, and subsequently the use of ICIs in breast cancer treatment was not
prioritized®>-98, Since then, the field has gained an improved understanding of differential
immunogenic activity between breast cancer subtypes®’. TNBC cancers in particular have
the strongest immunogenicity®8, characterized by increased immune cell infiltration and

high tumor mutational burden®:1%. As such, ICls have now been identified as a promising
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therapeutic option for this sub-group of patients. Results from the IMpassion130 trial in
2019 led to FDA approval of atezolizumab (an anti-PD-L1 antibody) in metastatic TNBC
patients'?, but this was later withdrawn due to a subsequent trial that failed to show an
improvement in progression-free survival'®2. Pembrolizumab (an anti-PD-1 antibody)
remains the only FDA-approved immunotherapy regimen for TNBC patients, having
shown clinically-relevant survival advantages in trials such as KEYNOTE-355. It has
shown efficacy in combination with chemotherapy in both metastatic and high-risk early-

stage TNBC patients'03.104,
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Figure 1.2. Schematics of the PD-1:PD-L1 and CTLA-4:B7-1/2 immune checkpoints and
therapeutic targeting using immune checkpoint inhibitors. Programmed cell death protein 1
(PD-1, a.k.a. CD279) is a member of the B7/CD28 family expressed on T cells, B cells, NK cells,
dendritic cells, and monocytes. It binds to programmed death ligand 1 and 2 (PD-L1/2) and
negatively regulates adaptive immune responses. Cytotoxic T-lymphocyte-associated antigen 4
(CTLA-4 a.k.a. CD152) is a homolog of CD28, and acts as another essential brake on T cell
immune responses. In order to be primed, T cells require activation of the T cell receptor (TCR)
by binding of major histocompatibility complex (MHC) peptides, and a co-stimulatory signal
through CD28:B7-1/2 binding. Binding of CTLA-4 to B7-1/2, however, acts as a co-inhibitory
signal to impede T cell activation. Antibody-based blocking of these checkpoints (PD-1, PD-L1
and CTLA-4) helps to boost anti-tumor immune responses.
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1.2 The breast tumor microenvironment: extracellular matrix

Beyond just the tumor cell, breast cancers develop and evolve in a complex tumor
microenvironment (TME) comprised of several cell types'®®1%, The immune
microenvironment, including lymphocytes, macrophages, and myeloid-derived immune
cells, facilitates malignant progression according to the principles of immune surveillance
and immune editing?®’. In early-stage disease, the immune system exerts predominantly
anti-tumor effects, by activating effector lymphocytes to infiltrate the TME and eliminate
tumor cells. As disease becomes more invasive, however, the tumor co-opts its
neighbouring cells, including immune cells and fibroblasts, to alter the cytokine content of
the local environment and promote immune suppression'%7.1%8_ Furthermore, interaction
between tumor cells, endothelial cells, and pro-angiogenic signals from tumor-supportive
immune cells (such as macrophages) induce vascularization of the TME, a key
determinant of subsequent proliferation and metastasis'°°.

Cross-talk between these parties of cells does not happen in free space, but instead
is underpinned by the extracellular matrix (ECM). This highly dynamic protein network
provides structural support to tissues, facilitates wound-healing, maintains tissue
homeostasis, and provides biophysical and biochemical stimuli to control cellular
functions''%. The core matrisome is composed of unique matrix macromolecules, in
addition to bound soluble factors such as growth-factors, and ECM-associated proteins
(discussed in more detail below)'10. A variety of cell-surface receptors interact with these
factors and ECM molecules directly to regulate cell signaling pathways across biological

functions, including proliferation, differentiation, migration, and apoptosis. The biophysical
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and topographical properties of ECM components further impact cells and their
function''. While the ECM can be produced by multiple cell types, including tumor cells
themselves, the major producers of matrisomal proteins are fibroblasts, either tissue-
resident or cancer-associated (CAFs), which are a highly abundant stromal cell type in
the TME'12.113,

The ECM has two forms: the basement membrane (BM) and the interstitial matrix
(IM)"1In the mammary gland, the BM sits between the epithelium and the stroma,
surrounding ductal, alveolar and vasculature structures, and providing an essential signal
for establishing cell polarity!'4. The IM is a porous network that interconnects cells of
varying types in the stroma, regulates processes such as differentiation and migration,
and guarantees structural integrity of the tissue. The BM is a stable, dense, sheet-like
structure, whereas the IM is remodelled continuously in response to force stress or
trauma such as wound repair or physiologic tissue regeneration. Dysregulation of this
process is characteristic of breast cancers, resulting in alterations to ECM composition
and structure that induce a range of changes in tissue stiffness, cellular signaling and
motility, tumor progression and metastasis''". In fact, it has been suggested that the ECM
contributes to the acquisition of each of the hallmarks of cancer, and is therefore critical

for malignancy'®.

1.2.1 Key components of the mammary gland extracellular matrix
Advanced tissue manipulation protocols combined with proteomics-based

approaches have been fundamental in investigating ECM composition''¢17. Pioneered
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largely by the Hynes and Naba research groups, studies over the last decade have
integrated and annotated mass spectrometry data across species and tissue types to
define the mammalian matrisome. This consists of 274 core matrisomal proteins and
1110 matrisome-associated proteins that are classified into collagens, proteoglycans,
glycoproteins, ECM regulators, and secreted factors''8. These components are subject
to a variety of post-translational modifications that are critical for their function, including
hydroxylation, glycosylation, phosphorylation, and cross-linking.

Individual components of the mammary gland ECM can be divided into three
groups: structural proteins, colloid-forming proteins, and adhesive proteins''®. Structural
proteins include collagens (see below) and elastin, which gives the ECM strength and
flexibility to withstand tissue stretching. Both glycosaminoglycans and proteoglycans can
form water-based colloid structures; gel-like substances that provide a substrate to
contain other matrix components. Hyaluronan, also called hyaluronic acid (HA), is one
important example of an aminoglycan in the ECM. Consisting of repeated units of
glucuronic acid and disaccharides, HA exists in a curled state within solution due to the
hydrophilic groups on its surface binding numerous water molecules. Moreover, it plays
many biological roles in normal and pathological processes by interacting with other
extracellular proteins and cellular receptors'?. Finally, adhesive proteins, such as laminin
and fibronectin, are used to bind to the stroma. Laminin is a large, complex glycoprotein
that can connect to multiple cell types through an array of binding sites and is an integral

component of the BM'2'. Fibronectin, another large glycoprotein, is manipulated into fibrils
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in the IM through formation of di-sulfide bonds and subsequent cross-linking to specific
subsets of cells (including fibroblasts)'22.

Collagens are a particularly important group of ECM proteins. They are the most
abundant protein in animals, accounting for approximately one-third of the human whole-
body total protein content. There are 28 known subtypes of collagen, each encoded by a
different gene and with different chemical structures and biological properties’?3. Some
of these are fibrillar subtypes that interact laterally to form bundles of parallel molecules
with high tensile strength. This includes collagen type |, Ill and V, all of which are core
components of the mammary gland IM. Other types, such as type IV, are network-forming
collagens that are vital in the formation of the BM. All collagens are formed in long triple-
helix structures, characterized by an abundance of glycine, proline and hydroxyproline
repeating units'?*. They are initially synthesized as pro-collagen precursors that are
transported alongside chaperone proteins to the endoplasmic reticulum where they
undergo a variety of processing reactions, including glycosylation of hydroxylysine
groups, hydroxylation to promote helix stability, and interaction of intrachain di-sulfide
bonds to promote triple-helix formation. These precursor molecules are then secreted,
undergo cleavage of pro-peptides in their terminal regions, and polymerize into fibrils in
the extracellular space’?4. These post-translational modifications are critical to ensure that

this multi-step biosynthesis yields correctly matured collagen.
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1.2.2 Extracellular matrix remodelling throughout breast cancer progression

Breast tumorigenesis disrupts ECM homeostasis to reinforce disease progression.
Tumor-mediated ECM remodelling occurs gradually, often involving the “re-education” of
non-tumor cell types in the TME to aid in remodelling mechanisms. These mechanisms
can include changes in ECM production and degradation, and force-mediated alterations
in matrix conformation'''. As desmoplasia is a key feature of breast cancers'?®, changes
in ECM deposition and post-translational modifications are particularly relevant. The most
common alteration in a tumorigenic ECM is the increased generation of fibrillar
collagen'?s, alongside other matrix components such as fibronectin and HA. This
desmoplastic reaction has been linked directly to increased tumor aggressiveness and
metastasis using breast cancer mouse models'?’. Mechanistically, this occurs in part via
collagen-mediated signaling through its binding to many surface receptors, including
unigue receptor tyrosine kinases Discoidin Domain Receptors (DDR1 and DDR2), Notch,
and multiple integrins. For example, it has been shown that interaction of collagen with
DDR1 in the breast TME is critical for metastatic outgrowth via activation of STAT3
signaling'?8, and that DDR2 further facilitates metastasis by stimulating ERK2 activity and
stabilizing the Snail1 protein'2°,

Post-translational modifications of collagen can be further altered in a tumor-
controlled microenvironment to cause changes in ECM architecture and impact disease.
For example, lysyl hydroxylases (encoded by PLOD genes) and lysyl oxidases (encoded
by LOX and LOX-like genes) are frequently over-expressed in breast cancers, leading to

increased collagen cross-linking and tumor progression3%:131_ In tandem with increased
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collagen production, this results in a stiffer, denser tissue which has been observed as a
strong independent risk factor for the development of breast cancer'32-134, Breast density
refers to the amount fibrous and glandular tissue (more dense) relative to fatty adipose
tissue (less dense) in a given breast. However, organisation and composition of the ECM,
rather than density alone, is crucial for influencing tumor cell motility'35. Culturing non-
invasive breast cancer cells in a fibrillar collagen-l matrix is known to potentiate their
invasion compared to culturing in Matrigel, which largely contains non-fibrillar collagen-
V136, In normal breast tissue, collagen fibers in the IM are curly and oriented in parallel
with the epithelium, often protecting against the early-stages of tumorigenesis by
activating cellular signaling pathways that promote cell-cell junction formation and
downregulate mesenchymal-specific genes'3”. As tumors grow, however, fibers at the
tumor-stroma boundary become highly linearized and oriented perpendicular to the tumor
edge, providing migration tracks to facilitate local invasion and eventual metastasis'30.138,
This feature of breast cancer is known as tumor-associated collagen signatures (TACS),
and increased abundance of bundled perpendicular fibers (TACS-3) is associated with
poor patient survival'®®. These “collagen highways” are similarly important for non-tumor
cells. T cells and dendritic cells migrate towards TME-derived chemoattractants along
collagen-I fibers'4?, but can be precluded from local regions with highly dense collagen
and fibronectin deposition as they lack intrinsic proteolytic activity to modulate the
matrix'4!. Beyond collagen, many ECM proteins are glycosylated, including HA and its
receptor CD44. These glycoproteins and glycolipids can form into complex structures on

the cell surface, termed the glycocalyx, which mediates cell-matrix interactions and
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mechanoresponses’42. Tumor cells have been shown to upregulate certain glycoproteins
on their surface to form bulky glycocalyx, which applies increased tension to ECM-bound
integrins to promote their clustering and increase pro-tumorigenic signaling®#2.

The ECM can be degraded or cleaved by target-specific proteases that are
counterbalanced by complementary protease inhibitors. Examples of these proteases
include matrix metalloproteinases (MMPs), disintegrin and metalloproteinases (ADAMS),
and disintegrin and metalloproteinases with thrombospondin motifs (ADAMTs)''!. While
our understanding of specific protease-substrate pairings remains incomplete, their
secretion throughout tumor progression by stromal and tumor cells fulfills three main
roles'43. Firstly, degradation of physiologically normal ECM allows for its replacement by
tumor-supportive ECM. Secondly, deformation of the matrix is an important component
of tumor cell motility. Finally, ECM protein cleavage can release bound signaling
molecules and soluble factors, or produce bioactive protein fragments termed matrikines,
either of which can have a range of functions that are pro- or anti-tumorigenic'43. The
activity of MMPs have been particularly well-studied in breast cancer, with a range of
substrate specificities and functional consequences for different MMP subtypes.
Remodelling of the basement membrane, thereby promoting breast tumor cell invasion,
is largely impacted by the degradation activity of membrane-bound MT1-MMP (also called
MMP-14)144.145_ Further movement of tumor cells through the IM is also largely controlled
by MT1-MMP-mediated degradation of collagen migration barriers'46.147, Moreover,
tumor-associated macrophages and neutrophils are both key sources of the collagenase

and gelatinase MMP-9, as well as other matrix components. The MMP-9 secreted by
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these cells is not complexed with its inhibitor TIMP-1, unlike other cellular sources’#, and
plays vital roles in IM collagen clearance'#® and pro-angiogenic regulation%0:151, CAFs
can similarly produce and secrete MMPs to promote proteolytic ECM degradation?®?,
However, CAFs can also utilize their profound contractile ECM-remodelling capacities as
an MMP-independent mechanism of remodelling, often through the activity of a3 and a5
integrins and Rho-mediated regulation of myosin light chain activity'®®. CAFs use these
mechanisms to apply physical forces on both the BM and IM to widen pre-existing holes
in the matrix, create stable migratory tracks, and act as leader cells to facilitate tumor cell

migration and invasion'54.155,

1.2.3. Anti-cancer therapeutics and the extracellular matrix

In addition to the pro-tumorigenic processes discussed above, cumulating
evidence has indicated a role for the ECM in mediating therapeutic resistance in breast
cancer'6.157_ A recent study identified LOX as a key inducer of chemotherapy resistance,
as increased collagen cross-linking was shown to reduce drug penetration into the TME
and promote resistance through activation of the Src/FAK pathway8. In 2008, Helleman
et al. showed that increased expression of FN1, LOX, and SPARC were associated with
poor prognosis in patients with metastatic breast cancer, and that tenascin C was
associated with resistance to first-line tamoxifen treatment'®. Furthermore, fibronectin
and laminin have been documented to mediate resistance to ionizing radiation in human
breast cancer cells in vitro'®0. In syngeneic mouse lung cancer models, it was even

demonstrated that tumors upregulate intratumoral collagen deposition as a mechanism
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of acquired resistance to anti-PD-1 or anti-PD-L1 immunotherapy, due to the binding of
collagen to LAIR1 receptor on T cells to promote their exhaustion'6'.

It is clear that combination therapies which include targeting pro-tumorigenic ECM
remodelling may be a clinically relevant option for patients with breast cancer. Many
strategies have thus been investigated in pre-clinical studies including inhibition of ECM
components and remodelling enzymes, blocking cell surface receptors that bind to the
matrix, or targeting ECM-producing CAFs directly''®. Promisingly, several therapies
targeting the ECM have undergone clinical trials in multiple cancer types (trials including
breast cancer patients are summarized in Table 1.2 below) but so far have proven to be
largely ineffective. Fibroblast activation protein (FAP) was an attractive candidate as it is
expressed in CAFs exclusively, but early trials using the FAP-targeting antibody
Sibrotuzumab showed poor outcome and reduced survival'®2. Subsequent trials are using
a novel engineered variant of interleukin-2 that binds to FAP and is retained within tumors,
in combination with other therapeutics such as trastuzumab or cetuximab
(NCT02627274). Targeting of the TGFB pathway at the ligand (using trabedersen),
receptor-ligand (using fresolimumab), and intracellular levels (using galunisertib) have
shown limited effects'®3. Similarly, targeting of multiple MMPs to control ECM degradation
using drugs such as marimastat or incyclinide led to no survival advantage and severe
side-effects due to a lack or target specificity'®4. Increased research is therefore needed
to improve our understanding of ECM composition and regulation, and improve

therapeutic performance as existing options remain complex and ineffective.
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Table 1.2. Clinical trials of ECM-targeting therapies in breast cancer.

Target Therapeutic Agent Effect on ECM Trial ID
BT17 (drug conjugate) as | Induces cell death of MT1-
MT1-MMP mono-therapy MMP expressing cells NCT03486730
Copper chelation lowers serum
LOX Tetrathiomolybdate (non- | LOXL2 concentrations'®. mAb
and | shecific copper chelate) | targeting of LOXL2 inhibits its NCT00195091
LOXLs as mono-therapy activity, resulting in decreased
collagen cross-linking.
det)is- $I(|3n;Lérrr1naAt\)b()C?r(]31OO8, Diminishes fibrosis associated
TGFB combination with with radiation therapy in breast | NCT01401062
; cancer
radiotherapy
RO6874281 (interleukin-2 | Reduces the activity of cancer-
variant) as mono-therapy | associated fibroblasts
FAP and in combination with specifically through targeting NCT02627274
trastuzumab (anti-HER2 of the FAP (fibroblast activation
mAD). protein) protease
Inhibits several cell-surface
Sitravatinib (MGCD516) receptor tyrosine kinases
RTKs | as monotherapy including VEGFR, PDGFR and | NCT02219711
DDR2.

1.3 Oncometabolism and breast cancer stem cells

1.3.1 General introduction to cellular metabolism and oncometabolism

In non-transformed or slowly proliferating cells, mitochondrial metabolism is the
main source of energy production. Various carbon sources (glucose, glutamine, pyruvate
etc.) feed into the tricarboxylic (TCA) cycle to produce reducing equivalents, such as
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH), that

are subsequently used as electron donors in the electron transport chain (ETC). Electrons
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are transported across ETC complexes in the mitochondrial inner membrane to generate
proton gradients that provide a motive force for adenosine triphosphate (ATP) production
by ATP synthase — a process known as oxidative phosphorylation (OxPhos)'¢6. Glycolysis
sits upstream of the TCA cycle as a second important mechanism of ATP production, by
converting glucose into pyruvate via a multi-step reaction, which can then feed into the
TCA cycle or be converted into lactate. While the glycolytic rate of ATP production is
faster than OxPhos, the energetic yield is much lower at only 2 ATP per molecule of
glucose compared to the 32 ATP produced by OxPhos'¢”.

In contrast, tumor cells are characterised by heightened energetic demand due to
high rates of proliferation, and thus need to adapt their metabolism through rapid ATP
generation to maintain energy balance, nutrient incorporation to form biomass
macromolecules, and regulation of cellular redox status'®®. The Warburg Effect has
served as the bedrock of the oncometabolism field since its seminal discovery in the
1920s by Otto Warburg'®®. It describes a state in which tumor cells preferentially generate
ATP from glycolysis even in the presence of sufficient oxygen concentrations in the TME
(so-called aerobic glycolysis), resulting in high rates of glucose uptake. This glucose can
also be metabolized by other mechanisms, including the pentose phosphate pathway, to
produce large quantities of the macromolecules necessary to generate the materials
needed for proliferation68,

It was originally proposed by Warburg that this counter-intuitive behaviour could
be explained by dysfunctional mitochondria in tumor cells'”°. While this is true of some

cancers'”172 increasing evidence suggests that the majority of tumors have fully-
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functioning mitochondria'”3-176. Moreover, we now have an improved understanding of
tumor metabolism inter- and intra-heterogeneity, with some cells that maintain a
glycolytic-dominant metabolism while others predominantly use OxPhos for ATP
generation'73.174.177-179 Rather, the metabolic alterations of a given tumor cell depend on
a plethora of factors including gene expression and mutations, environmental hypoxia,
and proliferation rate'®. Beyond aerobic glycolysis, upregulated glutamine catabolism is
another key feature of transformed cells'8'. Glutamine acts as both a nitrogen and carbon
donor and contributes to all core metabolic tasks, including complementing glucose
metabolism to facilitate TCA cycle activity and the production of macromolecules,
maintain nucleotide synthesis, and support cellular antioxidant responses?®?. It is worth
emphasizing that our understanding of cancer metabolism continues to evolve and that
many pathways beyond glucose and glutamine metabolism have been identified as
relevant to tumor cell function and disease progression'”’. Clearly, the Warburg Effect

does not fully explain oncometabolic mechanisms.

1.3.2 Metabolic flexibility and cooperation in the TME

In addition to meeting their own high-demand proliferation rate, tumor cells must
do so in metabolically challenging conditions. The TME is characterized by spatially and
temporally heterogeneous concentrations of oxygen, glucose, and glutamine, which are
often in short supply. If tumor cells are to successfully colonize a tissue, they must
therefore be metabolically flexible. This flexibility is partly tumor-intrinsic, through rewiring

of metabolic states according to environmental nutrient availability or biological function
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(for example, cellular proliferation versus invasion). Additionally, when carbon sources
such as glucose or glutamine are in short-supply, tumor cells form metabolic networks to
create symbiotic relationships with their neighbouring cells (reviewed in Danhier et al.,
2017'77). Glycolytic and oxidative tumor cells have been shown to swap lactate for
glucose, taking advantage of lactate gradients between high-glycolytic and well-perfused
OxPhos-dominant regions'’8. In 2009, Pavlides et al. (2009) proposed a new theory,
termed the Reverse Warburg Effect, in which CAFs undergo aerobic glycolysis in order
to supply tumor cells with energy-rich metabolites that can enter the TCA cycle and be
used for OxPhos'83. As another example of this important metabolic relationship, Ko et
al. (2011) observed that co-culturing of CAFs with MCF7 breast cancer cells increased
autophagy in the fibroblasts, leading to upregulated CAF-derived glutamine secretion
which fueled mitochondrial metabolism in the tumor cells84.
1.3.2.1  Metabolic dependencies of breast cancer metastasis

Metabolic adaptability is especially crucial throughout the metastatic cascade,
where conditions are constantly in flux, necessitating a series of sequential rewiring
events to maintain plasticity. In fact, it has been suggested that only metabolically flexible
cells have the intrinsic capacity to survive in secondary sites'®. Focal control points
include changes in intra- and extracellular pH levels, glycolytic enzymes performing as
autocrine cytokines, shifts in mitochondrial activity, and altered lipid metabolism (reviewed
in-depth in Payen et al., 20168 and Porporato et al., 201687). Tumor cells attempting to
colonize a secondary site must adapt to the local nutrient environment, and energy (ATP)

generation has emerged as a critical output for successful tumor cell seeding, although
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the reasons for this are still unclear'8818_Interestingly, a recent theory by Schild et al.’®°,
alongside the “Seed and Soil” dogma, proposes that specific tumor cells evolve to have
distinct metabolic features that pre-determine their ability to colonize specific sites. As
such, we are beginning to improve our understanding of tissue-specific metabolic
requirements in breast cancer. Breast cancer cells that metastasize to the lung have been
shown to upregulate PGC1a expression (a key regulator of metabolism) and enhance
global bioenergetic capacity'®', uptake environmental pyruvate to remodel the
extracellular matrix'%2, and are reliant on OxPhos'®3. In contrast, breast cancer cells in
the liver depend on glycolytic energy production’®#, and those in the brain require fatty
acid synthesis to fuel their growth'®5. Ongoing and future studies should aim to assess
metabolic flexibility (one tumor cell using multiple fuel sources) versus rigidity (pre-
determined capabilities for specific cell subsets) in breast cancer metastasis. Moreover,
if organ-specific metastases possess metabolic vulnerabilities, these may represent a

newly-emerging therapeutic target.

1.3.3 Breast cancer stem cell metabolism

The metabolic phenotypes of cancer stem cells (CSCs), also referred to as tumor-
initiating cells (TICs), have been the subject of intense research in recent years. Although
the CSC concept remains incompletely understood, it is clear that not all malignant cells
are functionally equal, and a newly emerging field is focussed on investigating their
metabolic properties. In particular, CSCs have metabolic signatures that are distinct from

their non-CSC counterparts, allowing them to maintain a marked ability to reprogram their
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metabolism to adapt to environmental changes'®. This makes them a highly relevant
therapeutic target.
1.3.3.1  Brief introduction to breast cancer stem cells

Similar to stem cells in non-malignant tissues, CSCs are populations of
undifferentiated cells that sit at the apex of the tumor cell hierarchy. They are
characterized by the ability to self-renew, long-term tumorigenicity in vivo, and the
generation of more differentiated progeny that constitute the bulk of a tumor'9”. Increasing
evidence suggests that breast cancer stem cells (BCSCs) are the powerhouse behind
tumor progression, therapeutic resistance, and metastasis'®8-2%4, Indeed, it is reported
that the phenotypic and molecular heterogeneity of breast cancers are a result of their
CSC content?%4, There are several biomarkers used to identify and isolate BCSCs,
multiple theories behind their cellular origin, and various known regulatory signaling
mechanisms (reviewed in Zhang et al., 20202%). Al-Hajj et al. (2003) were the first to
identify BCSCs using the cell surface markers CD44 and CD242%6. The other most
commonly used marker of BCSCs is aldehyde dehydrogenase 1 (ALDH1), which is a
predictor of poor patient outcome?°?. Generally, one of four main methods is used to
isolate and study BCSCs: cell sorting using cell surface markers, the side population
assay (based on high expression of ATP-binding cassette ABC transporter proteins),
fluorescent ALDEFLUOR assay to isolate cells with high ALDH enzymatic activity, and
spheroid formation assays (culture in non-adherent conditions)?%%. Signaling such as

Notch, Wnt, Hippo and Hedgehog pathways are crucial for regulating stemness
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properties?®, alongside the expression and activity of pluripotent transcription factors,
including Oct4, Sox2, and Nanog?%s.
1.3.3.2  Metabolic phenotypes of breast cancer stem cells

Given the importance of BCSCs in disease progression, metastasis and
recurrence, the ability to target BCSC-specific metabolic traits could prove useful.
Unfortunately, reported studies so far have provided contradictory results. The majority
of these findings have suggested that BCSCs maintain a glycolytic-dominant
metabolism?0°210, Functionally, it has been shown that forcing a metabolic switch from
OxPhos to glycolysis, through silencing of the FBP1 promoter, regulates BCSC behaviour
and enhances tumorigenicity in vitro and in vivo?!!. Furthermore, it has been shown that
inhibiting glycolysis in human breast cancer cells inactivates ABC transporters on CSCs,
which resulted in enhanced intracellular drug accumulation and retention?'2. This
highlights how glycolysis-dependent metabolic programming in BCSCs may contribute to
treatment resistance. Opposingly, Lee et al. (2017) demonstrate that BCSCs exhibit
enhanced mitochondrial respiration due to c-Myc-mediated induction of mitochondrial
biogenesis, thereby promoting therapeutic resistance and tumor formation?'3. In addition,
fatty acid oxidation (FAO) has been implicated as an important metabolic pathway in
BCSCs. Mechanistically, JAK/STAT3 signaling promotes stemness features through
expression of carnitine palmitoyltransferase genes, which encode critical FAO enzymes.
Inhibition of FAO inhibits BCSC function in vivo, sensitizes tumors to chemotherapy, and
impairs radiotherapy resistance?'4215, Simultaneous targeting of multiple CSC-specific

metabolism-related pathways is an attractive target, as it is likely that the “metabolic
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freedom” of BCSCs contributes to their persistence under standard therapies. Future
studies are needed, however, to further identify these vulnerabilities and assess the

feasibility of targeting such a complex network of enzymes and metabolites.

1.4 Regulation of mRNA translation initiation

1.4.1 Eukaryotic mRNA translation and the MNK1/2-elF4E axis

The initiation step of mMRNA translation is rate-limiting in eukaryotic cells. This
involves recruitment of ribosomal subunits to mRNA strands to form elongation-
competent ribosomes?'; a process that is mediated by the eukaryotic initiation factor 4F
(elF4F) complex?17218, elF4F is a heterotrimeric complex composed of the scaffolding
protein elF4G, the RNA helicase elF4A, and elF4E?'°. Originally discovered by
Sonenberg et al.??0221 e|lF4E binds to the 7-methylguanosine cap that sits at the 5’ end
of eukaryotic mRNAs. This structure promotes RNA stability by preventing degradation,
regulates mMRNA processing, and facilitates translation initiation®'8. Binding of elF4E to
the cap allows elF4F and the 43S pre-initiation complex, formed from multiple other
initiation factors, to unwind the mRNA which is subsequently loaded into the 40S
ribosomal subunit. The ribosome then scans the target mRNA for a start codon, at which
point the initiation factors are released and the 60S ribosomal subunit is added to the 40S
subunit to form an elongation-competent 80S ribosome. Thus, translation is initiated and
continues, codon by codon, in the 5’ to 3’ direction. See Figure 1.3 below for a summary

of this process.
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Figure 1.3. Overview of cap-dependent eukaryotic mRNA translation initiation. (A) Overview
of eukaryotic mRNA structure. (B) elF4E complex binds to the 5° mRNA cap through elF4E and
recruits the 43S pre-initiation complex to form the 48S initiation complex. (C) This complex scans
along the mRNA to locate a start codon. (D) Initiation factors are released and the 60S ribosomal
subunit is recruited to form an elongation-competent ribosome. Translation is initiated.
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The function of elF4E is tightly regulated through two main mechanisms. The first
of these controls elF4E availability through competitive binding between elF4G and
elF4E-binding proteins (4E-BPs). To facilitate translation initiation, binding of elF4G to
elF4E increases its affinity for the 5° mRNA cap??2. In contrast, 4E-BPs inhibit translation
by competing with elF4G for the same binding site on elF4E and sequestering it away
from the elF4F complex?23. This interaction is precluded, however, when 4E-BPs are
phosphorylated by mTOR; a dual-specificity kinase that sits downstream of PI3K/Akt
signaling. Secondly, elF4E activity is regulated through its phosphorylation uniquely at
serine 209 (S209)?** by Mitogen-activated Protein Kinase Interacting Kinases 1/2
(MNK1/2), for which elF4E is the only in vivo validated substrate®?®>. The precise
mechanistic consequences of this phosphorylation event remain a point of contention in
the field (see Chapter 4 for a more detailed discussion). In the context of cancer, however,
it is clear that phosphorylation of S209 enhances elF4E-mediated cellular
transformation?6. Functionally, elF4E phosphorylation bolsters the translation of a
specific subset of mRNAs involved in cell proliferation, survival, invasion, and
metastasis??’-22%. Notably, it has been shown that mice with a single allele knock-out for
Eif4ie and phospho-elF4E-deficient mice (elF4ES2094/5209A  double-allele knock-in
mutation) maintain normal development. Both models are also characterized by reduced
tumorigenesis, which can be attributed to the impaired translation of specific pro-
oncogenic genes, without impairment of global protein synthesis??7:230, This is beneficial
for the clinical development of therapeutic inhibitors directed at MNK1/2 (discussed

below).
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MNK1 and MNK2 are serine-threonine kinases encoded by the genes MKNK1 and
MKNK2, respectively. Both kinases were identified independently by phosphorylation
screening for ERK substrates?31232, In humans, each MKNK exists as a full length “a”
isoform or a truncated “b” isoform, which lacks a MAPK-binding motif but maintains a
catalytic domain, while in mice only the full-length form has been identified?33234, MNK1
and MNK2 are directly activated by the ERK and p38 Mitogen-activated Protein Kinases
(MAPKSs), which phosphorylate two threonine residues in response to mitogenic- and
stress-stimuli225.231.232.235  |nterestingly, MNK2 activity is higher than MNK1 under basal
conditions, while MNK1 activity is greatly increased upon cellular stimulation?35236_ |t has
been suggested that this basal phosphorylation of elF4E is responsible for maintaining

the synthesis of proteins essential for cell survival®33,

1.4.2 Rationale for targeting MNK1/2-elF4E signaling in breast cancer

Upstream cancer-associated mutations frequently increase signaling through
MNK1/2-elF4E, resulting in aberrant mRNA translation and protein synthesis that
contributes to disease progression. For example, our group has shown that the receptor
tyrosine kinase C-KIT, which drives tumorigenesis in acral/mucosal melanoma,
stimulates MNK1/2 to upregulate the translation of mMRNAs associated with tumor cell
migration and invasion2%’. Furthermore, we showed that BRAFV69°E the most common
activating mutation in cutaneous melanoma, activates MNK1/2-elF4E signaling to
promote phenotype switching and immune suppression via translational control of NGFR

and CCL5, respectively?®. As a result, both elevated expression of elF4E and increased
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elF4E phosphorylation are associated with poor patient prognosis across cancer
types?27239.240 Focussing on breast cancer, we have demonstrated that phospho-elF4E-
deficient mice have delayed tumorigenesis and develop fewer lung metastases in
spontaneous and orthotopic murine breast cancer models?28.229.241 Tumor-intrinsic MNK1
has also been shown to control the transition from ductal carcinoma in situ to IDC, which
subsequently supports local tumor invasion?#2. Beyond the tumor cell, there is a growing
field of literature that explores the role of the MNK1/2-elF4E axis in non-tumoral
components of the breast TME. This includes regulation of the immune system, where
phospho-elF4E is known to dictate the survival of pro-metastatic neutrophils in the
lung??8, and MNK2 has been shown to control macrophage anti-inflammatory functions?43.
Moreover, in patient tumors derived from an aggressive form of breast cancer (post-
partum breast cancer, PPBC), CD8* T cells were observed to have higher phospho-elF4E
levels when compared to CD8* T cells present in breast cancers diagnosed outside the
postpartum period, which correlated with increased expression of the exhaustion marker
PD-1241, In the stromal cell compartment, phospho-elF4E-deficient fibroblasts displayed
reduced expression of the pro-invasive cytokine IL-33 when co-cultured with tumor
cells®*', Our study, presented in Chapter 2, further identified phospho-elF4E as a
regulator of collagen type | deposition and spatial orientation in the mammary gland,
impacting metastatic progression and resistance to anti-PD-1 therapy. It is clear that this

important signaling node plays a pleiotropic role across compartments of the TME.
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1.4.3 Inhibitors of mRNA translation as a new class of therapeutic agent

There is accumulating evidence linking activity of the MNK1/2-elF4E axis with
disease initiation and progression in breast, and other, cancers. Translational machinery
has become a promising therapeutic strategy as a result, with several classes of inhibitors
currently in stages of pre-clinical and clinical testing. These include elF4A inhibitors,
inhibitors of elF4E-elF4G binding, and MNK1/2 inhibitors. Promisingly, all three of these
approaches have shown promise in pre-clinical studies targeting breast cancer. Use of
the elF4A inhibitor Zotafirin resulted in significant tumor regression when combined with
Alpelisib (PI3K inhibitor) or Ipatasertib (Akt inhibitor)244. The 4EGI-1 inhibitor of 4E-4G
interaction induces endoplasmic reticulum stress and apoptosis in tumor cells245.246,
resulting in reduced tumor outgrowth when used as a single agent in two independent
studies?47248, Similarly, the MNK1/2 inhibitor Cercosporamide decreased tumor outgrowth
when used in combination with doxorubicin?49, and SEL201 diminished lung metastasis
in a PPBC model?4'. Excitingly, Zotafirin and the MNK1/2 inhibitor Tomivosertib (EFT508)
are currently in Phase I/l clinical trials (NCT04092673, NCT04261218) in patients with
breast cancer. As a whole, these studies underscore the importance of pursuing
translational machinery, particularly the MNK1/2-elF4E axis, as a clinically relevant target

in breast cancer.

1.5 Rationale and objectives
Breast cancer metastasis represents a major clinical challenge. From the literature

discussed above, it has become clear over the last decade that the MNK1/2-elF4E axis
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functions across cell types of the breast TME to promote mechanisms of disease
progression. Appropriate use of MNK1/2 inhibitors, in combination with standard of care
or experimental drugs, is therefore a promising therapeutic option that requires continued
research. However, our understanding of the full contribution of this signaling pathway to
breast cancer metastasis, and the subsequent impact of targeting it, remains incomplete.
The primary goal of this thesis is to continue expanding our current knowledge in
this field, focussing specifically on two elements of breast cancer disease in which the
function of MNK1/2-elF4E signaling is unstudied. My overall hypothesis for this body of
work, which serves as the foundation for the two studies outlined below, is that
contextualizing a tumor within its microenvironment is critical to understand the role that
MNK1/2-elF4E signaling plays in primary tumor progression and metastatic colonization.
Murine breast cancer models have identified critical roles for phospho-elF4E-expressing
tumor-supportive cells in the breast TME, but how this translational control impacts
stromal cell-derived ECM is entirely unknown. Thus, in the study presented in Chapter 2,
we examined the impact of elF4E phosphorylation on the composition and pro-
tumorigenic potential of the mammary gland ECM. Additionally in Chapter 3, given the
recently identified link between MNK1 and BCSC behaviours?#?, | chose to further
characterize the tumor-intrinsic function of this kinase, particularly with respect to its
control of pro-metastatic features. More detailed objectives for these studies are listed
below:
1. To determine whether the MNK1/2-elF4E axis plays a role in regulating the

composition of the mammary gland ECM.
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. To investigate if ECM derived from a phospho-elF4E-deficient context contributes
to a less metastatic TME compared to wild-type.

. To improve our understanding of the functional role that tumor-intrinsic MNK1

kinase plays in regulating BCSC populations and/or features.

. To identify previously unknown consequences of pharmacologically inhibiting
MNK1/2, and test the efficacy of these inhibitors in reducing breast cancer
metastasis in vivo.

. To explore the potential clinical relevance of targeting the MNK1/2-elF4E axis

through the translation of our findings into breast cancer patient samples.
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Chapter 2 — Phosphorylation of elF4E in the stroma drives the production and

spatial organisation of collagen type | in the mammary gland

This chapter was published as an original research article (open access):

Preston SEJ, Bartish M, Richard VR, Aghigh A, Goncgalves C, Smith-Voudouris J,
Huang F, Thébault P, Cleret-Buhot A, Lapointe R, Légaré F, Postovit L-M, Zahedi RP,
Borchers CH, Miller Jr. WH, del Rincdn SV. Phosphorylation of elF4E in the stroma
drives the production and spatial organisation of collagen type | in the mammary gland.
Matrix Biology (2022). 111:264-288.

The online version of this article, and all supplementary material associated with it, can

be found at: https://doi.org/10.1016/{.matbio.2022.07.003

2.1  Abstract

The extracellular matrix (ECM) plays critical roles in breast cancer development.
Whether ECM composition is regulated by the phosphorylation of elF4E on serine 209,
an event required for tumorigenesis, has not been explored. Herein, we used proteomics
and mouse modelling to investigate the impact of mutating serine 209 to alanine on elF4E
(i.e., S209A) on mammary gland (MG) ECM. The proteomic data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repository with the dataset
identifier PXD028953. We discovered that S209A knock-in mice, expressing a non-
phosphorylatable form of elF4E, have less collagen-I deposition in native and tumor-
bearing MGs, leading to altered tumor cell invasion. Additionally, phospho-elF4E-
deficiency impacts collagen topology; fibers at the tumor-stroma boundary in phospho-

elF4E-deficient mice run parallel to the tumor edge but radiate outwards in wild-type mice.
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Finally, a phospho-elF4E-deficient tumor microenvironment resists anti-PD-1 therapy-
induced collagen deposition, correlating with an increased anti-tumor response to
immunotherapy. Clinically, we showed that collagen-I and phospho-elF4E are positively
correlated in human breast cancer samples, and that stromal phospho-elF4E expression
is influenced by tumor proximity. Together, our work defines the importance of
phosphorylation of elFAE on S209 as a regulator of MG collagen architecture in the tumor
microenvironment, thereby positioning phospho-elF4E as a therapeutic target to augment

response to therapy.
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2.2 Introduction

The extracellular matrix (ECM) is a three-dimensional protein network that
undergoes continuous remodelling to maintain tissue homeostasis’. More than simply a
structural support, the ECM exists as a solid-phase reservoir of ligands and growth factors
that can define cellular responses at biophysical and biochemical levels. Cell-ECM
interactions modulate diverse cellular functions, including proliferation, migration and
differentiation’. Moreover, dysregulation of ECM composition and structure contributes to
multiple pathophysiological processes. In the context of cancer, the ECM represents one
part of an evolving tumor microenvironment (TME) that adapts to each stage of neoplastic
progression?. Deregulation of the ECM contributes to the acquisition of the hallmarks of
cancer, and homeostatic control over its production and remodelling is lost in the
presence of a tumor3. In particular, collagens, biglycan, fibronectin, matrix proteases and
other extracellular proteins have been shown to be crucial components of tumorigenic
ECM remodelling processes that facilitate tumor cell invasion, immune evasion and
metastasis?.

The use of proteomics-based approaches has been fundamental in probing the
protein composition of the mammalian ECM, termed the matrisome, across multiple
species and tissue types*®. In silico analysis pipelines have concurrently been created to
annotate the output from these proteomics studies, allowing the definition of 274 core
matrisomal proteins and 1110 matrisome-associated proteins®. These include 44 collagen
subunits, 36 proteoglycans, numerous glycoproteins, ECM regulators and secreted

factors’. We know that the composition of the ECM fundamentally underpins its function.
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However, the technical limitations of working with acellular samples have meant that
many aspects of matrix biology remain under-studied.

It is well supported that perturbations in mRNA translation promote cellular
transformation and tumor progression’. A critical role of translational control in non-
tumoral components of the TME is emerging®'2, but whether it impacts stromal cell-
derived ECM remains underexplored. The MNK1/2-elF4E signaling axis exemplifies how
gene regulation at the level of translation initiation can act abnormally to promote cancer
progression'3. Eukaryotic initiation factor 4E (elF4E) binds to the 5’ 7-methylguanosine
cap of mRNAs to mediate cap-dependent translation. elF4E is phosphorylated on serine
209 by Mitogen-activated Protein Kinase Interacting Kinases 1/2 (MNK1/2)'415, The
function of this phosphorylation event remains a point of contention in the literature. Some
studies suggest a role for phosphorylated elF4E in promoting cap-binding, elF4F complex
formation and translation initiation'6-23, while other studies conclude that the function of
this phosphorylation event is unclear?*26, Despite this lack of clarity, it is clear that
phosphorylation of S209 greatly enhances elF4AE-mediated cellular transformation?’. In
addition, the phosphorylation of elF4E results in increased translation of a subset of
mRNAs involved in cell survival, invasion, and metastasis, including MMP3 and MMP928,
BCL2", SNAI1'2. Clinically, the expression of phospho-elF4E is associated with
increased tumor aggressiveness and poor patient prognosis across cancers?®2°, and thus
MNK1/2 inhibitors are in clinical trials.

Breast cancer (BC) is the most common cancer in women and the second leading

cause of death from cancer®®. Unlike early-stage disease, metastatic breast cancer is
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considered incurable using currently available therapies, and the ability to reduce
metastasis remains an urgent clinical need. We have previously shown that mice deficient
in phospho-elF4E (harboring a double allelic serine-to-alanine mutation at S209, herein
referred to as S209A mice) develop fewer lung metastases in the PyMT murine breast
cancer model'2. Additionally, we have shown that S209A mice resist lung metastasis
following orthotopic injection of phospho-elF4E-expressing breast cancer cells into the
mammary gland (MG), as compared to wild-type (WT) mice. In contrast, implanting these
cells into WT versus S209A mice has no impact on primary tumor initiation or
outgrowth®11_If the same breast cancer cells are injected via the tail vein, therefore
bypassing the growth of a primary tumor in the MG, the protection against development
of lung metastases in phospho-elF4E-deficient mice is lost''. These data indicate that
phospho-elF4E-expressing tumor-associated cells within the MG TME play a crucial role
in metastasis. We hypothesized that the phosphorylation of elF4E in stromal cells
regulates ECM deposition and that WT versus S209A MG ECM are compositionally
distinct. We further postulated that the ECM of a phospho-elF4E-deficient MG will
contribute to a less metastatic TME compared to their WT counterparts.

Here, we show that the ECM extracted from S209A MGs influences tumor cells to
be less invasive, compared to the same cells grown in the presence of WT MG-derived
ECM. Our proteomic analysis revealed that MG-derived ECM from WT and S209A mice
differ in their composition. Notably, a phospho-elF4E-deficient MG harbours less
collagen-I in the presence or absence of a tumor. Reorganisation of collagen fibers at the

tumor periphery is known to promote local invasion in the mammary gland3'-32, Second
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Harmonic Generation (SHG) microscopy is a powerful label-free imaging technique for
tissues rich in collagen type 13334 We used SHG to show that a non-phosphorylatable
form of elF4E shapes collagen topology, in addition to deposition. Tumors implanted into
S209A MGs are surrounded by a collagen landscape in which fibers run more parallel
with the tumor interface compared to the same tumors grown in WT MGs. Our analysis
of human BC biopsies revealed that phospho-elF4E and collagen-| protein levels are
positively correlated in patients, and that stromal phospho-elF4E expression is increased
at sites most proximal to the tumor cells. Finally, we demonstrated that genetic and
pharmacologic disruption of elF4E phosphorylation reduces anti-PD-1-induced
intratumoral collagen deposition. Overall, this study defines a previously unknown role for
the phosphorylation of elF4AE on S209 as a regulator of collagen in the MG and highlights
how modulating the ECM using MNK1/2 inhibitors may increase the efficacy of breast

cancer treatments.

2.3 Results

2.3.1 ECM enrichment from murine mammary glands.

To reliably isolate ECM from WT and S209A murine MGs, we chose a frequently
used?3%:36 protocol specifically designed to enrich for matrisomal proteins from this organ3”
(Fig. 2.1A). Most extracellular proteins are inherently insoluble. We can therefore
homogenize MG tissue in a high-salt lysis buffer and significantly enrich for matrisomal
proteins by centrifugation, while reducing cellular protein content, thereby isolating our

total ECM protein fraction (Fig. 2.1A). Some of these isolated ECM proteins can be either
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fully or partially re-solubilized in the presence of urea, which acts as a chaotropic buffer
reagent, allowing them to be used in downstream assays. Centrifugation of ECM samples
homogenized in urea will therefore yield urea-insoluble (iECM) and urea-soluble (SECM)
protein fractions. The latter is dialyzed to remove remaining urea and salt residues for
use in in vitro assays (Fig. 2.1A). The isolated ECM fractions of WT and S209A mammary
glands were analyzed by Western blotting, confirming the presence of fibronectin, an
abundant ECM protein, as well as the absence of the intracellular protein GAPDH (Supp.
Fig. 2.1A). It is known that cell-matrix interactions are vital in controlling MG development,
branching ductal morphogenesis, polarization and differentiation383°. Carmine red
staining of whole-mount MG preparations showed no overt defects in the branching ductal
networks in S209A mice compared to WT mice (Fig. 2.1B). Furthermore, using H&E
staining we observed no changes in overall tissue architecture or duct structure in the
context of phospho-elF4E-deficiency (Fig. 2.1C). Curiously, quantifying the total protein
concentration of soluble ECM fractions from weight-matched tissue revealed that the
ECM isolated from S209A MGs is less concentrated than ECM from WT MGs (Fig. 2.1D).
Together, these data suggest that WT and S209A MG ECMs may differ in their

composition in a manner that still permits normal mammary gland development.

2.3.2 The ECM isolated from phospho-elF4E-deficient mammary glands directs breast
cancer cells to be less metastatic and invasive, compared to wild-type ECM.
Breast tumor initiation occurs in native mammary gland ECM. Thus, we chose to

investigate whether MG ECM derived from WT and S209A mice would impact breast
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cancer cell phenotypes. For this purpose, we used murine D2.OR and human
MCF10DCIS.com (herein referred to as DCIS) tumor cells. Both cell lines model the early
stages of breast cancer development and their proliferative, invasive, and metastatic
potentials are known to change as a result of their surrounding matrix*®4!. To model the
impact of our MG-derived ECM on these tumor cells, GFP-tagged D2.0R cells were pre-
cultured in either WT- or S209A-derived sECM for 4 days prior to tail vein injection into
S209A host mice (Fig. 2.1E). From this, we observed that fewer tumor cells had
successfully infiltrated the lung if they were pre-cultured in S209A-derived ECM,
compared to WT-derived ECM (Fig. 2.1F). When the same cells pre-cultured in WT or
S209A MG ECM were injected into WT host mice, we saw no difference in the number of
tumor cells in the lung between conditions (Supp. Fig. 2.1B). To support these data, we
performed in vitro migration-invasion assays using transwell Boyden chambers and found
that culturing either D2.0OR or DCIS cells in media supplemented with WT MG-derived
sECM was sufficient to significantly increase their invasive capacity when compared to
cells in normal culturing media alone (Fig. 2.1G, 2.1H). This increase in invasion was not
observed when culturing the same tumor cells in the presence of S209A MG-derived ECM
(Fig. 2.1G, 2.1H). Importantly, these differences in tumor cell invasion were not due to
altered cell growth, as we observed no difference in the proliferation rates of either cell
line grown for up to 4 days in either WT or S209A MG-derived ECM versus media alone
(Supp. Fig. 2.1C). These data emphasize the importance of ECM composition in
impacting tumor cell behaviour and add ECM regulation to the pro-tumor activities

regulated by phosphorylated elF4E, specifically in tumor-associated cells.
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Figure 2.1. Phospho-elF4E-deficiency reduces the pro-invasive impact of culturing breast
cancer cells in mammary gland-derived ECM. (A) Schematic of ECM enrichment from
murine mammary glands. (B) Representative images of whole-mount WT and S209A mammary
gland preparations stained with carmine red. (C) Representative images of H&E-stained WT
and S209A mammary glands. (D) Quantification of soluble ECM protein fractions enriched from
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1 gram of WT or S209A mammary gland tissue. Error bars represent SD. Paired ttest, n =6 per
group. (E) Schematic of experimental design for tail vein experimental metastasis assay. (F)
Number of GFP+ tumor cells in the lungs of S209A mice injected with D2.OR-GFP cells cultured
in the indicated conditions. Data are expressed as a percentage of live, single cells. Error bars
represent SD. One-way ANOVA with Tukey’s multiple comparison test, n = 4 (media only), n=8
(WT and S209A ECM). (G and H) Relative invasion of D2.0OR (G) and MCF10DCIS.com (H)
cells in indicated conditions. All data are normalized against the media only control (grey bars).
Error bars represent SD. One-way ANOVA with Tukey’s multiple comparison test, n = 3. For all
statistics: NS, p> 0.05.

2.3.3 The mammary gland matrisomes of elF4EWT and elF4ES2094/5209A mice differ.

We next chose to investigate the possible mechanism underpinning the reduced
invasion and experimental metastasis of tumor cells when they are cultured in S209A MG
ECM (Fig. 2.1E-H). To determine whether the MG ECM composition of WT and S209A
mice differed, we employed mass spectrometry to quantify the protein constituents of both
soluble and insoluble ECM fractions using label-free quantitation (LFQ). Each of our
biological replicates represents the ECM enriched from a weight-matched pool of
mammary gland tissue, isolated from 4 to 5 mice per group, with each batch of starting
material processed on different days. The LFQ intensities of unique peptides were then
used to calculate protein normalized abundance for each protein and sample, similar to
the methodology of previous publications*?. The normalized abundances of biological
replicates were then used to determine for each protein a fold-change between S209A
ECM and WT ECM. LFQ datasets were then combined to calculate an average fold
change across repeats. We have taken advantage of recent pipelines designed
specifically to use proteomics as a tool to probe matrix composition*3-4%, and chosen to

focus on those proteins that were common to all replicates. We quantified 327 and 158

proteins on average in our soluble and insoluble ECM fractions respectively, with 16%

65



(sECM) and 45% (iECM) of them having a greater than 2-fold difference in expression

between WT and S209A samples (Fig. 2.2A). Using the Matrisome Annotator

(https://matrisome.org) to curate our dataset enabled us to focus only on targets that
correspond to known ECM proteins (Fig. 2.2B). As anticipated, the number of identified
peptide spectral matches, peptides and proteins belonging to the core matrisome,
matrisome-associated or non-matrisomal compartments is in line with previously
published work*® (Supp. Fig. 2.2A). Moreover, we observed considerable overlap in the
matrisomal proteins identified between our biological triplicates by LC-MS/MS (Supp. Fig.
2.2B), indicating that we are enriching similar ECM components from batch to batch.
Utilizing the Matrisome Annotator further allowed us to match each identified protein with
its matrisome category (e.g., collagen, glycoprotein, proteoglycan) (Fig. 2.2C). Next,
normalized spectral abundance factors (NSAF+6) based on the number of peptide
spectrum matches and the molecular weights of each identified protein were calculated
to estimate the relative contribution of a given protein to the entirety of the detected
proteome. When using these values to compare the overall composition of the MG ECM,
we observed a remarkably similar distribution of proteins between matrisomal categories
for WT and S209A mammary glands, reflecting their identical tissue architecture (Fig.
2.1B, 2.1C). For example, approximately 17% of the sECM and 42% of the iECM was
comprised of collagens, in both WT and S209A mice (Fig. 2.2D). At the level of individual
targets, several proteins known to be important in cancer progression and metastasis
were found to be comparatively downregulated in S209A-derived ECM, including

Prolargin4’, Annexin A5%, Biglycan*® and Perlecan®® (Fig. 2.2E). Notably, SerpinH1 was
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robustly decreased in both ECM fractions derived from S209A MGs (Fig. 2.2E). SerpinH1
is a collagen-specific molecular chaperone, known to be indispensable for the proper
formation and maturation of collagen®!. Given this knowledge, and the high abundance
of collagens in the MG ECM (Fig. 2.2D), we utilized parallel reaction monitoring (PRM)
based targeted mass spectrometry as a more sensitive and precise method of quantifying
the abundance of specific collagen subtypes in the MG ECM%2. The data acquired from
this approach showed that most collagen-lI subunits were downregulated in S209A-

derived ECM compared to WT (Fig. 2.2F).
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Figure 2.2. Proteomics reveals that WT and S209A mammary gland ECM are
compositionally different. (A and B) Protein volcano plots comparing the expression of all hits
identified in the MS dataset (A) or only hits known to be matrisomal proteins (B). All data are
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averages of three independent biological replicates. Only hits identified in all three replicates are
shown. Two-tailed paired ttest. (C) Number of matrisomal proteins identified in each MS
dataset. Bar colour represents ECM protein category (see legend). (D) Overall composition of
soluble and insoluble ECM fractions enriched from WT and S209A mammary glands. Bar colour
represents ECM protein category (see legend in panel C). Each bar displays the abundance
(based on NSAF values) of the indicated category as a percentage of the total amount of
matrisomal proteins identified. Data are averages of three independent biological replicates. (E)
Fold change expression values of indicated proteins in soluble and insoluble ECM fractions.
Values are calculated from normalized peptide counts in the discovery MS dataset. (F) Relative
peptide ratios of four collagen-I subunits in soluble and insoluble S209A MG ECM fractions.
Values are calculated from normalized peptide abundances in the PRM MS dataset and shown
as relative to the WT condition. Statistical significance is listed, unpaired two-tailed t test with
Welch’s correction. Error bars represent SD. Peptide sequences corresponding to the 4
collagen-I subunits: GETGPAGPAGPIGPAGAR, GFSGLDGAK, GPSGPQGIR, GVVGPQGAR.
2.3.4 Collagen-I production is reduced in the mammary glands of S209A knock-in
mice.

Pro-tumor signaling can be induced through binding of collagen-I in the MG to
multiple receptors on tumor cells, thus influencing breast cancer onset and progression?.
We therefore wanted to verify whether collagen-l expression differed between WT and
S209A MGs. To this end, we first used picrosirius red staining to image the abundance
of fibrillar collagens (Fig. 2.3A), observing a significant decrease in collagen content in
phospho-elF4E-deficient MGs (Fig. 2.3B). Western blotting of whole tissue lysates from
WT and S209A MGs supported the lower collagen-I protein abundance in phospho-elF4E
deficient MGs and confirmed the decreased SerpinH1 expression originally detected via
mass spectrometry (Fig. 2.3C). Fibroblasts synthesize ECM, including stromal collagens,
and are a major cell type in the MG. We postulated that S209A MG-resident fibroblasts
produce less collagen-I than their WT counterparts. To test this, we isolated primary

fibroblasts from age-matched WT or S209A MGs. Western blotting confirmed a reduced

expression of collagen-I in the phospho-elF4E-deficient fibroblasts compared to WT (Fig.
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2.3D). No significant difference in the number of fibroblasts isolated per gland between
genotypes was observed, suggesting that differential collagen-I expression in the MG is
not a result of decreased fibroblast number in S209A mice (Fig. 2.3E). Notably, as shown
by gPCR, decreased protein expression of collagen-I and SerpinH1 was not paralleled by
a decrease in COL1A1 or SERPINH1 mRNA (Fig. 2.3F, 2.3G). We next chose to model
collagen synthesis in our primary MG fibroblasts using an ex vivo matrix production assay
(Fig. 2.3H). L-ascorbic acid is known to induce pro-collagen synthesis by preferentially
enhancing the transcription of type | and lll collagen genes®3. Culturing fibroblasts in
media supplemented with L-ascorbic acid is well-established to enable the production of
a cell-derived matrix in vitro®4%5. Using this methodology, we could visualize by
immunofluorescence the production of collagen-1in our cultures of primary MG fibroblasts
(Fig. 2.3)). Under these conditions, we further verified by Western blot that the matrices
produced by S209A MG fibroblasts have less collagen-l compared to WT-derived
matrices (Fig. 2.3J). These data illustrate that, despite the addition of a potent stimulator
of collagen transcription, phospho-elF4E-deficient fibroblasts remain unable to boost
collagen-I protein expression to the same extent as WT MG fibroblasts. Together these
data support that collagen-I production is repressed in primary S209A MG fibroblasts.
Given the robust decrease in collagen-I protein in S209A samples, but not mRNA,
we next sought to assess whether this could be explained by translational control of
collagen-I by phospho-elF4E. To address this question, we performed polysome profiling
on primary MG fibroblasts isolated from WT and S209A mice (Supp. Fig. 2.3A). Profiling

was performed in biological triplicate, with each replicate combining primary fibroblasts
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from 4 inguinal MGs pooled from 2 mice. We first chose to enrich for polysome-associated
mRNA through the use of a non-linear two-step sucrose gradient, optimized to isolate
efficiently translated mRNAs from primary cells®¢. gqPCR of RNA isolated from these
fractions showed a significant reduction of COL1A1 polysome-associated mRNA in
primary MG fibroblasts derived from S209A mice, compared to WT MG fibroblasts (Supp.
Fig. 2.3B). In contrast, we saw no difference in the abundance of COL1A1 mRNA in whole
cell lysate-derived RNA from the same cell preparations (Supp. Fig. 2.3C). Encouraged
by these findings, we repeated the polysome profiling using a linear sucrose gradient
approach, which we have used in the past®®’. Representative polysome gradient profiles
from WT and S209A fibroblasts were largely overlapping (Supp. Fig. 2.3D), consistent
with the function of phospho-elF4E in regulating selective mRNA translation?8. gPCR was
subsequently performed on RNA isolated from individual light and heavy polysome-bound
fractions in WT and S209A fibroblasts, revealing a modest redistribution of COL1A71
mRNAs from heavy (efficiently translated, fractions 12 to 15) to light (poorly translated,
fraction 11) polysome fractions (Supp. Fig. 2.3E). These data are consistent with the
paradigm of the phosphorylation of elF4E engendering the translation of COL1A7T mRNA,
but we cannot exclude the possibility of other mechanisms simultaneously acting to

regulate COL1AT translation in primary MG fibroblasts (see Discussion).
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Figure 2.3. Phospho-elF4E controls the production of collagen-l in the naive mammary
gland. (A and B) Representative images (A) and positive staining quantification (B) of WT and
S209A mammary glands stained with picrosirius red. Error bars represent SD. Unpaired two-
tailed t test with Welch’s correction, n = 4 per group. (C and D) Western blot analysis of the
indicated proteins in WT and S209A mammary gland whole tissue lysates (C) and primary
mammary gland-derived fibroblasts (D). (E) Number of primary fibroblasts isolated from WT and
S209A mammary glands. Data are represented as the number of cells counted per field of view.
Error bars represent SD. Mann-Whitney test, n=4 (WT), n=5 (S209A). ROUT outlier test was
used to remove one datapoint (Q = 1%). (F and G) Fold change in expression of the indicated
mRNAs in S209A samples relative to WT. Unpaired two-tailed t test with Welch’s correction, n=
4 for COL1A1, n= 3 for SERPINH1. (H) Schematic of ex vivo fibroblast-derived matrix
production assay. (I) Representative immunofluorescence images of the indicated markers in
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WT and S209A fibroblast-derived matrices. (J) Western blot analysis of the indicated proteins in

WT and S209A mammary gland fibroblast-derived matrices. For all statistics: NS, p > 0.05.

2.3.5 Fibroblast-derived collagen-I matrix topology is altered by phospho-elF4E-
deficiency.

Aside from its function as a biochemical ligand, the biophysical orientation of
collagen can promote tumor cell migration and invasion?>. When culturing fibroblast-
derived matrices ex vivo (Fig. 2.3H), we noted that the topology of the cells differed
depending on whether they were WT or S209A (Fig. 2.4A). WT fibroblasts displayed a
strong degree of linearity against one another, with an average of 42.0% of cells aligning
within 40 degrees of the modal angle of orientation for a given sample. This percentage
was reduced to 30.3% for S209A fibroblasts, reflecting a more disorganised spatial
assembly that lacks inherent linearity (Fig. 2.4B). Differences in cellular alignment may
be due to underlying matrix topology, so we next assessed whether phospho-elF4E-
deficiency was impacting the orientation of collagen-l. Using immunofluorescence
staining specifically for collagen-I, in sample preparations where fibroblasts were ablated
after matrix production, we were able to visualize and quantify the orientation of individual
collagen-| fibers (Fig. 2.4C). Encouragingly, we observed the same pattern in the
distribution of orientation of collagen-I fibers in WT- versus S209A-derived matrices;
38.5% of WT-derived fibers lay within 40 degrees of the modal orientation angle
compared to 29.8% of S209A-derived fibers (Fig. 2.4D). Our lab has previously shown
that the MNK1/2 inhibitor SEL201 robustly decreases the phosphorylation of elF4E10.57.58,
We showed that producing WT fibroblast-derived matrices in the presence of SEL201

recapitulated the S209A fibroblast and matrix phenotypes (Fig. 2.4A-D). We can therefore
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conclude that the topology of collagen-I produced by MG fibroblasts in vitro is impacted
by the (1) genetic mutation on S209 that precludes elF4E from being phosphorylated,

and (2) pharmacologic repression of elF4E phosphorylation.
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Figure 2.4. The spatial organisation of ex vivo fibroblast-derived collagen-l is altered in a
phospho-elF4E-deficient context. (A) Representative images of mammary gland fibroblasts
cultured for 14 days under matrix-producing conditions. Upper panels: brightfield images, lower
panels: visual representation of analysis completed using ImagedJ’s Orientationd plugin. (B)
Quantification of fibroblast orientation relative to the modal angle of orientation. Histogram
colour denotes sample condition. Indicated percentages represent the number of fibroblasts that
are + 20 degrees away from the modal orientation angle. Data are averaged across repeats,
error bars represent SD. (C) Representative images of collagen-1 matrices deposited by
mammary gland fibroblasts after 14 days being cultured under matrix-producing conditions.
Upper panels: immunofluorescence images specific for collagen-I, lower panels: visual
representation of analysis completed using Imaged’s Orientationd plugin. (D) Quantification of
collagen-I fiber orientation relative to the modal angle of orientation. Histogram colour denotes
sample condition. Indicated percentages represent the number of fibers that are + 20 degrees
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away from the modal orientation angle. Data are averaged across repeats, error bars represent
SD. For all experiments: n = 3.

2.3.6 Tumor-associated collagen deposition and fiber alignment in the mammary gland

is shaped by elF4E phosphorylation

Our group, and others, have shown that tumors implanted into phospho-elF4E-
deficient MGs have a reduced ability to metastasize compared to the same tumors
growing in WT MGs'%11. We therefore wanted to investigate whether the altered collagen
landscape in S209A MGs contributes to this diminished metastatic ability. We have shown
that phospho-elF4E-deficiency impacts upon the spatial topology of fibroblast-derived
collagen-l in vitro (Fig. 2.4), but next wanted to expand our findings into BC mouse
models. 4T1 cells were orthotopically injected into WT and S209A BALB/c mice, and the
primary tumor with surrounding stroma was harvested at two weeks post-injection (Fig.
2.5A). This timepoint was chosen due to our previously published data showing that
tumor-bearing S209A mice have significantly fewer tumor cells circulating in the
peripheral blood at 14 days post-injection compared to tumor-bearing WT mice'?. To
visualize individual collagen fibers within the tumor-associated landscape, we performed
SHG microscopy on selected regions of interest (ROIs) at the tumor edge (Fig. 2.5B). It
is known that reorganisation of collagen fibers at the tumor-stroma boundary helps to
facilitate local invasion and metastasis; a characteristic of breast cancer known as tumor-
associated collagen signatures (TACS)3'. Classification of TACS is based on assessing
the angle of collagen fibers relative to a border. Bulk assessment of the tumor-associated
collagen in our samples revealed that tumors in S209A MGs have fewer fibers oriented

between 60° and 90° against the tumor boundary and more fibers oriented between 0°
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and 30° (Fig. 2.5C). The net result is that tumors residing in S209A MGs are surrounded
by fibers that run predominantly in parallel with the tumor boundary, an observation
associated with reduced local invasion and disease spread®', compared to tumors in WT
MGs that have more radially aligned fibers. Furthermore, quantification of individual fiber
metrics (Fig. 2.5D) revealed that tumor-associated collagen fibers in S209A glands are
marginally longer than those present in WT glands (Fig. 2.5E), a phenotype that has been
associated with an increased incidence of non-invasive disease in triple-negative breast
cancer (TNBC) patients®®. In contrast, no differences in fiber width (Fig. 2.5F) or
straightness (Fig. 2.5G) between groups were detected. Picrosirius red staining was
additionally performed to assess collagen abundance at the tumor-stroma boundary. We
observed that tumors growing in the MGs of S209A mice were surrounded by less
collagen, compared to tumors present in WT glands (Fig. 2.5H). Thus, phospho-elF4E-
deficient glands maintain reduced collagen content even in the presence of a growing
tumor. Larger amounts of deposited collagen can lead to increased induction of pro-tumor
signaling, and we have shown that culturing tumor cells in WT, but not S209A, MG ECM
is capable of augmenting invasive cellular behaviour (Fig 2.1G, 2.1H). We next
questioned whether our MG-derived ECM was impacting invasion through collagen-
mediated signaling. The collagen-specific receptor tyrosine kinase DDR2 mediates 4T1
cell invasion in vitro and metastasis in vivo®©. As with D2.OR cells (Fig. 2.1G), the
invasiveness of 4T1 cells was significantly increased in the presence of WT MG ECM,
but this augmented invasive capacity was lost upon siRNA-mediated depletion of DDR2

in 4T1 cells (Fig. 2.5l). Mechanistically, DDR2 promotes invasion and metastasis by

76



stabilizing the Snail1 protein (Fig. 2.5J) 6. We observed that 4T1 cells cultured in the
presence of WT MG ECM for 48 hours had increased Snail1 protein levels, compared to
cells cultured in S209A MG ECM or cells cultured in complete media alone (Fig. 2.5K).
Efficient knockdown of DDR2 at the RNA level was confirmed by qPCR (Supp. Fig. 2.4A),
resulting in a reduction in DDR2 protein abundance of approximately 60% relative to
control siRNA transfected 4T1 cells (Supp. Fig. 2.4B, 2.4C). These data suggest that
increased 4T1 cell invasion in the presence of WT MG ECM is at least partially driven by
extracellular collagen signaling through DDR2. Overall, our in vivo modelling highlights
the impact of phospho-elF4E-deficiency on the orientation and abundance of collagen in
a tumor-bearing MG, thereby reducing the pro-metastatic impact of collagen both

biophysically and biochemically.
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Figure 2.5. Phospho-elF4E deficiency governs the fiber alignment and deposition of
collagen-l at the tumor-stroma boundary. (A) Schematic detailing the experimental design for
orthotopic 4T1 cell injection and tissue processing at endpoint. (B) Representative images of
H&E staining and SHG in WT and S209A tumor-bearing mammary glands. Tumor area is
indicated in grey. Images show one ROI per group. (C) Left: representative images of
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CurveAlign orientation analysis from WT and S209A tumor-bearing mammary gland ROls.
Right: Pie chart depicting grouped orientation of collagen fibers at the tumor-stroma boundary in
WT and S209A tumor-bearing mammary glands, analyzed using CurveAlign software. Fiber
orientation is expressed as relative to the tumor boundary. Data are averages of all samples
within a group, n = 5 per group (three ROls selected and analysed per mouse, 15 ROls total per
group). (D) Representative images of individual collagen fiber analysis performed using CT-
FIRE software in WT and S209A tumor-bearing mammary glands. (E-G) Collagen-I fiber length
(E), width (F) and straightness (G) as measured using CT-FIRE software in WT and S209A
tumor-bearing mammary glands. Data are expressed as mean values, error bars represent SD.
Unpaired two-tailed t test with Welch’s correction, n = 5 per group (three ROls selected and
analysed per mouse, 15 ROls total per group). (H) Quantification of positive staining (left) and
representative images (right) of WT and S209A tumor-bearing mammary glands stained with
picrosirius red. Data shown are averaged across all ROls analysed per mouse, error bars
represent SD. Unpaired two-tailed t test with Welch’s correction, n = 4 per group (three ROls
selected and analysed per mouse, 12 ROIs total per group). (I) Relative invasion of 4T1 cells in
the indicated conditions. All data are normalized to the media only control (grey bar). One-way
ANOVA with Tukey’s multiple comparison test, n= 3. NS, p> 0.05. (J) Schematic depicting how
collagen signaling via DDR2 promotes tumor cell invasion. (K) Western blot analysis of the
listed proteins in 4T1 cells across the indicated conditions. All MG ECM treatments were for 48
hours.

2.3.7 Characterization of phospho-elF4E and collagen-I in tumor and stroma regions of
human breast cancer patients.

Stromal desmoplasia, due in large part to increased collagen-1 expression®?, is
characteristic of breast cancer progression and is associated with tumor-promoting
properties (reviewed in 2). Our data support that the phosphorylation status of elF4E
influences collagen abundance in a pre-clinical tumor-bearing mouse model (Fig. 2.5).
We next wanted to assess whether this regulatory axis has clinical relevance. The
workflow detailing the staining carried out on multi-center patient tumors is shown for
clarity in Supp. Fig. 2.5. We developed a dual-stain immunohistochemistry (IHC) protocol
to visualize the relative abundance of phospho-elF4E and collagen-I within one tissue
section (Fig. 2.6A), from which we performed expression correlation analysis. We

detected a positive correlation between phospho-elF4E and collagen-| across all samples
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(Fig. 2.6B), despite a wide range in expression of each protein between patients.
Interestingly, when stratifying patients by disease stage, we observed that the correlation
was stronger in early-stage (stage 0 or I) samples, with a r value of 0.41, compared to
0.25 in late-stage (stage Il or Ill) samples (Fig. 2.6C). We speculate that the regulation of
collagen-I by phopsho-elF4E may be relevant in human breast cancer, particularly earlier
in disease progression. Next, we chose to correlate collagen-lI expression with the
patients’ TNM classification, a system used for cancer staging®. When ranking patients
by collagen-I expression and comparing the highest and lowest 20%, the high expression
group had an increased incidence of T4 scoring, describing a primary tumor that has
invaded into nearby tissues and local structures — 22% compared to 0% in the low
expression group (Fig. 2.6D). Additionally, we observed that the high expression group
had a marginally greater frequency of regional lymph node (LN) metastases, denoted by
an N score greater than 0, with 22% of patients having detectable metastases compared
to 17% in the low expression group. Of note, most patients in the high expression group
had 4 or more tumor-bearing LNs (N2), while in the low expression group no patient had
metastasis in more than 3 LNs (N1) (Fig. 2.6E). These correlations support the
importance of collagen-l in facilitating breast cancer local invasion and subsequent
metastasis.

To further characterize the cellular heterogeneity of phospho-elF4E expression in
human BC samples we next completed dual-colour immunofluorescence (IF) to detect
phospho-elF4E and vimentin, which is a marker routinely used to identify the stroma®3.64

(Fig. 2.6F). Using this strategy, we could delineate tumoral versus stromal areas of the
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TME and assess phospho-elF4E expression in each compartment independently (Fig.
2.6G). In addition to using a subset of the patient samples stained by IHC in Fig. 2.6A-C,
we generated a patient tissue microarray (TMA) designed to include stroma from tumor-
adjacent and peripheral regions from the same patient. Similar to our IHC data, phospho-
elF4E-positive staining was most intense in tumor regions. However, upon closer
inspection of vimentin-positive stromal regions, we identified cells staining double positive
for vimentin and phospho-elF4E (Fig. 2.6H). We noted that stromal cells, with fibroblast-
like morphology, which were spatially closer to tumor regions had phospho-elF4E
expression comparable to neighbouring tumor cells (Fig. 2.6H). To quantify these
observations, we performed cell segmentation analysis and subsequently classified cells
by their expression of vimentin and phospho-elF4E. From this we confirmed that tumor
cells have significantly stronger expression of phospho-elF4E compared to stromal cells
(Fig. 2.6l). Additionally, approximately 57% and 43% of phospho-elF4E-expressing cells
were found in the tumor and stroma respectively, independent of expression level (Fig.
2.6J). Regardless, we observed a strong positive correlation between the levels of tumor-
and stroma-derived phospho-elF4E within a given sample (Fig. 2.6K). Next, to investigate
the impact of tumor proximity on stromal phospho-elF4E expression, we focussed on
patients from which we had samples from tumor-adjacent and peripheral stroma (Fig.
2.6L). We quantified that stromal (vimentin-positive) cells closer to the tumor have a
significantly higher expression of phospho-elF4E compared to those in the periphery (Fig.
2.6M). In addition, the percentage of stromal cells that are phospho-elF4E-positive

decreased as the distance away from the tumor increased (Fig. 2.6N). Taken together,
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these data suggest the potential clinical relevance of blocking the phosphorylation of

elF4E in tumor cells and in stromal cells of the TME.
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Figure 2.6: Characterization of phospho-elF4E and collagen-l in tumor and stroma
regions of human breast cancer patients. (A) Representative low-resolution (left) and high-
resolution (right) images of IHC staining against collagen-I (DAB) and phospho-elF4E
(Magenta) in patient samples. (B and C) Correlation analysis of phospho-elF4E and collagen-|
staining intensities across all stained samples (B) or stratified by early versus late disease stage
(C). Spearman rank-order. Black trendline shows linear regression. P, r, and n values are
indicated. ROUT outlier test was used to remove 2 datapoints (Q = 1%). (D) Incidence of a
locally invasive primary tumor in late-stage samples stratified by high versus low collagen-I
expression. Data are presented as the percentage of samples in each group with a T4
annotation (TNM grading). (E) Incidence of regional lymph node metastasis in late-stage
samples stratified by high versus low collagen expression. Data are presented as the
percentage of patients in each group with NO, N1 or N2 scores (TNM grading). (D and E) High
versus low collagen-I expression was determined by selecting the highest and lowest quintile of
patients when ranked according to collagen-| staining intensity. N = 23 (high), n = 24 (low). (F-
H) Representative images of IF staining against vimentin and phospho-elF4E (plus DAPI) in
patient samples. Dashed boxes in the low-resolution image (F) correspond to areas used for
mid-resolution (G) and high-resolution (H) zoom-ins. Dashed lines in G denote boundaries
between tumor and stroma regions (as indicated). (I) Staining intensity of phospho-elF4E
comparing tumor and stroma regions of the same sample. Dashed lines connect datapoints
from the same sample. Wilcoxon matched-pairs rank test. (J) Distribution of phospho-elF4E-
positive cells between tumor and stroma compartments. Data are averaged across all samples
and shown as violin plots, dashed lines show median values. Wilcoxon matched-pairs rank test,
n=191. (K) Correlation of phospho-elF4E expression between tumor and stroma regions of the
same sample. Spearman-rank order. Black trendline shows linear regression. P, r, and n values
are indicated. For | and K: n = 178. ROUT outlier test was used to remove 13 datapoints. (L)
Representative images of tumor-associated and peripheral stroma regions from the same
patient. (M-N) Phospho-elF4E staining intensity (M) and percentage of phospho-elF4E-positive
stromal cells (N) comparing tumor-associated and peripheral stroma regions from the same
patient. Dashed lines connect datapoints from the same sample. Wilcoxon matched-pairs rank
test, n=29 (M), n=27 (N). ROUT outlier test was used to remove 1 datapoint in M and 3
datapoints in N (Q = 1%). For I, K, M: Data represent mean cellular intensity values.

2.3.8 Genetic and pharmacological inhibition of elF4E phosphorylation reduces anti-
PD-1-mediated intratumoral collagen deposition.
Programmed cell death protein 1 (PD-1), expressed on multiple immune cell types,
is bound by its ligands programmed death-ligand 1 and 2 (PD-L1 and PD-L2), expressed
on tumor cells, to diminish anti-tumor immune responses®®. In recent years, therapies

aimed at blocking the PD-1/PD-L1 interaction, and more broadly known as immune

checkpoint inhibitors (ICls), have revolutionized cancer treatment®. Interestingly,
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increased intratumoral collagen deposition is a recently identified mechanism of
resistance to anti-PD-1/PD-L1 therapy, resulting in reduced T cell infiltration and
increased T cell exhaustion®®. Our prior work has shown that inhibition of the MNK1/2-
elF4E axis sensitizes tumor bearing mice to anti-PD-1 immunotherapy®1°. We therefore
investigated whether a phospho-elF4E-deficient TME resists anti-PD-1 therapy-induced
collagen deposition and correlates with an increased anti-tumor response. WT and S209A
mice were orthotopically injected with 4T1 cells, known to be resistant to anti-PD-1
therapy®’, and subsequently administered anti-PD-1 (Fig. 2.7A). Treatment with anti-PD-
1 was sufficient to increase intratumoral collagen in 4T1 tumors grown in WT mice, as
measured by picrosirius red analysis (Fig. 2.7B, 2.7C). However, in 4T1 tumors grown in
S209A mice this effect was reduced (Fig. 2.7B, 2.7C), suggesting that a phospho-elF4E-
deficient host would maintain sensitivity to anti-PD-1 treatment. Accordingly, we observed
that administration of anti-PD-1 therapy resulted in a modest, albeit significant, decrease
in the size of 4T1 tumors grown in S209A mice (Fig. 2.7D), but not in WT mice (Fig. 2.7E).
Our data thereby support that collagen is a potential marker of resistance to anti-PD-1
therapy. Moreover, using previously banked 66c¢l4 tumors (a cell line derived as a
subclone of the 4T1 model) from mice treated with SEL201 and anti-PD-1 therapy'?, we
showed that pharmacological inhibition of MNK1/2 also protected against anti-PD-1-
mediated collagen deposition. As anticipated, anti-PD-1 therapy augmented tumoral
collagen content, but the addition of SEL201 abolished this increase (Fig. 2.7F, 2.7G).
These data are clinically relevant as they illustrate the potential for MNK1/2 inhibitors to

be used to thwart the acquisition of resistance to ICls.
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Figure 2.7. Genetic and pharmacological reduction of elF4E phosphorylation protects
against anti-PD-1-induced intratumoral collagen deposition (A) Schematic detailing the
experimental design for orthotopic 4T1 injection and anti-PD-1 treatment, depicting drug dose
timings and tissue collection at endpoint. (B-C) Positive staining quantification (B) and
representative images (C) of 4T1 tumors grown in either WT or S209A mammary glands,
treated with IgG isotype control or anti-PD-1 (as indicated), stained with picrosirius red. Data are
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presented as the positive staining area as a percentage of the total tumor area, error bars
represent SD. Two-way ANOVA with Tukey’s multiple comparison test. (D-E) Volume of 4T1
tumors grown in S209A (D) or WT (E) mammary glands, 25 days post-injection. Data are
normalized to the average of the IgG group within each panel, error bars represent SD.
Unpaired two-tailed t test with Welch’s correction. For B-E: n=7 (WT: IgG), n=6 (WT: anti-PD-
1, S209A: 1gG), n =5 (S209A: anti-PD-1). (F-G) Positive staining quantification (F) and
representative images (G) of 66¢l4 tumors grown in either WT or S209A mammary glands,
stained with picrosirius red. Mice were treated with either SEL201 or DMSO control in
combination with anti-PD-1 or IgG isotype control (as indicated). Data are presented as the
positive staining area as a percentage of the total tumor area, error bars represent SD. Two-way
ANOVA with Tukey’s multiple comparison test, n=6 (DMSO + IgG, DMSO + anti-PD-1), n=7
(SEL201 + 1gG, SEL201 + anti-PD-1). For all statistics: NS, p > 0.05.

2.4 Discussion

The ECM influences each of the hallmarks of cancer to impact tumorigenesis and
therapeutic resistance. Cell-ECM interactions, both biochemical and biophysical, elicit a
plethora of cellular responses that promote metastasis. The role of tumor-intrinsic
MNK1/2-elF4E activity is well documented as leading to pro-invasive and pro-metastatic
phenotypes® 1258 but comparatively little is known about how this signaling axis functions
in stromal cells of the TME to impact breast cancer progression. Here we used
proteomics, in vitro investigation, SHG microscopy, and in vivo modelling to better
understand how modulating the MNK1/2-elF4E axis affects the composition and
oncogenic properties of the ECM produced by stromal cells.

We first showed that ECM produced in mice engineered to express a mutation of
a phosphorylatable residue on elF4E, rendering the mice phospho-elF4E-deficient,
differentially affects the invasiveness of tumor cells compared to WT-derived ECM.
Tumor-intrinsic phospho-elF4E has been well-documented to promote tumor cell
invasion®%8:68, This study has shown that phospho-elF4E in the stroma may also contribute

to tumor cell invasive potential via cell-matrix interactions. Our data showed that culturing
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tumor cells in WT-derived MG ECM bolstered their invasive capacity, but not if the ECM
was S209A-derived (Fig. 2.1G, 2.1H). When we injected these cells (pre-treated with WT-
or S209A-derived MG ECM) into phospho-elF4E-deficient mice, we observed the same
trend (Fig. 2.1F). However, when injected into WT mice, the phenotype was lost (Supp.
Fig. 2.1B). This would suggest that any effects of culturing tumor cells in MG-derived ECM
prior to injection may be negated by a host environment that is phospho-elF4E-
competent. Alternatively, it may be true that this in vivo system is not accurately modelling
changes in tumor cell invasion, but instead highlighting differences in cell survival or
adhesive properties. Regardless, our findings confirm a role for the MNK1/2-elF4E axis
in controlling MG ECM composition.

Importantly, this study sheds light on how collagen-I may be post-transcriptionally
regulated within MG fibroblasts. To our knowledge, it is unknown how the translation of
collagen is controlled in breast cancer, although prior work has implicated the mTOR
signaling axis in other biological settings, including tendon cells®® and models of
fibrosis”®71. We can rule out direct transcriptional regulation, as the levels of COL1A1
mRNA in WT versus S209A MG fibroblasts were not significantly different (Fig. 2.3F). The
data acquired from our polysome profiling suggest that COL71A7 mRNA may be regulated
translationally by phospho-elF4E, as we observed a reduction in the abundance of heavy
polysome-bound (efficiently translated) COL71A7 mRNA in S209A MG fibroblasts
compared to WT (Supp Fig. 2.3). We present these polysome profiling data with caution,
fully acknowledging the limitations that exist when working with and culturing primary MG

fibroblasts. Removing fibroblasts from their surrounding MG matrix in vivo and
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continuously culturing them on plastic in vitro has been shown to alter their gene
expression profiles and phenotypic responses’?-75. Additionally, the number of fibroblasts
we isolate per MG is low, making it unfeasible to acquire sufficient starting material for
polysome profiling without necessitating in vitro expansion. We also cannot ignore the
possibility that phospho-elF4E-dependent control of collagen-l may occur indirectly
through SerpinH1, which is critical for the proper formation of collagen®'. Having validated
the decreased expression of SerpinH1 in S209A-derived MG ECM compared to WT, we
predict that this may contribute to altered collagen-I deposition, perhaps by influencing
protein stability rather than production. Recent evidence in pancreatic ductal
adenocarcinoma also suggests there may be a bi-directional relationship between
phospho-elF4E and collagen-I in cancer, as extracellular collagen can increase MNK1/2
activation”®. In addition, COL1A1 expression in cancer-associated fibroblasts is regulated
by the transcription factor ATF477, of which one direct target is 4E-BP1, which functions
to sequester elF4E and suppress its activity’®. Furthermore, it has been shown in a model
of cutaneous squamous cell carcinoma that collagen deposition is regulated by Act1-
mediated translational control of HIF1a and downstream P4H/LOX"®. Overall, it is likely
that multiple pathways regulate the collagen-l life-cycle simultaneously, and a
comprehensive understanding of the direct or indirect role of phospho-elF4E in these
processes requires additional studies focussed exclusively on this aspect.

Insight into the control of collagen-lI production is of strong relevance in the
mammary gland. Breast density is influenced by the deposition and cross-linking of

collagen type | and has been established as an important risk factor in the development
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of BC8-82_ Interestingly, our group has previously used the PyMT murine BC model to
illustrate that phospho-elF4E-deficient mice exhibit a delay in spontaneous tumor onset
compared to WT controls'. It remains unknown whether this observation is related to
collagen deposition. In this study, we demonstrated that phospho-elF4E-deficiency alters
the abundance of collagen-I in the MG, which is at least partially responsible for promoting
tumor cell invasion via signaling through the DDR2 receptor (Fig. 2.51, 2.5K). This is
evidence of how interrupting elF4E phosphorylation could be a useful strategy to
modulate tumor-matrix crosstalk. Collagen-I can further influence cellular motility in a
biophysical sense. Increased deposition of collagen leads to increased alignment of these
fibers, which then act as migration tracks for tumor cells to leave the primary site®3-85.
Alternatively, collagen production can suppress tumor growth by mechanically restraining
the tumor, overriding its own mechanosignaling®. The impact of collagen as pro-tumor
versus anti-tumor is largely dependent on its spatial orientation at the tumor periphery,
and here we showed that phospho-elF4E deficiency dictates collagen fiber alignment.
We used SHG microscopy to show that tumors formed in phospho-elF4E-deficient MGs
are surrounded by a stroma that contains less collagen (Fig. 2.5H), with fibers that are
aligned more in parallel with the tumor boundary, compared to tumors in WT glands (Fig.
2.5C). These findings may help to understand the mechanisms that control TACS-3
formation; a state in which bundles of aligned collagen are oriented perpendicular to the
tumor interface, which is a prognostic signature associated with poor survival in patients32.

Of potential clinical relevance to the use of MNK1/2 inhibitors as anti-cancer

agents, we found that the expression of phospho-elF4E and collagen-I are positively
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correlated in human BC samples (Fig. 2.6B). Interestingly, the reduction of this correlation
across disease progression suggests that this regulation may become uncoupled as
homeostatic control of the tumor-associated stroma is diminished. In addition, we
provided novel insight into the expression of phospho-elF4E in the stroma. Our data
highlight that tumor regions express more phospho-elF4E than their surrounding stroma
(Fig. 2.61, 2.6J) and that phospho-elF4E is not uniformly expressed within the stroma,
with more strongly-expressing stromal cells residing spatially closer to a tumor (Fig.
2.6M). Nevertheless, the expansion of our findings into human models emphasizes the
potential use of MNK1/2 inhibitors in targeting the ECM in cancer. Several promising
therapies designed to target collagen production and processing have proven ineffective
in the clinic. The appropriate use of a MNK1/2 inhibitor, however, could potentially serve
as a brake on the self-propagating desmoplastic reaction that is characteristic of many
cancers?, including breast cancer®’, and other fibrotic diseases’®. In addition, recent
publications have emphasized how collagen content in the TME can functionally impact
the immune landscape, by instigating immune exclusion®® and mediating resistance to
anti-PD-1/PD-L1 immunotherapy®®. In this regard our data, including our previous
publications, continue to provide strong rationale for the use of MNK1/2 inhibitors in
combination with anti-PD-1 immunotherapy. This is particularly relevant for TNBC
patients, many of whom have shown promising clinical response to ICI therapy?®°.

In conclusion, this study demonstrates a role for the MNK1/2-elF4E axis in
controlling the protein landscape of the ECM. These results support a model in which

elF4E phosphorylation, likely via multiple pathways, controls the production and spatial
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organisation of collagen-I in the mammary gland. While our data validate the importance
of this signaling node in human disease, further exploration will prove useful in better
understanding the complex cell-matrix interactions that exist within the TME and their

potential to be therapeutically exploited.

2.5 Experimental Procedures
Mouse model and mammary gland isolation

Wild-type (WT) female BALB/c mice were purchased from Charles River
Laboratories. elF4ES2094/S209A (S209A) mice were generated on a BALB/c background
and kindly donated by Dr. Nahum Sonenberg (Goodman Cancer Institute-McGill
University). At approximately 8 weeks of age, WT and S209A mice were euthanized, and
the 4t (inguinal) mammary fat pad was removed and snap-frozen in liquid nitrogen.
Lymph nodes were removed prior to excision. When required, tissue was pooled from 4
to 5 mice per group to allow for sufficient starting material weight. All animal experiments
were conducted according to the regulations established by the Canadian Council of
Animal Care, under protocols approved by the McGill University Animal Care and Use

Committee.

Breast cancer mouse models
For tail-vein injection models: 1 x 108 D2.OR-GFP cells were injected into the tail
vein of WT and S209A BALB/c mice. Cells were pre-cultured for 4 days prior to injection

in either WT or S209A MG-derived sECM at a concentration of 25 yg/mL. At endpoint (3
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days post-injection), mice were euthanized, lungs were excised and dissociated into
single cells. Cell suspensions were then analyzed on an LSR Fortessa (BD) for the
presence of GFP+ cells. For orthotopic mouse models: 2 x 10° 4T1 cells were injected
into the mammary fat pad of BALB/c WT and S209A mice. Primary tumors and
surrounding stroma (where applicable) were removed and FFPE-processed at either 14
days (Fig. 2.5) or 25 days (Fig. 2.7) post-injection. Tumors were measured in length (L)
and width (W) with tumor volume calculated using the formula: V = 3.1416/6*L*W?2. For
the anti-PD-1 treatment cohort, all mice were randomly grouped prior to treatment. The
anti-mouse PD-1 monoclonal antibody (RMP1-14) and IgG isotype control (Bio X Cell)
were diluted in PBS and administered by intraperitoneal injection at 10mg/kg bodyweight

per mouse, twice per week.

Enrichment of extracellular proteins (ECM) from murine mammary glands

Matrisomal proteins were enriched from murine mammary gland tissue following a
previously described protocol®”. In summary, 1 gram of frozen mammary gland per
condition was pulverized under liquid nitrogen to a fine powder using a pestle and mortar.
Samples were resuspended in 2 mL of a high salt buffer (3.4 M NaCl, 50 mM Tris-HCI pH
7.4, 4 mM EDTA-Naz) and homogenized using a tissue homogenizer (Polytron), then
centrifuged at 100,000 x g for 30 min at 4°C. The resultant lipid layer was discarded, and
the supernatant (cellular protein fraction) was stored at -80°C. Homogenization and
centrifugation steps were repeated once to yield an ECM-enriched pellet. This pellet was

re-homogenized in 1.8 mL of urea extraction buffer (0.2 M NaCl, 50 mM Tris-HCI pH 7.4,
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4 mM EDTA-Naz, 2 M urea) and left shaking at 4°C overnight. The following day, samples
were centrifuged at 26,000 x g for 1 hour at 4°C. The pellet (insoluble ECM) was frozen
at -80°C. The supernatant (soluble ECM) was placed in cellulose dialysis tubing (MWCO
12-14 kDa, Spectrum Labs) and dialyzed against dialysis buffer (0.15 M NaCl, 50 mM
Tris-HCI pH 74, 4 mM EDTA-Naz) supplemented with 2 mM N-ethylmaleimide, 100 yg/mL
phenylmethylsulfonyl fluoride and 30 pyg/mL gentamicin for a total of 48 hours at 4°C.
Following this, dialysis buffer was replaced with serum-free DMEM/Ham’s F-12 media
(Wisent Bio Products) for a subsequent 24 hours of dialysis. The protein concentration of

the final matrix preparation was measured by NanoDrop before storing at -80°C.

Cell culture and treatment

MCF10DCIS.com (DCIS) cells were purchased from Wake Forest University and
cultured in DMEM/Ham’s F-12 (Wisent Bio Products) supplemented with 5% horse
serum, 10 mmol/L HEPES, 1.05 mmol/L CaClz and antibiotics. D2.OR-GFP cells were
kindly donated by Dr. Pepper Schedin (Oregon Healthy & Science University) and
cultured in DMEM high glucose (Wisent Bio Products) supplemented with 10% FBS and
antibiotics. Primary mammary gland fibroblasts were isolated from the 4t fat pad of WT
and S209A non-tumor-bearing BALB/c mice. The fat pad was minced, digested in
DMEM/Ham’s F-12 with 1 mg/ml Collagenase IV for 1 hour at 37°C, passed through a 70
um cell strainer and centrifuged at 400 x g for 10 minutes. Pelleted cells were cultured in
DMEM high glucose (Wisent Bio Products) with 10% FBS and antibiotics, changing

culture media 1 hour after plating to enrich for fibroblasts. For all cell treatments, soluble
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ECM or drug were supplemented into normal growth media at stated concentrations.

Cells were maintained at low passage number prior to use.

Sample preparation of proteolytic digestion of ECM proteins

iIECM and sECM samples were suspended in 5% sodium dodecyl sulfate (SDS),
100 mM TRIS pH 7.8. Samples were subsequently heated to 99°C for 10 minutes and
subjected to probe-based sonication using a Thermo Sonic Dismembrator at 25 %
amplitude for 3 cycles x 5 seconds. Remaining debris was pelleted by centrifugation at
20,000 x g for 5 minutes. An aliquot of the supernatant was diluted to <1% SDS and used
for estimation of protein concentration by bicinchoninic acid assay (BCA)
(Pierce/Thermo). The remainder of the supernatant was transferred into a new reaction
tube, and disulfide bonds were reduced by the addition of tris(2-carboxyethyl)phosphine
to a final concentration of 20 mM and incubated at 60°C for 30 minutes. Free cysteines
were alkylated using iodoacetamide at a final concentration of 25 mM and subsequent
incubation at 37°C for 30 minutes in the dark. An equivalent of 10 ug of total protein was
used for proteolytic digestion using suspension trapping (STRAP)%. In brief, proteins
were acidified through the addition of phosphoric acid to a final concentration of 1.3% v/v.
The sample was subsequently diluted 6-fold in STRAP loading buffer (9:1 methanol:water
in 100 mM TRIS, pH 7.8) and loaded onto a STRAP Micro cartridge (Protifi LLC,
Huntington NY) and spun at 4000 x g for 2 minutes. Samples were washed three times
using 200 L of STRAP loading buffer. Proteins were then proteolytically digested using

sequencing grade trypsin (Promega) at a 1:10 enzyme to substrate ratio for 2 hours at
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47°C. Peptides were sequentially eluted with 50 mM ammonium bicarbonate, 0.1% formic
acid in water, and 50% acetonitrile. Peptide containing samples were then vacuum
concentrated, and desalted using homemade R3-STAGE-tip desalting cartridges®'.
Desalted peptides were vacuum concentrated and reconstituted in 0.1% formic acid prior

to analysis by nanoLC-MS/MS.

LC-MS/MS acquisition and data analysis

Samples were analyzed by data dependent acquisition (DDA), using an Easy-nLC
1200 online coupled to a Q Exactive Plus (both Thermo Fisher Scientific). Samples were
loaded onto the precolumn (Acclaim PepMap 100 C18, 3 ym particle size, 75 ym inner
diameter x 2 cm length) in 0.1% formic acid (buffer A). Peptides were separated using a
100-min binary gradient ranging from 3-40% of buffer B (84% acetonitrile, 0.1% formic
acid) on the main column (Acclaim PepMap 100 C18, 2 ym particle size, 75 ym inner
diameter x 25 cm length) at a flow rate of 300 nL/min. Full MS scans were acquired from
m/z 350-1,500 at a resolution of 70,000, with an automatic gain control target of 1 x 108
ions and a maximum injection time of 50 ms. The 15 most intense ions (charge states +2
to +4) were isolated with a window of m/z 1.2, an AGC target of 2 x 10* and a maximum
injection time of 64 ms and fragmented using a normalized higher-energy collisional
dissociation energy of 28. MS/MS were acquired at a resolution of 17,500, and the
dynamic exclusion was set to 40 s. For PRM experiments, the same instrumentation and
similar settings were used as described above, but this method included a target list of

peptides to select for MS/MS fragmentation. DDA MS raw data was processed with
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Proteome Discoverer 2.4 (Thermo Scientific) and searched using Sequest HT against a
human UniProt FASTA database (release 23. January 2019; 20,414 target entries). The
enzyme specificity was set to trypsin with a maximum of 2 missed cleavages.
Carbamidomethylation of cysteine was set as fixed modification and oxidation of
methionine as variable modification. The precursor ion mass tolerance was set to 10
ppm, and the product ion mass tolerance was set to 0.02 Da. Percolator was used to
assess posterior error probabilities and the data was filtered using a false discovery rate
(FDR) <1% on peptide and protein level. The Minora feature detector node of Proteome
Discoverer was used for label free quantitation based on precursor areas. Normalized
spectral abundance factors (NSAF) were calculated*® and S209A to WT protein
abundance ratios (fold change values) were determined for proteins quantified with at
least one protein-unique peptide. Volcano plots were generated by combining LFQ
datasets to calculate average peptide ratios and P values. The quantitation of the PRM

data was performed using Skyline version 20.2%.

Fibroblast-derived matrix production and visualization (immunofluorescence)
Fibroblast-derived matrices were cultured as previously reported®. Briefly, cells
were cultured at 100% confluency for 14 days in complete media supplemented with 50
pg/mL L-ascorbic acid (media change every 24 hours). At endpoint, if required, cells were
ablated by incubating in extraction buffer (0.5% Triton X-100, 20 mM NH4OH), before
fixing in 4% paraformaldehyde (PFA). IF staining was then used to visualize deposited

matrices. Briefly, samples were blocked in 10% BSA for 1 hour at room temperature,
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before incubating in collagen-1 antibody (see Supp. Table 2.1) diluted in 2% BSA
overnight at 4°C. The next day, samples were washed in PBS, stained for 1 hour in
secondary antibody diluted in 2% BSA, washed again and mounted using Prolong Gold.
Images were acquired the following day using a Leica spinning-disk confocal microscope.
Orientation analysis was conducted using the Orientationd plugin for Imaged, as

previously published®3.

Polysome profiling

Polysome profiling was performed as previously described®”. Briefly, WT and
S209A mammary gland-derived fibroblasts were isolated and expanded in vitro for 7
days. Each biological replicate was a pool of fibroblasts from 4 mammary glands (2 per
mouse, 2 mice in total per replicate). A media change (serum-stimulation) was performed
24 hours and 2 hours prior to harvest. Cells were then treated with cycloheximide (100
pg/mL) 5 minutes, washed in cold PBS containing 100 pg/mL cycloheximide and
centrifuged for 5 minutes at 390 x g at 4°C. Resulting pellets were lysed in hypotonic
buffer (5 mM Tris-HCI [pH 7.5], 2.5 mM MgClz, 1.5 mM KCI) and 1X protease inhibitor
cocktail containing 1 mM DTT and RNase inhibitor (100 U). Samples were left to lyse on
ice for 15 minutes, then centrifuged at 13,523 x g for 15 minutes at 4°C. Supernatants
were loaded onto either: (1) a 5%-34%-55% two-step sucrose density gradient, or (2) a
5%-50% linear sucrose density gradient, and centrifuged at 260,110 x g for 2 hours at
4°C. The polysomal fractions were then monitored and collected using a Teledyne ISCO

one-rack Foxy R1 fraction collector.
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Second Harmonic Generation (SHG) microscopy

SHG microscopy was performed using a custom-built laser scanning inverted
microscope as previously described®. The excitation source was a mode-locked
Titanium-Sapphire laser (Tsunami, Spectra Physics) capable of delivering 150fs pulses
at 80MHz repetition rate at 810nm excitation wavelength. The Tsunami was pumped by
a 12 W Millenia Pro laser (Spectra Physics). Using a half-wave plate and a Glan-
Thompson polarizer, the average power was adjusted to 100mW. Samples were placed
on a high speed motorized XY scanning stage (MLS203, Thorlabs, Newton, NJ) and
mechanical and piezoelectric motors (Pl Nano Z, USA) were used for the coarse and fine
vertical movement of the objective, permitting focus adjustment. For illumination, an air
immersion objective (UplanSApo 20X, NA 0.75, Olympus, Japan) was used and the SHG
light from the sample was collected by using a condenser (NA 0.55) and detected on a
photomultiplier tube (R6357, Hamamatsu Photonics) set at 800V for tissue imaging.
Appropriate spectral filters were used to isolate the SHG signal (two FF01-720/SP-25 and
a FF01-405/10-25). Scanning and signal acquisition were synchronized using a custom-
written Python software and a multichannel I/O board (National Instruments). 1000X1000
pm? to 1200X1200 ym? images were recorded in the forward direction with a pixel dwell
time of 50us and a pixel size of 800nm. Raw data visualization was performed using Fiji-
Imaged (NIH, USA). Collagen fiber alignment relative to the tumor boundary was analyzed
in SHG images using the curvelet-based alignment analysis software CurveAlign
(Laboratory for Optical and Computational Instrumentation, University of Wisconsin-

Madison), as had previously been reported®. Tumor area was outlined by assessment of
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H&E staining performed on the same ROls, and CurveAlign software was used to
measure the angle of collagen fibers within a pre-set pixel distance. Angles of interaction
were reported as between 0 and 90 and binned into three categories: 0-30°, 30-60° and
60-90°. Individual collagen fiber metrics (length, width, straightness) were analyzed using

CT-FIRE tool®®.

Immunostaining (IHC and IF) of human breast cancer patient samples

See supplementary information (Supp. Fig. 2.5) for a schematic overview of patient
sample stainings. Early-stage ductal carcinoma in situ human breast cancer samples
were obtained in collaboration with Dr. Lynne Postovit (Queen’s University, Canada) and
approved by the Research Ethics Board at the University of Western Ontario (REB
102254). Written informed consent was obtained from all patients in accordance with the
Declaration of Helsinki. A commercially available invasive (late-stage) human breast
cancer TMA (BR1505e) was purchased from USBioMax. A TMA including tumor-
associated and peripheral stromal regions was constructed in collaboration with Dr.
Réjean Lapointe (Université de Montréal, Canada). 0.6 mm cores of primary diagnostic
breast invasive ductal carcinoma formalin-fixed paraffin-embedded tissue were used from
34 patients. Cores were chosen from tumor-containing and peripheral regions, as
determined by clinical pathologists at the Centre hospitalier de I'Université de Montréal
(CHUM: Montréal, Canada). Collection of these samples was approved by the CHUM
Research Ethics Board (2005-1893, BD 04.002 — BSP). Written informed consent was

obtained from all patients in accordance with Declaration of Helsinki. Available clinical
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annotations for all patient samples are detailed in supplementary Supp. Table 2.4. For
IHC studies, tissues were stained with antibodies specific to collagen-I (1:100 dilution)
and phopsho-elF4E (1:50 dilution) using a stepwise dual-stain protocol. Collagen-I
staining and phospho-elF4E were visualized using InmPACT DAB (Vector Laboratories)
and Magenta Red (Dako) chromagen reagents respectively, and counter-stained with
20% Harris-modified hematoxylin (Thermo Fisher Scientific). Stained samples were
analyzed for positive staining intensity using QuPath v0.1.2. For IF studies, tissues were
stained with antibodies specific to vimentin (1:500 dilution) and phospho-elF4E (1:50
dilution), followed by appropriate highly cross-adsorbed fluorescent secondary
antibodies. DAPI was used to stain DNA. Stained samples were analyzed using QuPath
v0.2.3 by performing cellular segmentation followed by classification of cells based on
binary expression of vimentin and phospho-elF4E. All stained slides were imaged using
a ZEISS Axio Sca.Z1. See Supp. Table 2.1 for all antibody details. The specificity of
phospho-elF4E staining was validated using the lungs of S209A mice infiltrated by WT

metastases.

Histology stainings (H&E and picrosirius red)

Mammary fat pads from 8-week-old WT and S209A, non-tumor-bearing, BALB/c
mice were excised and fixed for 48 hours at 4°C. Following fixation, samples were
embedded in paraffin and serially sectioned. For picrosirius red staining, slides were
stained according to kit instructions (Polysciences Inc. #24901), dehydrated in 100%

ethanol, and mounted with Permount. Slides were scanned and positive staining
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quantified using QuPath (v 0.1.2). Murine tissue sections were stained using hematoxylin

and eosin as previously described®s.

Migration and invasion assay

Cells were seeded at a density of 1 x 10% per 10 cm dish in complete media. The
following day, media was switched to serum-free media and cells were serum-starved.
Approximately 16 hours later, Boyden chambers (Corning) were coated with 20 yg/mL
collagen as previously reported®. 200,000 (DCIS or 4T1) or 50,000 (D2.0R-GFP) cells
were seeded into the Boyden chamber in serum-free media, with companion plate
(Corning) wells filled with complete media supplemented with ECM as detailed above.
Cells were allowed to migrate and invade for 24 hours. Migrated cells were fixed with 5%

glutaraldehyde, stained with 0.5 % Crystal Violet and quantified.

Proliferation assay

DCIS or D2.0OR-GFP cells were seeded into 96-well plates at a density of 1000
cells per well. Cells were harvested every 24 hours, up to 96-hours post-seeding, by fixing
in 4% PFA for 15 min at room temperature and stored in 0.4% PFA in 4°C. Upon assay
completion, fixed cells were stained with 0.5% Crystal Violet for 30 min at room
temperature and allowed to dry overnight. The following day, crystal violet was dissolved
in 10% acetic acid and absorbance was measured at 590 nm using a plate reader. Cell
proliferation over time was calculated by comparison against a standard curve of known

cell numbers.
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Immunoblotting

Protein lysates were isolated from cell pellets using RIPA buffer (150 mmol/L Tris-
HCI pH 7, 150 mmol/L NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS)
supplemented with protease and phosphatase inhibitors (Roche). Mammary fat pad
whole tissue lysates were prepared by homogenizing pulverized frozen tissue in RIPA
buffer. Samples were lysed on ice for 30 minutes, vortexed briefly and sonicated once for
4 seconds at 50% amplitude. Following centrifugation at 15,000 x g for 5 mins (repeated
3 times for whole tissue preparations to remove lipids), protein concentration was
measured by Bradford reagent assay (Bio-Rad). Proteins were separated on a 10% SDS-
PAGE gel and transferred to nitrocellulose membrane. Membranes were blocked in 5%
non-fat milk for 1 hour at room temperature and incubated in primary antibody dilutions
overnight at 4°C. The following day, membranes were washed in Tris Buffered Saline with
Tween (TBST) and incubated with secondary antibody at room temperature for 1 hour.
Membranes were revealed using ECL Prime Western Blotting Detection Reagent
(Amersham) and Ultra-High Contrast Western Blotting film. Antibody information is listed

in Supp. Table 2.1.

Quantitative PCR

RNA was isolated using E.Z.N.A. total RNA isolation kit (OMEGA Bio-Tek). cDNA
preparations were made from 1 ug total RNA, using the iScript cONA Synthesis kit (Bio-
Rad). Target genes were quantified using the Applied BioSystems 7500 Real-Time PCR

System with SYBR Green. Primer lists can be found in Supp. Table 2.2.
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Statistical analysis

Prism 9 software (GraphPad) was used to perform statistical analyses. Details of
the statistical testing performed for all relevant figure panels can be found in the
supplementary information (Supp. Table 2.3), or in figure legends. All data are presented
as mean + SD. Prior to determining the statistical significance of differences between
groups, all data were subject to outlier testing (ROUT outlier test), followed by a test of
normality (Shapiro-Wilk test). P values for the differences of mean between groups were
then calculated using paired two-tailed f test, unpaired two-tailed t test, Mann-Whitney
test, Wilcoxon matched-pairs rank test, one-way ANOVA, two-way ANOVA, or Spearman
rank order correlation calculation, with multiple comparison tests as appropriate. P values

< 0.05 were considered statistically significant.

2.6 Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD028953. All other data that support the findings of this study are in the paper and/or

supplementary files, or available from the corresponding author at reasonable request.
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Supplementary Figure 2.1. (A) Western blot analysis of the indicated proteins in cellular, urea-
insoluble ECM and urea-soluble ECM protein fractions from WT and S209A mammary glands.
(B) Number of GFP+ tumor cells in the lungs of WT mice injected with D2.OR-GFP cells
cultured in the indicated conditions. Data are expressed as a percentage of live, single cells.
Error bars represent SD. One-way ANOVA with Tukey’s multiple comparison test, n = 4 (media
only), n=8 (WT and S209A ECM). (C) Proliferation of either D2.OR (upper) or DCIS (lower)
cells grown in the indicated conditions. Data presented as average values, error bars represent
SD. Two-way ANOVA with Tukey’s multiple comparison test, n=3. NS, p > 0.05.
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weight-matched pool of mammary gland tissue, isolated from 4 to 5 mice per group).

Supplementary Figure 2.2. (A) The number of peptide spectral matches, peptides and proteins
identified in soluble and insoluble ECM samples analyzed by LC-MS/MS. Wedge color denotes
whether a given peptide/protein is part of the core matrisome, matrisome-associated or non-
matrisomal. All data are averaged across three biological repeats. (B) Overlap of known
matrisomal proteins, identified by LC-MS/MS in soluble and insoluble ECM samples, between
biological repeats.
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Primary MG-resident fibroblast isolation/expansion

Polysome profiling
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Supplementary Figure 2.3. (A) Schematic depicting the workflow undertaken to perform
polysome profiling on WT and S209A primary mammary gland-derived fibroblasts, using either
a linear or non-linear sucrose gradient to enrich for polysome-associated fractions. (B and C)
Fold change in expression of COL1A1 mRNA from heavy polysome-associated fractions (B)
and whole cell lysates (C) in S209A fibroblasts relative to WT. Data generated from samples
enriched across a non-linear sucrose gradient and quantified by qPCR. Error bars represent
SD. Unpaired two-tailed t test with Welch’s correction, n = 3. (D) Representative gradient
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profiles from WT and S209A cell lysates enriched across a linear sucrose gradient. (E) Relative
distribution of COL1A71 mRNA transcripts in each fraction enriched across a linear sucrose
gradient, as measured by qPCR. Each sample is normalized to GAPDH, with distribution
expressed as a percentage of the total COL1A1 abundance across all fractions. Error bars
represent SD, n= 3.
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Supplementary Figure 2.4. (A) Expression of DDR2 mRNA in 4T1 cells following DDR2
knockdown, relative to the expression in 4T1 cells transfected with control siRNA. (B) Western
blot analysis of the indicated proteins in 4T1 cells transfected with the listed siRNAs. (C)
Relative expression of DDR2 protein level in 4T1 cells transfected with control siRNA or
siDDR2, as measured by western blot densitometry. For A and C: Unpaired two-tailed t test
with Welch’s correction, n = 3.
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Supplementary Figure 2.5. Schematic detailing the immuno-stainings (IHC and IF) performed
on breast cancer patient-derived samples.
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Supplementary Table 2.1: Antibody information - all antibodies used for western blotting (WB),
immunohistochemistry (IHC) and immunofluorescence (IF)

Target Reactivity Application Supplier Catalog Clone
Collagen-I Mouse WB and IF Abcam ab21286
Collagen-I Mouse, Human IHC Abcam ab88147 3G3
SerpinH1 Mouse, Human WB Invitrogen PA5-27832
Phospho-elF4E | Human, Mouse, Rat, . .
(S209) Monkey WB Cell Signaling | 9741L
Phospho-elF4E | Mouse, Rat, Human, |\~ o0y iF | Abcam ab76256 | EP2151Y
(S209) Pig
Vimentin Rat, Human IF Abcam ab8069 V9

. . Multi-species (incl.
Fibronectin Human, Mouse, Rat) WB BD 610077 10
DDR2 Human, Mouse, Rat WB Invitrogen PA5-87602
Snail Human, Mouse, Rabbit | WB Cell Signaling | 3895S L70G2
GAPDH Human, Mouse, Rat, | \yg Cell Signaling | 5174S D16H11
Monkey

Actin Multi-species (incl. WB Sigma-Aldrich | A5441 AC-15

Human, Mouse, Rat)

Supplementary Table 2.2: Primer and siRNA sequences

qPCR PRIMER SEQUENCES (5™-3)

Fwd: CGTATCACCAAACTCAGAAG

COL1A1 Rev: GAAGCAAAGTTTCCTCCAAG
Fwd: GCAGCAGCAAGCAACACTACAACT
SERPINH1 Rev: AGAACATGGCGTTCACAAGCAGT
DDR2 Fwd: CAGAAGCCGACATAGTGAATCT
Rev: CTCTTCCACAGCCACATCTT
GAPDH Fwd: CACCACCAACTGCTTAGCC
Rev: GTCTTCTGGGTGGCAGTGAT
ACTB Fwd: GGCTGTATTCCCCTCCATCG
Rev: CCAGTTGGTAACAATGCCATGT
siRNA DUPLEX SEQUENCES (5’-3’)
SiDDR2 rArArArGrArArArUrGrUrUrArCrUrUrGrArUrArUrArCrCAA
rUrUrGrGrUrArUrArUrCrArArGrUrArArCrArUrUrUrCrUrUrUrUrA
siCTL N/A (Proprietary, All Star Neg. Control siRNA, Qiagen, #1027218)
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Supplementary Table 2.3: Detailed statistical testing information. Statistical testing was
performed in Prism 9. Outliers were detected using the ROUT outlier test (Q = 1%). In figures:

all error bars represent standard deviation, P values are indicted, NS: P < 0.05.

Shapiro-Wilk test

Panel | Outliers : Statistical test used n value
Pass/Fail (P value)
1D None Pass (WT: 0.39, S209A: 0.30) Paired two-tailed t-test 6 per group
Pass (Media: 0.80, WT: 0.47, One-way ANOVA with Tukey’s Media: 4
1F None S209A: 0.56) multiple comparison test WT: 8
e P P S209A: 8
1G None Pass (Media: 0.74, WT: 0.97, One-way ANOVA with Tukey’s 3
S209A: 0.81) multiple comparison test
1H None Pass (Media: 1, WT: 0.258, One-way ANOVA with Tukey’s 3
S209A: 0.56) multiple comparison test
Pass (Media: 0.36, WT: 0.51, One-way ANOVA with Tukey’s Media: 4
S1B None S209A: 0.26) multiple comparison test WT: 8
e P P S209A: 8
Pass (D2.0R — 24 hrs: 0.19, 48
sic None hrs: 0.24, 72 hrs: 0.91, 96 hrs: Two-way ANOVA with Tukey’s 3
0.99. DCIS — 24 hrs: 0.18, 48 hrs: multiple comparison test
0.34, 72 hrs: 0.15, 96 hrs: 0.34)
oF None | Pass (SECM: 0.99, iECM: 0.39) Unpaired two-tailed t-test with 4
Welch’s correction
3B None | Pass (WT:0.99, S209A: 0.62) Unpaired two-tailed t-test with 4 per group
Welch’s correction
; . . Whi 4o WT: 4
3E 1 Fail (WT: 0.043, S209A: 0.40) Mann-Whitney test (two-tailed) S209A: 5
3F None | Pass (WT: 1, S209A; 0.8023) Unpaired two-tailed t-test with 4
Welch’s correction
3G None | Pass (WT:0.90, S209A: 0.57) Unpaired two-tailed t-test with 3
Welch’s correction
S3B | None | Pass (WT:N/A, S209A: 1) Unpaired two-tailed t-test with 3
Welch’s correction
S3C | None | Pass (WT:N/A, S209A: 0.73) Unpaired two-tailed t-test with 3
Welch’s correction
. . Unpaired two-tailed t-test with
5E None Pass (WT: 0.09, S209A: 0.51) Welch’s correction 5 per group
5F None Pass (WT: 0.99, S209A: 0.33) Unpa|r1ed two-tayled ttest with 5 per group
Welch’s correction
. . Unpaired two-tailed t-test with
5G None Pass (WT: 1, S209A: 0.51) Welch’s correction 5 per group
. . Unpaired two-tailed t-test with
5H None Pass (WT: 0.36, S209A: 1) Welch’s correction 4 per group
Pass (siCTL no ECM: N/A, siCTL i . ,
51 None | WT ECM: 0.41, siDDR2 no ECM: %ﬁi "‘I’?;Qr':oa\:gﬂtg;“key S 3
0.92, siDDR2 WT ECM: 0.91) P P
S4A | None | Pass (siCTL: N/A, siDDR2: 0.36) | Unpaired wo-tailed t-test with 3
Welch’s correction
S4B | None | Pass (siCTL: N/A, siDDR2: 0.97) | Unpaired wo-tailed t-test with 3

Welch’s correction
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Fail (phospho-elF4E: 0.000021,

6B 2 collagen-I: 0.00125) Spearman correlation 131
Fail (EARLY phospho-elF4E:
0.084, EARLY collagen-I: 0.0093, . Early: 25
6C 2 LATE phospho-elF4E: 0.0012, Spearman correlation Late: 106
LATE collagen-I: 0.0080)
6l 13 ;2'5(;—;;“ or: 0.0000011, Stroma: Wilcoxon matched-pairs rank test 178
6J None Fail (Tumor: 0.012, Stroma: Wilcoxon matched-pairs rank test 191
Fail (Tumor: 0.0000011, Stroma: .
6K 13 7.25¢-8) Spearman correlation 178
6M 1 gfgggTumor: 0.029, Periphery: Wilcoxon matched-pairs rank test 29
6N 3 Fail (Tumor: 0.0012, Periphery: Wilcoxon matched-pairs rank test 27
0.0043)
. WT IgG: 7
Pass (WT IgG: 0.53, WT anti-PD- . ,
. N Two-way ANOVA with Tukey’s WT PD-1: 6
B None ;ngg%?2892g)lgG 0.83, S209A multiple comparison test S209A 1gG: 6
e S209A PD-1: 5
. Unpaired two-tailed t-test with IgG: 6
7D None Pass (IgG: 0.48, anti-PD-1: 0.99) WeFI)ch’s correction Antig-]PD-1 5
. Unpaired two-tailed t-test with IgG: 7
7E None Pass (IgG: 0.10, anti-PD-1: 0.63) WeFI)ch’s correction Antig-]PD-1 6
. DMSO IgG: 6
Pass (WT IgG: 0.93, WT anti-PD- . ,
. N Two-way ANOVA with Tukey’s DMSO PD-1: 6
F None 1: 0.98, S209A IgGi: 0.96, S209A multiple comparison test SEL201 1gG: 7

anti-PD-1: 0.86)

SEL201 PD-1:7
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Supplementary Table 2.4: Patient sample clinical data (Sheet 2: purchased from USBioMax)
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CLINICAL ANNOTATIONS
Pathology diagnosis TNM  Grade Stage Type
Invasive carcinoma of no special type  T2ZNOMO 1 A Malignant
Invasive carcinoma of no special type TZNOMO 1 A Malignant
Invasive carcinoma of no special type TZNOMO 1 A Malignant
Invasive carcinoma of no special type T4NOMO 2 e Malignant
Invasive carcinoma of no special type T2ZNOMO 1 A Malignant
Invasive carcinoma of no special type T4N1MO 2 B Malignant
Invasive carcinoma of no special type T2M2MO 2 113 Malignant
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Invasive carcinoma of no special type T3NOMO 2 B Malignant
Invasive carcinoma of no special type TZNOMO 1 A Malignant
Invasive carcinoma of no special type T2ZNOMO 1 A Malignant
Invasive carcinoma of no special type T2ZNOMO 2 A Malignant
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Supplementary Table 2.4: Patient sample clinical data (Sheet 3: Single-section slides)

D
07-145890 B2
08-12846 B13
07-44058 B6
08-16350 B1
08-39725 D30
06-7188 A15
08-16226 B3
07-36811 A10
06-4646 D3
10-28260 A35
07-43931 B14
08-34690 B15
07-19044 A5
07-22117 A8
07-10040 A-3-5
08-13178 A18
10-24112 A21
08-35820 A2
06-7182 A1
06-22124 A5
06-3663 D12
06-2353 A1
08-3224 A4
10-44180 A10
08-16087 Ad
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CLINICAL ANNOTATIONS
Sex Diagnosis

Breast Ductal carcinoma in situ
Breast Invasive ductal carcinoma
Breast Ductal carcinoma in situ
Breast Mixed DCISADC

Breast Ductal carcinoma in situ
Breast Mixed DCISNDC

Breast Invasive ductal carcinoma
Breast Mixed DCISNDC

Breast Mixed DCISNDC

Breast Mixed DCISNDC

Breast Ductal carcinoma in situ
Breast Mixed DCISNDC

Breast Ductal carcinoma in situ
Breast Mixed DCISNDC

Breast Mixed DCISNDC

Breast Invasive ductal carcinoma
Breast Invasive ductal carcinoma
Breast Ductal carcinoma in situ
Breast Ductal carcinoma in situ
Breast Ductal carcinoma in situ
Breast Mixed DCISADC

Breast Mixed DCISADC

Breast Mixed DCISADC

Breast Mixed DCISADC

Breast Invasive ductal carcinoma
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Bridging text

The two studies presented in this thesis investigate the contribution of the MNK1/2-
elF4E signaling axis in promoting mechanisms of breast cancer progression. While both
studies focus on the same signaling node, they differ in which elements of the TME they
investigate. This approach is necessary for continued efforts to assess the relevance of
MNK1/2 inhibitors in a clinical setting, as these inhibitors act systemically to inhibit MNK1
and MNK2 and are not selective against tumor cells alone. In Chapter 2, we examined
the role that elF4E phosphorylation plays in regulating stromal cell-derived ECM in the
mammary gland. We demonstrated that targeting phospho-elF4E reduced collagen-I
deposition and altered collagen fiber spatial orientation, contributing towards a less-
metastatic TME. Importantly, this work has helped to advance our understanding of the
critical role that translational control plays in non-tumoral components of the TME.
However, there remain many unanswered questions regarding the function of MNK1/2-
elF4E signaling within tumor cells themselves. Thus, in Chapter 3, we shift focus to study
the pro-metastatic functions of tumor-intrinsic MNK1 kinase. Specifically, we generate a
genetic model of MNK1 ablation in breast cancer cells to explore the role this kinase plays
in regulating stem cell features and subsequent metastatic potential. These studies help
to address an unmet clinical need, as they aim to understand whether MNK1/2 inhibitors
could represent a promising clinical strategy for patients diagnosed with metastatic breast
cancer. Improving therapeutic options for this group of patients remains the overarching

goal of this body of work as a whole.
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Chapter 3 — Targeting tumor-intrinsic MNK1 kinase restricts metabolic flexibility to

diminish breast cancer liver metastasis

This chapter is presented in the form of a manuscript in preparation for publication as an
original research article:

Preston SEJ, Dahabieh MS, Richard VR, Gongalves C, Gagnon N, Dakin E, Zahedi RP,
Borchers CH, Jones RG, Miller Jr. WH, del Rincon SV. Targeting tumor-intrinsic MNK1
kinase restricts metabolic flexibility to diminish breast cancer liver metastasis. /n

preparation (2023).

3.1  Abstract

Dysregulation of the MNK1/2-elF4E axis promotes breast cancer progression,
partly by influencing cancer stem cells (CSCs). These self-renewing cell populations
contribute to metastasis, recurrence, and chemotherapeutic resistance, making them a
clinically relevant target. The role of the MNK1/2-elF4E pathway in regulating CSCs,
however, is yet to be explored. Herein, we generated MNK1 knock-out breast cancer cell
lines, resulting in diminished CSC properties in vitro and slowed tumor growth in vivo.
Using a multi-omics approach, we functionally demonstrated that loss of MNK1 restricts
tumor cell metabolic flexibility by reducing glycolysis and increasing dependence on
oxidative phosphorylation. This translated to suppressed metastasis of MNK1 KO cells to
the liver, but not the lung. Analysis of TCGA BRCA patient data validated the positive
correlation between MNK1 and glycolytic enzyme protein expression. This study defines
metabolic regulation as a previously unknown consequence of targeting MNK1/2, that

may be therapeutically exploited.
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3.2 Introduction

Breast cancer (BC) is the most commonly diagnosed cancer among women, and
the second leading cause of cancer-related death'. For patients with non-metastatic
disease, 5-year survival rates range between 86% and 99%?2. However, approximately
one-third of BC patients will present with distant-site metastases, after which the 5-year
survival rate is reduced to approximately 27%?2. Prognosis is particularly poor for patients
diagnosed with liver metastasis (BCLM), a common secondary site for BC; even with
systemic hormone- and/or chemotherapy median survival is only 20 months3. Stage IV
BC is considered incurable with currently available therapies, thus the ability to reduce
BC metastasis remains an unmet clinical need.

Perturbations in mRNA translation are well-known to promote cellular
transformation and malignant progression*, as exemplified by the MNK1/2-elF4E axis®.
Eukaryotic initiation factor 4E (elF4E) binds to the 5’ cap of mRNAs to mediate cap-
dependent translation. elF4E is phosphorylated on serine 209 by Mitogen-activated
Protein Kinase Interacting Kinases 1/2 (MNK1/2)67. Although the precise function of this
phosphorylation event remains contentious in the field, it is clear that MNK-mediated
phosphorylation of elF4E enhances cellular transformation®. Moreover, elF4E
phosphorylation has been well-established as promoting disease progression, in part due
to the increased translation of a subset of pro-invasive and pro-survival mRNAs®-''. Our
team has published studies demonstrating that phospho-elF4E-deficient mice are
protected against developing lung metastases in both spontaneous and orthotopic

models of murine BC'%-'2, In addition, we have explored the multi-faceted role of the
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MNK1/2-elF4E axis across non-tumoral components of the tumor microenvironment
(TME), including the immune cell landscape'-'4 and stromal cell-derived extracellular
matrix'5. Clinically, the expression of phospho-elF4E has been associated with poor
patient prognosis in multiple cancer types®'®, encouraging the pharmacological
development of MNK1/2 inhibitors that are currently in clinical trials (NCT04261218,
NCT03690141, NCT04622007).

We have previously reported that tumor-intrinsic MNK1 signaling promotes primary
BC tumor progression from ductal carcinoma in situ to invasive ductal carcinoma'’. This
study was the first to recognize a link between MNK1 and breast cancer stem cells
(BCSCs), showing that modulating MNK1 expression altered BCSC properties in vitro
and in vivo. Increasing evidence suggests that BCSCs, a small pool of undifferentiated
and self-renewing tumor cells, are the powerhouse behind tumor progression, therapeutic
resistance, and metastasis'®22. There are several biomarkers, signaling activities and
biological features that define and characterize CSC pools?3. In particular, CSCs maintain
a remarkable ability to reprogramme their metabolic state to adapt to environmental
changes?+26 which is thought to be critical for their ability to proliferate. Reports from this
emerging field implicate glycolysis as a crucial metabolic pathway for CSC populations,
including BCSCs, to sustain stemness and self-renewal, and highlight oxidative
phosphorylation (OxPhos) and glutamine metabolism as functionally important in some
cases?62’. While MNK1 has been implicated in regulating stemness'”:2829 the precise
functional role of this kinase in BCSCs, and how this impacts metastatic potential to

different organ sites, remains unknown. Metabolic flexibility is especially interesting in the
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context of metastasis, as recent literature describes tissue-specific metabolic
dependencies of metastatic cells. For instance, glycolytic-dominant metabolism can be
advantageous for BC metastasis to the liver®?, whereas lung metastases rely largely on
OxPhos?®' and uptake of environmental pyruvate®?, and brain metastases require fatty
acid synthesis to fuel their growth33.

In this study, we sought to expand our understanding of how MNK1 contributes to
BCSC properties. Our results suggest that MNK1 impacts BCSC function, rather than
frequency, ultimately impacting tumor growth rates in vivo. We performed protein and
gene expression analyses, metabolite tracing and bioenergetic profiling to uncover that
MNK1 regulates tumor cell glycolysis. Furthermore, we determined that genetic and
pharmacologic inhibition of MNK1 restricts tumor cell metabolic flexibility and increases
energetic dependence on OxPhos, resulting in suppressed metastasis to the liver but not
the lung. Finally, by interrogating mass spectrometry-derived protein data from the
Cancer Genome Atlas (TCGA) Breast Cancer (BRCA) PanCancer Atlas, we demonstrate
that MNK1 expression positively correlates with the expression of glycolysis-related
enzymes. Together, our findings report the metabolic consequences of disrupting MNK1
in breast cancer cells and highlight the potential utility of MNK1/2 inhibitors as therapeutic

agents in targeting tumor metabolism to reduce metastasis.
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3.3 Results
3.3.1 MNKT1 ablation in 4T1 cells alters stemness phenotypes in vitro and in vivo

To better understand the contribution of tumor-intrinsic MNK1 to breast cancer
stemness and metastasis, we chose to knock-out MNK1 (MNK1 KO) from the 4T1 murine
breast cancer cell line. Using CRISPR-Cas9, we generated and pursued two MNK1 KO
cell lines (herein referred to as sg-MKNK1-1 and sg-MKNK1-2) alongside a sgRNA-null
control (herein referred to as Cas9CTL). Western blotting confirmed the absence of MNK1
in both KO cell lines, alongside an expected decrease in the phosphorylation of elF4E
(Fig. 3.1A). 4T1 cell viability was not altered by the loss of MNK1 (Fig. 3.1B), nor was the
proliferative rate under standard monolayer culture conditions (Fig. 3.1C). We have
previously shown that phosphorylation of elF4E, the primary substrate of MNK1 kinase,
promotes the epithelial-to-mesenchymal transition (EMT)°. In line with these findings, we
found that MNK1 KO 4T1 cells appear more epithelial-like than their Cas9CTL
counterparts, as illustrated by the altered expression of several EMT-associated proteins
(Fig. 3.1D). Given our interest in CSCs, and the known link between EMT and
development of CSC-like features®*, we next chose to culture Cas9CTL and MNK1 KO
cells on low-adherence plastic to assess tumorsphere formation, wherein individual cells
maintain the ability to self-renew while avoiding anoikis. While all cell lines tested were
able to form spheres, their morphology differed drastically between groups, as MNK1 KO
tumorspheres appeared smaller, rounder, and less disordered than Cas9CTL
tumorspheres (Fig. 3.1E). Subsequent quantification confirmed a significant reduction in

the average size of a tumorsphere in both sg-MKNK7-1 and sg-MKNK1-2 cell lines
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compared to Cas9CTL (Fig. 3.1F), without changing the number of tumorspheres formed
(Fig. 3.1G). In addition, we profiled the impact of MNK1 KO on the activity of aldehyde
dehydrogenases (ALDH), an enzyme group whose activity are enhanced in CSCs?3. As
expected, MNK1 KO significantly reduced the ALDH activity of 4T1 cells when measured
by flow cytometry (Fig. 3.1H). We next assessed whether MNK1 KO cells differ from their
control counterparts in tumor outgrowth in vivo. Thus, we injected Cas9CTL and MNK1
KO 4T1 cells into the mammary fat pads of BALB/c mice. Immunohistochemistry confirms
that sg-MKNK1-1 and sg-MKNK1-2 tumors remain devoid of MNK1 expression (Fig. 3.1).
Tumors derived from MNK1 KO cell lines grew significantly slower than those from
Cas9CTL cells (Fig. 3.1J). Finally, we monitored tumor formation from serially diluted
concentrations of Cas9CTL and MNK1 KO cells; a gold-standard for assessing stemness
in vivo. MNK1 KO cells exhibited similar tumor-initiation capacity compared to Cas9CTL,
even at the lowest cell concentration (Fig. 3.1K). Coupled with our in vitro observations,
the data from this orthotopic model suggest that MNK1 ablation may not dictate the
frequency of CSCs within a population, but rather the functional capabilities of the CSC

pool.
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Figure 3.1. (A) Western blot analysis of the indicated proteins in Cas9CTL, sg-MKNK1-1 and sg-
MKNK1-2 4T1 cells. (B) Percentage of live cells of indicated cell lines. Error bars represent SD,
one-way ANOVA with Tukey’s multiple comparison test, n = 4 per group. (C) Proliferation of
indicated cell lines in complete media over 96 hours following serum starvation. Error bars
represent SD, two-way ANOVA with Tukey’s multiple comparison test, n = 3. (D) Western blot
analysis of the indicated proteins in Cas9CTL, sg-MKNK1-1 and sg-MKNK1-2 4T1 cells. (E)
Representative brightfield images of the indicated cell lines grown under low-adherence
tumorsphere culture. (F and G) Average tumorsphere size (F) and tumorsphere number (G)
grown from 5000 of the indicated cells under low-adherence cultures. Quantification performed
on tumorspheres 7 days post-seeding. Error bars represent SD, one-way ANOVA with Tukey’s
multiple comparison test, n = 3 (25 spheres analyzed per cell line per repeat). (H) Quantification
of ALDH activity in the indicated cell lines. Data represent percentage ALDH+ cells, error bars
represent SD, one-way ANOVA with Tukey’s multiple comparison test, n = 3. (I) Representative
images of IHC staining against MNK1 (DAB) in indicated tumors. (J) Growth rates of tumors
formed from the indicated cell lines following mammary fat pad injection. Error bars represent
SEM, two-way ANOVA with Tukey’s multiple comparison test, n = 7 (Cas9CTL) 5 (sg-MKNK1-1
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and sg-MKNK1-2). (K) Number and percentage of mice engrafted following mammary fat pad
injection of serially diluted Cas9CTL, sg-MKNK17-1 and sg-MKNK1-2 cell lines.
3.3.2 Multi-omics analysis highlights alterations in glycolysis and oxidative

phosphorylation pathways in MNK1 KO 4T1 cells

BCSCs are regulated by several major signaling pathways and possess multiple
biological features that help maintain their activity. We used a multi-omics approach to
understand the mechanism by which MNK1 ablation regulates 4T1 stem-like behaviour.
Matched RNA-sequencing (RNA-seq) and mass spectrometry-based discovery
proteomics were performed on Cas9CTL, sg-MKNK17-1 and sg-MKNK1-2 cell lines in
quadruplicate (Fig. 3.2A, 3.2B). As expected, loss of MNK1 resulted in the differential
expression of numerous targets at both the RNA (Fig. 3.2C) and protein level (Fig. 3.2D),
a large proportion of which were common to both MNK1 KO clones. Functional
enrichment analyses were performed to identify biological processes that were commonly
differentially expressed between Cas9CTL and MNK1 KO cells. In line with our data that
MNK1 ablation dampens stem-cell properties, gene set enrichment analysis (GSEA) of
our RNA-seq suggested that Wnt and Hedgehog signaling pathways, known to be critical
in maintaining BCSC features, were downregulated in both MNK1 KO cell lines compared
to Cas9CTL (Fig. 3.2E). Moreover, our proteomics data support EMT being repressed in
MNK1 KO cells, as indicated by IPA enrichment analysis (Fig. 3.2F). Curiously, both RNA-
seq and mass spectrometry data independently supported that
glycolysis/gluconeogenesis pathways were strongly repressed in MNK1 KO cells, while
OxPhos was increased at the RNA level (Fig. 3.2E-G). Western blotting was used to verify

the reduced expression of several glycolysis-related enzymes in sg-MKNK1-1 and sg-
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MKNK1-2 cells relative to Cas9CTL (Fig. 3.2H), as informed by our proteomics data.
These findings provide strong evidence to suggest that 4T1 cells lacking MNK1 have
rewired their metabolism to depend more on OxPhos and less on glycolysis. This
supports the notion that MNK1 KO cells have dampened stemness properties (Fig. 3.1),
as a glycolytic-dominant metabolism has been shown to play a functional role in
regulating BCSC populations36-38, Previous work by Dupuy et al. has further identified a
gene signature that underpins high glycolytic activity in 4T1 cells to provide a selective
advantage in their ability to metastasize to the liver. We probed the expression of this
signature in our Cas9CTL and MNK1 KO cell lines and found it was significantly reduced
in sg-MKNK1-1 and sg-MKNK1-2 cells at the protein (Fig. 3.2) and RNA level (Fig. 3.2J).
Additionally, we analysed publicly available microarray data from Dupuy et al. (GEO:
GSE62598) and found that in vivo-selected liver-tropic 4T1 cells have an increased
expression of MKNK1, but not MKNK2, compared to parental cells (Fig. 3.2K). Together
these findings suggest a correlation between MNK1 expression in tumor cells and their

maintenance of metabolic pro-liver metastasis features
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Figure 3.2. (A) Volcano plots comparing differential gene expression between the indicated cell
lines as indicated by RNA-seq. All data are averages of four independent replicates. (B) Heatmap
expressing relative abundance values for all proteins identified by mass spectrometry in the
indicated cell lines. All data are averages of four independent replicates. (C and D) Venn diagrams
visualize the number of differentially expressed genes (C) and proteins (D) when comparing the
indicated cell lines. (E) Gene Set Enrichment Analysis (GSEA) of RNA-seq data through the
KEGG database. Signatures shown represent the top 5 up- and downregulated pathways relative
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to Cas9CTL cells, according to normalized enrichment scores. Only signatures with significant
differential regulation (adjusted p value < 0.1) in both sg-MKNKT cell lines are shown Bar colour
denotes cell line. (F) Ingenuity Pathway Analysis (IPA) of proteomics data in the indicated cell
lines relative to Cas9CTL cells. Pathways shown represent the top 10 differentially expressed,
irrespective of direction of regulation, according to enrichment z-score values. (G) Representative
GSEA plots comparing the expression of the listed gene signatures between Cas9CTL and sg-
MKNKT1 cell lines. Normalized Enrichment Scores (NES) and False Discovery Rates (FDR) are
indicated. (H) Western blot analysis of the indicated proteins in Cas9CTL, sg-MKNK1-1 and sg-
MKNK1-2 4T1 cells. (I and J) Expression of a pro-liver metastasis metabolic gene signature
across RNA-seq and proteomics datasets. Proteomics data are shown as a bubble plot (I); bubble
colour corresponds with relative expression of the listed protein in sg-MKNKT cells relative to
Cas9CTL, bubble size corresponds to p value. RNA-seq data are shown as GSEA plots (J); NES
and FDR values are listed. (K) Expression of MKNK1 and MKNK2 in parental 4T1 cells and a
population of 4T1 cells that have undergone in vivo selection to enrich for liver-tropic features.
Values acquired from publicly-available RNA microarray data. Error bars represent SD, multiple
unpaired t-tests with Welch correction and Holm-Sidak multiple comparison test, n = 3.

3.3.3 Experimental metastasis models demonstrate that MNK1 ablation significantly

dampens metastatic tumor outgrowth in the liver, but not the lung.

From our multi-omics profiling (Fig. 3.2) we postulated that MNK1 KO 4T1 cells
may have a reduced ability to metastasize to the liver. To address this, we used
intrasplenic injections of tumor cells to model experimental liver metastasis (Fig. 3.3A),
as this allows us to robustly replicate the later stages of the metastatic cascade
independent of differences in primary tumor growth. We found that mice injected with
MNK1 KO cells had significantly fewer visible metastases on the livers at 21 days post-
injection, compared to their Cas9CTL counterparts (Fig. 3.3B), leading to a marked
increase in mouse survival (Fig. 3.3C). We also performed intrasplenic injection of a pool
of five independent sg-MKNK1 4T1 cell lines, to confirm that the observed effect was not
an artefact of clonal selection and found an equal level of reduction in liver tumor burden

(Supp. Fig. 3.1A). To ensure that metastases visible on the surface of the liver were

representative of total tumor burden, we performed quantification of H&E-stained step-
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sections of tumor-bearing livers (Fig. 3.3D). As expected, we confirmed that livers
harboring MNK1 KO 4T1 cells had a significantly lower number of total metastases (Fig.
3.3E) as well as reduced overall percentage tumor burden (Fig. 3.3F). Next, we were
curious to understand whether this strong protection against the development of liver
metastases was due to the inability of MNK1 KO cells to extravasate out of the
vasculature, or a failure to colonize and outgrow thereafter. To answer this question, we
developed an in vivo seeding competition assay whereby an equal ratio of Cas9CTL and
MNK1 KO cells, each tagged with a different colour of CellTracker dye, were
intrasplenically injected into the same mouse. Two days post-injection we perfused the
liver to flush the vasculature and remove any tumor cells that had failed to extravasate,
before assessing relative cell abundance by flow cytometry (Fig. 3.3G). Using this
protocol, we demonstrated that neither sg-MKNK1-1 or sg-MKNK1-2 cells had a defect in
their extravasation ability compared to Cas9CTL (Fig. 3.3H), therefore leading us to
conclude that MNK1 has an important role following tumor cell colonization in the liver
microenvironment. To determine if MNK1 KO cells had a general inability to metastasize,
we performed tail vein injections of Cas9CTL and MNK1 KO 4T1 cells (Fig. 3.3)).
Interestingly, MNK1 KO resulted in only a mild reduction in the ability of 4T1 cells to form
metastases in the lung, even though tumor growth in the liver was severely diminished
(Fig. 3.3J, representative images: Supp. Fig. 3.1B). This suggests that the anti-metastatic
effects of tumor-intrinsic MNK1 ablation are influenced by tissue-specific

microenvironments.
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Figure 3.3. (A) Schematic of the intrasplenic injection experimental design, including duration
and end-point liver processing. (B) Number of metastases visible on the liver surface 21 days
post- intrasplenic injection of the indicated cell lines. Error bars represent SEM, n= 14 (Cas9CTL)
10 (sg-MKNK1-1) 8 (sg-MKNK1-2). (C) Kaplan-Meier curves showing mouse survival following
intrasplenic injection of the indicated cell lines, n= 10 (Cas9CTL), 8 (sg-MKNK1-1) 7 (sg-MKNK1-
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2). (D) Representative images of H&E-stained tumor-bearing livers at 21 days post-injection. Cell
lines are indicated, and yellow borders denote the tumor edge. (E and F) Quantification of
metastatic tumor burden in H&E-stained liver sections in the indicated conditions, showing the
average total number of metastases (E) and percentage tumor area (F) per liver. Error bars
represent SEM, n=10 (Cas9CTL) 5 (sg-MKNK1-1) 8 (sg-MKNK1-2). (G) Schematic detailing the
experimental design of an in vivo seeding competition assay, using CellTracker dyes to assess
the relative ability of two cell lines to extravasate. (H) Representative flow cytometry plots and
relative quantification of the number of sg-MKNK1 cells in the liver 48 hours post-injection,
compared to Cas9CTL cells in the same liver. Error bars represent SEM, n = 7 (Cas9CTL:sg-
MKNK1-1) 5 (Cas9CTL:sg-MKNK1-2). (I) Schematic of tail vein injection experimental design,
including duration and end-point lung processing. (J) Tumor burden in the liver 14 days following
tail vein injection of the indicated cell lines. Data are an average of scores from 4 independent
examiners per sample. Error bars represent SEM, n = 10 per group. For B, E, F, H and J: one-
way ANOVA with Tukey’s multiple comparison test.

3.3.4 Stable isotope tracing confirms that MNK1 KO cells have reduced glycolytic

activity and altered glutamine metabolism.

There is a growing appreciation that the metabolic state and flexibility of a tumor
cell can dictate tissue-specific tropism as well as the success of metastatic dissemination.
It therefore seemed likely that the metastasis-protective effects of MNK1 KO observed in
vivo (Fig. 3.3B-F) might be due to changes in their cellular metabolism. Given the results
of our multi-omics functional enrichment analyses (Fig. 3.2E, 3.2F), and the fact that the
liver is a gluconeogenic tissue, we chose to assess functional differences in the use of
glucose between MNK1 KO and Cas9CTL cells. We performed stable isotope tracer
analysis (SITA) using U-['3C]-glucose, pulsing cells with the labelled metabolite for 4
hours before mass spectrometry analysis (Fig. 3.4A). The presented data represent
labelled metabolite pool sizes only, as we observed only minor differences in the fractional
enrichment of 13C across metabolites between groups. However, the full mass isotopomer

distribution (MID) profiles for all metabolites shown are in the supplementary data (Supp.

Fig. 3.2), in accordance with standard expression in the field. As expected, we found that
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the pool sizes of U-['3C]-glucose-derived pyruvate (Fig. 3.4B) and lactate (Fig. 3.4C) were
lower in MNK1 KO cells compared to Cas9CTL. Interestingly, analysis of the conditioned-
media revealed no difference in the secretion of labelled lactate into the media, despite
reduced intracellular pools (Fig. 3.4D). In contrast to the glycolytic pathway, we observed
largely similar TCA cycle activity across all cell lines. Both MNK1 KO and Cas9CTL cells
replenish their pools of TCA intermediates principally through pyruvate dehydrogenase
(citrate and malate m+2) rather than through pyruvate carboxylase and malic enzymes
(citrate and malate m+3) (Supp. Fig. 3.2D, 3.2E). In addition, there were no differences
in the pool sizes of TCA cycle intermediates citrate, malate, and aspartate (m+2) between
groups (Fig 3.4E-G). Overall, these data suggest that MNK1 ablation reduces the
glycolytic activity of 4T1 cells.

Upregulated glutamine metabolism is another key metabolic feature of transformed
cells®® and is thought to be another important substrate for CSC populations*®. We
therefore chose to perform subsequent SITA experiments using U-['3C]-glutamine (Fig.
3.4H). We observed no consistent differences in general glutamine uptake (Fig. 3.4l),
conversion to glutamate (Fig. 3.4J), or reductive carboxylation as indicated by the
fractional enrichment of citrate m+5 in MNK1 KO cells compared to Cas9CTL (Supp. Fig.
3.2l). Although glutamine is a key anaplerotic substrate for the TCA cycle, the size of the
labelled citrate (m+4) pool in MNK1 KO cells was reduced compared to Cas9CTL (Fig.
3.4K). Equal pool sizes of labelled malate (m+4) indicate that glutamine carbons are able
to flow into the TCA cycle in all cell lines (Fig. 3.4L) but are diverted towards aspartate

conversion, which has been identified as a limiting metabolite for tumor cell proliferation?!,
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in MNK1 KO cells than in Cas9CTL (Fig. 3.4M). In addition, MNK1 KO cells preferentially
use more U-['3C]-glutamine-derived carbons than Cas9CTL for de novo glutathione
(GSH) synthesis (Fig. 3.4N). This might suggest increased levels of oxidative stress in

MNK1 KO cells, as reduced GSH is a vital scavenger of reactive oxygen species (ROS).
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Fig. 3.4 (legend on following page)
Figure 3.4. (A) Stable isotope tracing diagram for U-['3C]-glucose through glycolysis and into the
TCA cycle via pyruvate dehydrogenase and pyruvate carboxylase. (B-D) U-['3C]-glucose tracing
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into glycolysis (pyruvate, lactate, and extracellular lactate m+3, 4-hour tracer) in the indicated cell
lines expressed as relative size of the labelled pool. (E-G) U-['3C]-glucose tracing into the TCA
cycle via pyruvate dehydrogenase (citrate, malate, and aspartate m+2, 4-hour tracer) in the
indicated cell lines expressed as relative size of the labelled pool. (H) Stable isotope tracing
diagram for U-['3C]-glutamine into the TCA cycle and glutathione synthesis. (I-N) U['3C]-glutamine
tracing to glutamate (glutamine uptake and glutamate m+5, 4-hour tracer) and into the TCA cycle
(citrate, malate, and aspartate m+4, 4-hour tracer) or through to glutathione synthesis (GSH m+5,
4-hour tracer) in the indicated cell lines expressed as relative size of the labelled pool. Panels B-
G and I-N: Experiments were performed in technical triplicates and repeated three times. Graphs
shown correspond to one representative experiment; error bars represent SD of technical
triplicates. Statistics shown were calculated for technical repeats, one-way ANOVA with Tukey’s
multiple comparison test.
3.3.5 Bioenergetic assessment of MNK1 KO cells reveals a dependence on oxidative
phosphorylation.

There are two main mechanisms through which cells produce ATP — glycolysis
and OxPhos coupled with the TCA cycle (Fig. 3.5A)*?. Having confirmed reduced
glycolytic activity in MNK1 KO cells (Fig. 3.4B, 3.4C), we hypothesized that these cells
may have functionally adapted to more heavily rely on OxPhos to meet their energetic
demands. We first assessed broad mitochondrial features and found that MNK1 KO cells
have increased mitochondrial mass compared to Cas9CTL (Fig. 3.5B), as well as greater
production of mitochondrial ROS (Fig. 3.5C). This is an expected consequence of
increased mitochondrial dependence and aligns with the upregulation of GSH synthesis
in MNK1 KO cells observed from our SITA experiments (Fig. 3.4N). In agreement with
this, our proteomics data suggest MNK1 KO cells have upregulated expression of several
isoforms of NADH:ubiquinone oxidoreductase (Complex 1) (Supp. Fig. 3.3A). We next
performed bioenergetic profiling of Cas9QCTL and MNK1 KO cells using the Seahorse XF-

bioanalyzer platform. We observed no change in the extracellular acidification rate

(ECAR) of MNK1 KO and Cas9CTL cells (Fig. 3.5D), which was unsurprising given our
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SITA results demonstrating no difference in lactate secretion into the media (Fig. 3.4D).
Additionally, there were no differences in oxygen consumption rates (OCR) across cell
lines (Fig. 3.5E), despite reduced glycolytic activity in MNK1 KO cells. From these
findings, we interpret that both Cas9CTL and MNK1 KO 4T1 cells primarily use OxPhos
to meet their energetic needs when grown under monolayer (two-dimensional) culture
conditions. This may explain why MNK1 KO 4T1 cells show no proliferation defects in
vitro (Fig. 3.1C), where nutrient availability is high and metabolic stress is low, but a strong
repression in tumor outgrowth in the mammary fat pad and liver (Fig. 3.1J, Fig. 3.3B-F),
where metabolic demands are more complex. Specifically, several reports across cancer
types have demonstrated that metastatic tumor cells in the liver TME favour a glycolytic-
dominant metabolism3043-45_ Thus, we next chose to assess the impact of inhibiting
OxPhos on tumor cell cultures, thereby mimicking the metabolic stresses of the liver TME.
MNK1 KO cells were sensitive to treatment with the ATP synthase inhibitor oligomycin,
which significantly reduced cell growth, while Cas9CTL cells remained resistant to this
effect (Fig. 3.5F). These data support the conclusion that MNK1 KO 4T1 cells have
reduced metabolic flexibility and are particularly disadvantaged in an environment that
favours glycolysis over OxPhos.

As MNK1/2 inhibitors are currently in clinical trials, we next chose to investigate
how well our findings translate into a therapeutic context. Our team has previously shown
that the inhibitors SEL201 and EFT508 effectively block MNK1/2 activity, robustly
inhibiting elF4E phosphorylation'21346.47 Western blotting confirmed that these MNKi

repress MNK1/2 activity in this model, as indicated by complete repression of elF4E
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phosphorylation, without reducing MNK1 expression (Fig. 3.5G). We found that
combination treatment of MNKi with oligomycin phenocopied our genetic MNK1 KO
model, resulting in a significant reduction in tumor cell growth compared to either MNKi
or oligomycin treatment alone (Fig. 3.5H). We repeated these assays in three human BC
cell lines; T47D, MCF7 and MDA-MB-231. While baseline sensitivity to oligomycin
treatment was cell line-dependent, the combination of MNKi with oligomycin resulted in
the strongest repression in cell growth (Supp. Fig. 3.3B-D). Encouraged by these results,
we investigated the efficacy of using a MNKIi to target liver metastasis in vivo. Mice were
pre-dosed with EFT508 immediately prior to intrasplenic injection of Cas9CTL 4T1 cells,
followed by drug dosing until endpoint (Supp. Fig. 3.3E). However, EFT508 treatment
alone was insufficient to reduce tumor burden in the liver, as quantified by the number of
surface metastases at 21 days post-injection (Supp. Fig. 3.3F). We next attempted to
model dual targeting of MNK1/2 and OxPhos in vivo by combining treatments of EFT508
and IACS-010759, a potent inhibitor of mitochondrial Complex 148, Unexpectedly, two-
thirds of the mice dosed with IACS-010759 died, assumably due to acute drug toxicity,
and the experiment was suspended (data not shown). In summary, our findings highlight
changes in tumor cell metabolism as a previously unknown consequence of using
MNK1/2 inhibitors, but underscore the need for additional in vivo studies to better

understand their application in combination with other therapies.
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Figure 3.5. (A) Schematic of the two main mechanisms of cellular ATP production: glycolysis and
oxidative phosphorylation coupled with the TCA cycle. (B and C) Average mitochondrial mass
(B) and mitochondrial ROS levels (C) of the indicated cell lines as assessed by flow cytometry.
Error bars represent SD, one-way ANOVA with Tukey’s multiple comparison test, n = 4 per group.
(D and E) Analysis of oxygen consumption rate (OCR) (D) and extracellular acidification rate
(ECAR) (E) in indicated cell lines. All values are normalized to cell number per well. Experiments
were performed across 30 wells per cell line and repeated twice. Data shown display one
representative repeat, error bars represent SD of technical repeats. (F) Effect of oligomycin
treatment on in vitro cell growth in the indicated conditions. Oligomycin was removed after 8 hours,
and cell numbers quantified 48 hours post-treatment. Data are shown relative to a solvent control
within each group. Representative images are included. Error bars represent SD, two-way
ANOVA with Tukey’s multiple comparison test, n = 3 per group. (G) Western blot analysis of the
indicated proteins in Cas9CTL, sg-MKNK1-1 and sg-MKNK1-2 4T1 cells. (H) Effect of combining
oligomycin, SEL201 and EFT508 on in vitro cell growth of Cas9CTL 4T1 cells. Cells receiving
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MNKIi treatment were dosed throughout the experiment, oligomycin was removed after 8 hours.

All cell numbers were quantified at 48 hours post-oligomycin treatment and are shown relative to

the no treatment group. Data for oligomycin treatment without MNKi are the same as shown in

panel F. Representative images are included. Error bars represent SD, two-way ANOVA with

Tukey’s multiple comparison test, n =3 per group

3.3.6 MNKT protein expression correlates with glycolysis in TCGA breast cancer
patient data.

Our data thus far support that tumor-intrinsic MNK1 signaling regulates glycolysis
to promote liver metastasis in pre-clinical mouse models. To further study the link
between MNK1 and glycolysis in human disease, we explored protein data from the
PanCancer Atlas Breast Invasive Carcinoma data set deposited on TCGA. First, we
stratified 102 patients by their expression of MNK1, detected by mass spectrometry, and
assessed the relative expression status of other proteins involved in glycolysis, as defined
by the KEGG database pathway. We observed a visible correlation between breast
cancer samples with high MNK1 expression and high expression of several components
of the glycolysis pathway, including LDHA, PFKP and ENO1 (Fig. 3.6A). Analysis of
multiple hits identified by our initial proteomics screening confirmed significant positive
correlations of MNK1 expression and glycolytic enzymes, with Pearson correlation
coefficients ranging from 0.48 to 0.65 (Fig. 3.6B). Of note, largely similar correlations were
found between MNK2 expression and the same enzymes (Supp. Fig. 3.4A). In addition,
we performed single-sample GSEA projections (ssGSEA) using this protein data to
calculate an enrichment score per patient independent of phenotype labelling. This score

represents the relative activity level of a given biological process, rather than the

expression of a subset of genes, which can then be correlated against other metrics.

143



Using this method, we validated that MNK1 expression is strongly correlated (coefficient
= 0.40) with an ssGSEA enrichment score for glycolysis (Fig. 3.6C) but not OxPhos
(coefficient = 0.098) (Fig. 3.6D). This suggests that MNK1 may regulate glycolytic activity
in patients without affecting OxPhos, in line with our own pre-clinical observations
reported herein. Interestingly, we observe an equally strong correlation between
glycolysis enrichment scores and the expression of PDK1 (Supp. Fig. 3.4B), an enzyme
that has been reported to facilitate the adaptation to a glycolytic dominant metabolism in
liver-tropic cells30. Finally, although not statistically significant, overall survival of breast
cancer patients can be separated based on MNK1 expression alone, with the high MNK1-
expressing group having a numerically worse prognosis compared to the low MNK1 group
(Fig. 3.6E). Taken together, these results suggest the potential clinical relevance of
blocking MNK1 activity, through appropriate use of a MNK inhibitor, to modulate tumor

metabolic features and target tissue-specific metabolic dependencies.
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Figure 3.6. (A) Heatmap visualizing the relative protein expression of MNK1 and glycolysis-
related enzymes, as listed in the KEGG_Glycolysis_Gluconeogenesis MSigDB gene set. Data
are stratified according to MNK1 expression. Each column represents one patient, each row
represents one protein/enzyme. Rows were clustered according to average linkage hierarchical
clustering (B) Correlation of MNK1 protein expression with the protein expression of listed
enzymes. Pearson rank-order, dashed lines show linear regression. P and r values are indicated.
(C and D) Correlation of MNK1 protein expression with ssGSEA enrichment scores for the
glycolysis/gluconeogenesis (C) and oxidative phosphorylation (D) pathways. Pearson rank-order,
dashed lines show linear regression. P and r values are indicated. For A-D: n = 102. (E) Kaplan-
Meier curve showing overall survival of patient with high versus low MNK1 protein expression.
Log-rank (Mantel-Cox) test, n = 25 per group.

3.4 Discussion
CSCs are critical components of successful tumor initiation, progression, and
metastasis'®22, but our therapeutic tools for targeting these populations in secondary

sites remain limited. Defining the molecular mechanisms that underpin CSC populations
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is therefore critical to inspire new strategies to prevent metastasis in patients. Here,
through our investigation of stemness features regulated by MNK1, we showed that
targeting of MNK1 limits the metabolic flexibility of BC tumor cells by reducing glycolysis,
which we validated using metabolomics and bioenergetic profiling. Importantly, we
showed that this led to strongly repressed primary tumor growth in vivo and almost entirely
abolished metastasis to the liver, but not the lung. We also observed that MNK1
expression is positively correlated with expression of the glycolytic pathway in human
patient samples.

This study sheds new light on the signaling pathways that contribute to the
complex changes in cellular metabolism that facilitate metastasis. The Warburg effect
observes that, unlike normal cells, tumor cells ferment glucose into lactate through
aerobic glycolysis, even in the presence of sufficient oxygen concentrations and
functional mitochondria to support oxidative phosphorylation. Although a definitive
explanation of this phenomenon remains elusive, it has been suggested that this switch
to a less-efficient metabolism affords tumor cells the ability to generate biomass needed
for proliferation, in addition to ATP#2. Indeed, it is thought that BCSC populations are
largely driven by high rates of glycolysis®4, at least in the primary site. One study even
demonstrates that a metabolic switch from OxPhos to aerobic glycolysis is essential for
the function of BCSCs and enhances tumorigenicity in vitro and in vivo by reducing the
levels of reaction oxygen species to maintain 3-catenin signaling, which is critical for
maintenance of pluripotency?®’. This aligns with previous data that stem cells specifically

rely on glycolysis as they have limited oxidative capacity due to a poorly developed
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mitochondrial network*. The data presented here support this conclusion as MNK1 KO
cells, with reduced glycolytic activity, have significantly reduced growth rates of
tumorspheres in vitro (Fig. 3.1E-G) and primary tumors in vivo (Fig. 3.1J). Our knowledge
of the metabolic processes that dictate metastatic success and tropism, however, are less
advanced. The “Seed and Soil” theory, alongside more recent work by Schild et al.®°,
proposes that specific cancer cells evolve to have distinct metabolic signatures that pre-
determine their propensity to colonize a distant tissue. Furthermore, it has been
suggested that only cells with metabolic flexibility, a hallmark of CSCs, have the intrinsic
ability to survive in secondary sites®'. Some studies have provided evidence for organ-
specific metastatic abilities of CSC subpopulations in multiple cancers?*®52523, Although
this study does not assess the metabolic function of CSCs specifically, we predict that the
restricted metabolic flexibility caused by targeting MNK1 would be disadvantageous to
CSC and non-CSC pools alike. Moreover, we show that this disadvantage is not equal
across metastatic sites; inhibiting MNK1 activity more strongly reduces the ability for a
given tumor cell to survive in the liver than in the lung (Fig. 3.3B-F, 3.3J), independent of
its ability to extravasate from the vasculature (Fig. 3.3H).

Importantly, our analysis of protein expression data from BC patients (Fig. 3.6)
suggests that targeting MNK1 to impact tumor cell metabolism may translate from murine
to human studies. We show that genetic MNK1 KO models of BC are protected against
metastatic outgrowth in the liver (Fig. 3.3B-F), but use of EFT508 alone was unable to
phenocopy this result (Supp. Fig. 3.3E, 3.3F). We hypothesize that there may be unknown

consequences of broadly blocking MNK activity across the TME using a MNK1/2 inhibitor,
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as opposed to the more specific tumor-intrinsic targeting of our genetic model. In
particular, we do not know how blocking MNK pharmacologically will impact the
cooperative metabolic networks that exist between cell types of the TMES>*. Further
research is required to better understand these interactions. However, we have shown in
vitro that blocking MNK1 increases tumor cell sensitivity to the OxPhos inhibitor
oligomycin, and that treatment with both metabolic inhibitors significantly reduces tumor
cell growth in multiple breast cancer cell lines (Fig. 3.5F, 3.5H and Supp. Fig. 3.3B-D). It
may therefore be necessary to combine a MNKi with an OxPhos inhibitor to adequately
restrict metabolic flexibility of tumor cells in vivo, even in the liver microenvironment. We
propose this novel drug combination as a potential strategy to target metastases across
tissues with distinct metabolic requirements by simultaneously impacting the two primary
mechanisms of ATP production. This is a crucial target in metastasizing tumor cells as
sufficient ATP generation is emerging as a critical threshold for successful cell seeding®®.
MNKi are well-tolerated in patients and currently under clinical investigation across cancer
types and treatment modalities (NCT04261218, NCT03690141, NCT04622007). Several
drugs targeting aspects of mitochondrial metabolism are either already FDA-approved or
in clinical trials, including metformin®6:57 and atovaquone®®. However, clinical benefit of
these inhibitors is yet to be achieved in the context of oncology. We performed preliminary
studies in vivo using combined treatment of EFT508 and the Complex | inhibitor IACS-
010759, which had been advanced into Phase | clinical trials at the time (NCT02882321
and NCT03291938). These trials were recently discontinued due to emerging dose-

limiting toxicities, including neuropathy in approximately 50% of patients and physiological
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changes indicative of neuropathy in mice®®. This matches our observations that IACS-
010759 led to signs of toxicity in our mouse models. Future studies are therefore needed
to assess how to effectively combine MNKi with OxPhos inhibition, and to determine what
stage of the metastatic cascade these drugs could be applied for clinical benefit.

One question that remains unanswered in our study is: by what mechanism does
blocking MNK1 downregulate glycolysis? Although elF4E is the only validated substrate
for MNK1/2 kinases, we do not formally assess whether the phenotypes we observe are
a consequence of altered translational control by phospho-elF4E. It is conceivable that
there may be elF4E-independent effects of modulating MNK expression and/or activity
that the field is unaware of. Moreover, a translationally-mediated mechanism may exist
either directly or indirectly. Phospho-elF4E may regulate the translation of glycolytic
enzymes themselves, or of an upstream mediator such as HIF1a, as was emphasized by
our proteomics data (Fig. 3.2F). Interestingly, the EMT-associated protein Snail, known
to be under translational control of phospho-elF4E'0, has been shown to silence the
promoter of FBP1, resulting in an induction of glycolysis and CSC-like properties in basal-
like BC?. Future studies should be carried out to understand which of these mechanisms,
if any, are at play in our models. Regardless, this work contributes new findings to an
ever-expanding body of literature that highlights translational machinery as a central node
for regulating energetic balance and cellular metabolism®&0-64,

Ultimately, this study upholds the viability or pursing metabolic pathways as targets
to reduce metastasis. We have gained an increased understanding of the contribution

that MNK1 kinase plays in controlling BCSC populations, while further identifying reduced
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glycolysis as a previously unknown functional consequence of targeting MNK1/2. Better
understanding of the metabolic dependencies of metastatic BC cells in tissue-specific
microenvironments may prove useful in identifying vulnerabilities that can be exploited,

through use of a MNKi, to improve therapeutic efficacy.

3.5 Experimental Procedures
Cell culture and treatments

4T1 cells were kindly donated by Dr. Peter Siegel (McGill University) and cultured
in DMEM High Glucose (Wisent Bio Products) supplemented with 10% FBS, 1.5 g/L
sodium bicarbonate,10 mM HEPES, and antibiotics. MCF7, T47D and MDA-MB-231 cell
lines were purchased from ATCC and cultured in DMEM High Glucose (Wisent Bio
Products) supplemented with 10% FBS and antibiotics. Cells were sub-cultured upon
reaching approximately 90% confluence by trypsinization and subsequent dilution. Cell
lines were maintained at low passage number prior to use, and viability was determined
via trypan blue exclusion. For all cell treatments, drugs were supplemented into complete
growth media at the indicated concentrations. SEL201 was provided by Selvita and used
at 2.5 yM. EFT508 (Tomivosertib) was purchased from Selleckchem (#S58275) and used
at 1 yM. Oligomycin was purchased from MP Biomedicals (#151786) and used at 1 M.
For tumorsphere culture: cell lines were trypsinized, dissociated into single cells, and
seeded in ultra-low adherence 6 well plates (Corning, #3471) at 5000 cells per well.
Brightfield images were captured at 5 days post-seeding. Tumorsphere number and size

were quantified using ImageJ.
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Generation of MNK1 knock-out cell lines

CRISPR-mediated MNK1 KO cell lines were generated as previously described”.
In summary, parental 4T1 cells were transfected with Cas9-GFP/sgRNA plasmids. 48
hours post-transfection, GFP+ cells (transient fluorescence) were single-cell sorted by
FACS and expanded in culture. The resulting clones were screened for absent expression
of MNK1 by Western blot, and selected clones were further validated by Sanger
sequencing of genomic DNA. Two clones were selected for follow-up investigation in vitro
and in vivo, termed sg-MKNK1-1 and sg-MKNK1-2. A sgRNA-null control cell line was
generated using the same transfection protocol with the Cas9-GFP plasmid only, termed
Cas9CTL. Where indicated, a pool of 5 sg-MKNK1 clones were combined together in
equal proportions (20% of the total cell population per clone). Plasmids and sgRNA
constructs were purchased from GenScript, using the pSpCas9 BB-2A-GFP (PX458)
vector. Two CRISPR guide RNA sequences were designed to target murine MKNKT:

TCGAAGTCGAGTGTTCCGTG and GACGTCCCGCACCACTCTAC.

Mouse model and orthotopic mammary fat pad injection

Wild-type female BALB/c mice were purchased from Charles River Laboratories
(Saint-Constant, Canada) and subsequently bred in-house. All tumor cell injections were
performed on mice approximately 8 weeks of age. Animal experiments were conducted
according to the regulations established by the Canadian Council of Animal Care, using

protocols approved by the McGill University Animal Care and Use Committee. For
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orthotopic injections: 2 x 10° 4T1 cells (Cas9CTL, sg-MKNK1-1 and sg-MKNK1-2) were
suspended in PBS and injected into the inguinal mammary fat pad of mice. Tumor
initiation was measured as the number of days post-injection at which a palpable mass
had formed. Tumor length (L) and width (W) were routinely measured over time, with
tumor volume calculated using the formula V=3.1416/6*L*W?. At 25 days post-injection,
mice were euthanized and primary tumors were excised, formalin-fixed, and paraffin
embedded (FFPE). For the limiting dilution experiment: serially diluted concentrations (2
x 105, 2 x 10%, 2 x 10%) of Cas9CTL, sg-MKNK1-1 or sg-MKNK1-2 4T1 cells were
suspended in PBS and injected into the inguinal mammary fat pad of mice. Tumors were
allowed to form for 8 weeks post-injection. Mice were considered as engrafted upon the

formation of a palpable mass.

Experimental metastasis mouse models: intrasplenic and tail vein injections

Intrasplenic injections (with splenectomy) were used to model experimental liver
metastasis. Mice were anaesthetized, hair on the left flank removed, and a small incision
made in the skin and peritoneum below the ribcage. 1 x 10° 4T1 cells (Cas9CTL, sg-
MKNK1-1 or sg-MKNK1-2) were suspended in PBS and injected directly into the spleen
using a 26-gauge needle. Cells travel via the splenic vein and hepatic portal vein directly
to the liver. Following injection, vasculature connecting the spleen and the pancreas was
ligated using nonabsorbable braided silk suture (FST, #18020-60). Vessels were
subsequently cut and the spleen removed — this is necessary to prevent the formation of

a primary splenic tumor. The peritoneum was then sutured shut and the skin closed using
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wound clips. Mouse body weight was monitored every 3 to 4 days, before being
euthanized at 21 days post-injection. At endpoint, the number of metastases visible on
the liver surface were quantified before FFPE processing. Mice with extrahepatic
metastases were excluded from the study. For survival cohorts: mice were euthanized
upon signs of moribundity or a 20% drop in bodyweight, whichever presented first. For
treatment cohorts: mice were randomly grouped prior to treatment. EFT508 was dissolved
in a solution of 10% 1-methyl-2-pyrrolidinone and 90% propylene glycol, with 1 equivalent
of HCI, for administration by oral gavage at a dose of 10 mg/kg bodyweight per mouse, 5
times per week. The first dose was administered approximately 1 hour prior to intrasplenic
injection. Tail vein injections were used to model experimental lung metastasis; 1 x 10°
4T1 cells (Cas9CTL, sg-MKNK1-1 or sg-MKNK1-2) were injected into the tail vein of each
mouse. At 14 days post-injection, mice were euthanized, lungs were excised and
dissociated into single cells using the gentleMACS Octo Dissociator (Miltenyi Biotech,
#130-096-427). Cell suspensions were cultured in the presence of 30 yM 6-thioguanine
(Sigma-Aldrich, #A4660); these conditions are toxic to cells other than the naturally
resistant 4T1. After 5 days, remaining 4T1 colonies were fixed with 4% PFA for 15 min at
room temperature, stained with 0.5% crystal violet for 30 min at room temperature, and

metastatic burden scored by four independent individuals.

In vivo seeding competition assay

4T1 cells (Cas9CTL, sg-MKNK1-1 or sg-MKNK1-2) were labelled using CellTrace

Violet (Invitrogen, #34571) or Far Red (Invitrogen, #C34564) dyes according to
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manufacturer instructions prior to intrasplenic injection. Each mouse received a total of 1
x 106 cells comprised of one MNK1 KO clone and Cas9CTL cell lines at a 1:1 ratio, with
each cell line labelled using a different colour of CellTrace dye. At 48 hrs post-injection,
mice were euthanized and the liver perfused via the hepatic portal vein with 15 mL of cold
PBS. Following this, livers were excised and single-cell dissociated using the
gentleMACS Octo Dissociator (Miltenyi Biotech, #130-096-427). Cell suspensions were

then analyzed on an LSR Fortessa (BD) for the presence of fluorescent tumor cells.

RNA sequencing and analysis

RNA was isolated form Cas9CTL, sg-MKNK7-1 and sg-MKNK1-2 pellets in
quadruplicate using the Absolutely RNA Miniprep Kit (Agilent, #400800). RNA
concentration and quality was assessed using a BioAnalyzer (Agilent). Library
preparation was performed using the KAPA mRNA HyperPrep kit (Roche). Samples were
sequenced on a Nextseq HighOutput 2x75bp flow cell with a yield of approximately 20M
single-end reads per sample. FASTQ data was normalized using the Nextflow nf-core
pipeline (DOI: 10.5281/zenodo.1400710) and expressed as log-transformed counts per
million reads mapped (log10CPM). The DEseq2 package was used to identify differentially
expressed genes by calculating the fold change in log10CPM values between MNK1 KO
(sg-MKNK1-1 or sg-MKNK1-2) and Cas9CTL cells using default settings. Results were
then filtered based on fold change (greater than 2 in either direction) and adjusted p-value
(less than 0.05). P-values were calculated using the Wald test with FDR/Benjamini-

Hochberg multiple comparison test. Functional enrichment analyses were performed on
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pre-ranked fold change data using gene set enrichment analysis software (version 4.1.0)

and the KEGG molecular signature database.

Preparation of cell lines for proteome analysis

Quadruplicates of 4T1 Cas9CTL and MNK1 KO (sg-MKNK1-2 and sg-MKNK1-2)
cell lines were lysed by the addition of 100 pL of lysis buffer containing 5% SDS in 100
mM TRIS pH 8.5 and heating the samples (95 °C) for 10 minutes. Samples were
consequently subjected to probe based ultrasonication (Thermo Sonic Dismembrator),
and clarified by centrifugation at 21,000 x g for 5 minutes. 5% of the resulting extract was
reserved for the determination of protein concentration using bicinchonic acid assay
(BCA) (Thermo/Pierce). The remainder of the cell lysates were reduced in 20 mM tris(2-
carboxyethyl)phosphine for 30 minutes at 60 °C, and alkylated in 25 mM iodoacetamide
for 30 minutes in the dark at room temperature. 50 yg of protein was proteolytically
digested with trypsin (Promega, sequencing grade) overnight at 37°C using S-TRAP
micro cartridges (Protifi). Peptides were eluted from S-TRAP micro cartridges sequentially
with 50 mM ammonium bicarbonate, 0.2% formic acid, and 50% acetonitrile respectively.
Peptide-containing eluates were frozen at -80 °C and lyophilized to dryness using a
vacuum centrifuge (Labconco). Peptide samples were reconstituted in 0.1% formic acid,

to a final concentration of 150 ng/uL.
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LC-MS/MS data acquisition and analysis

An equivalent of 1 ug of protein was analyzed by nanoflow LC-MS/MS using an
Easy-nLC 1200 system coupled to a Q Exactive Plus (both Thermo Fisher Scientific).
Samples were first loaded onto a pre-column (Acclaim PepMap 100 C18, 3 yum, 75 um
ID x 2 cm length, Thermo Fisher Scientific) for online desalting, and then separated using
a 100 minute gradient with an Acclaim PepMap 100 C18 analytical column (2 ym particle,
75 um ID x 250 mm, Thermo Fisher Scientific) using water with 0.1% formic acid (mobile
phase A) and 84% acetonitrile with 0.1% formic acid (mobile phase B) at 300 nL/min from
3-40 %B. MS acquisition was conducted in data dependent acquisition mode (DDA),
based on the top 15 most intense precursor ions (+2 to +4 charge state). Full MS scans
were acquired at 70K resolution from 350 — 1500 m/z (AGC 1E6, 50ms max injection
time), and MS2 spectra were collected at 17.5K resolution (AGC 2E4, 64ms max injection
time) using a normalized collision energy (NCE) of 28. Dynamic exclusion was set to 40
sec. Acquired MS/MS data were analyzed using Proteome Discoverer (PD) version 2.5
(Thermo Fisher Scientific). Database searching was conducted using the Sequest HT
node, using a reference mouse proteome FASTA file containing only reviewed canonical
sequences downloaded from Uniprot (downloaded February 28", 2019). Label free
quantitation was conducted using the Minora feature detection node. Proteins were
quantified based on unique peptides, scaled based on total peptide abundance, and
missing values were imputed using the low abundance resampling method. Protein
expression ratios were calculated based on protein abundance, and p-values were

calculated using ANOVA (individual proteins) within PD 2.5. Only proteins quantified with
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at least 1 protein unique peptide in 3 out of 4 biological replicates from at least one sample
group were retained. Statistical significance of differentially expressed proteins was
based on a 2-sigma fold-change cut-off (effectively 2-fold change), as well as having an
FDR adjusted p-value less than 0.05. Statistically differentially expressed proteins were
used an input for canonical pathway enrichment analysis using Ingenuity Pathway

Analysis software (Qiagen).

Metabolomics

For each biological replicate, 4T1 Cas9CTL and MNK1 KO (sg-MKNK1-1 and sg-
MKNK1-2) cells were seeded at 62,500 cells per well in technical triplicate in a 6-well
tissue culture treated plate (Corning) and cultured in 4T1 complete media (defined
above). The following day, cells were examined, media was aspirated, replaced with fresh
media, and incubated for another 20h. Next, media for '3C-[U] glucose (Cambridge
Isotopes) tracing was prepared using a base media of 1X DMEM (Wisent, #319-062)
subsequently supplemented with sodium pyruvate, glutamine, HEPES and sodium
bicarbonate to concentrations equivalent to 4T1 complete media. Next a 5X (125 mM)
solution of '3C-[U] glucose was prepared by dissolving [U]-'3C-glucose in the
supplemented 1X DMEM media. 4T1 complete media was then aspirated from all wells
and replaced with 2 mL of supplemented 1X DMEM media, while 0.5 mL of 5X [U]-13C
glucose was added overtop, giving a final concentration of 25 mM, and incubated (or
traced) at 5% CO2, 37°C for 4 hours. Two wells of unlabeled controls were seeded for

each cell line, which contained 2 mL of supplemented 1X DMEM media, and 0.5 mL of
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5X 12C glucose at a final concentration of 25 mM and incubated as above for 4h. In
addition, to normalize downstream metabolomic intensity values to cell number, 3 wells
per cell line were seeded in 4T1 complete media and counted at the experimental
endpoint. To prepare the cells for metabolomic profiling, after 4h incubation, plates were
immediately placed overtop ice and media aspirated. Next, wells were washed twice with
1 mL of 0.9% saline. Following saline aspiration, plates were placed over dry ice for 5
minutes, wrapped in aluminum foil and immediately placed in -80 °C. Cells were lysed
and processed using the stable isotope labeling and metabolomics method published in

Kaymak et al. (2022)5.

Seahorse bioenergetic profiling

Prior to bioenergetic profiling using the seahorse Mitostress test kit (Agilent
Technologies), 4T1 Cas9CTL and MNK1 KO (sg-MKNK1-1 and sg-MKNK1-2) cells were
seeded at 5000 cells per well in a 96-well Seahorse XFe96 FluxPak plate (Agilent
Technologies) and incubated with 80 uL of DMEM (see conditions above) for 24h in 5%
COg, 37°C incubator until approximately 70% confluence was reached. In addition, 24h
prior to bioenergetic profiling, the Seahorse flux assay kit was calibrated with 200 pL of
Milli-Q water (Millipore) and left in a non-COz2, 37°C incubator for 24h. The following day,
seeded cells were examined for appropriate confluence, 80 uL DMEM culture media was
gently removed using a multi-channel pipette, and replaced with 140 uL of SFX assay
medium: SFX DMEM base media (Agilent technologies), supplemented with 1 mM

Sodium Pyruvate, 2 mM glutamine, 10 mM glucose (final concentrations), pH 7.4 (at
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37°C). In addition, water was removed from the flux assay kit and replaced with Seahorse
XF calibrant solution (Agilent technologies) and incubated at 37°C (non-COg) for 2-3h
hours prior to conducting bioenergetic profiling. During the 2-3h incubation, Mitostress
test kit drugs: oligomycin, Carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone (FCCP), Rotenone/Antimycin A (R/AA) and Monensin were dissolved
in SFX assay medium to working concentrations of 16, 9, 5 and 220 uM, respectively.
Next, 20 uL of each drug was pipetted into injection ports A,B,C, and D, respectively.
Final drug concentrations of oligomycin, FCCP, R/AA and Monensin were 2, 1, 0.5 and
20.1 uM, respectively. Following the 2-3h incubation of the extracellular flux assay Kkit,
probes were calibrated in the Seahorse bioanalyzer. After, the flux assay kit was replaced,
with the 96 well plate containing Cas9CTL and MNK KO cells, while the drugs within ports
remained in the machine. Oligomycin, FCCP, Rotenone/Antimycin A and Monensin were
automatically injected overtop cells at 20, 40, 60 and 80 minutes, respectively. Oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) were both measured.
OCR and ECAR values were normalized to cell number based on crystal violet staining

and absorption at 595 nm following solubilization.

Histology and immunohistochemistry (IHC)

Following FFPE-processing, all samples were sectioned at 4 ym thickness
according to staining requirements. Tumor-bearing livers were step-sectioned (2 steps,
200 um between steps) for subsequent staining with hematoxylin and eosin (H&E) as

previously described'’. IHC stainings were performed on primary tumor and tumor-
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bearing liver tissues. Slides were deparaffinized, rehydrated and subjected to heat-
induced antigen retrieval. Endogenous peroxidase activity was quenched for 15 min in
10% hydrogen peroxide, and tissues were blocked in 10% donkey serum (Jackson
ImmunoResearch, #017-000-121). Tissues were then stained with an antibody specific
to MNK1 (tumors; 1:50 dilution). Stainings were visualized using InmPACT DAB (Vector
Laboratories, #S5K-4105) and counter-stained with Harris-modified hematoxylin (EMD
Millipore, #638A-85). All stained slides were imaged using a Zeiss AxioScan.Z1 slide
scanner and analyzed using QuPath version 0.2.3. See Supplementary Table 3.1 for

antibody details.

Immunoblotting

Immunoblotting was performed as previously detailed's. Briefly, protein lysates
were isolated from cell pellets using RIPA buffer (150 mmol/L Tris-HCI pH 7, 150 mmol/L
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecy! sulfate). Protein
concentrations were measured by Bradford reagent assay (Bio-Rad), separated on a 10%
SDS-PAGE gel, and transferred to nitrocellulose membranes. Membranes were blocked
in 5% non-fat milk and incubated in primary antibody dilutions overnight at 4 °C. The
following day, membranes were incubated with secondary antibody at room temperature
for 1 hr. Membranes were then revealed using ECL Prime Western Blotting Detection
Reagent (Amersham) and Ultra-High Contrast Western Blotting film. Antibody information

is listed in Supplementary Table 3.1.
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Cell proliferation growth curves

4T1 cells (Cas9CTL, sg-MKNK1-1 and sg-MKNK1-2) were serum-starved for 16
hours prior to seeding in 96 well plates at a density of 1000 cells per well. At 24 hr
intervals, up to 96 hr post-seeding, cells were fixed in 4% paraformaldehyde (PFA) for 15
min at room temperatures and stored in 0.4% PFA. Fixed cells were stained with 0.5%
crystal violet at endpoint for 30 min at room temperature. The following day, crystal violet
was dissolved in 10% acetic acid and absorbance was measured at 590 nm using a plate
reader. Cell proliferation over time was calculated relative to a standard curve of known

cell number.

Mitochondrial assessment by flow cytometry

4T1 cells (Cas9CTL, sg-MKNK1-1 or sg-MKNK2-1) were trypsinized, centrifuged
at 300 x g for 5 min, and washed in PBS. 1 x 10° cells were stained with 1 yM MitoSOX
mitochondrial superoxide indicator (Invitrogen, #M36008) or 200 nM MitoTracker
CMXRos (Invitrogen, #M7512) according to manufacturer directions. After staining, cells

were rinsed once in PBS and fluorescence was assessed on an LSR Fortessa (BD).

Aldefluor assay

ALDH activity was measured according to ALDEFLUOR Kit instructions (StemCell
Technologies, #01700). Briefly, 1 x 108 cells were suspended in the provided buffer and
incubated with 1.5 yM BODIPY-aminoacetaldehyde for 30 min at 37 °C. Using this

protocol, ALDH activity is proportional to cellular fluorescence, as measured using an
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LSR Fortessa (BD). Background fluorescence was accounted for by treating cells with 15
UM diethylaminobenzaldehyde, a selective inhibitor of ALDH (negative control). Data

were analyzed using FlowdJo version 10.7.1.

Analysis of publicly-available TCGA patient data

The TCGA Breast Invasive Carcinoma PanCancer Atlas database was accessed
through cBioPortal. Analysis was limited to only patients for whom MNK1 protein
expression Z-score and overall survival data was available (n = 102). Protein expression
data was isolated for all hits within the KEGG_Glycolysis_Gluconeogenesis molecular
signature and for MNK1. ssGSEA was subsequently performed according to methodology
described in Barbie et al. (2009)%6, using KEGG_Glycolysis_Gluconeogenesis and
KEGG_Oxidative_Phosphorylation gene sets. Pearson rank-order calculations were
performed to correlate MNK1 protein expression with individual proteins of interest and
ssGSEA enrichment scores. Analysis of overall survival data was performed on the

highest and lowest quartile of patients when ranked by MNK1 protein expression.

Statistics

Prism 9 software (GraphPad) was used to perform statistical testing. Details of the
statistical testing performed for all relevant figure panels can be found in figure legends.
P-values for the differences of means between groups were calculated using unpaired t-

tests, one-way ANOVA, two-way ANOVA and Pearson rank-order correlations, with

162



multiple comparison tests as appropriate. P-values less than 0.05 were considered

statistically significant.

3.6 Data availability
Data supporting the findings of this study are available within the manuscript and
its supplementary material. Full omics datasets and functional enrichment analyses are

available from the authors upon reasonable request.
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3.9 Supplementary material
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Supplementary Figure 3.1. (A) Number of metastases visible on the liver surface 21 days post-
intrasplenic injection of Cas9CTL cells or a pool of 5 independent sg-MKNK1 cell lines. Data in
the Cas9CTL group are the same as shown in Fig. 3B. Error bars represent SEM, unpaired t-test
with Welch’s correction, n = 14 (Cas9CTL) 6 (sg-MKNK1 pool). (B) Representative images of
tumor burden in the lungs of mice 14 days post-tail vein injection of the indicated cell lines. Images
display ex vivo culture of single-cell dissociated tumor-bearing lungs, following selection of tumor
cells after 5 days of 6-thioguanine treatment. The highest and lowest scoring samples are shown
from a total of 10 per group.
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Supplementary Figure 3.3. (A) Relative expression of the listed subunits of NADH:ubiquinone
oxidoreductase in sg-MKNK1-1 or sg-MKNK1-2 cell lines, shown as relative to the expression in
Cas9CTL cells. Bar colour denotes cell line. Values are shown as a single fold change, calculated
from proteomics data run in quadruplicates. (B-D) Effect of combining oligomycin, SEL201 and
EFT508 on in vitro cell growth of MCF7 (B), T47D (C), and MDA-MB-231 (D) cells. Cells receiving
MNKIi treatment were dosed throughout the experiment, oligomycin was removed after 8 hours.
All cell numbers were quantified at 48 hours post-oligomycin treatment and are shown relative to
the no treatment group. Error bars represent SD, two-way ANOVA with Tukey’s multiple
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comparison test, n = 2 (MCF7 and T47D) 3 (MDA-MB-231). (E) Schematic detailing the dosing
regimen for EFT508 treatment in vivo following intrasplenic injection. EFT508 was dosed at a
concentration of 10 mg/kg/day via oral gavage, using a 5 on/2 off schedule, for a total of 16 doses
over 21 days. (F) Quantification of surface metastases on mouse livers 21 days post-intrasplenic
injection of Cas9CTL 4T1 cells, treated with EFT508 or vehicle control. Error bars represent SEM,

unpaired t-test with Welch’s correction, n =10 (vehicle) 7 (EFT508).
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Supplementary Table 1: Antibody information - all antibodies used for western blotting (WB),
immunohistochemistry (IHC)

Monkey

Target Reactivity Application Supplier Catalog Clone

MNK1 Human, Mouse WB, IHC Cell Signaling | 2195 C4C1
Human, Mouse, Rat,

elF4E Dog, Chicken, Frog WB BD 610270 87

Phospho-elF4E | Human, Mouse, Rat, . .

(S209) Monkey WB Cell Signaling | 9741

. Multi-species (incl. . Al i
Actin Human, Mouse, Rat) WB Sigma-Aldrich | A5441 AC-15
E-Cadherin ggg‘a”’ Mouse, Rat, | \yg BD 610181 36
. . Multi-species (incl.

Vimentin Human, Mouse, Rat) wB BD 550513 RV202

MMP3 Human, Mouse, Rat | WB Abcam ab52915 | EP1186Y

ALDOA Human, Mouse, WB Cell Signaling | 8060 D73H4
Monkey

HK2 Human, Mouse, Rat, | \yg Cell Signaling | 2867 C64G5
Monkey

ENO1 Human, Mouse, Rat, | \yg Cell Signaling | 3810
Monkey

GAPDH Human, Mouse, Rat, | \yg Cell Signaling | 5174 D16H11
Monkey

LDHA Human, Mouse, Rat, | \yg Cell Signaling | 2012
Monkey

PDH Human, Mouse, Rat, | \yg Cell Signaling | 3205 C54G12
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Chapter 4 — Discussion and future directions

4.1 Comprehensive scholarly discussion of all findings

The therapeutic options currently available for patients diagnosed with metastatic
breast cancer are limited in their choice and efficacy. These patients face low survival
rates and will likely succumb to disease, as metastasis remains the leading cause of
breast cancer-related death®3.68, The findings presented in Chapters 2 and 3 focus on
genetic and pharmacological targeting of the MNK1/2-elF4E pathway, aiming to further
understand the potential clinical utility of MNK1/2 inhibitors for cancer management. We
approached these studies by investigating this signaling axis in non-tumor components
of the TME, as well as in the tumor cells themselves, and have gained new perspectives
on the biological role of MNK1/2-elF4E in promoting mechanisms of breast cancer
progression and metastasis. In Chapter 2, we characterized how elF4E phosphorylation
regulates the post-transcriptional production of collagen type | in the mammary gland and
dictates collagen fiber alignment at the tumor-stroma boundary to promote local invasion.
This provides insight on how MNK1/2 inhibitors could be used to target pro-invasive
features of the ECM in breast cancer. In Chapter 3, we explored how loss of tumor-
intrinsic MNK1 kinase reduced glycolytic activity and metabolic flexibility, thereby leading
to increased energetic dependence on OxPhos. We showed that one consequence of
this switch away from glycolytic metabolism was diminished metastasis of MNK1-null
tumor cells to the liver, but not the lung. These studies have identified previously unknown
or under-explored impacts of MNK1/2-elF4E signaling in the breast TME. Beyond this,

they contribute to an ever-growing body of literature examining the pro-oncogenic
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functions of critical regulators of translational control. Detailed summaries of the data
presented are included within the main body of this thesis. The remainder of this chapter
serves to highlight additional points of discussion, study limitations, and future

experimental directions.

4.1.1 Exploring the potential clinical use of MNK1/2 inhibitors

It is important to emphasize that the over-arching goal of the work presented in this
thesis was to assess whether the appropriate use of MNK1/2 inhibitors may be of clinical
benefit in metastatic breast cancer patients. Fulfilling this goal required two approaches.
First, we used the inhibitors SEL201 and EFT508 in vivo to assess whether blocking of
MNK1/2 can recapitulate the effects of genetically inhibiting elF4E phosphorylation or
MNK1 expression. Second, we performed preliminary translational work to investigate if
the phenotypes discovered using murine breast cancer models were supported using
patient data, both tumor biopsies and analyses of publicly available datasets. From these
data, we proposed that use of MNK1/2 inhibitors in combination with other therapies could
potentially be leveraged to impact aspects of tumor biology that have so far proven difficult
to target, namely ECM remodelling and cellular metabolism.

The ECM is now recognized to be an important player in the acquisition of
therapeutic resistance to anti-cancer agents'%6-160, but ECM-targeting therapies have so
far been largely unsuccessful (see section 1.2.3). In Chapter 2, we demonstrated how
SEL201 was sufficient to negate the anti-PD-1-mediated induction of intratumoral

collagen deposition (Fig. 2.7F-G); a recently identified mechanism of resistance to
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immunotherapy that has been suggested to act through multiple cell types, including
CAFs and tumor cells'®'. Additionally, alignment of collagen fibers at tumor margins, the
orientation of which we have shown is regulated by phospho-elF4E (Fig. 2.3 and Fig.
2.5C), has been shown to inhibit anti-tumor immune cell infiltration2%°. Dual-targeting
using MNK1/2 inhibitors with ICIs therefore represents a promising therapeutic
combination. Indeed, these data strengthen our previously published conclusions that
MNK1/2 inhibitors augment the efficacy of immunotherapies®3®24!  including data
demonstrating that SEL201 increases the abundance of CD8* T cells in breast cancer
lung metastases in the context of anti-PD-1 treatment?#'. This aligns with other evidence
illustrating that high mammographic density correlates with increased collagen deposition
and immune cell influx251.252,

Targeting metabolic-pathways and -dependencies of tumor cells has gained
significant attention in recent years, with several strategies currently under clinical
investigation in breast cancer patients (reviewed in Wang et al., 2021253), Unfortunately,
similar to therapies aimed at the ECM, targeting cellular metabolism is yet to demonstrate
clinical efficacy in cancer patients despite promising preclinical results. For example,
combination of the glycolytic inhibitor 2-deoxy-D-glucose with docetaxel was found to be
tolerable in patients, but achieved no significant anti-cancer response?®*. Moreover, the
repurposing of metformin as an anti-cancer agent has also been widely studied, owing to
its extensive use in treating metabolic disorders and favorable risk-benefit profile2%s.

Results from clinical trials have so far yielded conflicting results, with some demonstrating
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that metformin could improve patient prognosis255256, while others show no improvements
in survival or the efficacy of combined drugs?57:2%8,

It is likely that this apparent gap in the success of preclinical and clinical studies
stems from an incomplete knowledge of the metabolic pathways driving breast cancer.
We continue to improve our understanding of fundamental oncometabolism principles, as
emphasized in a recent publication from Bartman et al. (2022), which sought to measure
the absolute rates of ATP production from glycolysis versus the TCA cycle. Their results
question the common assumption that tumors are metabolically hyperactive compared to
surrounding normal tissue. Instead, they report that primary tumors produce ATP at a
slower rate than surrounding normal tissue, which is accommodated by the
downregulation of tissue-specific energetically-expensive processes, such as protein
synthesis in pancreatic cancer®®. In Chapter 3, we demonstrate that treatment with
EFT508 monotherapy is insufficient to protect against metastatic tumor outgrowth in the
liver, despite promising in vitro data (Fig. 3.5). We hypothesize reasons for this, including
the need for therapeutic combinations to successfully limit tumor cell metabolic flexibility.
As such, we propose that MNK1/2 inhibitors may require combination with drugs targeting
mitochondrial metabolism, such as metformin, as a way of simultaneously inhibiting two
common mechanisms of ATP production. We further suggest that there may be
differences in tumor-intrinsic versus whole-TME targeting of MNK1/2. For example, CD8+
T cells are known to rapidly engage metabolic machinery within minutes of activation,
inducing a rapid upregulation of aerobic glycolysis to fuel their subsequent

proliferation260-261, |f a MNKi is capable of impacting tumor cell metabolism, it may also
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affect the metabolic needs of CD8* T cells, or other immune cell types, in ways that reduce
their effector function. Additionally, as highlighted above, there likely are variables
influencing site-specific metabolic dependencies that remain unknown and are therefore
not controlled for in our models.

While it is tempting to hypothesize the utility of MNK1/2 inhibitors in treating
patients with metastatic breast cancer, we present our findings with caution. The data
presented in Chapters 2 and 3 are encouraging, but future preclinical and clinical studies
are needed to improve our understanding of the downstream impacts of targeting
MNK1/2. Treatment combinations and dosing timelines will be particularly important to
determine, to uncover which steps of the metastatic cascade may benefit from MNK1/2
inhibition. Furthermore, in light of data determining the metabolic dependencies of site-
specific breast cancer metastases'®'-194, detailed triage of patients may prove useful in

deciding those who would benefit most from a MNK1/2 inhibitor.

4.1.2 Research limitations and future directions

4.1.2.1  Aspects of MNK1/2-elF4E biology that remain contentious in the field
Although it is clear that the phosphorylation of elFAE on S209 greatly enhances
elF4E-mediated cellular transformation??¢, studies aiming to understand the precise
molecular function of this phosphorylation event have been conflicting and controversial.
Some have concluded that S209 phosphorylation promotes elF4E binding to the mRNA
5’ cap, formation of the elF4F complex and therefore the initiation of translation?62-267,

Other studies have demonstrated that elF4E phosphorylation is not required for elF4F
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complex assembly or translation initiation268-270. Similarly, it has been theorized that
phosphorylation of S209 allows for the formation of a salt-bridge with lysine 159 that would
stabilize cap binding in a hydrophobic pocket of elF4E?"!, in agreement with data
suggesting that phosphorylated elF4E has increased affinity and decreased dissociation
rates for the 5’ cap?7%273. However, subsequent crystallography modelling concluded that
this salt-bridge would destabilize the cap binding from elF4E?74, which corroborates
alternate data that phospho-elF4E has a marked reduction in mRNA cap affinity?7°.
Clearly these data are contradictory and remain incompletely understood. In Chapter 2,
we present polysome profiling of wild-type and phospho-elF4E-deficient mammary gland
fibroblasts, consistent with the idea that elF4E phosphorylation bolsters the translation of
COL1A1 mRNA (Supp. Fig. 2.3). The discrepancies described above do not invalidate
these findings, but rather limit our understanding of the molecular mechanism of action
through which they occur.

In addition to the functional consequences of elF4E phosphorylation, there are
gaps in our knowledge of its upstream kinases, MNK1 and MNK2. In Chapter 3, we chose
to investigate the impact of ablating tumor-intrinsic MNK1 specifically, due in part to the
current understanding that MNK1 activity is induced by extracellular stimuli such as
cytokines, growth factors, and nutrient availability, whereas MNK2 activity is constitutive
being largely unresponsive to upstream activation of p38 and ERK1/2 MAPKs?35.236,
However, a lack of reliable antibodies targeting MNK2 has made studying MNK2-specific
functions difficult, and there may be unknown roles for this isoform in the models we used.

We assume that the low levels of elF4AE phosphorylation we observe in MNK1 KO 4T1
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cells (Fig. 3.1A) are a result of MNK2-mediated phosphorylation, but we have been
unable to assess this directly. Generation of MNK2 KO and MNK1/2 double KO tumor
cell lines would help provide tools to study isoform-specific contributions of the MNK
kinases during breast cancer metastasis.

Similarly, we do not know whether the phenotypes observed upon loss of tumor-
intrinsic MNK1 (Chapter 3) are a result of down-regulated elF4E phosphorylation or from
an alternative elF4E-independent mechanism. elF4E is the only in vivo validated
substrate for MNK1/2225, but several other proteins have been suggested as targets of
MNK-based phosphorylation. These include cytosolic phospholipase A2 (cPLA2)%78,
polypyrimidine tract-binding protein-associated splicing factor (PSF)277, heterogeneous
nuclear riboprotein A1 (hnRNPA1)%78 and Sprouty2 (SPRY2)279280  all of which have
been suggested to be functionally relevant in tumor biology?77-281-288_ |t is possible that
the metastasis-protective effect of ablating MNK1 in 4T1 cells occurs via one of these
proteins or another unidentified substrate, or perhaps through a MNK1-regulated
mechanism that is independent of its kinase activity. A model of tumor cell-intrinsic
phospho-elF4E-deficiency (elF4ES2094/52094) would be useful in addressing this, which we
hypothesize would phenocopy the results of MNK1 KO tumors cells if the mechanism of

action is dependent on reduced elF4E phosphorylation.

4.1.2.2 Choice of model when investigating fibroblast-derived ECM
In Chapter 2, we examined phospho-elF4E-deficiency in tissue resident fibroblasts

specifically, demonstrating that fibroblasts isolated from S209A mammary glands have

178



reduced collagen-l production relative to their wild-type counterparts (Fig. 2.3). Our
understanding of CAF biology has advanced greatly in recent years, highlighting over-
simplifications in our study design that warrant mention. Although we chose to isolate
primary mammary gland-resident fibroblasts, rather than use mouse embryonic
fibroblasts or a fibroblast cell line such as NIH/3T3, we did not model CAFs directly.
Isolated mammary gland fibroblasts were not exposed to a TME in vivo or ex vivo, thereby
removing the effects of cell-cell interactions or TME-derived external stimuli that likely
impact the transition from a normal tissue-resident fibroblast (NF) to a CAF. A study of
matched NFs and CAFs from several murine breast cancer models demonstrated
morphological differences between the two cell types, and could denote CAFs specifically
based on their expression of the surface markers CD49b, CD87 and CD952%°. NFs were
characterized by CD39 expression but were found to upregulate CAF-associated markers
upon in vitro propagation, including CD87, Sca-1 and Ly-6C which correlated with
increased proliferative activity?®. It is worth noting that we would not expect CAFs to
behave differently from NFs in terms of their regulation of collagen production by
phospho-elF4E. We confirmed that tumors grown in the mammary glands of phospho-
elF4E-deficient mice were surrounded by less collagen than tumors in their wild-type
counterparts (Fig. 2.5H), and that blocking elF4E phosphorylation reduced
immunotherapy-induced intratumoral collagen deposition (Fig. 2.7). As CAFs are the
primary source of collagen production in the TME''2113 it is therefore likely that these
observations are a result of reduced collagen production in phospho-elF4E-deficient

CAFs.
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The advancement of single-cell technologies in recent years has further provided
insight into the heterogeneity of CAF populations. This young field continues to evolve at
rapid speed, but it is now well-established that there are distinct populations of CAFs in
in breast cancers that differ in their surface marker expression profile and biological
function290-2%_ Early studies defined three broad CAF subtypes: myofibroblastic CAFs,
inflammatory CAFs, and antigen-presenting CAFs?®’. Since then, additional CAF
classifications have emerged, and we are beginning to understand the role of specific
subtypes in immune exclusion?®®, immunotherapy resistance®®*, and metastasis?2. The
relative contributions of pro- versus anti-tumor CAF subpopulations to breast cancer
progression requires extensive further investigation. These studies will be particularly
relevant for treatments aimed at CAFs in the TME, such as FAP-targeting antibodies, as
discussed in Chapter 1 (see section 1.2.3). It is reasonable to question whether the
current clinical failures of such approaches are a result of this newly-identified fibroblast
heterogeneity. It may be that specific pro-tumor CAF subsets need to be targeted to
improve patient outcomes, rather than approaches that act more broadly.

To expand upon the findings of Chapter 2, additional studies should be performed
to assess whether phospho-elF4E-mediated control of fibroblast-derived collagen is
maintained in CAF populations as well as NFs. An improved understanding of the spatial
landscape of CAF subpopulations, and the impact of inhibiting elF4E phosphorylation on
this distribution, is vital. Utilizing technologies such as PhenoCycler, a highly multiplexed
imaging platform at single-cell resolution, will allow for assessment of CAF heterogeneity

and localization relative to relevant structures in the TME, such as locally invasive tumor
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edges or the vasculature. Analyzing ECM-producing CAFs at the tumor-stroma boundary
in this way may help to illuminate the involvement of phospho-elF4E in controlling

collagen fiber orientation and subsequent tumor cell invasion.

4.1.2.3 Assessment of ATP production in MNK1 knock-out tumor cells

As previously discussed, we propose in Chapter 3 that combination targeting of
MNK1/2 and OxPhos may be an unexplored therapeutic option for breast cancer
metastasis. We observed that MNK1 KO cells have impaired rates of glycolysis (Fig. 3.4)
and subsequently that dual inhibition of MNK1/2 and OxPhos, via oligomycin treatment,
significantly reduced tumor cell growth in vitro (Fig. 3.5). We assume that this is an effect
of dampened ATP production in inhibited cells, based on the knowledge that glycolysis
and the TCA cycle (linked with OxPhos) are the two dominant mechanisms of cellular
energy production. However, we do not assess ATP levels directly. Future studies should
therefore be performed to question this assumption in our models. The recently
developed SCENITH methodology provides an elegant way of measuring global
metabolic profiles via flow cytometry?®®. This technique would allow for assessment of
ATP levels in cultured Cas9CTL and MNK1 KO cell lines, ex vivo processed tumor
samples, or even patient-derived cell types. Moreover, the capacity of SCENITH to
analyze metabolism at the single cell level could theoretically allow for the correlation of
MNK1 protein expression with glycolytic activity or ATP level in heterogenous cell

populations.
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4.1.2.4  Additional models of liver-tropic metastatic cancers

A limitation of the study presented in Chapter 3 is the restricted tumor cell model
used. The 4T1 tumor model is one of the most commonly used syngeneic mouse models
of breast cancer and has been extensively studied. However, beyond breast cancer, the
liver is a common site of metastasis for several other cancer types. These include
colorectal cancer (CRC), for which incidence rates are unexpectedly increasing in
younger adults?%°, and pancreatic ductal adenocarcinoma (PDAC), an aggressive cancer
that is the third-leading contributor to cancer mortality in the United States3°. For patients
diagnosed with metastatic CRC or PDAC, 5-year survival rates are 12.5%3%" and 0.5%302
respectively. It would therefore be worthwhile to assess whether tumor-intrinsic MNK1
plays a role in promoting metastasis in murine models of these strongly liver-tropic
cancers. Evidence in the literature suggests that the regulation of glycolysis is functionally
relevant in CRC and PDAC progression, and in activity of their CSC populations, further
supporting targeting of MNK1 in this context. CRC is a multi-factorial disease with several
genetic drivers, but multiple studies have reported that modulation of glucose metabolism
is critical for self-renewal and proliferation of intestinal stem cells (reviewed in La Vecchia
et al., 20203%%3), which are known to be the cell-of-origin for CRC tumorigenesis303-305,
Indeed, the oncogenic long noncoding RNA MIR17HG has been shown to promote CRC
liver metastasis in vivo by upregulating glycolysis through increased hexokinase-1
expression3%, Similarly, seminal work by Ying et al. (2012) demonstrated that PDAC
initiation and progression is driven by KRAS-mediated activation of anabolic glucose

metabolism37. Targeting KRAS signaling was subsequently shown to promote tumor
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regression, but ultimately relapsed due to the emergence of a CSC-like cell population
with an OxPhos-dominant metabolism3%. Recent work has clarified that two subsets of
CSCs exist in PDAC with unique metabolic signatures for organotropic metastasis; cells
that form lung metastases maintain an oxidative metabolism whereas cells in the liver
utilize aerobic glycolysis and fatty acid oxidation3%®. In combination with the results
presented in Chapter 3, these findings provide a strong rationale for exploring the role of
MNK1 in CRC and PDAC metastasis. By generating MNK1 KO CRC or PDAC cell lines,
we could assess the impact of MNK1 ablation on tumor cell glycolytic activity and site-
specific metastasis. It may be that the impact of MNK1 on tumor cell metabolism is

relevant in disease models other than breast cancer.

4.2 Final conclusion and summary
The work presented in this thesis explores previously unknown roles of the
MNK1/2-elF4E axis in promoting mechanisms of breast cancer metastasis. These include
regulation of the mammary gland ECM that depends on the phosphorylation status of
elF4E, and the impact of tumor-intrinsic MNK1 kinase on BCSC features and tumor cell
metabolic flexibility. The objectives of these studies were as follows:
1. To determine whether the MNK1/2-elF4E axis plays a role in regulating the
composition of the mammary gland ECM.
2. To investigate if ECM derived from a phospho-elF4E-deficient context contributes

to a less metastatic TME compared to wild-type.
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To improve our understanding of the functional role that tumor-intrinsic MNK1
kinase plays in regulating BCSC populations and/or features.

To identify previously unknown consequences of pharmacologically inhibiting
MNK1/2 and test the efficacy of these inhibitors in reducing breast cancer
metastasis in vivo.

To explore the potential clinical relevance of targeting the MNK1/2-elF4E axis

through the translation of our findings into breast cancer patient samples.

To meet these objectives, we accomplished the following:

1.

Using proteomics and ex vivo assessment of primary fibroblasts, we characterized
differences in the composition of ECM derived wild-type and elF4ES2094/S209A
mammary glands. Specifically, we showed that phospho-elF4E-deficient
fibroblasts produce less collagen type | than their wild-type counterparts, due in
part to translational regulation of COL1A1 mRNA.

Confocal and second-harmonic generation microscopy were performed to
demonstrate that collagen fibers in phospho-elF4E-deficient S209A mammary
glands exhibit altered topology compared to wild-type glands. Specifically,
collagen fibers at the tumor-stroma boundary in S209A mice run predominantly in
parallel with the tumor edge, a phenotype associated with reduced local invasion
and tumor spread, while collagen fibers radiate outwards in wild-type mice. In
addition, we demonstrated that phospho-elF4E-deficiency protects against ECM-
induced tumor cell invasion, partially driven by collagen signaling through the

collagen receptor DDR2.
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3. We generated CRISPR-mediated knock-out tumor cell lines to assess the impact
of MNK1 kinase on BCSC features. In combination with multi-omics analysis and
bioenergetic assessment, we found that tumor-intrinsic MNK1 ablation restricted
tumor cell metabolic flexibility by reducing glycolytic activity and increasing
dependence on OxPhos, resulting in reduced liver metastasis in vivo.

4. In Chapter 2, we demonstrated that treatment with SEL201 blocks anti-PD-1-
induced intratumoral collagen deposition in the mammary gland. In Chapter 3,
although treatment with EFT508 alone was insufficient to protect against liver
metastatic outgrowth, results from our in vitro studies led us to propose that
combination of MNK1/2 and OxPhos inhibitors may be therapeutically relevant.

5. In Chapter 2, our immunostainings of breast cancer patient samples identified a
positive correlation between phospho-elF4E and collagen-I protein levels, and
improved our understanding of the heterogeneity of elF4E phosphorylation within
the stromal compartment of the breast TME. In Chapter 3, we performed analysis
of publicly-available TCGA data and identified strong positive correlations between
the protein expression of MNK1 and multiple glycolytic enzymes in patient tumors

samples.
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