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Abstract 

The MAPK and PI3K pathways are among the most deregulated pathways in 

cancer. At the nexus of these pathways lies the MNK1/2-eIF4E axis. The Mitogen 

activated protein kinase-interacting kinases 1 and 2 (MNK1/2) are activated 

downstream of the MAP kinases ERK1/2 and p38. Downstream of the PI3K pathway, 

the availability of the 5’ cap binding protein eIF4E is tightly regulated by mTOR kinase 

activity. MNK1 and MNK2 are the exclusive kinases for eIF4E at serine 209 and 

numerous studies have implicated a role for activated MNK1/2 and phosphorylated 

eIF4E in cancer development and progression. While indispensible for normal 

development, the phosphorylation of eIF4E enhances the translation of a subset of 

mRNAs that code for proteins with functions in invasion, metastasis and cell survival. 

Hence, I wanted to identify effective therapeutic combinations with MNK1/2 inhibitors. 

Additionally, I delved deeper into MNK1/2 biology to identify novel interactors and 

substrates of the kinases. 

We have identified a new therapeutic combination of MNK1/2 and CDK4/6 

inhibitors as a potential strategy for the management of melanoma and breast cancer. 

We identified that the efficacy of the CDK4/6 inhibitor, palbociclib is limited by its ability 

to promote the phosphorylation of eIF4E.  

We thus hypothesized that the addition of a MNK1/2 inhibitor would result in an 

improved cellular response to palbociclib. Indeed, we observed that genetic or 

pharmacologic inhibition of MNK1/2 resulted in increased sensitivity of cells to 

palbociclib in melanoma and breast cancer resulting in increased G1 cell cycle arrest 
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and senescence. Moreover, we discovered that acquired resistance to palbociclib is 

partly mediated by an increase in phosphorylated eIF4E compared to their therapy 

naïve counterparts and the treatment of these palbociclib-resistant cells with a MNK1/2 

inhibitor results in resensitization to palbociclib. Importantly, we demonstrate that the 

drug combination delays tumor outgrowth and significantly improves the overall survival 

in murine models of melanoma.  

Next we attempted to identify and characterize novel substrates of MNK1. We 

discovered that MNK1, but not MNK2, interacts with the RNA-binding protein binding 

protein LARP1. Similar to eIF4E, LARP1 binds the 5’ m7GTP of TOP mRNA. While the 

function of LARP1 in regulating mRNA translation has been controversial, its 

significance in cancer is emerging. We have verified that MNK1 and LARP1 indeed 

interact using a number of complimentary approaches, including data that endogenous 

LARP1 co-immunoprecipitates with endogenous MNK1 in a number of cell lines. We 

have also characterized the regions on LARP1 and MNK1 that are necessary for the 

interaction.  

One outcome of the MNK1:LARP1 interaction is that MNK1 phosphorylates 

LARP1 on threonine 449, as shown by mass spectrometry and in vitro kinase assays. 

Mechanistically we show that, the Kd apparent ratio between poly (A25) and RPS6 TOP 

motif RNAs was lower in the T449A phosphodeficient La-Module, than the WT La-

Module suggesting that the T449A mutant likely has a higher affinity for RNA compared 

with WT LARP1.  
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Overall these data improve our understanding of the role that MNK1/2 kinases 

play in mRNA translation and open up new avenues for further investigation. 

  

  



 
 

6 
 

Résumé 

Les voies de signalisation MAPK et PI3K sont parmi les voies les plus 

dérégulées dans le cancer. Au croisement de ces voies se trouve l'axe MNK1/2-eIF4E. 

Les protéines “Mitogen activated protein kinase-interacting kinases 1 and 2” (MNK1/2) 

sont activées en aval des “MAP kinases” ERK1/2 et p38. D'un côté, en aval de la voie 

PI3K, la disponibilité de la protéine de liaison à la coiffe 5' de l’ARNm, eIF4E, est 

étroitement régulée par l'activité de la kinase mTOR. D'un autre côté, MNK1 et MNK2 

sont les seules kinases connues capables de phosphoryler eIF4E sur la sérine 209 et 

de nombreuses études ont montré le rôle entre l’activation des MNK1/2 et la 

phosphorylation d’eIF4E dans le développement et la progression du cancer. Bien que 

dispensable pour le développement de cellules normales, la phosphorylation d’eIF4E 

augmente la traduction d'un sous-ensemble d'ARNm qui codent pour des protéines 

impliqués dans l’invasion, la métastase et la survie cellulaire. J'ai donc voulu déterminer 

des combinaisons thérapeutiques avec les inhibiteurs MNK1/2 et approfondir nos 

connaissance sur la biologie moléculaires des MNK1/2 afin identifier de nouveaux 

interacteurs et substrats de ces kinases. 

Nous avons identifié une nouvelle thérapie basée sur la combinaison 

d’inhibiteurs de MNK1/2 et de CDK4/6 comme stratégie potentielle pour le traitement du 

mélanome et du cancer du sein. Nous avons observé que l'efficacité de l'inhibiteur 

contre les CDK4/6, le palbociclib, est limitée due à sa capacité d’induire la 

phosphorylation d’eIF4E. Nous avons donc émis l'hypothèse qu'ajouter un inhibiteur de 

MNK1/2 entraînerait une amélioration de la réponse au palbociclib. En effet, nous avons 
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remarqué que l'inhibition génétique, ou pharmacologique de MNK1/2 accentuait la 

réponse des cellules de mélanome et de cancer du sein au palbociclib, en exacerbant 

l'arrêt du cycle cellulaire en G1 et de la sénescence. De plus, nous avons découvert 

que la résistance acquise au palbociclib est en partie médiée par une augmentation de 

la phosphorylation d’eIF4E et que le traitement avec un inhibiteur de MNK1/2 entraîne 

une resensibilisation au palbociclib. Fait important, nous avons démontré dans des 

modèles murins de mélanome que la combinaison de ces thérapies retarde la 

croissance tumorale et améliore considérablement leur survie globale. 

Par la suite, nous avons tenté de caractériser de nouveaux substrats de MNK1. 

Nous avons découvert que MNK1, mais pas MNK2, interagit avec la protéine de liaison 

à l'ARNm LARP1. Similaire à eIF4E, LARP1 se lie à la coiffe 5' m7GTP de l'ARNm 

TOP. Bien que la fonction de LARP1 dans la régulation de la traduction de l'ARNm a 

été controversée, son importance dans le développement du cancer est en émergence. 

Nous avons confirmé que MNK1 et LARP1 interagissent effectivement ensemble en 

utilisant méthodologies complémentaires, notamment par immuno-précipitation, où 

LARP1 endogène co-immunoprécipite avec MNK1 endogène dans plusieurs lignées 

cellulaires. Nous avons également identifié les régions au sein des protéines LARP1 et 

MNK1 nécessaires à leur interaction. Résultat interessant de cette étude sur 

l’interaction entre MNK1 et LARP1, MNK1 phosphoryle LARP1 sur la thréonine 449, 

comme l’ont démontré la spectrométrie de masse et des expériences de 

phosphorylation par kinase in vitro. D’un point de vue mécanistique, nous montrons que 

le coefficient de dissociation (Kd) entre les ARN poly (A25) et RPS6 TOP était plus 
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faible dans le module “La” de la protéine LARP1 portant la mutation T449A que dans 

celui de la protéine LARP1 WT, suggèrant que le mutant T449A a probablement une 

affinité plus élevée pour l'ARN par rapport à WT LARP1. 

Dans l'ensemble, ces données améliorent notre compréhension du rôle que 

jouent les kinases MNK1/2 dans la traduction de l'ARNm et ouvrent de nouvelles voies 

pour une études plus approfondies sur ces protéines. 
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NOD/SCID immunodeficient nonobese diabetic /severe combined immunodeficiency 

PBS Phosphate Buffered Saline 

PD-1 Programmed cell death 1 receptor 

PD-L1 Programmed death ligand 1 

PI3K phosphoinositide 3-Kinase 

PMA phorbol 12-myristate 13-acetate 

RAPTOR Regulatory-Associated Protein of mTOR 

RB Retinoblastoma protein 

RIPA Radioimmunoprecipitation Assay buffer 

RNA Ribonucleic Acid 

RTK Receptor Tyrosine Kinase 

SDS Sodium Dodecyl Sulfate 

TCEP Tris(2-carboxyethyl)phosphine 

TNBC Triple Negative Breast Cancer 

TOP Teminal Oligopyrimidine tract 

WT Wild-type 

 

  



 
 

22 
 

Rationale and objectives 

The MNK1/2 kinases have emerged as druggable targets in cancer. The current 

body of literature links the expression of active MNK1/2 and phosphorylated eIF4E in 

cancer development and progression. However, while the MNK1/2-eIF4E axis is 

selectively targetable and numerous inhibitors are in the clinic or currently in 

development, our understanding of the biology of this pathway is inadequate. Our 

principal hypothesis in this body of work is that the MNK1/2-eIF4E axis is a critical and 

exploitable vulnerability in cancer. Improving our understanding of the inner workings of 

this pathway may contribute to the development of better inhibitors with the overarching 

objective of improving patient care. The detailed objectives of this thesis are as follows: 

1.  To determine the impact of combining the FDA-approved CDK4/6 inhibitor, 

palbociclib with preclinical and clinically available MNK1/2 inhibitors. 

2. To identify the mechanism of response to the therapeutic combination.  

3. To assess whether therapeutic resistance to palbociclib occurs through 

mechanisms involving the MNK1/2-eIF4E axis. 

4. To determine the in vivo efficacy of the therapeutic combination in melanoma 

models. 

5. To identify novel interactors and substrates of MNK1. 

6. To characterize the binding dynamics of any identified protein:protein 

interactions. 

7. To determine whether MNK1/2 can phosphorylate identified interacting proteins. 

8. To determine the functional impact of the MNK1-dependent phosphorylation of 

the substrate.  
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Chapter 1: Literature Review 

1.1     Preface 

This introductory chapter focuses on the biology of MAP Kinase-interacting 

serine/threonine-protein kinase 1 and 2 (MNK1/2) with emphasis on the roles they play 

in cap-dependent mRNA translation. Furthermore, I will delve deeper into the strategies 

being implemented to pharmacologically target MNK1/2, and the impact of targeting 

MNK1/2 in combination with other small-molecule inhibitors currently being used to 

clinically manage melanoma and breast cancer. I will briefly elaborate on the mTOR-

LARP1 axis that has recently been discovered to play an integral role in mRNA 

translation. 

This chapter contains material published in a review article: 

Prabhu SA*, Moussa O*, Miller Jr. WH, Del Rincón SV. The MNK1/2-eIF4E axis 

as a potential therapeutic target in melanoma. Int J Mol Sci. 2020;21(11):4055. (* 

equal contribution) 

1.2     Biology of the MNK1 and MNK2 Kinases 

1.2.1  Isoforms and regulation of MNK1 and MNK2 

The MAP Kinase-interacting serine/threonine-protein kinase 1 and 2 (MNK1/2) 

are two proteins, transcribed from two distinct genes, MKNK1 and MKNK2 (1, 2). In 

humans, MKNK1 and MKNK2 may be alternatively spliced into “a” and “b” isoforms 

(Figure 1.1) (3, 4). Although, there is significant protein sequence homology between 
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the human and murine MNK1 and MNK2, it has been demonstrated that murine cells 

only possess the “a” isoforms of both kinases (Figure 1.1) (3-5). The splicing of MKNK2 

has been reported to be modulated by Serine/arginine-rich splicing factor 1 (SRSF1) (6-

8). This results in reduced expression of the MNK2a isoform and an increase in 

expression of the MNK2b isoform (8). This study further demonstrates that, this 

increase in splicing, promotes resistance to gemcitabine in pancreatic ductal 

adenocarcinoma (PDAC), which can be overcome by silencing SRSF1, MNK2, and 

small-molecule inhibition of MNK1/2 (8). Furthermore, it has been demonstrated that 

MNK2a possesses tumor suppressive roles, while MNK2b bears oncogenic functions 

(7). Conversely, both isoforms of MNK1 have been demonstrated to be pro-tumorigenic 

(9-11).  

 

Figure 1.1: Schematic depicting the various isoforms and domains of human and murine MNK1 
and MNK2: MNK1 and MNK2 mRNA are spliced into the "a" and "b" isoforms in humans. In murine cells, 
only the “a” isoform of both proteins are expressed. Nuclear export signal is NES; nuclear localization 
signal is NLS. (figure from Prabhu and Moussa et al., 2020) 
 

1.2.2 Functional domains on MNK1 and MNK2 

All isoforms of MNK1 and MNK2 possess an N-terminal poly basic sequence that 

allows their interaction with α-importin, and acts as a nuclear localization signal (NLS) 
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(Figure 1.1) (4, 12, 13). Furthermore, this region on MNK1 and MNK2 also permits their 

interaction with eukaryotic translation Initiation Factor 4G (eIF4G), the scaffold protein of 

the eukaryotic Initiation Factor 4F (eIF4F) complex (13-15). While MNK1 and MNK2 

both possess a nuclear localization signal, only MNK1 possesses a nuclear export 

signal (NES), ensuring its cytoplasmic localization via CRM1-mediated nuclear export 

(Figure 1.1) (2, 4, 13). The activation of MNK1/2 occurs through phosphorylation on two 

threonine residues within the activation loop (209 and 214 in MNK1, and 244 and 249 in 

MNK2) by extracellular signal-regulated kinase (ERK1/2) and p38 Mitogen-activated 

protein kinase (MAPK’s) (Figure 1.2) (16). Importantly, only the “a” isoforms contain a 

MAPK binding domain allowing for activation and regulation by ERK1/2 and p38 while 

the “b” isoforms possess a truncation at the C-terminus and hence lack the MAPK-

binding domain (Figure 1.1) (14, 17).   

The activation loop of kinases is typically conserved and may contain a DFG 

(Asp-Phe-Gly) motif (18). This motif on kinases permits its regulation and is frequently a 

target of inhibitors (18). MNK1 and MNK2 differ from other kinases in the same 

superfamily (Calcium-Calmodulin-Dependent Protein Kinases), in that they uniquely 

possess a DFD (Asp-Phe-Asp) motif in the magnesium-binding loop, instead of the DFG 

motif (19). As a result, the phenylalanine residue flips inwards into the ATP binding 

pocket, producing a unique DFD-out, auto-inhibited conformation, making the pocket 

less accessible to ATP (19). The exclusivity of the domain to MNK1 and MNK2 make it 

a desirable and highly specific target for the synthesis of small-molecule inhibitors that 
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could possibly maintain MNK1/2 in their auto-inhibited state and suppress their kinase 

activities (20).  

  

Figure 1.2: The MNK1/2-eIF4E axis is the convergence point for the two main deregulated 

pathways in melanoma and other malignancies. The three genetic subtypes of cutaneous melanoma 

are identified by the red stars on the NRAS, BRAF, and NF1. Mutations in NRAS or NF1 result in the 

hyperactivation of both the MAPK and PI3K pathways, whereas mutation in BRAF results in the 

hyperactivation of the MAPK pathway. Ras and its downstream effector pathways can be hyperactivated 

as a result of activating mutations in c-KIT. MNK1 and MNK2 are activated by signaling through the 

MAPK pathway. Signaling through the PI3K/AKT pathway results in 4E-BP hyperphosphorylation by 

mTOR 4E-BP releases eIF4E and allows its association with the 5’cap of mRNA and the eIF4F complex. 

MNK1/2 binds eIF4G and phosphorylates eIF4E at Ser209. This augments the translation of several 

mRNAs. Furthermore, p38 may phosphorylate MNK1 and MNK2 in response stress stimuli. (figure from 

Prabhu and Moussa et al., 2020)  
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1.2.3 Substrates of MNK1 and MNK2 

The most well characterized substrate of the MNK1/2 kinases is the eukaryotic 

translation initiation factor 4E (eIF4E) (13, 21). MNK1 and MNK2 uniquely catalyze the 

phosphorylation of eIF4E on serine 209 (13, 14, 21). The exclusivity of eIF4E as a 

substrate of MNK1 and MNK2 has been verified in transgenic MNK1/2 double knockout 

mice in which eIF4E remains phospho-deficient across multiple stimuli (21). The 

MNK1/2-dependent regulation of eIF4E will be discussed in detail in the next section 

MNK1 and MNK2 have been demonstrated to phosphorylate many downstream 

targets and thereby regulate numerous cellular processes. Sprouty 2 is a protein that 

functions as an antagonist of receptor-tyrosine kinases (RTK) and has been implicated 

in negatively regulating MAPK signaling (22, 23). Furthermore, SPRY2 has been shown 

to be epigenetically silenced in many cancers (22, 24). The phosphorylation of SPRY2 

on serines 112 and 121 by MNK1/2 stabilizes the protein and prevents its degradation 

(25). One of the earliest discovered substrates of the MNK1/2 kinases is the 

Heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) (5). This protein plays a role in 

promoting metastasis, cancer progression and cytokine production (5, 26, 27). MNK1 

and MNK2 are able to phosphorylate hnRNPA1 on serines 192 and 310 in response to 

T-cell activation, resulting in increased expression of TNFα by regulating the binding of 

hnRNPA1 to the TNFα AU rich elements (ARE) (5). Along these lines, MNK1/2 have 

also been shown to phosphorylate and regulate the binding of p54nrb and polypyrimidine 

tract-binding protein (PTB)-associated splicing factor PSF to the ARE-binding domain 

on TNFα (28). PSF has been shown to play key roles in tumor development, 
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progression, and is associated with poor prognosis in estrogen receptor-positive (ER+) 

breast cancer (29-31). MNK1 and MNK2 have also been shown to and regulate the 

arachidonic acid release by Cytosolic phospholipase A2 (cPLA2) through 

phosphorylation at serine 727 (32). Importantly, cPLA2 has been implicated in therapy 

resistance and angiogenesis (33, 34). More recently, a role for MNK1 in platelet 

production, activation and thrombosis has been demonstrated by its ability to regulate 

the translation of the mRNA encoding for cPLA2 in megakaryocytes (35).  

1.2.4 Role of MNK1/2-eIF4E and mTOR-4EBP1/2 axis in mRNA translation  

1.2.4.1 Eukaryotic mRNA translation initiation  

The process of mRNA translation into proteins can be divided into multiple critical 

steps. First, pools of free 40S and 60S ribosomal subunits are prepared from their 

previous 80S configuration primarily through competitive binding of eIF3 and eIF1A to 

40S subunit, thus precluding the 60S subunit from binding the 40S subunit (36). 

Subsequently, the 40S binds multiple factors including eIF1, eIF3, eIF1A, eIF5, and the 

initiation tRNA as a ternary complex (eIF2·GTP·Met-tRNAi) to form the 43S pre-initiation 

complex (PIC) (36-38). Next, the eIF4F complex (composed of eIF4E, eIF4G, and 

eIF4A) associates with the target mRNA. eIF4E binds the 5′ m7G-cap of the target 

mRNA with high affinity (Kd of 10−8 to 10−9 M) (36). This binding, allows the helicase, 

eIF4A to interact with the mRNA molecule and subsequently unwinds the secondary 

structures of the mRNA in an ATP-dependent manner (37, 38). The formation of the 

eIF4F:mRNA complex results in the recruitment of the 43S PIC which binds eIF4G, the 

scaffold protein in the eIF4F complex (37, 38). The unwound mRNA is now able to 
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channel into the 40S subunit and initiate start codon scanning. Upon matching the first 

AUG on the mRNA molecule, the translation factors associated with the 43S PIC 

subunit are removed from the 40S subunit by GTP-dependent hydrolysis (36). This 

allows the 60S subunit to bind to the 40S subunit, thus forming the 80S ribosome to 

begin the elongation process of protein synthesis (36-38). 

1.2.4.2 Regulation of translation by modulating eIF4E expression and availability 

The translation initiation step, in which eIF4E and the eukaryotic initiation factor 

4F (eIF4F) complex mediate the recruitment of ribosomes to mRNA, is the rate-limiting 

step in mRNA translation in eukaryotic cells (37, 38). The expression and activity of 

eIF4E is tightly regulated and largely dependent on multiple cellular factors such as 

nutrient availability, hypoxia, DNA damage, and oncogenic signals (39-41). The 

transcription of eIF4E has been shown to be regulated by the oncogenic protein c-MYC 

(42). Post-translationally, eIF4E availability is primarily regulated by the kinase mTOR 

(mammalian target of rapamycin) via the phosphorylation of the eukaryotic translation 

initiation factor 4E-binding proteins 1 and 2 (4E-BP1/2) (43, 44). In their 

hypophosphorylated state, 4E-BP1/2 bind and preclude eIF4E from associating with 

eIF4G as both eIF4G and 4E-BP1/2 interact with eIF4E on the same region (44). 

However, signaling downstream of the PI3K/AKT/mTOR pathway results in 

hyperphosphorylation of the 4E-BP1/2 thus releasing eIF4E that is now free to 

associate with eIF4G (43, 44). 
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1.2.4.3 MNK1/2-dependent regulation of cap-dependent translation 

As mentioned above, MNK1 and MNK2 are the exclusive kinases for eIF4E on 

serine 209. While biophysical studies have demonstrated that phosphorylated eIF4E 

has a lower affinity for the 5′ m7G-cap due to increased rate of dissociation (45-48), 

numerous other studies have shown that phosphorylation of eIF4E positively regulates 

the translation of oncogenic mRNAs (49-56). Although there remains some controversy 

around the functional consequence of phosphorylated eIF4E, studies have highlighted 

the pro-oncogenic potential of tumor cells with augmented levels of phosphorylated 

eIF4E (49-56). Specifically, studies in human and murine melanomas have shown that 

the increased phosphorylation of eIF4E supports tumor progression and decreases 

overall survival (51, 54).  

1.2.4.4 Rationale for targeting the MNK1/2-eIF4E axis in cancer 

 Augmented levels of phosphorylated eIF4E have been detected in prostate 

cancer, breast cancer, colorectal adenocarcinoma, hepatocellular carcinoma, gall 

bladder cancer, melanoma, squamous cell carcinoma, and esophageal cancer and is 

frequently associated with poorer prognosis (51-63). Importantly, increased levels of 

active MNK1 and phosphorylated eIF4E has been demonstrated to be a predictor of 

poor clinical outcome in ovarian cancer (63), and associated with KIT-mutant acral 

melanoma (53), and high-grade ductal carcinoma in situ (64). Mechanistically, it has 

been shown that the phosphorylation of eIF4E at serine 209 engenders the increased 

translation of a subset of mRNAs which encode proteins responsible for cell survival, 

drug resistance, immune cell evasion, inflammation, invasion, and metastasis (53, 65-
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69). Notably, despite eIF4E being a requisite for cap-dependent translation, 

haploinsufficient mice, expressing only 50% of eIF4E developed normally and, 

furthermore, mouse embryonic fibroblasts (MEF) cells derived from these mice were 

more resistant to cellular transformation by Ras and c-Myc (70). To this effect, mice 

expressing phospho-deficient eIF4E (S209A) or MNK1/2 double-knockout (MNK1/2-

DKO) mice developed normally (21, 55). Additionally, these MNK1/2-DKO and eIF4E 

phospho-deficient mice were more protected from lymphoma and prostate cancer 

compared with their wild-type counterparts respectively (21, 55). These studies highlight 

the requirements of increased phosphorylated-eIF4E in cancer cells and, with the 

potential of limited toxicity, MNK1/2 inhibitors are a promising approach to managing 

malignancies. This of particular importance as the efficacy of targeted therapies is 

frequently marred by the undesired side effects of the inhibitor on normal cells.  

1.2.5 MNK1/2 Inhibitors as a new class of therapeutic agent 

 Targeting mRNA translation has garnered considerable interest over the years 

and numerous inhibitors are being designed and implemented to either directly inhibit 

the function of the eIF4F complex or prevent its formation altogether (71). The major 

challenge in targeting the activity of the eIF4F complex itself is that non-cancerous cells 

require a functional eIF4F complex to effectively translate mRNA. While targeting 

mTOR has been shown to be promising, its long-term efficacy is limited due to multiple 

factors such as incomplete inhibition of 4E-BP1/2 or through activation of compensatory 

PI3K/AKT signaling (44, 72-75). Furthermore, the while mTOR inhibitors are able to 
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improve progression-free survival and overall survival in some cancer subtypes, the 

toxicity profile of these inhibitors have limited their clinical benefit (76, 77). 

 As previously mentioned, MNK1/2 and phosphorylation of eIF4E is dispensable 

for normal cell development (21, 55). Moreover, the reliance of cancer cells on MNK1/2 

or phosphorylated eIF4E expression has prompted the rapid development and testing of 

selective MNK1/2 inhibitors as anti-neoplastic agents.  Initial efforts to target the 

MNK1/2 kinases using CGP57380 and cercosporamide were effective but are 

insufficiently specific and thus have significant off-target effects, including potent 

inhibition of JAK3. More recently, highly specific inhibitors of MNK1/2 have been 

developed and are being tested for efficacy as single agents or in combination with 

other small-molecule inhibitors. Our group has demonstrated that as a single agent, the 

MNK1/2 inhibitors SEL201 and eFT508 can suppress in vivo tumor outgrowth and 

metastasis in human and murine models of melanoma and breast cancer (53, 54, 64, 

78). In vitro, other research groups and our own have shown that single agent MNK1/2 

inhibitors effectively inhibit oncogenic cell proliferation across solid and hematological 

malignancies (53, 79-81).  

Importantly, the efficacy of MNK1/2 inhibitors is not limited to their anti-neoplastic 

activity as a single agent alone, as it synergizes well with other inhibitors. Specifically, 

inhibitors of MNK1/2 and mTOR effectively combine to further inhibit the proliferation of 

acute myeloid leukemia (AML), non-small lung cancer, and glioma, breast cancer, 

medulloblastoma, and T-cell lymphoma (79-85). The combination of MNK1/2 and MEK 

inhibitors has also demonstrated to be an effective way to promote cell death in NF1-
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mutant malignant peripheral nerve sheath tumor (MPNST) (86). In medulloblastoma 

mouse xenograft models, the combined inhibition of MNK1/2 and PI3Ka was more 

effective in suppressing tumor outgrowth and increasing overall survival of mice (87). In 

chronic myelogenous leukemia (CML), MNK1/2 inhibitors have been shown to enhance 

the efficacy of BCR-ABL1 inhibitors (87). Additionally, in combination with paclitaxel, 

MNK1/2 inhibition further suppressed proliferation and migration of cervical cancer cells 

(88). In triple-negative breast cancer (TNBC), the combination of MNK1/2 inhibitors and 

adriamycin were more effective in suppressing tumor outgrowth than either single agent 

alone (89). 

 Increased expression of phosphorylated eIF4E is a well characterized resistance 

mechanism to many therapies (8, 65, 90). Studies have demonstrated that targeted and 

chemotherapeutic agents can trigger an increase in eIF4E phosphorylation (8, 90). In 

pancreatic ductal adenocarcinoma, cellular exposure to gemcitabine increases 

phosphorylation of eIF4E by promoting the splicing of MKNK2, thereby increasing the 

expression of the MNK2b isoform (8). The addition of a MNK1/2 inhibitor to the regimen 

effectively increased the cellular response to gemcitabine (8). Similarly, exposure of 

pancreatic and thyroid cancer cells to bromodomain and extra-terminal motif (BET) 

inhibitors have been shown to increase the expression of phosphorylated eIF4E (90). 

The addition of a MNK1/2 inhibitor further suppressed the proliferation of these cancer 

cells (90). As will be seen in chapter 3, we demonstrate that the exposure of melanoma 

and breast cancer cells to the CDK4/6 inhibitor, palbociclib increased the expression of 

phosphorylated eIF4E (91). Blocking this increase using MNK1/2 inhibitors further 
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suppressed in vitro cell proliferation and the combination of palbociclib and eFT508 

significantly decreased tumor outgrowth and prolonged survival in murine models of 

melanoma compared to either single agent alone (91). 

 The efficacy of MNK1/2 inhibitors isn’t restricted to their impact on tumor cells 

and numerous studies have demonstrated the role that MNK1/2 and phosphorylated 

eIF4E in generating a pro-tumor microenvironment as it has been shown that MNK1/2 

activity can regulate mRNA translation in immune cells to favor an immune-suppressive 

microenvironment (92). Furthermore, recent work has revealed that inhibition of MNK1/2 

can modulate the immune system and thereby promote anti-tumor activity. For example, 

in macrophages, inhibition of MNK1/2 resulted in increased production of the anti-

inflammatory cytokine IL-10 (93). In another study, it was shown that MNK2 inhibition 

directed macrophages towards a proinflammatory phenotype and thus enhanced the 

activity of CD8+ T cells (94). In neutrophils, MNK1/2 inhibition repressed the production 

of CCL-3, CCL-4, and CXCL8 with known roles in generating a pro-tumorigenic 

microenvironment (95). It has also been demonstrated that MNK1/2 inhibition can 

promote the depletion of pro-metastatic neutrophils by decreasing their expression of 

the anti-apoptotic proteins BCL2 and MCL1 (96).  

Modulating the expression of immune suppressive markers is a method used by 

cancer cells to evade immune surveillance. Since cells frequently use the PD-1/PD-L1 

(Programmed cell death 1 receptor/ Programmed death ligand 1) axis to evade the 

immune system, monoclonal antibodies to inhibit PD-1 or PD-L1 have been produced to 

treat a number of cancers. Importantly, inhibitors of translation have been demonstrated 
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to enhance the effectiveness of immunotherapy. In melanoma, it has been shown that 

the eIF4A inhibitor, silvestrol, represses the expression of PD-L1 on tumor cells and 

increases tumor infiltration in syngeneic in vivo models (97). This resulted in a 

significant delay in tumor growth, an effect that was diminished in immunocompromised 

mouse models (97). In MYCTg;KRASG12D liver cancer, it has been demonstrated that in 

phosphodeficient eIF4E (eIF4ES209A/S209A) tumor cells, the expression of PD-L1 was 

repressed (98). This impact on PD-L1 expression was recapitulated when eIF4E-WT 

liver tumor cells were treated with the MNK1/2 inhibitor eFT508 (98).  Our own work, 

has demonstrated that genetic or pharmacologic eIF4E phospho-deficiency resulted in 

repressed expression of PD-L1 in dendritic cells and myeloid-derived suppressor cells, 

thereby promoting an anti-tumor immune microenvironment (54). Furthermore, we have 

demonstrated that MNK1/2 inhibition can augment the efficacy of PD-1 inhibitors in 

murine models of melanoma (54). 

Overall, these data support the development of MNK1/2 inhibitors as therapies 

that can inhibit the tumor cells, but also create an anti-tumor microenvironment by their 

direct effects on tumor supportive cells, such as fibroblasts and immune cells. (99, 100) 

As such, MNK1/2 inhibitors are actively being tested in clinical trials in combination with 

other small-molecule inhibitors or immune modulators.  

1.3 Role of LARP1 axis on mRNA translation and cancer development  

 Recent advances have transformed our understanding of mRNA translation and 

have implicated a new key player in the regulation of translation of mRNAs. LARP1 

belongs to a family of La-related proteins with homology in a 90 amino acid RNA-
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binding region called the La-Module (101). LARP1 has been identified to bind and 

repress the translation of mRNA that contain a 5’ TOP (Terminal Oligo Pyrimidine) motif 

(102-106). The TOP motif on mRNA is characterized by a cytosine followed by a 4-15 

stretch of poly-pyrimidines and a subsequent GC-rich region located directly 

downstream (101, 103, 105, 107). These TOP mRNAs typically encode for ribosomal 

proteins or proteins involved in the translation machinery (101, 103, 105, 107). Similar 

to eIF4E, LARP1 binds to mRNA at the 5′ m7G-cap through a domain within its C-

terminal called the DM15 (103, 107). Furthermore, studies have uncovered that LARP1 

also interacts with the poly (A) and the 3’end of mRNAs (107).  

 The activity of LARP1 has been shown to be regulated by kinases such as AKT, 

CDK1, CDK2, and mTOR (108-111). The most widely studied kinase of LARP1 is 

mTOR. It has been identified that LARP1 interacts with mTOR indirectly through 

RAPTOR (Regulatory-associated protein of mTOR) (111). In nutrient deficient 

conditions where mTOR remains inactive, 4E-BP1/2 remains hypophosphorylated, thus 

precluding eIF4E from associating with the eIF4G (Figure 1.2 and Figure 1.3) (101, 106, 

111). Simultaneously, LARP1 tightly binds TOP mRNA and acts as a translation 

repressor (Figure 1.3) (101, 106, 111). When nutrients are readily available, mTOR 

phosphorylates LARP1 to promote the release of TOP mRNA and concurrently 4E-

BP1/2 to promote the release of eIF4E, which is now free to bind the TOP mRNA and 

initiate protein synthesis (Figure 1.3). Recently, it has also been demonstrated that 

LARP1 may interact with non-canonical polyadenylases to further regulate the 

translation of TOP mRNA (112). 
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Importantly, LARP1 also functions to positively regulate the translation of 

oncogenic mRNA’s such as MTOR and BCL2 and its role in cancer development is 

gradually being revealed (113, 114). Increased expression of LARP1 has been 

observed in cervical cancer, hepatocellular carcinoma, non-small cell lung cancer, and 

colorectal cancer and is associated with disease progression and poor prognosis (113, 

115-117). Studies conducted in ovarian cancer demonstrated that LARP1 binds and 

differentially regulates the transcripts of apoptotic regulators such as BCL-2 and BIK 

through binding their 3’UTR (untranslated region) (114). While LARP1 negatively 

regulated the expression of the pro-apoptotic BIK transcript, it stabilized the anti-

apoptotic BCL-2 transcript, effectively promoting cell survival (114). Another recent 

study has demonstrated that LARP1 may be able to sustain mRNA translation, 

metabolism and cell proliferation even in nutrient deficient conditions (118). While 

LARP1’s cellular function remains elusive, overall these data indicate that the role of 

LARP1 requires further interrogation as a biomarker of oncogenesis and as a potential 

therapeutic target. In chapter 3 of this body of work, we will discuss a novel interaction 

between the MNK1 kinase and LARP1. We have identified that LARP1 can be 

phosphorylated by MNK1 at threonine 449 and using a phosphodeficient T449A mutant, 

we demonstrate that this mutant has a higher affinity for RNA compared with its WT 

counterpart. These data combined with our current knowledge of LARP1 and the 

MNK1/2 kinases may help us better understand the role LARP1 plays in mRNA 

translation, cancer development and disease progression. 
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Figure 1.3: Schematic depicting the role of mTOR kinase activity on TOP mRNA translation. On the 

left panel (A), in translation repressive conditions, mTOR is inactive and as a result, LARP1 binds TOP 

mRNA and 4E-BP sequesters and inhibits eIF4E. On the right panel (B), activated mTOR, phosphorylates 

4E-BP to release eIF4E. Simultaneously, mTOR phosphorylates LARP1 on the DM15 resulting in the 

release of 5’cap. This allows eIF4E to associate with the 5’cap of TOP mRNA and thereby initiate mRNA 

translation 

1.4 mRNA translation and the cell cycle 

 Cell growth and cell cycle progression are processes highly dependent on mRNA 

translation (119). As cells grow, they accumulate mass in the form of proteins and 

additionally, as cells progress through the cell cycle, their protein requirements 

dynamically shift, necessitating precise regulation of mRNA translation (119). One of the 

key proteins involved in this process is the kinase mTOR (120, 121). As the nutrient 

sensing protein in the cell, mTOR regulates multiple processes that result in increased 

protein synthesis. As mentioned previously, mTOR phosphorylates 4E-BP1/2 promoting 

its dissociation from eIF4E, the 5’ cap binding protein and rate limiting factor for cap-

dependent mRNA translation (44). Furthermore, by phosphorylating p70S6K1 and LARP1 

in nutrient permissive conditions, mTOR is also a key regulator of ribosome biogenesis 

(103, 105, 106, 111, 120, 121). However, the relationship between protein synthesis 

and the cell cycle is still poorly understood, but recent research demonstrating a more 
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direct role of cell cycle dependent kinases has sparked interest in the field. It has 

recently been demonstrated that cyclin dependent kinases can phosphorylate the 

translation machinery and thereby regulate protein synthesis (109, 122, 123). The next 

section of my thesis will discuss the cell cycle with an emphasis on G1 to S phase 

transition, aberrations in this transition in cancer, and recent advances in targeting the 

pathway in combination with inhibitors of mRNA translation. 

1.5 Phases of the cell cycle  

Progression through the cell cycle in normal cells requires a well-orchestrated 

process composed of proliferative and anti-proliferative signals, resulting in genomic 

replication and the production of two identical daughter cells. Dysregulation of this 

process is a hallmark of malignancies. Cancer cells may hijack the cell cycle by 

promoting proliferative signaling cascades, blocking cellular inhibitors of the cell cycle, 

or by expressing a mitotic program that combines the two (124, 125).  The cell cycle can 

be divided into two parts with four distinct phases: the interphase composed of the 

phases G1 (Gap 1), S (Synthesis), and G2 (Gap 2), and cell division composed of the M 

(Mitosis) phase. During Interphase, the cell grows (G1), replicates its genomic material 

(S), and continues to grow and prepare itself for mitosis (G2) (124, 125). Finally, during 

cell division, the duplicated genetic material and cytoplasm are divided into two new 

daughter cells (124, 125). 
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1.6 Cyclin-Dependent Kinases 4/6 and regulation of S phase entry 

The progression from the G1 to the S phase of the cell cycle is regulated by the 

activity of the two Cyclin-Dependent Kinases 4/6 (CDK4/6) (Figure 1.4) (125, 126). 

CDK4 and CDK6 are serine/threonine kinases whose activity is regulated by binding to 

D-type cyclins (cyclin D1, cyclin D2 and cyclin D3) (125, 126). CDK4/6 bound to cyclin 

D, results in kinase activation and the subsequent phosphorylation of the tumor 

suppressor protein retinoblastoma protein 1 (RB) (Figure 1.4) (125, 126). In its 

unphosphorylated state, RB binds to and suppresses the transcription factor E2F, 

thereby preventing the expression of genes responsible for the progression of cells to 

the S phase (Figure 1.4) (125, 126). Intuitively, phosphorylation of RB by CDK4/6 

results in the release of E2F and the transcription of genes involved in the S phase 

transition (Figure 1.4) (126). The expression of D-type cyclins is regulated by the MAPK 

and PI3K pathways (127-130). Mitogenic signals result in increased MAPK signaling 

and the transcription of CCND1 (127). Additionally, PI3K/AKT/mTOR signaling 

promotes the expression of cyclin D through various mechanisms including increased 

mRNA translation, and reduced protein degradation and nuclear export (56, 129, 130). 

Furthermore, activation of mTOR or the MNK1/2-eIF4E axis also results in increased 

translation and nuclear export of CCND1 (55, 56, 131, 132). CDK4/6 activity is also 

regulated by the CIP/KIP and INK4 families of cell cycle inhibitors. The INK4 family, 

which includes p15, p16, p18, p19, disrupts the folding and assembly of CDK4/6 and, 

furthermore, can induce conformational changes to weaken their association with cyclin 

D (133-136). While the CIP/KIP family members were previously thought to be tumor 
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suppressive, new research has demonstrated that their roles are more nuanced. 

Paradoxically, cells lacking p21 or p27 are unable to produce cyclin D1-CDK4 

complexes (137). In addition to facilitating the interaction between cyclin D1 and CDK4, 

p21 or p27 also increase CDK4 activity by permitting the phosphorylation of CDK4's T-

loop by CDK-activating kinase (CAK) (138, 139). Nevertheless, cyclin D1-CDK4 

complex formation is severely inhibited by elevated levels of p21 and p27 despite these 

unique activation pathways (138, 140). 

1.6.1 Role of the CDK4/6-CyclinD pathway in cancer 

 Genomic alterations in the CDK4/6 pathway have been reported in a variety of 

solid and hematological malignancies (141). This results in hyperactivation of the 

pathway and rapid progression of cells through the cell cycle. Increased expression and 

copy number variation (CNV) of cyclin D1 have been reported in breast cancer, 

pancreatic cancer, head and neck cancer, melanoma, colorectal carcinoma, mantle cell 

lymphoma, and multiple myeloma (142-151). Similarly, amplifications in CDK4 and 

CDK6 have also been described in breast cancer, melanoma, sarcomas, gliomas, and 

lymphomas (152-155). Mutations or loss of expression of CDKN2A can also result in 

aberrant CDK4/6 activity, contributing to the development and progression of 

neoplasms (156, 157). In numerous malignancies, the promoter of CDKN2A is 

hypermethylated and results in repressed expression of the gene (156-163). In up to 

40% of families with a history of melanoma, germline mutations in CDKN2A have been 

reported (164). Additionally, it has been demonstrated that up to 92% of melanoma cell 

lines possess aberrations in CDKN2A or CDK4 (165). These data are not surprising, as 
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the CDKN2A encoded protein p16 protects cells from unregulated CDK4/6 activity by 

binding and inhibiting the formation of CDK4/6-cyclin D complexes (157, 166, 167). As a 

result, RB remains hypophosphorylated and bound to E2F, thereby hindering the G1 to 

S cell cycle transition (157). Overall, these data strongly implicate unregulated CDK4/6 

activity in development of cancer and, moreover, targeting this pathway has become a 

potential vulnerability of neoplasms. 

 
 
Figure 1.4: Schematic depicting the CDK4/6 pathway. CDK4/6 bound to cyclin D, phosphorylates 
retinoblastoma protein 1 (RB). In its unphosphorylated state, RB binds and suppresses E2F activity. 
Phosphorylation of RB by CDK4/6 results in the release of E2F, allowing the transcription of genes 
involved in the S phase transition. This process this potently inhibited by CDK4/6 inhibitors like 
palbociclib, ribociclib, and abemaciclib. 
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1.6.2 Targeting CDK4/6 in cancer 

 The CDK4/6 pathway has become an attractive pharmacological target, with 

numerous inhibitors being approved to directly target the kinases CDK4 and CDK6. The 

first and second generation of inhibitors targeted pan-CDK’s throughout the cell cycle 

and hence failed clinical development due to severe toxicity (168). However, 

improvements in drug design with respect to target specificity resulted in the 

development of numerous highly selective CDK4/6 inhibitors that have recently received 

approval for the treatment of hormone receptor-positive (HR+) breast cancer (125). 

Hormone-receptor positive breast cancer makes up about 65% of all diagnosed breast 

cancers and is typically categorized by expressing estrogen receptor (ER+), 

progesterone receptor (PR+), or both (169-171). While the endocrine therapies 

(estrogen receptor agonists/antagonists or aromatase inhibitors) that target and inhibit 

the estrogen signaling pathway have proved to be effective, up to 20% of patients 

diagnosed with ER+ tumors recur (170). These endocrine therapy-resistant tumors are 

driven by signaling cascades that activate the estrogen receptor in a ligand independent 

manner (170). This may involve the acquisition of mutations in the ligand binding 

domain of ER resulting in reduced sensitivity to the ER-targeted therapies tamoxifen 

and fulvestrant, and enhanced hormone-independent ER transcriptional activity (170, 

171). Furthermore, overexpression of epidermal growth factor receptor (EGFR) or 

receptor tyrosine-protein kinase erbB-2 (HER2) has been demonstrated to promote 

resistance to tamoxifen in ER+ breast cancers (172-174). These adaptations result in 

increased ERK1/2 and PI3K/AKT/mTOR signaling. Increased ER signaling has been 
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shown to increase the transcription and translation of cyclin D and thus and cell cycle 

progression (175, 176). Hence, CDK4/6 inhibitors were investigated for efficacy in both 

therapy naïve and therapy resistant HR+ breast cancers. Palbociclib, ribociclib, and 

abemaciclib were the first three CDK4/6 inhibitors to be approved by the U.S. Food and 

Drug Administration (FDA) for the management of HR+ breast cancer with others 

currently in development (Figure 1.4) (125). Importantly, CDK4/6 inhibitors have been 

demonstrated to overcome endocrine therapy-resistance in breast cancer, and, 

additionally, the combination of CDK4/6 inhibitors with endocrine therapy resulted in 

improved progression-free and overall survival compared with endocrine therapy alone 

(177-182). Moreover, CDK4/6 inhibitors have also shown promising activity in a myriad 

of malignancies including melanoma, non-small cell lung cancer, esophageal 

adenocarcinoma, pancreatic ductal adenocarcinoma, colon cancer, sarcomas (183-

187). These data have demonstrated the importance of targeting the CDK4/6 kinases 

and have paved the way for the development of new inhibitors.  

1.6.3 Mechanisms of resistance to CDK4/6 inhibitors 

While CDK4/6 inhibitors have revolutionized the treatment of breast cancer and 

have rapidly become standard of care in combination with endocrine therapy, resistance 

to these therapies invariably develops; with many mechanisms gradually being 

revealed. Resistance mechanisms to CDK4/6 inhibition include mutation or loss of RB, 

amplified expression of cyclins and cyclin-dependent kinases, mutations in PI3K 

pathway, and amplifications in compensatory signaling pathways. These aberrations 

serve the central goal of reactivating the cell cycle (188-196). As CDK4/6 functions to 
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promote the E2F-dependent G1 to S cell cycle transition, loss of RB has been 

frequently observed to act as a barrier to the cellular response to CDK4/6 inhibitors in 

cell lines (188, 189). In patient samples, it has been demonstrated that exposure to 

CDK4/6 inhibitors results in acquired mutations in RB circulating tumor DNA (ctDNA) 

(197). Along these lines, in patient samples, it has been shown that the combination of 

palbociclib and fulvestrant resulted in the clonal expansion of cells harboring mutations 

in RB1 (198). Similarly, overexpression of cyclin E or CDK2 can also promote 

resistance to CDK4/6 inhibition as CDK2 can phosphorylate RB and prohibit the latter 

from repressing E2F activity, thereby promoting cell cycle progression (194-196). As 

cells become resistant to CDK4/6 inhibitors, they reprogram their signaling to promote 

mitogenic signaling. In breast cancer, non-small lung cancer and prostate cancer, 

increased Fibroblast growth factor receptor 1 (FGFR1) and MAPK signaling has been 

observed in response to acquired CDK4/6 inhibitor resistance (199-201). Mutations and 

amplifications in FGFR1 has been observed in breast cancer patient samples exposed 

to palbociclib (199). Additionally, patients harboring mutations in FGFR1 exhibited 

reduced progression-free survival compared with patients with WT FGFR1 (199). 

Mutations in PIK3CA or hyperactivation of the PI3K/AKT/mTOR have also been 

observed as a resistance mechanism to CDK4/6 (202-204). Activation of this signaling 

cascade resulted in increased S6K signaling or increased expression of compensatory 

cyclins such as cyclin D and cyclin E (202-206). Recent research has demonstrated that 

a combination of inhibitors of mRNA translation with CDK4/6 may prove to be an 

effective combination strategy in melanoma and breast cancer (207-212). Along these 

lines, we and others have observed increased activity of the MNK1/2–eIF4E axis as 
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cells acquire resistance to palbociclib in models of breast cancer (91, 213).  In chapter 2 

of this thesis we will further discuss how the MNK1/2-eIF4E axis impacts the in vitro and 

in vivo efficacy of the CDK4/6 inhibitor, palbociclib in melanoma and breast cancer. 
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Chapter 2: Inhibition of the MNK1/2-eIF4E axis augments 

palbociclib-mediated anti-tumor activity in melanoma and 

breast cancer. 

2.1 Preface 

 In malignancies (e.g. melanoma), deregulated MAPK signaling results in 

uncontrolled cell growth. It is well characterized that oncogenic MAPK signaling results 

in increased cell cycle progression and mRNA translation. ERK activity is fundamental 

to the G1 to S cell cycle transition through regulation of cyclin D1 and CDK2. 

Additionally, downstream of ERK are the MAP Kinase-interacting serine/threonine-

protein kinase 1 and 2 (MNK1 and MNK2). These proteins are the exclusive kinases of 

eukaryotic translation initiation factor 4E (eIF4E). The phosphorylation of eIF4E at 

serine 209 results in increased translation of a subset of mRNAs involved in invasion 

and metastasis, including SNAI1 and MMP3. Moreover, studies in human and murine 

melanomas have shown that the phosphorylation of eIF4E on serine 209 supports 

tumor progression and decreases overall survival. Increased phosphorylation of eIF4E 

by MNK1/2 has been observed in response to chemotherapeutic and targeted inhibitors, 

indicating an increased translation of pro-survival proteins. Importantly, simultaneous 

inhibition of MNK1/2 has been shown to enhance the activity of the targeted inhibitors. 

In this chapter we identified that the CDK4/6 inhibitor, palbociclib can trigger the 

increase in expression of phosphorylated eIF4E in models of melanoma and breast 

cancer. We thus hypothesized that blocking this increase in phosphorylated eIF4E 
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either pharmacologically or genetically would result in increased cellular sensitivity to 

palbociclib. 

Chapter 2 was published as an original research article: 

Prabhu SA, Moussa O, Gonçalves C, LaPierre JH, Chou H, Huang F, Richard 

VR, Ferruzo PYM, Guettler EM, Soria-Bretones I, Kirby L, Gagnon N, Su J, 

Silvester J, Krisna SS, Rose AAN, Sheppard KE, Cescon DW, Mallette FA, 

Zahedi, RP, Borchers CH, Miller Jr. WH, Del Rincón SV et al. Inhibition of the 

MNK1/2-eIF4E axis augments palbociclib-mediated antitumor activity in 

melanoma and breast cancer. Mol Cancer Ther. 2023;22(2):192-204. 

Note: Supplemental Table 2.5 of this chapter is available online in the manuscript 

above (PMID: 36722142) and is titled: Supplemental Table 5: List of differentially 

expressed proteins annotated by cluster with pathway analysis in BLM cells 

2.2 Abstract 

Aberrant cell cycle progression is characteristic of melanoma, and CDK4/6 

inhibitors, such as palbociclib, are currently being tested for efficacy in this disease. 

Despite the promising nature of CDK4/6 inhibitors, their use as single agents in 

melanoma has shown limited clinical benefit. Herein, we discovered that treatment of 

tumor cells with palbociclib induces the phosphorylation of the mRNA translation 

initiation factor eIF4E. When phosphorylated, eIF4E specifically engenders the 

translation of mRNAs that code for proteins involved in cell survival. We hypothesized 

that cancer cells treated with palbociclib utilize up-regulated phospho-eIF4E to escape 
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the anti-tumor benefits of this drug. Indeed, we found that pharmacologic or genetic 

disruption of MNK1/2 activity, the only known kinases for eIF4E, enhanced the ability of 

palbociclib to decrease clonogenic outgrowth. Moreover, a quantitative proteomics 

analysis of melanoma cells treated with combined MNK1/2 and CDK4/6 inhibitors 

showed downregulation of proteins with critical roles in cell cycle progression and 

mitosis, including AURKB, TPX2, and survivin. We also observed that palbociclib 

resistant breast cancer cells have higher basal levels of phosphorylated eIF4E and that 

treatment with MNK1/2 inhibitors sensitized these palbociclib-resistant cells to CDK4/6 

inhibition. In vivo we demonstrate that the combination of MNK1/2 and CDK4/6 

inhibition significantly increases the overall survival of mice compared with either 

monotherapy. Overall, our data support MNK1/2 inhibitors as promising drugs to 

potentiate the anti-neoplastic effects of palbociclib and overcome therapy-resistant 

disease. 

2.3 Introduction 

Loss of cell cycle control is a hallmark of cancer. Cyclin-dependent kinases 4 and 

6 (CDK4 and CDK6) are serine-threonine kinases important for the G1 to S phase 

transition of the cell cycle (1). Activation of CDK4/6 by binding to cyclin D results in 

phosphorylation of the tumor suppressor protein, Rb. In its unphosphorylated state, Rb 

binds and inhibits the transcription factor E2F, thereby maintaining the cells in the G1 

phase of the cell cycle (1). However, upon phosphorylation by CDK4/6, Rb dissociates 

from E2F, allowing the latter to activate the transcription of genes responsible for S 

phase transition (1). 
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The CDK4/6 inhibitor, palbociclib, has revolutionized the treatment of estrogen 

receptor positive (ER+) breast cancer and is currently being tested for efficacy in a 

myriad of malignancies including colon cancer, glioblastoma, ovarian cancer, and 

pancreatic cancer (2). In melanoma, palbociclib has been combined with inhibitors of 

MAPK signaling in preclinical studies and, more recently in clinical trials 

(NCT04720768) (3,4). Importantly, palbociclib is being tested in melanoma subtypes 

that have few effective treatment options (5,6). Furthermore, early-phase clinical trials 

are also underway investigating the efficacy of palbociclib as a single agent in 

melanomas with copy number variations of CDK4 or cyclin D1 (7). There are no 

targeted therapies that improve survival for patients with NRAS mutant, NF1 mutant, or 

triple wild type metastatic melanoma (5,6,8). Hence, CDK4/6 inhibitors may represent a 

promising addition to the therapeutic armamentarium for the management of BRAF wild 

type melanomas.  

Downstream of the MAPK pathway are the MAP Kinase-interacting 

serine/threonine-protein kinases 1 and 2 (MNK1 and MNK2) (8). These proteins are the 

exclusive kinases for eukaryotic translation initiation factor 4E (eIF4E) on serine 209, 

the 5’cap binding protein within the eIF4F complex, which regulates mRNA translation 

(8). Studies in human and murine melanomas have shown that the phosphorylation of 

eIF4E on serine 209 supports tumor progression and decreases overall survival (9,10). 

Of note, increased phosphorylation of eIF4E by MNK1/2 has been observed in 

response to chemotherapeutics and targeted inhibitors (11,12). The latter is perhaps not 

entirely surprising, as feedback loops, whereby the inhibition of one pathway is 
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compensated for by the upregulation of other signaling pathways, are a common 

mechanism of acquired therapy resistance (13). The activity of eIF4E is also regulated 

by the PI3K/AKT/mTOR pathway (8). Activation of the PI3K-AKT/mTOR pathway results 

in the phosphorylation of eIF4E-binding proteins, 4EBP1/2 (8). Phosphorylation of 

4EBP1/2, by mTOR, releases eIF4E and results in activated translation (8). Studies 

have demonstrated that inhibition of the PI3K/AKT/mTOR pathway in conjunction with 

palbociclib results in substantially decreased tumor growth (14-17). Furthermore, new 

studies have also implicated a role for CDK4 in regulating the availability of eIF4E 

through its phosphorylation of 4EBP1/2 (18). Herein, we present data that eIF4E 

phosphorylation, which is induced downstream of activated MAPK-MNK1/2 signaling, is 

induced in melanoma and breast cancer cell lines in response to palbociclib treatment. 

We thus set forth to test the hypothesis that the anti-tumor effects of palbociclib are 

limited by its ability to promote the downstream compensatory phosphorylation of 

eIF4E. Indeed, our data support that the combination of MNK1/2 inhibitors and 

palbociclib cooperate as a potentially important new therapeutic approach to the 

management of melanoma and other therapy-resistant cancers. 

2.4 Results 

2.4.1 Combined inhibition of CDK4/6 and MNK1/2 decrease clonogenic outgrowth of 

melanoma and breast cancer cell lines  

Several anti-cancer therapies have been shown to trigger the activation of the 

MNK1/2-eIF4E axis, a well-known pro-survival pathway (11,12). We found that the 

CDK4/6 inhibitor, palbociclib, induced an increase in the expression of phosphorylated 
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eIF4E (phospho-eIF4E), compared with vehicle-control treated cells in the NRAS- and 

NF1-mutated melanoma cell lines BLM and MEWO, respectively (Figures 2.1A, and 

2.1B). The phosphorylation of eIF4E enhances the translation of mRNAs which encode 

pro-survival proteins (10,20,21). Thus, we hypothesized that the therapeutic efficacy of 

palbociclib is limited by its ability to promote the phosphorylation of eIF4E. To test this, 

we blocked the activity of MNK1/2, the only known kinases for serine 209 on eIF4E, 

predicting that this may sensitize cancer cells to the anti-tumor effects of palbociclib. We 

co-treated BLM cells with palbociclib and the MNK1/2 inhibitor SEL201 and showed 

significantly decreased colony formation versus either single agent (Figure 2.1C). This 

effect is recapitulated in BLM cells exposed to a combination of palbociclib and eFT508 

(22), a MNK1/2 inhibitor currently in clinical testing (NCT03616834, NCT04261218, 

NCT04622007). Similarly, in NF1-mutant MEWO cells combined pharmacological 

inhibition of CDK4/6 and MNK1/2 resulted in significantly decreased clonogenic 

outgrowth (Figure 2.1D). We observed suppression of phospho-Rb and phospho-eIF4E 

attributed to palbociclib and MNK1/2 inhibitor treatment, respectively (Figures 2.1E, 

2.1F). We next assessed whether MEWO cells in which we stably silenced MNK1 and 

MNK2 using shRNA (MEWO shMKNK1/2) were sensitized to palbociclib. We observed 

that MEWO cells with MNK1/2 knocked down have significantly impaired clonogenic 

outgrowth when treated with palbociclib compared with their scramble counterparts 

(Figure 2.1G). Similarly, we used the dCas9 Clustered Regularly Interspersed Short 

Palindromic Repeats interference (CRISPRi) system to genetically repress the 

transcription of MKNK1 and MKNK2, to best recapitulate the pharmacologic inhibition of 

MNK1/2 in BLM cells. BLM cells that are deficient in MNK1/2 are more sensitive to 
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palbociclib compared with their scramble counterparts (Figure S2.1A). Repression of 

MKNK1 expression was measured by immunoblotting, and expression of MKNK2 was 

measured only by quantitative PCR, as currently available MNK2 antibodies are not 

specific (Figures 2.1H, 2.1I, S2.1B, S2.1C).  

CDK4/6 inhibitors are clinically indicated for the treatment of ER+ metastatic 

breast cancer, but the majority of patients will eventually develop resistance to CDK4/6i 

(23). Thus we wanted to determine whether our results extended to ER+ breast cancer. 

Consistent with our data in melanoma, palbociclib treatment of two ER+ breast cancer 

cell lines, MCF7 and T47D, resulted in increased phosphorylation of eIF4E (Figures 

2.2A, and 2.2B). Moreover, the combination of palbociclib and SEL201 significantly 

decreased the clonogenic outgrowth of MCF7 cells compared with either single agent 

(Figure 2.2C). Similar results were obtained in T47D, wherein the combination 

significantly decreased clonogenicity compared with either of the single agents alone 

(Figures 2.2D). Through immunoblotting, we observed suppression of phospho-Rb and 

phospho-eIF4E attributed to palbociclib and MNK1/2 inhibitor treatment, respectively 

(Figures 2.2E, and 2.2F).  
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Figure 2.1: Cotargeting MNK1/2 and CDK4/6 decreases clonogenic outgrowth of melanoma cancer 
cell lines.  
A and B, The phosphorylation of eIF4E is induced by palbociclib treatment in BLM and MEWO melanoma 
cells at 24 hours. Numbers above the p-eIF4E panels indicate the relative densitometry values for the 
expression of p-eIF4E/eIF4E calculated from the values of 3 biological replicates per cell line. C, 
Clonogenic assay demonstrating the effects of palbociclib in combination with 2.5 μmol/L SEL201 or 0.5 
μmol/L eFT508 in BLM melanoma cells across 3 (P+S) or 4 (P+E) biological replicates. (one-way ANOVA 
P50 vs. P50+S, P = 0.0009; P100 vs. P100+S, P = 0.0011) (one-way ANOVA P50 vs. P50+E, P = 
0.0638; P100 vs. P100+E, P = 0.002). D, Clonogenic assay demonstrating the effect of palbociclib in 
combination with 2.5 μmol/L SEL201 in MEWO melanoma cells across 3 biological replicates. (one-way 
ANOVA P100 vs. P100+S, P = 0.0058). E and F, Phosphorylation of Rb and eIF4E is repressed upon 
palbociclib and SEL201 exposure at 48 hours in BLM and MEWO, respectively. G, Representative 
clonogenic assay demonstrating that MEWO cells deficient in MKNK1 and MKNK2 are sensitive to 
palbociclib across 2 biological replicates (one-way ANOVA shCTL P50 vs. shMNK1/2 P50, P = 0.0037; 
shCTL P100 vs. shMNK1/2 P100, P = 0.0101). H, Immunoblot demonstrating MNK1 knockdown in 
MEWO-modified cells. I, qPCR data demonstrating MKNK2 knockdown in MEWO-modified cells. 
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Figure 2.2: Combined inhibition of MNK1/2 and CDK4/6 represses clonogenic outgrowth in breast 
cancer cell lines.  
A and B, The phosphorylation of eIF4E is induced by palbociclib treatment in MCF7 and T47D breast 
cancer cells at 24 hours. Numbers above the p-eIF4E panels indicate the relative densitometry values for 
the expression of p-eIF4E/eIF4E calculated from the values of three biological replicates per cell line. C, 
Clonogenic assay demonstrating the effects of palbociclib in combination with 2.5 μmol/L SEL201 in 
MCF7 across three biological replicates (one-way ANOVA P25 vs. P25+S, P = < 0.0001; P50 vs. P50+S, 
P = < 0.0001). D, Clonogenic assay demonstrating the effects of palbociclib in combination with SEL201 
in T47D across three biological replicates (one-way ANOVA P25 vs. P25+S, P = 0.0483; P50 vs. P50+S, 
P = 0.0379). E and F, Phosphorylation of Rb and phosphorylation of eIF4E is repressed upon palbociclib 
and SEL201 exposure, respectively, at 48 hours in MCF7 and T47D. 
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2.4.2 Combined inhibition of CDK4/6 and MNK1/2 results in decreased expression of 

proteins involved in DNA replication, cell cycle and mitosis 

We next sought to determine the mechanism by which SEL201 and palbociclib 

cooperate to inhibit clonogenic outgrowth of cancer cells. MNK1/2 inhibitors are well 

known to repress the synthesis of a subset of proteins with roles in cell cycle regulation 

and cell survival (20,24). Therefore, we used mass spectrometry-based quantitative 

proteomics to identify differentially expressed proteins upon combined SEL201 and 

palbociclib. Hierarchical clustering of differentially expressed proteins revealed a unique 

protein expression signature in cells treated with the combination of palbociclib and 

SEL201, compared with single agents alone (Figure 2.3A). Moreover, we observed a 

large cluster (cluster 9) of proteins that have uniquely decreased expression in the 

combination therapy compared with SEL201 or palbociclib alone (Figures 2.3B, and 

Supplemental Table 2.5). Pathway analysis of cluster 9 revealed multiple enriched 

pathways involved in cell cycle dynamics including hallmark E2F targets (M5925), cell 

cycle (R-HSA-1640170), and chromosome segregation (GO:0007059) in cells treated 

with the combination therapy (Figure 2.3B, and Supplemental Table 2.5). Upon closer 

inspection, we observed that the cells treated with the combination had a repressed 

E2F protein expression signature (Figure S2.2A). In depth analysis identified that the 

combination repressed the protein expression of critical cell cycle regulators that are 

frequently associated with poor prognosis in multiple malignancies including TOP2a 

(25), AURKB (26), KIF4A (27), RRM2 (28) (Figure 2.3C), TPX2 (29), and INCENP (30). 

Network analysis of cluster 9 further demonstrated that proteins frequently associated 
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with AURKB were near collectively repressed in the combination (Figure S2.2B; red 

solid circles), resulting in deficiencies in resolution of sister chromatid cohesion (R-HSA-

2500257), separation of sister chromatids (R-HSA-2467813), and chromosome, 

centromeric region (GO:0000775). Pathway analysis of other clusters represented in the 

heatmap of differentially expressed proteins identified other potentially relevant clusters 

which appeared to be driven by the single agent treatments (Figures S2.2C to S2.2l).  

Next, we validated the identified changes in proteins that are required for mitosis 

by immunoblot. Consistently, in BLM, MCF7 and T47D, expression of proteins critical 

for chromosome segregation, such as AURKB, survivin, and TPX2, were further 

reduced in cells treated with the combination, compared with single agents (Figures 

2.3D to 2.3F). Moreover, qPCR analysis of BLM and MCF7 cells treated with the 

combination demonstrated that the repressed expression of these proteins was also 

detected at the mRNA level (Figures S2.2M and S2.2N). To further validate these 

effects, we treated the MNK1/2 deficient BLM cells with palbociclib. MNK1/2 deficient 

BLM cells treated with palbociclib for 48 hours showed a further decrease in AURKB, 

survivin, and TPX2 expression compared with scramble control and MNK1/2 

knockdown alone (Figure 2.3G). These results suggest that dual inhibition of MNK1/2 

and CDK4/6 repress the expression of key mitotic proteins that are commonly 

associated with poor prognosis. 
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Figure 2.3: Combined inhibition of MNK1/2 and CDK4/6 results in repression of critical mitotic 
regulators.  
A, Heatmap showing differential protein expression between BLM cells treated with vehicle, SEL201, 
palbociclib, or the combination therapy at 48 hours. B, Pathway analysis of proteins in cluster 9 shows 
repression of key mitotic proteins in the combination. C, Combined inhibition of MNK1/2 and CDK4/6 
further decreases the expression of E2F target proteins associated with mitosis. D–F, Immunoblot 
validating that the combination of SEL201 plus palbociclib further represses the expression of critical 
mitotic enhancers in BLM, MCF7, and T47D at 48 hours. Numbers below the AURKB panels indicate the 
relative densitometry values for the expression of AURKB/loading control calculated from the values of 2 
biological replicates per cell line. G, Immunoblot demonstrating that palbociclib represses the expression 
of critical mitotic enhancers in MNK1/2-deficient BLM-dCas9 cells at 48 hours. 
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2.4.3 Combined inhibition of CDK4/6 and MNK1/2 results in G1 cell cycle arrest, 

suppression of cyclin A expression and increased cellular senescence 

Palbociclib and SEL201 are both able to repress the expression of critical cell 

cycle regulators (2, 21, 24, 31). Moreover, based on the pathway analysis from cluster 9 

in our quantitative proteomics, we examined the impact of combined palbociclib and 

SEL201 treatment on progression through the cell cycle. The FUCCI (Fluorescence 

Ubiquitination Cell Cycle Indicator) system employs two fluorescent proteins 

(mKusabira-Orange, and Clover), each fused to different regulators of the cell cycle, 

(cdt1, and geminin) respectively (32). During G1, cells fluoresce orange due to the 

proteasomal degradation of clover-geminin, while mKO-cdt1 expression is sustained. In 

subsequent phases of the cell cycle, mKO-cdt1 is degraded while clover-geminin 

expression increases, resulting in cells that fluoresce green in G2 (32). When we treated 

FUCCI stable-BLM cells with palbociclib and SEL201 we observed that the cells treated 

with the combination therapy had an increased accumulation in the G1 phase of the cell 

cycle, compared with either single agent alone (Figure 2.4A).  

It is possible that anti-cancer agents that deregulate cell cycle progression can 

induce unwanted fluorescence kinetics in the FUCCI system, which are not consistent 

with actual changes in the phases of the cell cycle (33). Using traditional flow cytometry 

and propidium iodide staining, BLM cells showed increased accumulation of cells in the 

G1 phase of the cell cycle with combined SEL201 and palbociclib treatment compared 

with either single agent (Figure 2.4B). Similarly, in MCF7, the combined treatment with 

palbociclib and SEL201 increased the proportion of cells in G1, compared with either 
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single agent (Figures 2.4C). Cyclin A is an E2F target gene whose overexpression has 

been associated with poor patient outcomes (34). Although palbociclib represses cyclin 

A expression, palbociclib resistant cells fail to maintain repressed cyclin A levels (16, 

35). Through immunoblotting, we observed that the expression of cyclin A is further 

repressed in BLM, and MCF7 cells treated with combined SEL201 and palbociclib, 

compared with either of the single agents (Figures 2.4D to 2.4F).  

In our proteomics analysis, we observed that BLM cells treated with the 

combination of palbociclib and SEL201 had elevated levels of p27 compared to either 

monotherapy. Recent studies have shed light on the dual roles p27 plays in cell cycle 

control. Cells devoid of p21 or p27, paradoxically, cannot form cyclin D1-CDK4 

complexes (36). Not only does p27 facilitate the interaction between cyclin D1 and 

CDK4, but, p21 or p27 also enhance CDK4 activity by enabling CDK-activating kinase 

(CAK)-mediated phosphorylation of the T-loop in CDK4 (37,38). However, despite these 

distinct activating mechanisms, increased levels of p21 and p27 strongly inhibit cyclin 

D1-CDK4 complex formation (37, 39). We observed that the treatment of BLM and 

BLM-FUCCI cells with combined palbociclib and SEL201 led to increased p27 levels, 

compared with either single agent alone (Figure 2.4D, 2.4E). Similarly, MCF7 cells 

treated with SEL201 have an increased expression of p27 (Figure 2.4F). Cellular 

accumulation of the cell cycle inhibitor p27 is an established marker of senescence (40). 

We observed that our cells treated with the combination were enlarged and flattened; a 

phenotype characteristic of cells undergoing senescence (Figure 2.4G) (41). Palbociclib 

has been demonstrated to induce senescence (3, 4, 42), and in our BLM model this 
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effect was mild (Figure 2.4G). However, the combination of palbociclib with SEL201 

resulted in a significant increase in senescence compared with either single agent as 

measured by β–galactosidase activity (Figure 2.4G). An initial pathway analysis of 

cluster 2 from our proteomics data (Figure 2.3A) revealed an enrichment of proteins 

related to Senescence and autophagy in cancer (WP615) (Figure S2.2D, and 

Supplemental table 2.5). The latter prompted a more focused analysis of the proteomics 

data, revealing an augmented expression of proteins frequently implicated in 

senescence, including proteins among the senescence-associated secretory phenotype 

(SASP) (Supplemental table 2.6). In support of the proteomics data, immunoblotting of 

BLM cells treated for 48 hours with the combination of palbociclib and SEL201 revealed 

an increased expression of pro-senescence markers ATG7, ISG15, Fibronectin, and 

PDCD4 (Figure 2.4H and Supplemental table 2.6). Similarly, MCF7 cells treated with 

the combination resulted in significantly increased β–galactosidase activity compared to 

either monotherapy at 7 days (Figure 2.4I). Overall, these data indicate that the 

combined inhibition of MNK1/2 and CDK4/6 results in an accumulation of cells in G1 

during short-term exposure, and prolonged exposure results in cells becoming 

senescent.  
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Figure 2.4: Inhibition of MNK1/2 and CDK4/6 results in G1 cell-cycle arrest, suppression of cyclin A 
expression, and increased cellular senescence.  
A, The combination of palbociclib and SEL201 induces G1 cell-cycle arrest as measured by the FUCCI-
tagged BLM melanoma cells (bar graph represents the average ± SD of 2 biological replicates). B, The 
combination of palbociclib and SEL201 induces G1 cell-cycle arrest as measured by Propidium Iodide-
stained BLM melanoma cells (bar graph represents the average ± SD of 2 biological replicates). C, Cell-
cycle analysis demonstrated that the combination induces G1 cell-cycle arrest in MCF7 cells (bar graph 
represents the average ± SD of 2 biological replicates). D, Immunoblot demonstrating increased 
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expression of endogenous cell-cycle inhibitor p27 and decreased expression in cyclin A in BLM-FUCCI 
cells treated with the combination at 48 hours. Numbers below p27 and cyclin A blots indicate average 
relative densitometry values of target protein/loading control across 3 biological replicates. E and F, 
Immunoblot demonstrating increased expression of endogenous cell-cycle inhibitor p27 and decreased 
expression of cyclin A in BLM, MCF7 cells treated with the combination at 48 hours. Numbers below the 
p27 and cyclin A panels indicate the relative densitometry values for the expression of target 
protein/loading control across 3 biological replicates per cell line. G, BLM cells treated with palbociclib 
and SEL201 have significantly more senescent cells compared with either monotherapy across 2 
biological replicates. Scale bar, 150 μm; (one-way ANOVA; palbociclib vs. palbociclib+SEL201, P = 
0.0047; SEL201 vs. palbociclib+SEL201, P = 0.003). H, BLM cells treated with palbociclib and SEL201 
express higher levels of senescence markers at 48 hours. I, MCF7 cells treated with palbociclib and 
SEL201 have significantly more senescent cells compared with either monotherapy across 3 biological 
replicates. Scale bar, 75 μm; (one-way ANOVA; palbociclib vs. palbociclib+SEL201, P = 0.0017; SEL201 
vs. palbociclib+SEL201, P = <0.0001). 
 

2.4.4 Inhibition of MNK1/2 overcomes resistance to palbociclib 

Multiple mechanisms lead to the acquisition of resistance to palbociclib, including 

loss of RB, loss of PRMT5 regulation, increased cyclin E expression, or activating 

mutations in the PI3K pathway (14, 23, 31). Several studies have also demonstrated 

that aberrant mRNA translation may be a mode of acquired resistance to therapies, 

including palbociclib (16, 43). To understand whether inhibitors of MNK1/2 hold promise 

in CDK4/6 inhibitor resistant disease, we tested previously described palbociclib-

resistant CHL-1 (CHL-1-PalboR) melanoma cells (31). CHL-1 cells harbor no mutations 

in BRAF, NF1, and NRAS (triple-WT) (31). We observed that the combined inhibition of 

MNK1/2 and CDK4/6 significantly repressed clonogenic outgrowth of CHL-1 parental 

melanoma cells (Figure 2.5A). Moreover, CHL-1-PalboR cells treated with MNK1/2 

inhibition were resensitized to palbociclib (Figure 2.5A).  

As therapeutic resistance to CDK4/6 inhibition is an emerging clinical problem in 

patients with breast cancer, we next tested the response of palbociclib-resistant breast 

cancer cells to MNK1/2 inhibition. For this, we treated a previously described MCF7 

model of acquired resistance to palbociclib (MCF7-PalboR) (43) with SEL201. Similar to 
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our melanoma model of palbociclib-resistance, treatment of MCF7-PalboR cells with 

SEL201 resensitized them to palbociclib (Figure 2.5B). In agreement with the results 

obtained in CHL-1 and MCF7, SEL201 also resensitized T47D palbociclib-resistant 

breast cancer cells (T47D-PalboR) to palbociclib (Figure 2.5D). Importantly, we 

observed that MCF7-PalboR and T47D-PalboR cells expressed higher levels of 

phosphorylated eIF4E compared with their parental counterparts (Figures 2.5C and 

2.5F). qPCR analysis of these cells revealed that the palbociclib-resistant MCF7 and 

T47D cells express higher levels of MKNK2 (Figures 2.5D and 2.5G). These data 

support our hypothesis that activation of the MNK1/2-eIF4E axis may be a novel 

mechanism associated with resistance to palbociclib. In concordance with these data, 

Pancholi et al. recently demonstrated that palbociclib-resistant MCF7 cells express 

higher levels of MKNK2 and increased ERK/MAPK signaling (44). Overall, these data 

suggest that palbociclib-resistant cells may have a higher reliance on the MNK1/2-

eIF4E axis for survival, and that MNK1/2 inhibition may be a therapeutic vulnerability in 

palbociclib-resistant cancer cells.  
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Figure 2.5: Pharmacologic inhibition of MNK1/2 overcomes palbociclib resistance in models of 
melanoma and breast cancer.  
A, Clonogenic outgrowth of CHL-1 palbociclib-resistant melanoma cells is repressed upon exposure to 
2.5 μmol/L SEL201 across 3 biological replicates (CHL-1 Parental: one-way ANOVA P30 vs. P30+S, P = 
<0.0001; P100 vs. P100+S, P = 0.0037; CHL-1 PalboR: one-way ANOVA P30 vs. P30+S, P = <0.0001; 
P100 vs. P100+S P = <0.0001; P300 vs. P300+S P = <0.0001). B, Clonogenic outgrowth of MCF7 
palbociclib-resistant breast cancer cells is repressed upon exposure to 2.5 μmol/L SEL201 across 3 
biological replicates (MCF7 Parental: one-way ANOVA P25 vs. P25+S P = 0.001; P100 vs. P100+S P = 
0.1864; MCF7 PalboR: one-way ANOVA P25 vs. P25+S P = <0.0001; P100 vs. P100+S P = < 0.0001). 
C, MCF7 palbociclib-resistant breast cancer cells have a higher basal level of phospho-eIF4E compared 
with their parental counterpart at 48 hours. D, Palbociclib-resistant MCF7 cells express higher levels of 
MKNK2 compared with MCF7 parental cells across 2 biological replicates (unpaired t test P = 0.046). E, 
T47D palbociclib-resistant breast cancer cells are resensitized to palbociclib upon exposure to 2.5 μmol/L 
SEL201 exposure across 3 biological replicates (T47D Parental: one-way ANOVA P25 vs. P25+S P = < 
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0.0001; P100 vs. P100+S P = 0.0016; T47D PalboR: one-way ANOVA P25 vs. P25+S P = < 0.0001; 
P100 vs. P100+S P = < 0.0001; P250 vs. P250+S P = < 0.0001; P500 vs. P500+S P = < 0.0001). F, 
T47D palbociclib-resistant breast cancer cells have a higher basal level of phospho-eIF4E compared with 
their parental counterpart. G, Palbociclib-resistant T47D cells express higher levels of MKNK2 compared 
with T47D parental cells across 4 biological replicates (unpaired t test P = 0.0036). 
 

2.4.5 Targeting MNK1/2 and CDK4/6 delays tumor progression and increases overall 

survival in vivo in murine models of melanoma 

Loss of PTEN has been demonstrated to promote resistance to MAPK therapy 

(45). Moreover, there are conflicting studies as to whether PTEN loss alters sensitivity 

to CDK4/6 inhibitors. Recent work has demonstrated that PTEN-loss promotes 

resistance to palbociclib (46), while others have shown that PTEN-loss confers 

sensitivity to palbociclib (47). With this in mind, we next sought to test the in vivo 

efficacy of the MNK1/2 inhibitor eFT508, which is currently being tested in clinical trials, 

in combination with palbociclib using the well described Tyr::CreER/BRafCA/+/Ptenlox/lox 

conditional melanoma model. This melanoma model allows for 4-hydroxytamoxifen (4-

HT) inducible, melanocyte-targeted BRAFV600E expression, and simultaneous PTEN 

inactivation. 12 to 15 days post 4-HT treatment, hyperpigmented lesions were observed 

and treatments were initiated (10). We observed a significant inhibition of tumor 

outgrowth in the combination treatment arm compared with the palbociclib monotherapy 

arm at day 54, when tumor volume was assessed at approximately 1000 mm3 (Figure 

2.6A). Maintaining this tumor volume threshold, we observed that the mice in the 

combination arm had a median overall survival of 75 days compared with mice in the 

palbociclib-single agent arm, which achieved a median overall survival of 70.5 days. 

Additionally, assessing survival when tumor volumes reached 1500 mm3, we observed 

a significant overall survival advantage in the mice treated with the combination therapy, 
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compared with either monotherapy (Figure 2.6B). Median overall survival was as follows 

for each cohort: combination (83 days) > palbociclib (74 days) > eFT508 (67.5 days) > 

Vehicle (54 days). No overt toxicity was observed in the combination compared with 

single agents, as measured by mouse body weight (Figure S2.3E). eFT508 

administration in mice demonstrated on target-engagement, as shown by the repression 

of phosphorylated eIF4E expression in the tumors (Figures 2.6C and 2.6D). 

Furthermore, we observed that murine tumors treated with the combination exhibited 

decreased expression of AURKB and survivin (Figure 2.6D), recapitulating our in vitro 

immunoblotting results in figure 3. Similar results, tumor growth delay and increased 

overall survival with no overt toxicity, were obtained in a BLM xenograft mouse model 

(Figures 2.6E, 2.6F, and S2.3J). In toto, our data support the use of MNK1/2 inhibitors 

to augment the therapeutic benefit of palbociclib in melanoma. 
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Figure 2.6: Cotargeting MNK1/2 and CDK4/6 in vivo improves overall survival in murine models of 
melanoma.  
A, Tumor growth curves of Tyr::CreER/BRaf

CA/+
/Pten

lox/lox
 mice treated with vehicle, single-agent 

palbociclib, eFT508, or a combination of the two. B, Kaplan–Meier demonstrates significant survival 
advantage of Tyr::CreER/BRaf

CA/+
/Pten

lox/lox
 murine melanomas treated with the combination compared 

with vehicle or either monotherapy (log-rank test). C, Phosphorylation of eIF4E is repressed in vivo in 
response to eFT508 treatment. Scale bar, 2 mm; (one-way ANOVA; veh vs. P+E, P = 0.0140; P vs. P+E, 
P = 0.0171). D, Representative immunoblots of Tyr::CreER/BRaf

CA/+
/Pten

lox/lox
 tumors demonstrating 

repressed expression of AURKB and survivin in the combination compared with palbociclib. E, Tumor 
growth curves of BLM xenografts in NOD/SCID mice treated with vehicle, single-agent palbociclib, 
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eFT508, or a combination of the two. F, Kaplan–Meier demonstrates significant survival advantage of 
NOD/SCID mice engrafted with BLM melanoma cells and treated with the combination compared with 
vehicle or either monotherapy. (log-rank test). G, Model depicting the impact of MNK1/2-eIF4E inhibition 
in combination with palbociclib in melanoma and breast cancer cells. Our data suggest that the efficacy of 
palbociclib is limited by its ability to promote the phosphorylation of eIF4E. Blocking the increase in 
palbociclib-mediated phosphorylation of eIF4E results in augmented antitumor activity in therapy-naïve or 
palbociclib-resistant cells. 
 

2.5 Discussion 

Our data show that simultaneous inhibition of MNK1/2 and CDK4/6 work together 

to repress clonogenic outgrowth, increase G1 cell cycle arrest, senescence and prolong 

the survival of melanoma bearing mice.  Pathway analysis of the proteome of cells 

treated with the combination showed an overrepresentation of markers associated with 

cell cycle and chromosome segregation. Notably, we observed that the combination 

further repressed the expression of numerous mitotic regulators, including TOP2a, 

AURKB, KIF4A, RRM2, TPX2, and INCENP, compared with either single agent alone. 

This is of particular importance as increased expressions of these markers have been 

associated with poor prognosis in multiple cancers (25-30). 

The combination of palbociclib with hormone therapy has significantly improved 

clinical outcome of ER-positive breast cancer (23). Furthermore, MNK1/2 inhibitors are 

actively being tested for efficacy in advanced breast cancer (NCT04261218). Similar to 

our data in melanoma, MCF7 breast cancer cells treated with the combination of 

MNK1/2 and CDK4/6 inhibitors have decreased clonogenic outgrowth compared with 

single agents. Melanoma and breast cancer cells exposed to the combination 

demonstrate increased G1 accumulation, and reduced expression of cyclin A. 

Additionally, we observed increased expression of p27 and senescence in cell treated 

with the combination. Similar to BLM, we observe that breast cancer cells treated with 

the combination have reduced levels of critical mitotic regulators, such as TPX2, 



 
 

70 
 

AURKB, and survivin. Strikingly, we observed no evidence of G2/M cell cycle arrest in 

melanoma or breast cancer cells treated with the combination. Interestingly, repression 

of AURKB activity has also been demonstrated to induce a G1 arrest in non-small cell 

lung cancer cells (48). It would be very interesting to test whether the repression of 

AURKB through combined inhibition of CDK4/6 and MNK1/2 directly impacts 

accumulation of cells in G1/S phase of the cell cycle. 

Of clinical relevance, our data demonstrate that breast cancer cells that acquire 

resistance to palbociclib have increased levels of phosphorylated-eIF4E. Although we 

are continuing to explore the mechanism via which the phosphorylation of eIF4E 

increases, our data and that of others (44), suggest it may be due to increased 

expression of MKNK2 (Figure 2.6G). Pharmacologic inhibition of MNK1/2 in palbociclib-

resistant cells results in re-sensitization to palbociclib. Given that CDK4/6 inhibitors are 

being clinically investigated as single agents in melanoma (NCT02465060, 

NCT02857270, and NCT02791334), we tested whether palbociclib-resistant melanoma 

cells were sensitive to MNK1/2 inhibitors. Similar to breast cancer, CHL1 palbociclib-

resistant melanoma cells are resensitized to palbociclib upon MNK1/2 inhibition.  

In therapy naïve cells, increased levels of phospho-eIF4E in response to 

chemotherapeutic and targeted agents have been previously reported. One study 

demonstrated that treatment of pancreatic ductal adenocarcinoma cells with 

gemcitabine results in increased SRSF1-mediated MNK2b splicing that results in 

increased phosphorylated eIF4E (13). Furthermore, blocking this increase in phospho-

eIF4E results in increased apoptosis in gemcitabine treated cells (13). Other studies 

have also implicated a role for increased phosphorylated eIF4E in resistance to stress 
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and DNA damaging agents through the selective translation of cyclin D1, HuR, and Mcl-

1 mRNA’s (49). Our future work will be aimed at identifying the subset of mRNAs which 

are most efficiently translated in response to CDK4/6 inhibitors. 

Overall, our data demonstrate the MNK1/2-eIF4E axis to be an exploitable 

salvage pathway in treatment naïve and palbociclib-resistant models (Figure 2.6G). 

Palbociclib has recently demonstrated modest anti-tumor activity in acral lentiginous 

melanoma (ALM) (50). Additionally, we have previously shown that the oncogenicity of 

KIT-mutant acral melanomas are highly reliant on the MNK1/2-eIF4E axis, and, by 

blocking MNK1/2 we are able to repress the oncogenicity of these melanomas (20). 

Albeit the single-efficacy of MNK1/2 inhibitors are mild, we would predict that the 

addition of MNK1/2 inhibitors would potently augment the efficacy of palbociclib, and 

perhaps that of other CDK4/6 inhibitors, in melanoma subtypes with limited treatment 

options. Furthermore, although speculative, one might envision the use of phospho-

eIF4E as a potential biomarker to predict the onset of resistance to palbociclib. 

2.6 Materials and Methods   

Cell lines and reagents 

BLM cells were a generous gift from Ghanem Ghanem (Institut Jules Bordet, 

Bruxelles). MEWO cells were a generous gift from Ian Watson (McGill University). BLM, 

MEWO, MCF7, T47D, CHL-1 and HEK293T cell lines were cultured in DMEM (Wisent 

bioproducts #319-005-CL) containing 10% FBS and 100 I.U/mL penicillin and 100 

I.U/mL streptomycin at 37°C and 5% CO2. HEK293T and palbociclib-resistant MCF7 

cells were a generous gift from Dr. Sidong Huang. T47D-parental and matched 
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palbociclib-resistant cell lines were a generous gift from Dr. David Cescon (19). All 

experiments were initiated within 5 passages of thawing a master stock of cells. Cell 

lines were routinely tested for Mycoplasma using the e-Myco™ VALID Mycoplasma 

PCR Detection Kit. Identity of cell lines was verified by short tandem repeat (STR) 

profiling. Palbociclib (#S1116) was purchased from Selleck Chemicals and dissolved 

according to manufacturer’s instructions to a stock concentration of 10 mM. During 

experiments, cells were exposed to palbociclib at concentrations ranging from 25 nM to 

250 nM. For in vivo experiments, palbociclib monhohydrochloride was purchased from 

MedChemExpress (#HY-50767A). SEL201 (20) was provided by RYVU therapeutics. 

eFT508 was purchased from Selleckchem (#S8275). Unless specified otherwise, 

SEL201 and eFT508 drug treatments were performed at 2.5 μM  and 0.5 μM 

respectively.  

Colony formation assay 

Cells were seeded in 6-well plates at densities of 2,000 to 5,000 cells per well 

and allowed to adhere overnight. Media was changed the next day and drug was 

added. At experimental endpoint, the cells were stained with 0.5% crystal violet in 70% 

ethanol for 1 hour. The plates were scanned and clonogenic outgrowth was quantified 

manually using ImageJ, or were dissolved using 1mL of 10% glacial acetic acid per well 

for 1 hour on a shaker. Subsequently, absorbance was measured at 590 nm and 

relative differences were graphed. Clonogenic assays on CHL1 were performed at The 

Peter MacCallum Cancer Centre, Victoria, Australia. 
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Immunoblotting 

500,000 to 1,000,000 cells were treated for 48 hours. Lysates were prepared 

using RIPA containing 50mM Tris HCl pH8.0, 150mM NaCl, 1% NP-40, 0.5% 

deoxycholate, 0.1% SDS, 5mM EDTA, protease (Roche #11697498001), and 

phosphatase inhibitors (Roche #4906845001). Cells were lysed using 50µl of complete 

RIPA per 1 million cells and sonicated before centrifuging at max speed for 15 minutes. 

Protein concentration was measured by Bradford assay. 50µg of protein lysate were 

PAGE-separated (40% Acrylamide/Bis Solution, 37.5:1 Bio-Rad #1610148) and 

transferred onto PVDF membranes (Roche #0301004001), blocked for one hour in 5% 

non-fat milk, and incubated with primary antibody overnight at 4°C. The following day, 

the membranes were washed and incubated with secondary antibody for 1 hour. The 

membranes were developed using Amersham ECL Western Blotting Reagent 

(#RPN2106) or Immobilon Western Chemiluminescent HRP Substrate (#WBKLS0500). 

Antibody details can be found in Supplemental Table 2.1. 

Quantitative PCR 

RNA was prepared using E.Z.N.A. Total RNA Kit (Omega Bio-tek). cDNA was 

prepared from 1 μg of total RNA using iScript cDNA Synthesis Kit (Bio-Rad). Gene 

expression was quantified using the Applied Biosystems 7500 Fast Real-Time PCR 

System using GoTaq Green Master Mix (Promega). Primer details can be found in 

Supplemental Table 2.2. 

Lentivirus production and transduction 

Lentiviral plasmids were co-transfected with the packaging plasmids Pax2 and 

MD2G into HEK293T cells using calcium phosphate precipitation. Viral supernatant was 



 
 

74 
 

harvested 72 hours post transfection, spun down at 500xg for 5 minutes, and filtered 

through a 0.45 μm filter. 500 μl of viral supernatant were used to transduce 100,000 

cells in the presence of 8 μg/mL polybrene for 24 hours. The following day, media was 

changed, and transduced cells were selected using 2 μg/mL of puromycin. 

Cell-cycle analysis 

20,000 to 50,000 cells were treated with inhibitors for 3 days and then washed 

twice with ice-cold PBS containing 1% FBS. Cells were stained with 50 μg/mL 

propidium iodide solution in hypotonic buffer (0.1% Triton X-100 and 0.1% sodium 

citrate) for at least 20 minutes in the dark. At least 10,000 cycling cells were analyzed 

using BD LSR Fortessa II. Data was analyzed using FlowJo VX (RRID:SCR_008520). 

dCas9 cell line generation 

BLM cells were transduced with vectors encoding dCas9 (Addgene #46911) 

Infected cells were single-cell sorted and clones were expanded and selected for 

proliferation rates that matched the parental cell lines. sgRNA’s were cloned in to pU6-

sgRNA EF1Alpha-puro-T2A-BFP (Addgene #60955). sgRNA sequences can be found 

in Supplemental Table 2.3. 

FUCCI cell line generation 

Cells were virally transduced with FUCCI vector expressing mKO-CDT1 and 

clover-Geminin. Populations of cells expressing medium to high levels of mKO and 

clover were sorted into culture and used for further experiments. 

Senescence assay 

One hundred cells were seeded in 12-well plates and subsequently treated with 

indicated concentrations of SEL201, palbociclib, or their combination for 7 days. 
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Senescence staining was performed using Senescence β-Galactosidase Staining Kit 

(Cell Signaling Technology, #9860) according to manufacturer’s protocol. After the 

incubation period, images were taken and approximately equal numbers of total cells 

were quantified across treatments. Total and β-gal positive cells were manually counted 

using ImageJ software (RRID:SCR_003070). 

In vivo experiments 

Animal experiments were conducted according to the regulations established by 

the Canadian Council of Animal Care, and protocols approved by the McGill University 

Animal Care and Use Committee (2015-7672). Tyr::CreER/BRafCA/+/Ptenlox/lox mice were 

treated topically with 4-hydroxytamoxifen (4-HT) for 3 consecutive days. 15 days post 4-

HT exposure, mice were randomized into 4 cohorts and treated independently with 

vehicle, palbociclib (120 mg/kg), eFT508 (1 mg/kg), or the combination of both drugs by 

oral gavage (P.O). Endpoint was determined when the tumors ulcerated or reached a 

volume of approximately 1500 mm3. BLM cells were injected into the right flank of 

immunodeficient nonobese diabetic (NOD)/severe combined immunodeficiency (SCID) 

mice. When tumor volumes reached around 80 to 100mm3, the mice were randomized 

into 4 cohorts and treated independently with vehicle, palbociclib (120 mg/kg), eFT508 

(1 mg/kg), or the combination of both drugs. Endpoint was determined when the tumor 

volume reached approximately 2000 mm3. All in vivo drug treatments were administered 

on a 5-day-on and 2-day-off schedule.  

Mass Spectrometry-based proteomics 

BLM cells were treated with either monotherapy or the combination of the two for 

48 hours. At end point the cells were washed with PBS, harvested by scraping, flash 
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frozen in liquid nitrogen and stored at -80°C before processing. Detailed methods for 

sample preparation, acquisition and subsequent data analysis can be found in the 

supplemental methods. 

Immunohistochemistry 

Briefly, tumor sections were stained for phospho-eIF4E, and counterstained with 

20% Harris-modified hematoxylin (Thermo Fisher Scientific). Slides were scanned and 

phosphorylated eIF4E levels were assessed by calculating the area of positive and 

negative cells using the pixel classification feature on QuPath software (threshold score 

range: negative >0.9<positive). Antibody details can be found in Supplemental Table 

2.1.  

 Statistical Analysis 

Unless otherwise specified, all experiments were performed in a minimum of 3 

biological replicates. All in vitro and in vivo data are represented as mean ± SD. Student 

t-test or one-Way ANOVA (Tukey’s post-hoc test) were applied for statistical tests 

presented, using GraphPad Prism Version 9.0.0 (RRID:SCR_002798). The specific 

statistical analysis for each figure is listed in Supplemental Table 2.4. P values < 0.05 

were considered significant. Log-Rank test was applied to Kaplan Meier analyses in in 

vivo experiments. p-values are specified in the figure itself, the figure legend, or in 

Supplemental Table 2.4  

Data Availability 

Proteomics data from our mass spectrometry experiments have been deposited to the 

PRIDE database (RRID:SCR_012052) with the dataset accession PXD033390.  
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2.9 Supplemental Data 

 

Supplemental Figure 2.1: Clonogenic assays and MKNK1 and MKNK2 knockdown validation in 
BLM-dCas9 cells.  
A. Clonogenic assays from three independent biological experiments demonstrating that BLMdCas9 cells 
deficient in MKNK1/2 are more sensitive to palbociclib than Scramble control cells. B. Immunoblot 
demonstrating MNK1 knockdown in BLM-dCas9 cells. C. qPCR analysis demonstrating MKNK2 
knockdown in BLM-dCas9 cells. 
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Supplemental Figure 2.2: Pathway analysis of all clusters from the differential protein expression 
analysis.  
A. Differential expression heatmap and gene set enrichment analysis of hallmark E2F targets (M5925) 
detected in our dataset. B. AURKB network of protein-protein interactions whose expression are 
repressed in the combination (see supplemental methods for details) C. Pathway analysis of cluster 1. D. 
Pathway analysis of cluster 2. E. Pathway analysis of cluster 3. F. Pathway analysis of cluster 4. G. 
Pathway analysis of cluster 5. H. Pathway analysis of cluster 6. I. Pathway analysis of cluster 7. J. 
Pathway analysis of cluster 8. K. Pathway analysis of cluster 10. L. Pathway analysis of cluster 11. M. 
qPCR analysis of BLM melanoma cells treated with either monotherapy or the combination demonstrating 
transcriptional repression of critical genes involved in mitosis. N. qPCR analysis of MCF7 breast cancer 
cells treated with either monotherapy or the combination demonstrating transcriptional repression of 
critical genes involved in mitosis. 
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Supplemental Figure 2.3: Co-targeting MNK1/2 and CDK4/6 in vivo improves overall survival in 
murine models of melanoma.  
A-D. Tumor volume graphs depicting the tumor growth of individual mice upon 4-HT administration and 
treatment with either monotherapy or the combination. E. Graph depicting the average body weight of all 
mice in each cohort over the duration of 5 weeks. F-I. Tumor volume graphs depicting the tumor growth of 
individual mice upon subcutaneous injection of BLM cells and treatment with either monotherapy or the 
combination. J. Graph depicting the average body weight of all mice in each cohort over the duration of 3 
weeks 
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Supplemental Method 

Sample preparation for mass spectrometry 

Proteins from BLM cells were extracted in lysis buffer containing 5% sodium 

dodecyl sulfate (SDS) and 100 mM TRIS pH 7.8. Samples were subsequently heated to 

99°C for 10 minutes and subjected to probe based ultrasonication with 3 x 5s rounds at 

26% amplitude, using a Sonic Dismembrator (Thermo Fisher Scientific). The lysate 

underwent centrifugation at 20,000 x g for 2 minutes to remove insoluble debris. After 

dilution of an aliquot of the lysate to <1% SDS, the protein content was assessed by 

bicinchoninic acid assay (BCA) (Pierce/Thermo). In the remaining sample, protein 

disulfide bonds were reduced by addition of tris(2-carboxyethyl)phosphine (TCEP) to a 

final concentration of 20 mM and incubation at 60°C for 30 minutes. Free cysteines 

were alkylated by incubation with iodoacetamide at a final concentration of 30 mM and 

incubated for 30 minutes at 37°C in the dark. An equivalent of 20 µg of total protein (at 1 

mg/mL in lysis buffer) was used for proteolytic digestion using suspension trapping (S-

TRAP) (PMID: 24678027). In brief, proteins were acidified by adding phosphoric acid to 

a final concentration of 1.3% v/v. The sample was then diluted in 165 µL of S-TRAP 

loading buffer (9:1 methanol:water in 100 mM TRIS, pH 7.8) and loaded onto an S-

TRAP Micro cartridge (Protifi LLC, Huntington NY) and spun at 4,000 x g for 2 minutes. 

Samples were washed with 150 µL of STRAP loading buffer three times. Proteins were 

then digested using trypsin (Promega) at a 1:10 enzyme to substrate ratio for 2 hours at 

47°C. Peptides were eluted with 40 µL of 50 mM ammonium bicarbonate, 0.1% formic 

acid in water, and 50% acetonitrile. Peptides were then desalted using self-made R3-



 
 

88 
 

STAGE tips. Desalted peptides were vacuum concentrated and reconstituted in 0.1% 

trifluoroacetic acid (TFA) prior to analysis by LC-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). After loading 

onto a precolumn (Acclaim PepMap 100 C18, 3 µm particle size, 75 µm inner diameter 

x 2 cm length) in 0.1% formic acid (buffer A), peptides were separated using a 100-min 

binary gradient from 3-40% of buffer B (84% acetonitrile, 0.1% formic acid) on the main 

column (Acclaim PepMap 100 C18, 2 µm particle size, 75 µm 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 (AGC) target of 1 x 106 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 104 and a maximum 

injection time of 64 ms and were fragmented using a normalized higher-energy 

collisional dissociation (HCD) energy of 28. MS/MS were acquired at a resolution of 

17,500 and the dynamic exclusion was set to 40 s. DDA MS raw data was processed 

with Proteome Discoverer 2.5 (Thermo Scientific; RRID:SCR_014477 ) and searched 

using Sequest HT against a human UniProt FASTA database (downloaded October 

10th 2019, 20,360 target sequences). The enzyme specificity was set to trypsin with a 

maximum of 2 missed cleavages.  Carbamidomethylation of cysteine was set as a fixed 

modification and oxidation of methionine as a 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 
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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 (LFQ) based 

on precursor areas. In instances where proteins were quantified in 2 of 3 samples from 

one sample group, missing values were imputed using low abundance resampling in the 

precursor ions quantifier node. LFQ abundances were normalized based on the total 

peptide amount per sample. Only proteins quantified with at least 2 protein-unique 

peptides were retained in the study.   

Pathway and protein interaction analysis 

Differential expression of proteins was determined with Perseus software using 

an FDR of 0.05. The list of proteins detected in at least 2 groups was retained and 

clustered using unbiased hierarchical clustering. Proteins in the clusters were input and 

analyzed for pathway enrichment and protein-protein interaction into Metascape using 

default settings. The top 100 pathway were maintained (Supplemental Table 2.5). 

Visualization of protein –protein interaction was processed on Cytoscape 

(RRID:SCR_003032). For Gene-Set Enrichment Analysis, pre-ranked list of proteins 

based on differential expression in cluster 9 were run against Hallmark E2F Targets 

(M5925) from MSigDB in GSEA tool (RRID:SCR_005724). 
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Supplemental Tables 

Supplemental Table 2.1: Detailed information of the primary antibodies used for western 

blotting, and immunohistochemistry. 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Table 2.2: Detailed information of the primers used for qPCR analysis. 

 

 

Target Antibody Source and Catalog # Application Dilution 

p-Rb Cell Signaling #8516  Western Blot 1:500 

Rb Santa Cruz Biotechnology #sc-50 Western Blot 1:1000 

Rb BD Biosciences  #554136 Western Blot 1:500 

ISG15 Abcam #ab14374 Western Blot 1:1000 

ATG7 Santa Cruz Biotechnology #sc8668 Western Blot 1:1000 

PDCD4 Fortis Life Sciences #A301-107A  Western Blot 1:1000 

Fibronectin BD Biosciences #610077 Western Blot 1:1000 

p-eIF4E Cell Signaling #9741 Western Blot 1:1000 

eIF4E BD Biosciences #610270 Western Blot 1:1000 

AURKB Cell Signaling #3094 Western Blot 1:1000 

TPX2 Cell Signaling #12245 Western Blot 1:1000 

Survivin Cell Signaling #2808 Western Blot 1:1000 

Cyclin A Santa Cruz Biotechnology #sc-271682 Western Blot 1:1000 

p27 Santa Cruz Biotechnology #sc-528 Western Blot 1:1000 

GAPDH Cell Signaling #2118 Western Blot 1:5000 

α-actinin Santa Cruz Biotechnology #sc-17829 Western Blot 1:1000 

β-actin Sigma Aldrich #A5441 Western Blot 1:5000 

MNK1 Cell Signaling #2195 Western Blot 1:1000 

Vinculin Cell Signaling #13901 Western Blot 1:1000 

p-eIF4E Abcam #ab76256 IHC 1:50 

Gene Forward sequence 5’-3’ Reverse sequence 5’-3’ 

MKNK1 
(NM_001135553) 

GAGGTTCCATCTTAGCCCACAT ACGATGAGCAATGCCTTTGGT 

MKNK2 
(NM_199054) 

CGCCTTGGACTTTCTGCATAA TCACAGATCTTCACGGGGGA 

INCENP 
(NM_020238) 

AGGCTCCTGAATGTTGAGGTGC GTGTGCTGTTGGCAATCTCCGT 

TPX2 
(NM_012112) 

TTCAAGGCTCGTCCAAACACCG GCTCTCTTCTCAGTAGCCAGCT 

AURKA 
(NM_198433) 

GCAACCAGTGTACCTCATCCTG AAGTCTTCCAAAGCCCACTGCC 

AURKB 
(NM_004217) 

GGAGTGCTTTGCTATGAGCTGC GAGCAGTTTGGAGATGAGGTCC 

RPLP0 
NM_001002.4 

TCCTCGTGGAAGTGACATCGT CTGTCTTCCCTGGGCATCA 

ACTB (NM_001101) AGGCACCAGGGCGTGAT GCCCACATAGGAATCCTTCTGAC 
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Supplemental Table 2.3: Detailed information of the gRNA and shRNA used for 

knockdown experiments. 

 

 

 

 

  

Gene  Sequence 5’-3’ 

MKNK1 gRNA GGGAGGAGCGATCTGCAGGT 

MKNK2 gRNA GCAGGAGAAAGGCGATCCTG 

Scramble gRNA GTCCACCCTTATCTAGGCTA 

MKNK1 shRNA 
TRCN0000314803 

CCTATGCCAAAGTTCAAGGTG 

MKNK2 shRNA 
TRCN0000199855 

GAGGCTAGCATCTACGACAAG 
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Supplemental Table 2.4: Statistical analysis 

NB: within the table, P indicates palbociclib, S indicates SEL201 and E indicates eFT508 

Figure # and 
Description 

Number of Samples Statistical 
Test 

p-value 

1c BLM colony forming 
assay (Palbociclib + 
SEL201) 

3 independent experiments for 
P+S (6 data points per 
condition) 

One-way 
ANOVA 

P50 vs. P50+S  
p=0.0009; P100 vs. 
P100+S p=0.0011 

1c BLM colony forming 
assay (Palbociclib + 
eFT508) 

4 independent experiments for 
P+E (8 data points per 
condition) 

One-way 
ANOVA 

one-way ANOVA P50 
vs. P50+E p=0.0638;  
P100 vs. P100+E 
p=0.002 

1d MEWO colony 

forming assay 

3 independent experiments (6 
data points per condition) 

One-way 
ANOVA 

P100 vs P100+S 

p=0.0058 

1g (MEWO shRNA 
colony forming assay 

2 independent experiments (4 
data points per condition) 

One-way 
ANOVA 

 shCTL P50 vs 
shMNK1/2 P50 
p=0.0037;  
shCTL P100 vs 
shMNK1/2 P100 
p=0.0101 

2c MCF7 colony forming 
assay 

3 independent experiments (6 
data points per condition) 

One-way 
ANOVA 

P25 vs. P25+S 
p=<0.0001; P50 vs 
P50+S p=<0.0001 

2d T47D colony forming 
assay) 

3 independent experiments (6 
data points per condition) 

One-way 
ANOVA 

P25 vs.P25+S 
p=0.0483; P50 vs P50+s 
p=0.0379 

4g BLM senescence 
assay 

2 independent experiments One-way 
ANOVA 

P vs. P+S p=0.0047; S 
vs. PS p=0.003 

4h MCF7 senescence 
assay 

3 independent experiments One-way 
ANOVA 

P vs. P+S p=0.0017; S 
vs. PS p=<0.0001 

5a CHL-1 Parental 
colony forming assay 

3 independent experiments One-way 
ANOVA 

P30 vs. P30+S 
p=<0.0001; P100 vs. 
P100+S p=0.0037 

5a CHL-1 PalboR 
colony forming assay 

3 independent experiments One-way 
ANOVA 

P30 vs. P30+S 
p=<0.0001; P100 vs. 
P100+S p=<0.0001; 
P300 vs. P300+S 
p=<0.0001 

5b MCF7 Parental 
colony forming assay 

3 independent experiments One-way 
ANOVA 

P25 vs. P25+S p=0.001; 
P100 vs. P100+S 
p=0.1864 

5b MCF7 PalboR colony 
forming assay 

3 independent experiments One-way 
ANOVA 

P25 vs. P25+S 
p=<0.0001; P100 vs. 
P100+S p=<0.0001 

5d MCF7 Parental vs. 
PalboR MKNK2 qPCR 

2 independent experiments t-test 
(unpaired) 

Parental vs. PalboR 
p=0.0460 

5e T47D Parental 3 independent experiments One-way P25 vs. P25+S 
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colony forming assay ANOVA p=<0.0001; P100 vs. 
P100+S p=0.0016 

5e T47D PalboR colony 
forming assay 

3 independent experiments One-way 
ANOVA 

P25 vs. P25+S 
p=<0.0001; P100 vs. 
P100+S p=<0.0001; 
P250 vs. P250+S 
p=<0.0001; P500 vs. 
P500+S p=<0.0001 

5g T47D Parental vs. 
PalboR MKNK2 qPCR 

4 independent experiments t-test 
(unpaired) 

Parental vs. PalboR 
p=0.0036 

6a BRAF/PTEN Tumor 
growth curve (Day 54) 

6 mice in Palbociclib cohort vs. 
9 mice in P+E cohort 

Two-way 
ANOVA 

P vs. P+E p=0.0402 

6b BRAF/PTEN Kaplan-
Meier 

5 mice in Vehicle cohort 
6 mice in eFT508 cohort 
6 mice in Palbociclib cohort vs. 
9 mice in P+E cohort 

Log-rank 
Test 

Veh vs. P+E p=<0.0001 
E vs. P+E p=<0.0001 
P vs. P+E p=0.0145 

6c p-eIF4E IHC staining 3 mice per cohort stained for p-
eIF4E 

One-way 
ANOVA 

Veh vs. P+E p=0.0140; 
P vs. P+E p=0.0171 

6d BLM Xenograft 
Tumor growth curve 
(Day 32) 

6 mice in Palbociclib cohort vs. 
6 mice in P+E cohort 

Two-way 
ANOVA 

P vs. P+E p=0.0006 

6f BLM Xenograft 
Kaplan-Meier 

5 mice in Vehicle cohort 
5 mice in eFT508 cohort 
6 mice in Palbociclib cohort 
6 mice in P+E cohort 

Log-rank 
Test 

Veh vs. P+E p=0.007; 
E vs. P+E p=0.007; 
P vs. P+E p=0.0006 
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Supplemental Table 2.6: List of senescence markers modulated in BLM melanoma cells 
by the palbociclib (P)+ SEL201 (S) combination therapy compared to vehicle control.  

Protein 
Log2 Fold 
Change P+S 
vs. Control 

Reference 
PMID 

Status and role during senescence 

PDCD4 1.89 12054647 Increased 

GLB1 1.54 16626397 Increased; key marker protein responsible for SA-b-gal activity 

IGFBP7 1.32 
18267069 

Increased; part of SASP 
24201810 

FN1 1.31 20078217 Increased; part of  SASP 

ISG15 1.2 19802007 Increased 

MVP 0.89 18600231 Increased; confers apoptosis resistance 

ATG7 0.8 31931659 Increased; Key player in senescence induction 

VAT1 0.72 34637314 Increased 

LMNB1 -0.54 22496421 Decreased; Lamin B1 loss is a general marker of senescence 

HMGB2 -0.71 29706538 
HMGB2 is decreased during senescence allowing CTCF 
clustering 

HIST1H1B -0.64 

17158953 Decreased; Decreased H1 during senescence 
HIST1H1C -0.87 

HIST1H1D -1.11 

HIST1H1E -0.7 

MCM2 -0.7 

12809602, 
24351540, 
31092751, 
15377661, 
15716376, 
and 
21205865 

Decreased; E2F gene targets are downregulated during cell 
senescence 

MCM4 -0.96 
Decreased; E2F gene targets are downregulated during cell 
senescence 

MCM5 -1.02 
Decreased; E2F gene targets are downregulated during cell 
senescence 

MCM6 -0.7 
Decreased; E2F gene targets are downregulated during cell 
senescence 

MCM7 -0.84 
Decreased; E2F gene targets are downregulated during cell 
senescence 

RFC4 -0.85 
Decreased; E2F gene targets are downregulated during cell 
senescence 

PCNA -0.58 
Decreased; E2F gene targets are downregulated during cell 
senescence 

MSH6 -0.73 
Decreased; E2F gene targets are downregulated during cell 
senescence 

SMC4 -0.62 
Decreased; E2F gene targets are downregulated during cell 
senescence 

SMC1A -0.65 
Decreased; E2F gene targets are downregulated during cell 
senescence 

GINS3 -2.09 
Decreased; E2F gene targets are downregulated during cell 
senescence 
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In chapter 2 of this body of work, we have demonstrated a role for the MNK1/2-

eIF4E axis in impacting the anti-neoplastic effectiveness of the CDK4/6 inhibitor, 

palbociclib in therapy naïve and therapy-resistant cancer models. 

However, independent of phosphorylating eIF4E, the cellular functions of the 

MNK1/2 kinases remain elusive. Other substrates of MNK1 and MNK2 have been 

identified. However, there have been limited subsequent studies verifying the impact of 

their interaction in in vivo models.  

Therefore, in the next chapter, we set forth, and used a proteomics-based 

approach to determine whether there are other interactors of the MNK1/2 kinases. In 

doing so, we hoped to uncover additional functions of MNK1 and MNK2 that are 

uncoupled from phosphorylating eIF4E.  

The MNK1/2 kinases have been implicated in numerous cellular processes 

including cell cycle and senescence. Identifying novel substrates of MNK1/2 would allow 

us to understand the impact of the kinases in cell growth, cancer development and 

progression. This is important because MNK1/2 inhibitors are being extensively tested 

for efficacy in malignancies. While MNK1/2 expression is dispensable for normal 

development, we don’t understand how far-reaching the functions of these kinases are.  

Overall, we aimed to identify a novel interactor and substrate, which could 

improve our understanding as to roles MNK1/2 play in cells. Additionally, it could 

provide us with insight as to how these kinases play a role in tumorigenesis and further 

determine the impact of their pharmacologic inhibition.  



 
 

96 
 

Chapter 3: Discovery of LARP1 as a novel substrate of MNK1 

3.1 Preface 

Despite having been identified more than two decades ago, our understanding of 

the breadth of biological functions that MNK1 regulates remains largely 

uncharacterized. Therefore, we performed mass spectrometry to identify novel 

interacting proteins of MNK1. Our data revealed proteins whose interaction with MNK1 

has been previously reported, and included in our list of putative interacting proteins 

was the RNA-binding protein LARP1. Similar to eIF4E, LARP1 binds to mRNA at the 

5’cap; and moreover, comparable to eIF4E, the activity of LARP1 has been 

demonstrated to be dependent on mTOR. However, the processes by which varied 

kinases regulate LARP1 activity is currently being debated. We know that MNK1 

promotes mRNA translation by phosphorylating eIF4E on serine 209. We also know that 

LARP1 can repress the translation of mRNA. What remains unknown is whether MNK1 

has additional roles in regulating mRNA translation through its interaction with LARP1. 

In this chapter, we describe the studies used to confirm the interaction between MNK1 

and LARP1 and further investigate whether MNK1 activity alters RNA-binding activity of 

LARP1 to RPS6 TOP motif and poly (A25).   

Chapter 3 contains material to be included in a manuscript in preparation for publication 

as an original research article: 

Prabhu SA, Goncalves C, Méant A, Kajjo S, Sosa J, Arredondo N, Richard VR, 

Dejgaard K, Fabian M, Fonesca B, Zahedi R, Berman AJ, Miller Jr. WH, del 

Rincón, SV (2023) Discovery of LARP1 as a novel substrate of MNK1.  
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3.2 Abstract 

 The MAP Kinase-interacting serine/threonine-protein kinases 1 and 2 (MNK1/2) 

are downstream of the highly deregulated MAP kinase pathway, and their activity has 

been associated with disease progression in numerous malignancies. However, our 

knowledge of the extent of MNK1/2 activity in cells is limited. MNK1/2 play a critical role 

in regulating mRNA translation by phosphorylating their most well characterized 

substrate, the translation initiation factor eIF4E on serine 209. While other substrates of 

MNK1/2 have been identified, they have proved challenging to validate in vivo. We thus 

employed a proteomics-based approach to identify novel interactors and substrates of 

the MNK1/2 kinases. Using this method, we identified numerous candidate proteins that 

may interact with MNK1, including the RNA-binding protein LARP1. Investigation of this 

interaction revealed that LARP1 specifically interacts with MNK1 but not MNK2, in an 

RNA-independent manner. We discovered that MNK1 interacts with the La-Module of 

LARP1 and that LARP1 interacts with the N-terminal polybasic region of MNK1. 

Furthermore, using phosphoproteomics and in vitro kinase assays, we discovered that 

MNK1 phosphorylates LARP1 on threonine 449. Mechanistically, we demonstrate that 

substituting threonine for alanine on 449 on LARP1 increases the affinity of the La-

Module to RNA compared with the WT counterpart. Overall, these data identify LARP1 

as a novel interactor of MNK1 and, moreover, reveal a novel mechanism by which the 

MNK1 kinase may regulate mRNA translation.  
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3.3 Introduction 

Despite efforts to understand the process of cellular protein synthesis, the 

regulation of mRNA translation has been shown to be complex, with numerous key 

components. Cap-dependent mRNA translation initiates through the successful 

formation of the heterotrimeric protein complex Eukaryotic initiation factor 4F (eIF4F), 

with the ultimate goal of bringing mRNA to the 40S ribosome, facilitating the formation 

of the 80S ribosome complex [1, 2]. The eIF4F complex is comprised of the translation 

initiation factor eIF4E, which binds the m7GTP cap structure on mRNA, the helicase 

eIF4A that unwinds secondary structures on mRNA, and the scaffold protein eIF4G, 

which recruits the 40S ribosome to initiate start codon scanning [1-3]. The availability of 

eIF4E to bind the 5’cap is controlled by the kinase activity of the mammalian target of 

rapamycin (mTOR) [3, 4]. Signaling through the PI3K-AKT/mTOR pathway causes the 

phosphorylation of eIF4E-binding proteins, 4EBP1/2 [4]. Phosphorylation of 4EBP1/2 

results in the release of eIF4E, which is available to bind eIF4G, and ultimately results in 

mRNA translation. While the availability of the translation initiation factor eIF4E critically 

regulates cap-dependent mRNA translation, recent research has demonstrated that this 

process is more nuanced than previously thought. Similar to eIF4E, another protein, 

LARP1 was discovered to regulate translation via binding to the 5’cap of mRNA [5 – 7]. 

Furthermore, the activity of LARP1 has been demonstrated to be reliant on the kinase 

activity of mTOR [6, 8]. The phosphorylation of LARP1 by mTOR results in the 

dissociation of mRNA from LARP1, allowing eIF4E to bind the cap and initiate 

translation [5 – 9]. 
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In addition to mTOR-mediated regulation of eIF4E availability, the activity of 

eIF4E is also regulated by the MAP Kinase-interacting serine/threonine-protein kinases 

1 and 2 (MNK1 and MNK2) [3, 4]. The phosphorylation of eIF4E by MNK1 and MNK2 

has been shown to increase the translation of a subset of mRNA’s with oncogenic 

properties [3, 10-14]. Aside from eIF4E, only a handful of MNK1/2 substrates have been 

described and their in vivo relevance remains to be verified. Herein, we used a 

proteomics-based approach to identify novel interacting proteins, and thus potential 

phosphorylation substrates, of MNK1/2 kinases. Interestingly, we have discovered that 

MNK1 can interact with LARP1. Thus, we hypothesized that MNK1 may interact with 

LARP1 to regulate mRNA translation. Indeed, we discovered that MNK1 phosphorylates 

LARP1 on threonine 449. We further demonstrate that a T449A phosphodeficient La-

Module on LARP1 binds RNA with a higher affinity than its WT counterpart.  

3.4 Results 

3.4.1 Proteomics-based identification of LARP1 as a novel interactor of MNK1 

To identify novel interactors and potential substrates of MNK1, we used a 

proteomics approach. Using our previously published human A375 and murine D4M.3a 

melanoma models wherein we knocked out MNK1 (A375-KO and D4M.3a-KO) [14], we 

created isogenic model systems wherein we re-introduced WT-MNK1 in these cell lines 

(A375-MNK1 and D4M.3a-MNK1); Supplemental Figure 3.1A). Next, after brief 

exposure of the protein lysate to the crosslinker 3,3'-Dithiobis 

(sulfosuccinimidylpropionate) (DTSSP), we immunoprecipitated MNK1 and after washes 

and elution, we analyzed all proteins co-immunoprecipitated with MNK1 by mass 
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spectrometry (Figure 3.1A). Crosslinking immunoprecipitation with DTSSP has been 

used to identify numerous novel protein-protein interactions [15-18]. In an effort to avoid 

concentrations of DTSSP that would result in precluded co-immunoprecipitation or false 

positive interactions, we optimized the concentration of DTSSP in our experiment by 

performing a DTSSP-dose-dependent immunoprecipitation of MNK1 in A375-MNK1 and 

D4M.3a-MNK1 cells (Supplemental Figure 3.1B). We observed that at 50 µM and 100 

µM of DTSSP, we co-immunoprecipitated higher amounts of eIF4G1, eIF4E1, and 

ERK2 compared with no DTSSP (Supplemental Figure 3.1B). Notably, we observed 

that at concentrations of DTSSP higher than 100 µM, the interactions between MNK1 

and its canonical binding partners were hindered (Supplemental Figure 3.1B). Thus, we 

proceeded with using 50 µM DTSSP for our MNK1-interactome discovery assays. 

Analysis of the co-immunoprecipitated proteins in A375-MNK1 compared with A375-KO 

yielded 172 proteins that were found to bind to MNK1 (Figure 3.1B). Similarly, in 

D4M.3a-MNK1 cells compared with their knockout counterparts, we identified 70 

proteins that bound to MNK1 (Figure 3.1B). When the lists from both cell lines were 

compared with each other, we observed 34 proteins that commonly co-

immunoprecipitated with MNK1 (Figure 3.1B). Pathway analysis revealed an enrichment 

for proteins associated with the translation machinery (CORUM:742: eIF3 complex), 

translation initiation (GO:0006446), and regulation of translation (GO:0006417 and 

GO:0045727) (Figure 3.1C). As expected, we observed some of the canonical binding 

partners of MNK1, including eIF4G1, eIF4G2 and eIF4E [19 – 21] (Figure 3.1C). 

Importantly, we observed that LARP1 co-immunoprecipitated with MNK1 in both cell 

lines (Figure 3.1C). Similar to eIF4E, LARP1 binds the 5’cap of mRNA and has been 
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demonstrated to be a critical regulator of mRNA translation [5-8, 22]. Furthermore, 

comparable to eIF4E, the activity of LARP1 has been demonstrated to be dependent on 

mTOR [5-8]. Taking these data together, we proposed to prioritize the validation and 

characterization of a possible MNK1 interaction with LARP1.  

In order to verify the mass spectrometry results above, we transiently 

overexpressed GST-MNK1 and GST-MNK2 independently in HEK293T cells. In the 

absence of DTSSP, we observed that LARP1 interacts with GST-MNK1, but not with 

GST-MNK2 (Figure 3.1D). Similarly, we observed that endogenous LARP1 co-

immunoprecipitates with MNK1 in the BLM melanoma cells stably overexpressing 

MNK1 (Supplemental Figure 3.1B). Next, we wanted to verify that the interaction 

between MNK1 and LARP1 observed was not due to overexpression artifact. We 

performed immunoprecipitation in cells expressing endogenous levels of MNK1 and 

LARP1, and we observed that endogenous LARP1 co-immunoprecipitated with MNK1 

in A375 and MCF7 (Figure 3.1E and Supplemental Figure 3.1C). Finally, we wanted to 

assess whether the interaction between MNK1 and LARP1 is a direct interaction or 

perhaps the co-immunoprecipitation was due to a proximity-based interaction with RNA. 

As some protein-protein interactions may be mediated by RNA [23, 24], we performed 

endogenous immunoprecipitation of MNK1 in the presence of the ribonuclease, RNAse 

A. In A375, we observed that the interaction between MNK1 and LARP1 was enhanced 

in conditions with depleted RNA compared with their control counterparts (Figure 3.1F). 

We observed similar results in HEK293T cells, where the depletion of RNA enhanced 

the binding of endogenous LARP1 to endogenous MNK1 (Supplemental Figure 3.1E). 



 
 

102 
 

 

Figure 3.1: Proteomics based identification of LARP1 as an interacting protein of MNK1. 
A: Schematic of the proteomics experiment to identify novel interactors of MNK1.B: Venn diagram of the 
overlapping co-immunoprecipitated proteins in A375 and D4M.3a melanoma cells. FDR – 1%; p-value - 
0.01 C: Metascape pathway analysis and complete list of proteins that commonly co-immunoprecipitated 
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with MNK1 in A375 and D4M.3a cells. D: Immunoblot demonstrating that endogenous LARP1 co-
immunoprecipitates with GST-MNK1 but not GST-MNK2 in HEK293T cells transiently overexpressing 
GST-tagged MNK1 or MNK2.  E: Immunoblot demonstrating that endogenous LARP1 co-
immunoprecipitates with endogenous MNK1 in A375 and MCF7 cells. F: Top panel: Immunoblot 
demonstrating that endogenous LARP1 co-immunoprecipitates with endogenous MNK1 in A375 cells in 
an RNA-independent manner. Bottom panel: agarose gel validation of RNA degradation by RNAse A in 
lysates used for immunoprecipitation in top panel. 

 

3.4.2 MNK1 interacts with the La-Module of LARP1 and LARP1 interacts with the N-

terminal region of MNK1 

Prior work using full-length or deletion constructs of LARP1 has demonstrated 

that mTOR, via RAPTOR, interacts with the C-terminal region of LARP1 comprising the 

DM15 domain, while Poly(A) Binding Protein Cytoplasmic 1 (PABPC1) binds LARP1 on 

the La-Module (Supplemental Figure 3.2A) [7]. Using some of these previously 

published LARP1 deletion constructs, we next mapped the domains of LARP1 that are 

essential for MNK1 binding (Figure 3.2A) [7]. As we have shown that the MNK1:LARP1 

interaction is enhanced in RNAse A treated samples (Figure 3.1F and Supplemental 

Figure 3.1E), we immunoprecipitated endogenous MNK1 from lysates derived from 

HEK293T cells transfected to express FLAG-LARP1 fragments in the presence of 

RNAse A. Western blotting of the immunoprecipitates revealed that endogenous MNK1 

co-immunoprecipitates full-length LARP1 and interacts with the La-Module (FLAG-

LARP1 205-509) in an RNA-independent manner (Figure 3.2B). Interestingly, we 

observed that the La-Module (205-509) of LARP1 co-immunoprecipitated with MNK1. 

Similarly, we wanted to investigate the regions on MNK1 that are required for its 

interaction with LARP1. To test this, we generated a MNK1 mutant with substitution 

mutations at the nuclear localization sequence (NLS) by substituting R26/27/28A 

(Figure 3.2C Supplemental Figure 3.2B). It has been previously demonstrated that the 
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N-terminal, particularly the NLS region, on MNK1 is critical for its interaction with the 

scaffolding protein eIF4G1 [19, 20, and 25-27]. Consistent with prior literature, we 

observed that eIF4G1 was unable to co-immunoprecipitate with MNK1 harboring the 

mutated NLS (26-28 R-A) (Figure 3.2C). Interestingly, this MNK1 mutant was also 

unable to co-immunoprecipitate LARP1 (Figure 3.2C). However, we observed that 

LARP1 does interact with a different MNK1 mutant, containing a mutation at the nuclear 

export signal (MNK1 - L390S). (Figure 3.2C and Supplemental Figure 3.2B). Together, 

these data suggest that LARP1 directly binds MNK1 through the hydrophilic residues on 

the N-terminal of MNK1. 

 

Figure 3.2 MNK1 interacts with LARP1 via the La-Module and LARP1 binds to the N-terminal 
region of MNK1.  
A: Schematic of the domains on LARP1 and the various fragments utilized in downstream experiments. 
B: Immunoblot demonstrating that FLAG-tagged LARP1 WT and fragment 205-509 co-
immunoprecipitates with MNK1 in HEK293T cells in an RNA-independent manner. C: Immunoblot 
demonstrating that the mutation of arginine residues at positions 26-28 on MNK1 precludes its interaction 
from LARP1 in HEK293T cells. 
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3.4.3 MNK1 phosphorylates LARP1 on the La-Module at Threonine 449  

Considering that MNK1 regulates mRNA translation by phosphorylating eIF4E, a 

logical next step was to assess whether MNK1 can phosphorylate LARP1. To test this, 

overnight serum starved HEK293 cells were pre-treated with DMSO or the MNK1/2 

inhibitor SEL201 for 1 hour followed by a 30-minute stimulation with Phorbol 12-

Myristate 13-Acetate (PMA), a well-known MNK1/2-eIF4E activator (Figure 3.3A). The 

samples were then harvested and, after phosphopeptide enrichment, were analyzed by 

mass spectrometry (Figure 3.3A). As expected, PMA stimulated the phosphorylation of 

eIF4E and ERK1/2 in HEK293 cells. Moreover, the pre-treatment of HEK293 cells with 

SEL201 inhibited the phosphorylation of eIF4E (Figure 3.3B). Analysis of the mass 

spectrometric data indicated that the phosphorylation of threonine 449 on LARP1 was 

significantly diminished in cells treated with SEL201+PMA compared with DMSO+PMA 

(Figure 3.3C). This was particularly interesting as we have shown that MNK1 interacts 

with the La-Module of LARP1, which contains T449 (Figure 3.2B-construct containing 

amino acids 205-509). To further interrogate this, HEK293T cells transfected to express 

full-length FLAG-LARP1 were treated with SEL201 for 3 hours (Figure 3.3D). We then 

immunoprecipitated FLAG-LARP1 and following phosphopeptide enrichment, the 

sample was analyzed by mass spectrometry (Figure 3.3D). Analysis of the mass 

spectrometry data once again showed that the phosphorylation of LARP1 at threonine 

449 was significantly repressed in cells treated with the MNK1/2 inhibitor compared with 

DMSO control (Figure 3.3E).  
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We next sought to verify that MNK1 could phosphorylate LARP1 on T449 using 

in vitro radioactive ATP kinase assays. We purified either the WT-La-Module (310 to 

540) (Supplemental Figure 3.3 A-C) or the mutant La-Module (T449A) (Supplemental 

Figure 3.3 D-F) from BL21 (BE3) E. coli cells. Additionally, we used purified DM15 (796-

946) as a negative control because we showed that MNK1 does not interact with this 

fragment (Figure 3.2B). We discovered that MNK1 is indeed able to phosphorylate the 

WT-La-Module, but not the DM15 region on LARP1 (Figure 3.3F). Consistent with 

T449A being a putative phosphorylation site of MNK1, we observed that the La-Module-

T449A mutant is not phosphorylated as robustly as the unmutated La-Module. The latter 

suggests that MNK1 potentially phosphorylates additional serine or threonine site(s) 

within the La-Module. We verified the specificity of the GST-MNK1 recombinant protein 

using GST-eIF4E, whereby we performed kinase assays in the absence of radioactive 

ATP and detected the phosphorylation of eIF4E by immunoblotting with an eIF4ES209 

phosphorylation specific antibody (Supplemental Figure 3.3G).   
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Figure 3.3: MNK1 phosphorylates LARP1 at threonine 449. 
A: Schematic depicting the shotgun phosphoproteomics experiment used to identify possible substrates 
of MNK1/2 using the MNK1/2 inhibitor SEL201 in HEK293 cells. B: Immunoblot demonstrating the eIF4E 
and ERK1/2 phosphorylation status in overnight starved, 30 minutes PMA stimulated and 1 hour SEL201 
pre-treated followed by 30 minute PMA stimulation in HEK293 cells. C: Volcano plot demonstrating that 
the phosphorylation of threonine at 449 on LARP1 is significantly repressed in HEK293 cells treated with 
SEL201+PMA compared with PMA stimulated cells alone. D: Schematic depicting the targeted 
phosphoproteomics experiment using full-length FLAG-tagged LARP1 immunoprecipitation to verify that 
the threonine residue at position 449 on LARP1 is a MNK1/2 inhibitor sensitive residue. E: Lollipop plot of 
LARP1 protein demonstrating that phosphorylation of T449 is significantly repressed in HEK293T cells 
treated with SEL201 for 3 hours compared with DMSO. F: In vitro radioactivity kinase assay 
demonstrated that GST-MNK1 phosphorylates the La-Module but not the DM15 on LARP1 
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3.4.4 The T449A mutant La-Module of LARP1 has a higher affinity for RNA compared 

to WT 

 It has been demonstrated that the La-Module on LARP1 can interact with the 

TOP motif and poly (A) RNA [28]. Using the purified recombinant WT and T449A La-

Module protein, we performed electrophoretic mobility shift assays with radioactively 

labeled poly (A25) and a 20-mer oligonucleotide containing the RPS6 TOP motif (Figures 

3.4A and 3.4B), as is standard in the field [5, 6, 28]. We observed a concentration-

dependent increase in binding of both the WT and T449A to RPS6 TOP motif and Poly 

(A25). We observed that both the WT and T449A mutant had a higher affinity for poly 

(A25) compared with RPS6 TOP. Dissociation constant (Kd) is used to describe the 

affinity of a ligand (RNA) to a protein (La-module). The apparent affinity of the 

interaction (Kdapp) for WT La-Module to RPS6 was 3.116 µM, while the Kdapp of WT La-

Module for poly (A25) was 0.3679 µM (Figures 3.4A and 3.4B). Similarly, in the T449A 

mutant, we observed a Kdapp of 1.556 µM and 0.3737 µM for RPS6 TOP and poly (A25) 

respectively (Figures 3.4A and 3.4B). Due to the conformational flexibility of the La-

Module, we were unable to determine the RNA-binding activities of the constructs; we 

are therefore unable to directly compare the differences in RNA-binding affinities 

between the WT and T449A mutant. It is reasonable, however, to compare the ability of 

each protein construct to bind different RNAs. We observed that the Kdapp ratio between 

poly (A25) and RPS6 TOP of the T449A mutant was lower than that for the WT La-

Module (1:4.16 vs. 1:8.46) (Figures 3.4A and 3.4B). These Kd ratios suggest that the 

T449A mutant more readily associates with RNA compared with the WT La-Module. 
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Thus, we propose that upon MNK1 inhibition, LARP1 would not be phosphorylated on 

T449, and would likely result in a higher affinity for RNA compared with WT LARP1.  

 

Figure 3.4: Phosphodeficient T449A mutant of the La-Module has a higher affinity for RNA 
compared to WT. 
A: Electrophoretic mobility shift assay demonstrating the binding of WT La-Module to Poly (A25) and 
RPS6 TOP motif. Graphs are represented as the average of 3 biological replicates. B: Electrophoretic 
mobility shift assay demonstrating the binding of phosphodeficient T449A La-Module to Poly (A25) and 

RPS6 TOP motif. Graphs are represented as the average of at least 3 biological replicates. C: Proposed 

model depicting the proposed role of MNK1 kinase activity on mRNA translation. On the left panel (A), in 
translation repressive conditions, mTOR is inactive and as a result, LARP1 binds TOP mRNA and 4E-BP 
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sequesters and inhibits eIF4E. On the right panel (B), activated mTOR, phosphorylates 4E-BP to release 
eIF4E. Simultaneously, mTOR phosphorylates LARP1 on the DM15, resulting in the release of 5’cap. 
Meanwhile, MNK1 phosphorylates LARP1 on the La-module at T449, promoting the release of the TOP-
motif. Finally, MNK1 phosphorylates eIF4E on serine 209, thereby promoting the translation of the mRNA. 

 
3.5 Discussion 

 In this study we have identified LARP1 as a novel interacting protein of MNK1 

and, we posit that one functional outcome of this interaction is the phosphorylation of 

LARP1 on T449. Furthermore, LARP1’s ability to bind RNA may be regulated by MNK1 

kinase activity on T449. These data add to the overall consensus of LARP1 acting as a 

translation repressor in cells and, additionally, provides new insight into how its RNA-

binding activity may be regulated by kinases. 

Our data demonstrate that endogenous LARP1 co-immunoprecipitates with both 

exogenous and endogenous MNK1 (Figures 3.1C to 3.1F, 3.2C, and Supplemental 

Figure 3.1B to 3.1D). This is not entirely surprising given the well-characterized role 

MNK1 plays in binding and regulating mRNA translation through interaction with the 

scaffold protein eIF4G and the phosphorylation of eIF4E at serine 209 [19 – 21]. Given 

that MNK1 and MNK2 are able to augment mRNA translation by phosphorylating eIF4E, 

a logical next step was to determine whether MNK2 interacts with LARP1. As there are 

no reliable antibodies against MNK2, we transiently transfected GST-MNK2 into 

HEK293T cells. Immunoprecipitation of GST-MNK2 resulted in no LARP1 being co-

immunoprecipitated. However, GST-MNK1 was able to co-immunoprecipitate LARP1 

(Figure 3.1D). This is not unexpected, as it has been demonstrated that MNK1 and 

MNK2 possess differences in substrate specificity [29]. Next, we performed endogenous 

immunoprecipitation of MNK1 in cell lysates treated with RNAse A. Indeed, we were 
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able to successfully co-immunoprecipitate endogenous LARP1 with endogenous MNK1 

in RNAse A treated samples. Moreover, we observed that the depletion of endogenous 

RNA from the cell lysates enhanced the binding of MNK1 and LARP1 in A375 and 

HEK293T cells (Figure 3.1F and Supplemental Figure 3.1E). It has been demonstrated 

that RNA may mediate the binding between two proteins, and degradation of the RNA 

may result in the loss of the interaction [23, 24]. In our data, the increased binding of 

MNK1 to LARP1 in the absence of RNA suggests a direct interaction between the two 

proteins. Moreover, the ability of MNK1 to interact with LARP1 in conditions in the 

presence of RNA may suggest a role for MNK1 in regulating LARP1’s affinity to specific 

RNA molecules.  

 We and others have demonstrated that LARP1 interacts with PABPC1 through 

the La-Module (Supplemental Figure 3.2A) [7]. Importantly, we have observed that 

MNK1 interacts with LARP1 specifically through the La-Module, but not through other 

regions on LARP1 (Figure 3.2A and 3.2B). As the La-Module of LARP1 does not 

interact with the 5’cap, but instead with the TOP motif and the poly (A) tails of RNA, this 

provides us insight into how MNK1 may be able to regulate LARP1 activity [28].  

Similarly, we also wanted to map what region on MNK1 is critical for its interaction with 

LARP1. Using a mutant of MNK1 that prevents its interaction with eIF4G, we tested 

whether mutations in the polybasic NLS sequence at the N-terminal would also thwart 

this interaction. Surprisingly, we observed that the MNK1 26-28 R-A mutant was unable 

to co-immunoprecipitate LARP1 or PABPC1 (Figure 3.2C). Meanwhile, WT MNK1 or 

the MNK1 L390S mutant was able to successfully co-immunoprecipitate LARP1, eIF4G 
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and PABPC1 (Figure 3.2C). These data also suggest that the interaction between 

MNK1 and LARP1 may be mediated by eIF4G and warrants further investigation. The 

mapping of the domains required for MNK1 binding to LARP1 is important, as it may 

allow us to specifically target this interface and inhibit the interaction. 

 LARP1 is a potential substrate of several kinases including mTOR, CDK1, CDK2, 

and AKT [7, 30 – 32]. After establishing the interaction between MNK1 and LARP1, we 

next hypothesized that MNK1 may be able to phosphorylate LARP1. Using 

phosphoproteomics and in vitro kinase assays, we discovered that MNK1 

phosphorylates LARP1 at threonine 449 (Figure 3.3A to 3.3F). Moreover, as MNK1 was 

unable to bind the DM15 region, MNK1 was also unable to phosphorylate the DM15 

region of LARP1, as expected (Figure 3.3F). It is important to consider that MNK1 may 

be able to phosphorylate the La-Module at a serine or threonine other than T449, as we 

observed that the T449A mutant was phosphorylated by MNK1, albeit to a lesser extent 

compared to the WT La-Module (Figure 3.3F). CDK2 has recently been demonstrated 

to phosphorylate LARP1 on T449 and thereby potentially regulate the translation of 

RPS3 and RPL15 [31]. It is entirely possible that T449 on LARP1 may be a substrate for 

multiple kinases, as it has been demonstrated that cyclin-dependent kinases can 

phosphorylate the translation machinery to regulate mRNA translation with the cell cycle 

[30, 33]. Hence, LARP1 may be phosphorylated by CDK2 to potentially regulate 

translation of mRNAs as cells progress through the cell cycle [31].  

 Finally, we wanted to assess the possible functional consequences of the 

phosphorylation of LARP1 at T449 by MNK1. Using electrophoretic mobility shift 



 
 

113 
 

assays, we demonstrate that a phosphodeficient T449A La-Module binds to RNA with a 

higher affinity compared with WT La-Module (Figure 3.4A and 3.4B). Due to the 

experimental conditions used, we were unable to correct the T449A and WT La-Module 

protein concentrations for activity, and so instead we calculated and compared their 

actual dissociation constants for the RNA. We were able to compare the ratio of 

affinities of the individual proteins (LARP1 La-Module WT and T449A) to RPS6 TOP 

and poly (A25) RNA.  We observed that the apparent Kd ratio between poly (A25) and 

RPS6 TOP in the T449A mutant was lower than the WT La-Module (Figures 3.4A and 

3.4B) suggesting that the T449A mutant likely has a higher affinity for the RNA 

compared with the WT La-Module. While it has been demonstrated that the La-Module 

binds poly (A25) and the RPS6 TOP with similar affinities [28], we observe that both the 

WT and T449A La-Modules consistently have a higher affinity for poly (A25) compared 

with RPS6 TOP (Figure 3.4A and 3.4B). This could be due to the conformational 

flexibility of the La-Module. While it hasn’t been thoroughly investigated, it has been 

shown that LARP family of proteins contain intrinsically disordered regions [34 – 36], 

which can allow proteins to fold into conformations that permit certain interactions with a 

ligand while inhibiting others [37 – 40].  

 In conclusion, our data demonstrate that MNK1 interacts with LARP1 on the La-

Module. Importantly, MNK1 can phosphorylate LARP1 and could potentially regulate the 

affinity of LARP1 to RNA and possibly impact mRNA translation. We would thus 

hypothesize that, in growth permissive conditions, MNK1 could phosphorylate LARP1 to 

promote the latter from dissociating with TOP mRNAs. This would allow eIF4E to bind to 
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the mRNA, upon which MNK1/2 could phosphorylate eIF4E to enhance the translation 

of the mRNA (Figure 3.4C). Importantly, it has been shown that LARP1 can regulate the 

translation of oncogenic mRNAs previously reported to be sensitive to phosphorylation 

of eIF4E [41]. While the phosphorylated eIF4E has been shown to augment the 

translation of oncogenic mRNAs [41], the exact mechanism has eluded researchers. 

These data could provide an exciting new link to allow us to better understand the 

intricacies of mRNA translation. Furthermore, given that the T449A LARP1-mutant can 

possibly regulate the translation of RPS3 and RPL15 [31], we would postulate that this 

process can also be regulated by the MNK1-LARP1-eIF4E axis. 

3.6 Methods and Materials 

Cell lines and Reagents 

D4M.3a murine melanoma cells were kindly provided by Dr. Constance 

Brinckerhoff (Geisel School of Medicine, Dartmouth College, Hanover, NH, USA). A375 

human melanoma cells were purchased from Plexxikon Inc. BLM cells were a generous 

gift from Dr. Ghanem Ghanem (Institut Jules Bordet, Bruxelles). HEK293T cells were a 

generous gift from Dr. Sidong Huang. MCF7 breast cancer cells were a generous gift 

from Dr. Ivan Topisirovic. HEK293 cells were a generous gift from Dr. Philippe Roux 

(University of Montreal). A375, HEK293, HEK293T, and BLM cells were cultured in 

DMEM media supplemented with 10% FBS and 100 I.U/mL penicillin and 100 I.U/mL 

streptomycin at 37°C and 5% CO2. D4M.3a cells were cultured in Advanced DMEM 

media containing 5% FBS, 5 ml Glutamax (×100), and antibiotics. MCF7 cells were 

cultured in RPMI supplemented with 10% FBS and antibiotics. All experiments were 
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initiated within 5 passages of thawing a master stock of cells. Cell lines were routinely 

tested for Mycoplasma using the e-Myco™ VALID Mycoplasma PCR Detection Kit. 

Identity of cell lines was verified by short tandem repeat (STR) profiling. SEL201 was 

provided by RYVU therapeutics and prepared as a stock of 10 mM in DMSO. FLAG-

LARP1 and the fragments were a generous gift from Dr. Bruno Fonesca (Primergen). 

GST-MNK1 and GST-MNK2 plasmids were a generous gift from Dr. Christopher Proud 

(South Australian Health and Medical Research Institute). MNK1 (pLX-317) mutants 

(26-28 R-A, and L390S) were generated by Mutagenex (The Ohio State University 

Wexner Medical Center).  

Transfection 

HEK293T (1.2x106) cells were seeded in 10 cm dishes and allowed to adhere 

overnight. The next day, the cells were transfected with 4 μg of plasmid using 30 μL of 

Lipofectamine 2000. 16 to 18 hours later, the media was changed to fresh DMEM 

supplemented with 10% FBS. The next day, prior to harvest, the media was changed 

and refreshed for 3 hours and at this point inhibitors were added if necessary (unless 

specified otherwise) 

Immunoblotting 

Protein concentration was measured by Bradford assay. 20 to 50 µg of protein 

lysate were PAGE-separated (40% Acrylamide/Bis Solution, 37.5:1 Bio-Rad #1610148) 

and transferred onto PVDF membranes (Roche #0301004001), blocked for one hour in 

5% non-fat milk, and incubated with primary antibody overnight at 4°C. The following 

day, the membranes were washed and incubated with secondary antibody for 1 hour. 

The membranes were developed using Amersham ECL Western Blotting Reagent 
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(#RPN2106) or Immobilon Western Chemiluminescent HRP Substrate (#WBKLS0500). 

Antibody details can be found in Supplemental Table 1. 

Immunoprecipitation 

Cells were seeded in 15 cm dishes and allowed to adhere overnight and allowed 

to proliferate for an additional 24 hours. Two to Four 15cm dishes of cells were used per 

immunoprecipitation condition. Three hours prior to harvest, the media was changed to 

fresh media supplemented with 10% FBS. At harvest, the cells were washed twice with 

ice-cold PBS and scraped into a falcon tube. Subsequently, cells were lysed in HEPES-

Acetate-CHAPS immunoprecipitation buffer containing 25 mM HEPES, 115 mM 

Potassium Acetate, 1 mM EDTA, and 0.3% CHAPS detergent supplemented with 

protease (Roche #11697498001) and phosphatase (Roche #4906845001) inhibitors. 

Approximately, 750 μL of complete lysis buffer was used per 15 cm dish of cells. For 

immunoprecipitation in the presence of RNAse A, the enzyme was added to the lysis 

buffer at this point. The cells were allowed to lyse on a nutator at 4°C for 1 hour. The 

debris in the lysates was then cleared by centrifugation at max speed for 15 minutes at 

4°C. The lysates were then pre-cleared on a nutator for 20 to 30 minutes at 4°C with 

Sephadex-G25 (Sigma-Aldrich # G25150) beads that had been hydrated, washed three 

times with ice-cold HEPES-Acetate-CHAPS buffer, and re-suspended in 50% slurry with 

the lysis buffer. The beads were then separated from the lysate by centrifugation at 

1000xg for 5 minutes at 4°C. Protein concentration in lysates was measured by 

Bradford assay and input samples collected. Endogenous MNK1 was 

immunoprecipitated from 2 to 4 mg of lysates at an antibody concentration of 1ug/mg of 

lysate on a nutator for 1.5 hours at 4°C. IgG concentration was used at one-fifth of the 
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concentration of the MNK1 antibody according to manufacturer’s instructions. After 1.5 

hours, 20 to 40 μL of pre-washed protein-G magnetic beads (Sigma-Aldrich # 10003D) 

were added to the antibody-lysate samples and incubated on a nutator for 1 hour at 

4°C. The beads are then briefly collected to the bottom by centrifugation at 1000xg for 2 

minutes and washed 5 times with 1 mL ice-cold HEPES-Acetate-CHAPS buffer (without 

inhibitors) using a magnetic stand. Finally, the beads are boiled in 30 to 50 μL of 1x 

Laemmli’s SDS buffer supplemented with B-mercaptoethanol and boiled for 10 minutes 

at 95°C. For immunoprecipitation from samples harvested from cells transiently or 

stably overexpressing MNK1, the same steps are followed. However, for more 

stringency, the lysis buffer substituted 0.3% CHAPS for 1% NP40. For 

immunoprecipitation experiments involving the use of DTSSP as a crosslinker, a final 

concentration of 5 μM DTSSP was achieved during lysis for 5 minutes only. After 5 

minutes, excess DTSSP was quenched by adding Tris-HCl (pH 7.4) to a final 

concentration of 40mM and 15 minute incubation on ice. 

Lentivirus production and transduction 

Lentiviral plasmids were co-transfected with the packaging plasmids Pax2 and 

MD2G into HEK293T cells using calcium phosphate precipitation. Viral supernatant was 

harvested 72 hours post transfection, spun down at 500xg for 5 minutes, and filtered 

through a 0.45 μm filter. 500 μL of viral supernatant were used to transduce 100,000 

cells in the presence of 8 μg/mL polybrene for 24 hours. The following day, media was 

changed, and transduced cells were selected using 2 μg/mL of puromycin. 

Mass spectrometry to identify the MNK1 interactome  
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 D4M.3a (1.25x106) and A375 (2x106) cells were seeded in 15 cm dishes and 

allowed to adhere overnight. Approximately 18 hours before harvesting the cells, the 

media was aspirated and refreshed. Cells were harvested and immunoprecipitation was 

performed as described above in the presence of 50 μM DTSSP. Immunoprecipitated 

antigen-antibody complex was collected using protein-G sepharose beads for 1 hour. 

The beads were washed 3 times in ice-cold HEPES-Acetate lysis buffer (without NP40 

detergent and inhibitors). Beads were eluted using 50:50 NH4OH:H20 for 5 minutes at 

room temperature. Samples were then vacuum dried for 1 hour and 25 minutes on 

medium heat setting. Samples were resolubilized and digested in 5 μL proteomics-

grade Trypsin (Promega) at a concentration of 12 ng Trypsin per μL, overnight. 

Samples were then dried again in a Speedvac and resolubilized in 20 μL of water with 

0.1% formic acid. High performance liquid chromatography was conducted using a 2 cm 

pre-column (Acclaim PepMap 50 mm × 100 μm inner diameter (ID)), and 25 cm 

analytical column (Acclaim PepMap, 500 mm × 75 μm diameter; C18; 2 μm; 100 Å, 

Thermo Fisher Scientific), running a 120 min reversed-phase buffer gradient at 350 

nl/min on a Thermo EASY-nLC 1000 pump in-line with a Thermo Q-Exactive HF 

quadrupole-Orbitrap mass spectrometer. A parent ion scan was performed using a 

resolving power of 120,000, then up to the 25 most intense peaks were selected for 

MS/MS (minimum ion count of 1000 for activation) using higher energy collision induced 

dissociation (HCD) fragmentation. Dynamic exclusion was activated such that MS/MS of 

the same m/z (within a range of 10 ppm; exclusion list size = 500) were excluded from 

analysis by above duty cycle for 3.5 seconds. For protein identification, raw files were 

converted to mgf format using Mascot Distiller (v3.0.10800), then searched using the 
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Mascot Search engine  (Matric Science Ltd) against the Human Uniprot database. 

Search parameters specified as: parent MS tolerance at 6 ppm and MS/MS fragment 

ion tolerance at 50 mmu, and with 1 missed cleavage allowed for trypsin. No fixed 

modifications, but oxidation of methionine was allowed as a variable modification. Data 

were re-searched using X!Tandem, additionally allowing deamidations of glutamine and 

asparagine as variable modifications. The combined search data were validated using 

standard validation software of the Scaffold proteome software platform (Proteome 

Software). Proteins identified with an FDR of 1% on the peptide level and protein level 

were considered and quantified, relative to the other samples, by total spectral counts. 

Mass spectrometry – Shotgun Phosphoproteomics of MNK1/2 

 HEK293 cells were serum starved overnight. The next day, the cells were pre-

treated with DMSO or SEL201 for 1 hour. The cells were then stimulated with PMA for 

30 minutes (in the presence of DMSO or SEL201). The cells were then harvested. 

Proteins from cell pellets were extracted in lysis buffer containing 5% sodium dodecyl 

sulfate (SDS), 100 mM TRIS pH 7.8 supplemented with PhosStop phosphatase inhibitor 

cocktail (Roche). 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). Lysates were clarified by centrifugation at 14,000 x g for 5 minutes, 

and transferred into a new reaction tube and disulfide bonds were reduced by the 

addition of tris(2-carboxyethyl)phosphine (TCEP) to a final concentration of 20 mM and 
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incubated at 60°C for 30 minutes. Free cysteines were alkylated using iodoacetamide at 

a final concentration of 30 mM and subsequent incubation at 37°C for 30 minutes in the 

dark. An equivalent of 250 µg 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 an S-TRAP Mini cartridge (Protifi LLC, Huntington, NY) and spun at 

4000 x g for 2 minutes. Samples were washed three times using 200 µL of STRAP 

loading buffer. Proteins were then proteolytically digested using trypsin (Sigma) at a 

1:10 enzyme to substrate ratio for 16 hours at 37°C. Peptides were sequentially eluted 

in 50 mM ammonium bicarbonate, 0.1% formic acid in water, and 50% acetonitrile. 

Peptide containing samples were then vacuum concentrated, and desalted using Oasis 

HLB SPE cartridges (30 mg, 1 CC, Waters). 

Desalted peptides were vacuum concentrated and reconstituted in 100 mM 

triethylammonium carbonate (TEAB) and combined 1:1 (w/w) with their respective TMT 

10-plex (Thermo) label which was reconstituted in 100% acetonitrile. Peptides were 

labelled for 60 minutes at room temperature, followed by quenching with 5% 

hydroxylamine (to a final concentration of 0.4%). Labelled peptides were then pooled, 

vacuum concentrated, and desalted by SPE using Waters tC18 cartridges (500 mg). 

TMT labelled peptides were then reconstituted in 20 uL of 5 mM ammonium acetate pH 

10, fractionated by basic reversed phase chromatography using a Waters XBridge BEH 

C18 column (4.6 x 150 mM, 5 uM), and pooled into 24 fractions. 10% of each sample 

was reserved for measurement of the total proteome and the remainder was combined 
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into a total of 8 fractions which were used for phosphopeptide enrichment by 

immobilized metal affinity chromatography (IMAC) using AssayMap Fe-NTA (III) 

cartridges (Agilent) and an Agilent Bravo liquid handling system. 

Samples for both total proteome and phosphoproteome analysis 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 µm particle size, 75 µm inner diameter x 2 cm length) in 

0.1% formic acid (buffer A). Peptides were separated using a 50-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 µm particle size, 75 µm inner diameter x 25 cm length) at 

a flow rate of 300 nL/min. Full MS scans were acquired from m/z 375-1,400 at a 

resolution of 70,000, with an automatic gain control (AGC) target of 3 x 106 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 0.7, an AGC target of 1 x 105 and a maximum 

injection time of 120 ms and fragmented using a normalized higher-energy collisional 

dissociation (HCD) energy of 33. MS/MS were acquired at a resolution of 35,000 and 

the dynamic exclusion was set to 30 s. DDA MS raw data was processed with Proteome 

Discoverer 2.4 (Thermo Scientific) and searched using Sequest HT against a human 

UniProt FASTA database. The enzyme specificity was set to trypsin, with a maximum of 

2 missed cleavages.  TMT 10plex labelling (229.163 Da) of peptide N-termini and lysine 

residues and carbamidomethylation of cysteines were set as fixed modifications 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 
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used to assess posterior error probabilities and the data was filtered using a false 

discovery rate (FDR) <1% on peptide and protein level. Reporter ion quantification was 

performed using the appropriate nodes in Proteome Discoverer 2.5.  

Proteins and phosphopeptides TMT abundances were filtered such that only 

proteins or peptides were retained if quantified in >50% of at least one sample group. 

Missing values were imputed by sampling randomly generated values between the 

minimum and lowest 5% of LFQ abundances. Protein abundances were scaled 

(normalized) based on the total peptide amount per sample. Proteins quantified by a 

single peptide were retained in the data summary but labelled in red. Differences in 

protein expression were calculated by taking the ratio of grouped median protein or 

phosphopeptide abundances. Statistical significance was determined by background 

based t-tests which were calculated for each specified group abundance ratio, and 

adjusted for false discovery rate (FDR) using Benjamini-Hochberg method within 

Proteome Discoverer 2.5. Regulation was defined on the basis of having an adjusted p-

value of less than 0.05, and a fold change corresponding to 2-sigma of the distribution 

of all calculated fold-changes. Dimensional reduction by principal component analysis 

and hierarchical clustering were conducted using the normalized protein and 

phosphopeptide LFQ abundances as inputs for Instant Clue (http://www.instantclue.uni-

koeln.de/). 

Mass spectrometry – Targeted Phosphoproteomics of FLAG-LARP1  

 HEK293T (1.2x106) cells were seeded in 10 cm dishes and allowed to adhere 

overnight. One 10 cm dish was used per immunoprecipitation sample. The next day, the 

cells were transfected with 4 μg of FLAG-LARP1/ or FLAG-205 to 509 LARP1 fragment 
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plasmid using 30 μL of Lipofectamine 2000. 16 to 18 hours later, the media was 

changed to fresh DMEM supplemented with 10% FBS. The next day, prior to harvest, 

the media was changed and refreshed for 3 hours and at this point DMSO or SEL201 

was added to a final concentration of 2.5 μM to half the dishes. FLAG-LARP1 was 

immunoprecipitated from these samples and after 3 washes were boiled in 1xLaemmli 

buffer containing SDS. 5% of the sample was used for determination of protein 

concentration by bicinchoninic acid assay (BCA) (Thermo/Pierce) which was used to 

normalize the total amount of material digested per sample. Proteins were reduced in 

20 mM TCEP at 60°C for 30 minutes, and alkylated with 25 mM iodoacetamide at room 

temperature in the dark for 30 minutes. Samples were then acidified with phosphoric 

acid (1.3% volume / volume) prior to dilution with S-TRAP binding buffer (90% 

methanol, 100 mM TRIS pH 8.5) and sample cleanup and proteolytic cleavage using S-

TRAP micro cartridges according to the vendor provided protocol (Protifi LLC). 1 ug of 

trypsin (Promega) in 50 mM ammonium bicarbonate was used for digestion overnight at 

37°C. Peptides were extracted from S-TRAP cartridges using 3 sequential washes with 

ABC, 0.1% formic acid, and 50% acetonitrile prior to vacuum concentration. Samples 

were rehydrated in a final volume of 100 µL (80% acetonitrile, 0.1% TFA final 

concentration) and used for automated phosphopeptide enrichment using Fe(III)-NTA 

immobilized metal affinity chromatography (IMAC) tips (Agilent, part # G5496-60085) 

and an Agilent Bravo liquid handling system equipped with an AssayMap head. 

Flowthrough was retained for the analysis of non-modified peptides, and both the 

phosphopeptide containing eluate and flowthrough were evaporated to dryness and 

rehydrated in 0.1% TFA prior to analysis by LC-MS/MS. Both the phosphopeptide 
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containing eluate and flowthrough were analyzed by data dependent acquisition (DDA) 

using an Easy-nanoLC 1200 and Q Exactive Plus (Thermo Fisher Scientific). Peptides 

were first loaded onto a precolumn (Acclaim PepMap 100 C18, 3 µm particle, 75 µm x 2 

cm) in 0.1% formic acid (mobile phase A), and separated using a 60 minute gradient 

from 3-40% acetonitrile (mobile phase B) using an Acclaim PepMap C18 column (250 

mm x 75 µm inner diameter, 2 µm particle) at a flow rate of 300 nL/min. Survey scans 

were collected between 350-1,500 m/z at 70,000 resolution, automatic gain control 

(AGC) was set to 1 x 10E6 and the maximum injection time was set to 50 ms. The 15 

most abundant precursor ions with a charge of +2 to +4 were selected for MS/MS. 

Isolation width was set to 1.2 Th, AGC target was 2 x 10E4 and a maximum injection 

time of 64 ms. Normalized collision energy (NCE) was set to 28. The resolution for 

MS/MS scans was set to 17,500 and the dynamic exclusion was set to 30s. Raw MS 

data was processed with Proteome Discoverer 2.5 (Thermo Scientific) using the 

Sequest HT node for database searching against a human reference proteome FASTA 

database from Uniprot (downloaded August 25th 2021). The enzyme specificity was set 

to trypsin, with a maximum of 2 missed cleavages.  Carbamidomethylation of cysteine 

was set as a fixed modification and oxidation of methionine, and serine, threonine, and 

tyrosine phosphorylation as variable modifications.  The ptmRS node was used in 

phosphoRS mode to assess the probability of phosphosite localization. Precursor and 

product ion mass error 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 node of Proteome Discoverer was used for label free quantitation. Protein 
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and phosphopeptides abundances were scaled based on total peptide amounts per 

sample, and only proteins or phoshopeptides quantified in at least 50% of an 

experimental group were retained. Missing values were imputed using the low 

abundance resampling method in the precursor ions quantifier node. 

La-Module (310 - 540) expression and purification 

The La-Module (amino acids 310-540) of LARP1 was cloned by PCR into a 

modified pET28a SMT3 vector (Mossessova and Lima, 2000; Al-Ashtal et al. 2019). 

This construct expressed La-Module with a His10-SMT fusion tag. The resulting 

constructs were used to transform BL21 (BE3) bacteria and were grown overnight on 

LB plates supplemented with 30 μg of kanamycin. The His10-SMT-LaModule fusion 

protein was expressed by autoinduction for 2.5 hours at 37°C followed by overnight 

incubation (18-20 hours) at 18°C. The bacteria were subsequently centrifuged down, 

frozen in liquid nitrogen, and stored at -80°C. 

Approximately 6 grams of bacteria were resuspended in 50 mL lysis buffer (50 

mM Tris-HCl, pH 8.0, 400 mM NaCl, 10 mM imidazole, and 10% glycerol) 

supplemented with Pierce Protease Inhibitor Mini Tablets (#A32953) in on a magnetic 

stirrer at 4°C for 30 minutes. The bacteria were then flash frozen and thawed 4 times in 

liquid nitrogen to promote efficient. Subsequently, the bacteria were sonicated (output 

power 2) in 45 second ON, 45 second-OFF intervals six times in an ethanol-ice bath. 

The sonicated lysate was cleared by centrifugation at 9700 x g for 20 min at 4°C. The 

clarified bacterial lysate were incubated with 8 mL of Ni-NTA Resin (ThermoFisher) on a 

nutator for 1 hour at 4°C. The nickel beads were then washed once with 20 mL lysis 

buffer (without inhibitors) and twice with wash buffer (50 mM Tris-HCl, pH 8.0, 400 mM 
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NaCl, 35 mM imidazole, and 10% glycerol). The beads were eluted twice with 20 mL 

elution buffer (50 mM Tris-HCl, pH 8.0, 400 mM NaCl, 250 mM imidazole, and 10% 

glycerol) on a nutator at 4°C for 30 minutes each. 1 mg of in-house made ULP1 was 

added to the eluted proteins which were then altogether dialyzed against 2 liters of 

dialysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5mM EDTA, 0.5mM DTT, 

0.5mM TCEP, and 10% glycerol) for 3 hours at 4°C on a magnetic stirrer with gentle 

mixing. The lysate was then cleared by centrifugation at 9700 x g for 15 min at 4°C. 

Nucleic acid and protein contaminants were removed using HiTrap Heparin followed by 

tandem HiTrap S and HiTrap QP (GE Healthcare Lifesciences) chromatography with an 

NaCl gradient (150 mM-1M), with La-Module flowing through the Heparin column and 

subsequently eluting from the Q columns. Fractions containing the La-Module were 

collected, dialyzed into storage buffer (50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 25% 

glycerol, and 4 mM TCEP), concentrated, frozen in liquid nitrogen and stored at -80°C. 

T449A mutations were performed using QuikChange Site-Directed Mutagenesis and 

expressed and purified as described above.  

In vitro kinase assay 

Human recombinant GST-tagged active MNK1 was purchased from Abcam 

(#ab125635). Human recombinant GST-eIF4E was purchased from SignalChem (#E34-

30G-50). Kinase reactions between MNK1 and LARP1 were performed in a buffer 

containing 20 mM HEPES-KOH, 10 mM MgCl2, 1 mM DTT, 25 µM ATP, 1x 

phosphatase inhibitor (Roche #4906845001) and 2.5 µCi of ATP (γ-32P) (Perkin Elmer) 

using 150 ng (1.95 pmol) of MNK1 per 500 ng (18.61 pmol) of La-Module (310 to 540) 

or 346 ng (18.51 pmol) of DM15 (796-946). Kinase reactions were incubated at 30°C for 
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1 hour in a thermocycler without heated lid. The kinase reaction was stopped by adding 

Laemmli’s loading dye and subsequent boiling for 5 minutes at 95°C. The samples were 

then PAGE-separated and the gel was dried for 45 minutes at 80°C. Phosphor screens 

(GE Healthcare Lifesciences) were exposed for 20 to 30 minutes and were imaged on a 

Typhoon FLA reader (GE Healthcare Lifesciences). Kinase assay reaction between 

GST-MNK1 (0.65 pmol) and GST-eIF4E (3.94 pmol) were performed in the same 

conditions as above, with 200 µM ATP, and without radioactive ATP (γ-32P). 

Phosphorylation of eIF4E was detected by immunoblotting using a phosphorylated 

eIF4E (S209) antibody 

La-Module Electrophoretic Mobility Shift Assays (EMSA) 

RPS6 TOP motif (20-mer) or Poly (A25) RNA oligonucleotides were 5’-end 

labeled with [γ32P]-ATP (Perkin Elmer) using T4- polynucleotide kinase (New England 

Biolabs) and purified with MicroSpin™ G-25 Columns (Cytiva Life Sciences). 5X stocks 

of La-Module (WT and T449A) were prepared in dilution buffer (50 mM Tris-HCl pH, 7.5, 

250 mM NaCl, 25% glycerol, 4 mM TCEP). Reactions were performed in 10 µL 

reactions in above dilution buffer (treated as 5x reaction buffer) containing 1 µL of (10 

U/mL) poly(dI-dC) (Sigma-Aldrich), 1 µM BSA, 0.61 nM radiolabeled Poly (A) or RPS6 

(20-mer) RNA and respective concentrations of La-Module. The reactions were 

incubated on ice for 45 minutes and subsequently run on a 7% polyacrylamide (29:1) 

native 0.5X TBE gel. The gel was then dried and then exposed to phosphor screens 

(GE Healthcare Lifesciences) overnight, which were then imaged on a Typhoon FLA 

reader (GE Healthcare Lifesciences) and quantitated using Imagequant TL (GE 

Healthcare Lifesciences). Dissociation constants were determined by plotting 
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(KaleidaGraph) the fraction of shifted RNA versus the concentration of protein after 

band intensities were corrected for background (ImageQuant) TL 

Metascape Pathway Analysis 

The list of proteins that were commonly co-immunoprecipitated by MNK1 in A375 

D4M.3a cells were input and analyzed for pathway enrichment into Metascape using 

default settings. The top five pathways were maintained and illustrated in Figure 3.1C. 

Data Availability 

All raw proteomics and phosphoproteomics data are available upon request from the 

corresponding authors. 
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3.8 Supplemental Data 

 

 
Supplemental Figure 3.1: DTSSP-based immunoprecipitation optimization and MNK1:LARP1 

immunoprecipitation experiments related to Figure 3.1 

A: Immunoblot demonstrating MNK1 expression in A375 and D4M.3a cells across the parental, knockout 

and knockout cells overexpressing WT-MNK1. B: Immunoprecipitation experiment to optimize DTSSP 

concentration to be used for the mass spectrometry experiment in A375 and D4M.3a cells (related to 

Figure 3.1A). C: Immunoblot demonstrating that endogenous LARP1 co-immunoprecipitates with MNK1 

in BLM melanoma cells overexpressing MNK1. D: Immunoblot demonstrating that endogenous LARP1 

co-immunoprecipitates with endogenous MNK1 in MCF7 cells. E: Immunoblot demonstrating that 

endogenous LARP1 co-immunoprecipitates with endogenous MNK1 in HEK293T cells in an RNA-

independent manner. 
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Supplemental Figure 3.2: Interactions between FLAG-LARP1 and PABPC1 or mTOR 

A: Immunoblot demonstrating that endogenous PABPC1 co-immunoprecipitates with FLAG-tagged 

LARP1 WT and fragment 205-509 in HEK293T cells. Additionally, endogenous mTOR co-

immunoprecipitates with FLAG-tagged LARP1 WT and fragment 509-1019 in HEK293T cells. B: 

Immunofluorescence of A375 and D4M.3a cells demonstrating the expression and localization of MNK1 

(L390S) and MNK1 (26-28 R-A); MNK1 is depicted in green and DAPI in blue.  
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Supplemental Figure 3.3: Expression and purification of WT and T449A La-Module; in vitro kinase 

assay of eIF4E 

A: Coomassie-stained SDS-PAGE gel showing the BL21 (BE3) induction, nickel-bead batch binding, 

elution, and tag cleavage of the WT La-Module (310 to 540). B: Coomassie-stained SDS-PAGE gel 

demonstrating the heparin flow through fractions containing the WT La-Module (310 to 540). C: 

Coomassie-stained SDS-PAGE gel demonstrating the Q-column eluted fractions containing the purified 
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WT La-Module (310 to 540). D: Coomassie-stained SDS-PAGE gel showing the BL21 (BE3) induction, 

nickel-bead batch binding, elution, and tag cleavage of the T449A La-Module (310 to 540). E: 

Coomassie-stained SDS-PAGE gel demonstrating the heparin flow through fractions containing the 

T449A La-Module (310 to 540). F: Coomassie-stained SDS-PAGE gel demonstrating the Q-column 

eluted fractions containing the purified T449A La-Module (310 to 540). G: Immunoblot demonstrating 

GST-MNK1 phosphorylation of GST-eIF4E at serine 209 by non-radioactive in vitro kinase assay. 
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Chapter 4: Discussion and future directions 

4.1 Comprehensive scholarly discussion of all findings 

 This body of work encompasses many interesting facets of MNK1/2 biology and 

their therapeutic implications. Despite their discovery over two decades ago, our 

knowledge about these kinases and the roles they play in cells is limited.  

In chapter 2 of this thesis, we focused our efforts to better understand how the 

inhibition of the MNK1/2-eIF4E axis could improve current therapies in the management 

of neoplasms. Numerous inhibitors of MNK1/2 are either in development or being 

clinically tested. The importance of targeting MNK1/2 stems from the basic fact that the 

kinases and their most well characterized function of phosphorylating eIF4E is not a 

prerequisite for normal development (21, 55). Moreover, multiple studies have 

demonstrated that activated MNK1/2 and phosphorylation of eIF4E is critical to the 

oncogenic potential of this axis in a myriad of cancers (51-64). However, single-agent 

efficacy of MNK1/2 inhibitors has proven to be limited, and, therefore, focusing our 

efforts in determining cellular conditions that results in a dependence on this axis could, 

in theory, present as a vulnerability in cancer that we may be able to exploit.  

It is well characterized that in response to many targeted inhibitors and 

chemotherapeutic agents, therapy naïve cells express higher levels of phosphorylated 

of eIF4E (8, 90). Simultaneously, it has been demonstrated that phosphorylated eIF4E 

selectively enhances the translation of mRNAs with pro-tumorigenic functions (53, 65-

69). The reliance of cancer cells on this single phosphorylation event can have a 
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significant impact on cell survival. In our data we have shown that treatment of 

melanoma and breast cancer cells with the CDK4/6 inhibitor, palbociclib results in an 

increase in phosphorylated eIF4E (91). We further demonstrate that by genetically or 

pharmacologically inhibiting the MNK1/2 kinases, we further sensitize these cells to 

palbociclib (91). This effect is recapitulated in our therapy naïve murine models of 

melanoma where the combined inhibition of MNK1/2 and CDK4/6 results in significant 

delay in tumor outgrowth and overall survival (91).   

However, the impact of inhibiting the MNK1/2-eIF4E axis is not limited to therapy 

naïve cells as many studies have demonstrated that phosphorylated eIF4E mediates 

resistance to cellular stresses and therapeutic agents (39, 65). Researchers have 

shown that cells that express the eIF4E phosphomimetic (S209D), are more resistant 

cellular stresses such as starvation, oxidative stress and even the effects DNA 

damaging agents compared with the phosphodeficient mutant of eIF4E (S209A) (39). 

This was recapitulated when murine embryonic fibroblast cells knocked out for MNK1/2 

were discovered to be more sensitive than their WT equivalent to stress and DNA 

damaging agents (39). In breast cancer patients, it has been demonstrated that 

resistance to tamoxifen is partly mediated by an increase in phosphorylated eIF4E (65). 

Furthermore, in tamoxifen resistant cells, the pharmacologic inhibition of MNK1/2 or the 

ectopic expression of the eIF4E phosphodeficient mutant (S209A) - coupled with the 

knockdown of endogenous eIF4E - results in increased sensitivity to tamoxifen (65). 

Similarly to these studies, we and others have observed that increased expression of 

MKNK2 and phosphorylated eIF4E in part mediates the process by which breast cancer 
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cells acquire resistance to palbociclib (91, 213). We observed that MCF7 and T47D 

palbociclib resistant cells express higher levels of phosphorylated eIF4E compared with 

their parental counterparts (91). This increase in phosphorylated eIF4E is mediated by a 

significant increase in MKNK2 expression in the palbociclib resistant cells. Importantly, 

we further demonstrate that pharmacologically inhibiting MNK1/2 results in 

resensitization of these therapy resistant cells to palbociclib (91). Overall, these data 

and our own demonstrate that the MNK1/2-eIF4E axis is an exploitable therapeutic 

vulnerability in therapy naïve and therapy resistant cancer cells and warrants further 

interrogation. It is possible that palbociclib-resistant cancer cells have an increased 

dependence on proteins whose synthesis is augmented by phosphorylated eIF4E. It 

would be critical to compare the transcriptomes and proteomes between therapy naïve 

and palbociclib-resistant tumor cells.  

Having been discovered and studied for over two decades, our basic knowledge 

of the MNK1/2 kinases are lacking. While numerous other substrates of MNK1 and 

MNK2 have been identified, the in vivo impact of the interaction has been challenging to 

verify and, hence, researchers commonly attribute the impact of MNK1 and MNK2 

solely to their ability to phosphorylate eIF4E. This is perhaps naïve as the literature 

indicates that MNK1 and MNK2 play critical roles in senescence (214), cell cycle (215), 

and additionally, possess nuclear localization and export signal domains, and have 

been shown to localize to the nucleus (11-13). While studies have shown that eIF4E 

and activated MNK1/2 can be present in the nucleus (51, 216), it is exciting to predict 

that MNK1/2 have additional roles other than phosphorylating eIF4E. Uncoupling the 
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predominantly studied function of phosphorylating eIF4E, and evaluating other 

interactors and substrates of MNK1/2 will provide us with a deeper understanding of the 

oncogenic functions of these kinases and perhaps allow us to better target them. 

In chapter 3 of this thesis, we used a proteomics based approach to determine 

whether MNK1 has substrates other than eIF4E. Remarkably, we discovered that 

MNK1, but not MNK2, interacts with another 5’cap binding protein, LARP1. This study 

provides us with insight into how MNK1 activity may regulate the translation of TOP 

mRNAs. While LARP1 also interacts with the m7GTP cap of TOP mRNAs, its role in 

protein synthesis has been shown to be repressive (101-105). In cellular conditions that 

are growth restrictive, wherein mTOR is inactive, eIF4E remains bound to 4E-BP1/2 

and, simultaneously, LARP1 binds and represses the translation of TOP mRNA 

transcripts (103, 105, 106, 111). However, when nutrients become available, activated 

mTOR phosphorylates 4E-BP1/2 and LARP1, allowing the release of eIF4E and the 

mRNA respectively (103, 105, 106, 111). Finally, this allows eIF4E to bind the mRNA 

and begin the process of translation initiation (103, 105, 106, 111). It has been shown 

that MNK2 phosphorylates eIF4E basally while MNK1 activity is inducible by 

extracellular signals (4, 13). Hence, the specificity of the interaction between MNK1 and 

LARP1 may be regulated by specific upstream signaling mediators such as ERK1/2 or 

p38. MNK1 specifically interacts with the La-module on LARP1, possibly through its N-

terminal region. Moreover, we demonstrate that the interaction between the two proteins 

is likely not mediated by RNA. This is interesting for two reasons: (1) Similar to LARP1, 

MNK1 also interacts with the scaffold protein eIF4G via the polybasic sequence in its N-
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terminal region (13). Substitution mutations in this polybasic region abrogates the 

interaction between MNK1 and both eIF4G and LARP1. (2) LARP1 also binds PABP 

through the La-module. These raise some thought-provoking questions, with potentially 

exciting answers. Does the interaction between MNK1 and LARP1 depend on eIF4G or 

PABP? Are there pools of LARP1-bound mRNA in cells whose translation may be 

sensitive to MNK1 activity? To add on to our curiosity, we have demonstrated that 

MNK1 can phosphorylate the La-module on threonine 449. While the DM15 region on 

LARP1 interacts with the m7GTP cap, the La-module interacts with the TOP motif and 

the poly (A) tails of RNA. In the context of MNK1, this is particularly interesting as MNK1 

does not appear to bind or phosphorylate the cap-binding domain of LARP1, as it does 

with eIF4E. Importantly, we demonstrate, using electrophoretic mobility shift assays, 

that a phosphodeficient T449A La-module (mimicking a cellular condition wherein 

MNK1 would be inhibited) has a higher affinity for RNA compared with its WT LARP1 

equivalent. Overall, these data suggest that, when nutrients are available, MNK1 

phosphorylates LARP1to facilitate the latter from dissociating from TOP mRNA, allowing 

free eIF4E to associate with and promote mRNA translation. Additionally, these data 

provides us with a broader view of how MNK1 and mTOR kinases may work in 

conjunction to orchestrate the process of ribosome biogenesis. 

4.2 Research limitations and future directions 

While this body of work has provided us with novel insights into MNK1/2 biology, 

a lot of questions related to the work presented in both chapters remain and allow for 

further avenues of investigation. 
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4.2.1 Investigating the combination of CDK4/6 and MNK1/2 inhibition in models of 

cancer metastasis 

While our study primarily focused on the impact of the combination on 

proliferation and cell cycle arrest, there is an abundance of literature indicating the 

critical roles CDK4/6 and MNK1/2 play in metastasis. The MNK1/2-eIF4E axis promotes 

the synthesis of proteins associated with invasion and metastasis such as Snail, MMP3, 

MMP9 (68, 217). It has also been demonstrated that increased expression of 

phosphorylated eIF4E is associated with poor prognosis in metastatic breast cancer 

(218, 219). Additionally, MNK2 expression is correlated with increased metastasis and 

acts as an independent prognostic factor in patients with non-small cell lung cancer 

(220). Furthermore, data generated from our lab has demonstrated that the MNK1/2-

eIF4E axis promotes invasion and metastasis of melanoma and breast cancer (53, 54, 

64, 68, 78, 99). Similarly, CDK4/6 activity has been associated with increased cancer 

metastasis in triple-negative breast cancer through stabilization of SNAIL1, while 

inhibition of CDK4/6 has been demonstrated to repress tumor metastasis. (221, 222) 

Given the established role of phosphorylated eIF4E in driving breast cancer metastasis, 

it would be prudent to investigate the combination of CDK4/6 and MNK1/2 inhibitors in 

the context of metastatic models of cancer. 

4.2.2 Determining the impact of the CDK4/6 and MNK1/2 combination on the tumor 

microenvironment 

 We and others have demonstrated the importance of the MNK1/2-eIF4E axis in 

regulating the tumor microenvironment. Our lab has demonstrated that whole body 
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phospho-eIF4E deficient mice are more protected from tumor outgrowth and metastasis 

(96). Moreover, it has been demonstrated that the MNK1/2-eIF4E axis has a profound 

impact on tumor-associated cells within the tumor microenvironment (54, 94, 99). We 

have demonstrated that the MNK1/2-eIF4E axis controls the expression of PD-L1 on 

dendritic cells (DCs), which is significant since PD-L1 expressed by DCs promotes 

immune evasion against tumors (54). Furthermore, in co-culture studies, eIF4E 

phosphodeficient DCs increased the number of CD8+ T cells that release IFN-γ, a 

potent mediator of the cytotoxic T cell response (54). Studies in murine models of 

hepatocellular carcinoma have demonstrated that inhibition of the MNK1/2-eIF4E axis 

resulted in increased PD-L1 expression (98).  Importantly, MNK1/2 inhibitors are 

currently being tested in combination with anti-PD-1/PD-L1 immunotherapy in solid 

tumors (NCT03616834). 

There is increasing evidence that CDK4/6 inhibitors boost anti-tumor immunity by 

promoting T-cell activation and tumor infiltration (223-225). Furthermore, it has been 

demonstrated that exposure of murine melanoma and colorectal cells to CDK4/6 

inhibitors can increase the surface expression of PD-L1 (226). Additionally, it has been 

shown that CDK4/6 inhibition augments the therapeutic efficacy of anti-PD-L1 therapy in 

murine models of oral squamous cell carcinoma (227). In HR+ breast cancer patients, it 

has been demonstrated that CDK4/6 inhibition reduces the circulating levels of 

immunosuppressive regulatory T cells (Tregs) and myeloid-derived suppressor cells 

(MDSCs), two well-known mechanisms serving to override the anti-tumor immune 

response (228). Importantly, the combination of palbociclib, pembrolizumab and 
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letrozole in HR+ breast cancer are well tolerated and patients achieved a 31% complete 

response (229). Overall, these data highlight the importance for investigating the impact 

of the combined inhibition of MNK1/2 and CDK4/6 in the tumor microenvironment and 

immune landscape.  

4.2.3 Investigate the mechanism by which phosphorylated eIF4E mediates resistance 

to CDK4/6 inhibition 

Feedback from the translation machinery has been reported to mediate 

resistance to CDK4/6 inhibitors (207-212) and it has been demonstrated that the 

addition of inhibitors of mRNA translation can result in potent repression of these 

therapy-resistant cells. In chapter 2 we show that breast cells resistant to palbociclib 

have increased expression of MKNK2 and phosphorylated eIF4E compared to their 

parental counterparts. Moreover, we further demonstrate that blocking this increase in 

phosphorylated eIF4E results in resensitization of the cells to palbociclib in vitro. In 

subsequent studies, it would be important to investigate the mechanism by which these 

CDK4/6 therapy-resistant cells depend on phosphorylated eIF4E as it may provide us 

with other exploitable vulnerabilities in these cells. Furthermore, it would be important to 

assess whether palbociclib-resistant cells are specifically dependent on MNK2 or 

whether MNK1 may promote therapy resistance to palbociclib. 

4.2.4 Characterizing the impact of eIF4G and PABP on the interaction between MNK1 

and LARP1 
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Our work in chapter 3 has introduced LARP1 as a novel substrate of MNK1. 

However, many questions regarding the interaction remain. Since we have 

demonstrated that MNK1 binds LARP1 via the La-module, it is possible that this 

interaction is mediated by PABPC1, as PABPC1 and LARP1 have been shown to 

endogenously interact with each other (111, 230). Similarly, we have shown that the 

polybasic region within the N-terminal of MNK1 is required for its interaction with both 

LARP1 and eIF4G, thus it would be important to determine whether eIF4G mediates the 

interaction with LARP1. eIF4G is the scaffold protein of the eIF4F complex, and can 

endogenously interact with PABPC1 as well. Hence, it is possible that MNK1 can be in 

complex with these proteins, which may mediate its interaction with LARP1. 

Deciphering the underpinnings of the interaction may provide us with a better 

understanding of the dynamics of the mRNA translation process. Ultimately, we do 

demonstrate that MNK1 can interact with LARP1 in an RNA-independent manner, 

suggesting that the proteins may directly bind each other. We also demonstrate, using 

mass spectrometry and in vitro kinase assays, that MNK1 can phosphorylate LARP1 at 

T449.  

4.2.5 Investigating other MNK1-dependent phosphorylation sites on LARP1 

We have demonstrated using mass spectrometry and in vitro kinases assays that 

MNK1 can indeed phosphorylate LARP1 on the La-module and not the DM15. 

However, it remains unclear whether MNK1 is able to phosphorylate other serines or 

threonines on the La-module. While our mass spectrometry data revealed the threonine 

449 site as being the only significant MNK1 phosphosite on LARP1, we observed that 
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MNK1 still can phosphorylate the phosphodeficient T449A La-module in our in vitro 

kinase assays, albeit to a lesser extent that the unmutated La-module. Therefore, it is 

entirely possible that MNK1 can phosphorylate LARP1 at multiple sites. Discovery and 

investigation of other MNK1-dependent phosphosites would provide invaluable 

information about the impact of MNK1 kinase activity on LARP1.  

4.2.6 Impact of the MNK1 and LARP1 interaction on mRNA translation and cancer 

 While our in vitro data has demonstrated that the MNK1-dependent 

phosphorylation of LARP1 likely impacts the ability of LARP1 to associate with RNA, we 

have yet to investigate the importance of the interaction in living cells. There is 

emerging data demonstrating the importance of the expression and function of LARP1 

in cancer development and progression. LARP1 is overexpressed in multiple 

malignancies and is associated with poor prognosis (113, 115-117). However, the data 

investigating the function of LARP1 in cancer is still emerging. While knockout of LARP1 

is not lethal, cells deficient in LARP1 exhibit decreased cell proliferation, invasion, and 

increased apoptosis (113, 114, 231). Furthermore, it has been shown that LARP1 can 

positively regulate the expression of oncogenic mRNAs like mTOR, BCL2, AKT3, and 

ERBB3, and negatively regulate anti-tumorigenic transcripts like BIK and TNF (113, 

114). It has been demonstrated that the MNK1/2-eIF4E axis can promote the 

expression of oncogenic mRNAs such as BCL2 and TNFα (5, 28, 96). Therefore, we 

would hypothesize that the activity of MNK1 on LARP1 may potentially play a role in the 

process by which these mRNAs are translated.  Overall, these data highlight the 

importance of investigating the role of LARP1 in cancer. Pertinent to our data, it would 
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be critical to study the in vivo phenotype of the phosphodeficient T449A mutant 

compared with WT and the phosphomimetic T449D mutant.  Additionally, it would be 

important to understand the relationship between the various phosphorylation events of 

LARP1 in the context of eIF4E phosphorylation. Another important aspect that remains 

uninvestigated is the role of LARP1 in immune cell function. 

4.2.7 Investigate the function of exon 1 in LARP1 isoforms  

LARP1 is expressed as two distinct isoforms i.e. the long isoform consisting 1096 

amino acids and the shorter, 1019 amino acid isoform. It has been demonstrated that 

the longer isoform is dominantly expressed in human cancer cell lines (232).  Apart from 

the first exon, both isoforms are entirely homologous. While we have not thoroughly 

studied the relevance of the individual isoforms, we have demonstrated that MNK1 

interacts with the La-Module, a region that is homologous between both isoforms. 

Additionally, the threonine on LARP1 that we propose is phosphorylated by MNK1, 

namely T526 within the longer isoform and T449 within the shorter isoform – is also 

conserved between the two isoforms. However, it would be prudent to investigate the 

importance of the amino acids encoded by the first exon in both isoforms, as it may 

possess additional and potentially different functions in regulating mRNA translation.  

4.3 Final conclusion and summary 

In conclusion, this thesis presents novel mechanisms by which the MNK1/2 

kinases can regulate the efficacy of therapeutic agents. Furthermore, we present the 

discovery and potential impact of a novel substrate of MNK1 kinase. 
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The objectives of our studies were as follows:  

1. To determine the impact of combining the FDA-approved CDK4/6 inhibitor, 

palbociclib with preclinical and clinically available MNK1/2 inhibitors. 

2. To identify the mechanism of response to the therapeutic combination.  

3. To assess whether therapeutic resistance to palbociclib occurs through 

mechanisms involving the MNK1/2-eIF4E axis. 

4. To determine the in vivo efficacy of the therapeutic combination in melanoma 

models. 

5. To identify novel interactors and substrates of MNK1. 

6. To characterize the binding dynamics of any identified protein:protein 

interactions. 

7. To determine whether MNK1/2 can phosphorylate identified interacting proteins. 

8. To determine the functional impact of the MNK1-dependent phosphorylation of 

the substrate. 

The objectives of our studies were accomplished as follows: 

In chapter 2 of this thesis, we assessed the in vitro efficacy of the combined 

pharmacologic CDK4/6 and MNK1/2 (pharmacologic or genetic) inhibition using colony 

forming assays and demonstrated that melanoma and breast cancer exposed to the 

combination had significantly repressed clonogenic outgrowth compared to either single 

agent alone. Using quantitative proteomics, we discovered that melanoma cells treated 

with the combination had repressed expression of proteins critical for mitosis. Cell cycle 

analysis using propidium iodide staining demonstrated that the combination increased 
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G1 cell cycle arrest in melanoma and breast cancer cells. The effect of the combination 

on G1 cell cycle arrest in melanoma cells were verified using the FUCCI cell cycle 

system. We further demonstrate that the combination of CDK4/6 and MNK1/2 inhibition 

significantly increased β-gal associated senescence compared with either single agent. 

Next, using colony forming assays we show that CDK4/6 therapy-resistant melanoma 

and breast cancer cells can be resensitized to palbociclib upon treatment with a 

MNK1/2 inhibitor. We further demonstrate using qPCR and immunoblotting that 

palbociclib-resistant breast cancer cells express higher levels of MKNK2 and 

phosphorylated eIF4E respectively compared with their parental counterparts. Finally, 

using in vivo models of therapy-naïve melanoma, we show that the combined inhibition 

of CDK4/6 and MNK1/2 significantly delays tumor outgrowth, and increases overall 

survival compared with single agents. Additionally, immunoblotting of the tumors 

harvested from mice treated with the combination showed repressed expression of 

proteins discovered to be downregulated in our in vitro proteomics experiment.  

In chapter 3 of this thesis, we use a crosslinking proteomics approach to identify novel 

interactors of MNK1. In our proteomics, we identified LARP1 as a novel binding partner 

of MNK1. Using immunoprecipitation assays we discovered that MNK1, but not MNK2, 

can interact with LARP1. We further demonstrate that LARP1 interacts with MNK1 in an 

RNA-independent manner. Additionally, we map the domains on LARP and MNK1 that 

are necessary for the interaction. We next determined that MNK1 can phosphorylate 

LARP1 using a combination of quantitative phosphoproteomics and radioactivity based 

in vitro kinase assays. Finally, we purified recombinant La-module (WT and T449A) and 
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by electrophoretic mobility shift assays, we demonstrate that the phosphodeficient 

T449A mutant has a higher affinity for RNA compared with its WT equivalent. With the 

support of McGill University’s annual Graduate Mobility Award (2021 – 2022), I 

performed the La-Module protein purifications, in vitro kinase assays, and the 

electrophoretic mobility shift assays in the laboratory of Dr. Andrea Berman at the 

University of Pittsburgh. 
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