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ABSTRACT 

DIFFERENT ONCOGENIC KRAS MUTATIONS PRODUCE DISTINCT 
HETEROGENEOUS OUTCOMES IN SIGNALING PATHWAYS OF ISOGENIC 
MOUSE EMBRYONIC FIBROBLASTS 

Emna El Gazzah, (M.S) 

George Mason University, 2021 

Thesis Director: Dr. Mariaelena Pierobon 

 

RAS proteins are a family of small GTPases, they are central to transduction of 

mitogenic signals that control cell growth, proliferation, survival and metabolism. A gain 

of function mutation in this family of proteins, either by increased expression or 

activation state, provides the cell with sustained proliferative signaling, one of cancers 

basic eight hallmarks. For that reason, RAS proteins are one of the most frequently 

mutated oncogenes, mutated in up to 85% of all human cancers. of the three RAS 

isoforms: HRAS, NRAS and KRAS, KRAS astoundingly makes up to 85% of all RAS 

mutations. 99.2% of KRAS mutations occur at three distinct codon hotspots: G12, G13 

and Q61, with mutations at codon G12 making up 90% of these. Moreover, compiling 

evidence points towards the notion that not all KRAS mutations act equally. There is a 

clear imbalance in the frequency of KRAS mutations that appear not only across different 

cancer types but among the same type too. There is a strong correlation between the 
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appearance of a distinct mutation and cancer type, histology and carcinogen. These 

context specific trends really reflect the underlying complexity behind the different 

mutations.  

 

An important set of players that regulate KRAS signal transduction pathways and 

define their specificity are the scaffold proteins. They regulate signal duration, strength 

and insulation through dynamic scaffold-kinase interactions (SKIs). SKIs have a 

fundamental influence on signal transduction and so for the different KRAS mutants to 

produce distinct effects, they must be able to manipulate this. In this study, we aim to 

explore broad changes in signal transduction across different KRAS mutations and to 

evaluate how different mutations can affect SKIs.  

 

To study KRAS mutant specific effect on cell signaling networks, we used 

isogenic Mouse Embryonic Fibroblasts (MEFs) engineered to selectively harbor and 

express 6 KRAS oncogenic variants. We first used a multiplex, high throughput 

immunoassay, Reverse Phase Protein Microarray (RPPA), to capture broad signaling 

changes across our cell lines. To further explore the effect of KRAS mutations on 

downstream signaling events, we characterized and compared functional scaffold-kinase 

interactions across models harboring mutations affecting codon 12. Scaffold-kinase 

interactions were analyzed using the newly developed Multi-nodal Protein Interactome 

Network Array (MPINA) which combines serial Co-immunoprecipitation (Co-IP) with 
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RPPA to selectively isolate protein complexes and identify the activation status of their 

constituents.  

 

Broad signaling profile of the 6 models has shown heterogeneous and mutation-

specific signaling activity. Overall, mutations at codon 12 cluster together exhibiting 

higher signaling activity compared to all models and presenting with the least intricate 

interconnection network. On the contrary, mutations of codon 61 presented with the least 

active signaling dynamics and interestingly interconnection network with the highest 

complexity. Furthermore, comparing mutations at codon 12 displayed a clear division 

into cells with the highest active signaling; G12D and G12C, and cell lines with the 

lowest active signaling; G12V and G12R. This trend of mutation-specific signaling 

activity follows through and can be seen across downstream SKI dynamics of mutations 

at codon 12. Remarkably, we observe the highest difference in SKI dynamics among the 

two cell lines with highest signaling activities. G12C mutations presented with the most 

active SKI events while the G12D presented with significantly reduced SKI action.  

 

Taken together our data indicate that not all KRAS mutations are equal as 

downstream signaling nodes are differentially activated based on the type of mutation. 

Exploring SKI of KRAS downstream signaling molecules may provide additional 

information of how signaling networks are rearranged in the presence of a KRAS 

mutation.  
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INTRODUCTION 

KRAS protein in cancer 

 
In 1982, for the first time, mutationally activated and potently transforming small 

GTPase KRAS, was identified in human cancer. This marks the discovery of the first 

mutated gene in human cancer, or more precisely, the first realization that proto-

oncogenes exist within our own DNA of normal cells and hold the potential of becoming 

transforming oncogenes (Cox and Der, 2010; Cox et al., 2014). To date, even with the 

discovery of over 500 confirmed cancer-associated genes, RAS proteins collectively 

remain the number one family of mutated oncogenes in all human cancers.  

 

The RAS superfamily of small guanosine triphosphate (GTP) binding proteins 

includes 5 families (RAS, RHO, RAN, RAB and ARF) of GTPases classified based on 

sequence, structure and function. The RAS family is further subdivided into six 

subfamilies: RAS, RAL, RAP, RHEB, RAD and RIT, centered on sharing a common 

core G domain. The RAS subfamily includes three ubiquitously expressed RAS proteins: 

HRAS, NRAS and KRAS (KRAS4A and KRAS4B, two splice variants) all sharing 82-

90% amino acid sequence homology.  
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Of these three RAS proteins, KRAS is the most frequently mutated isoform in 

human cancers, up to 85% of all RAS mutations, followed by NRAS (11%) and HRAS 

(4%) (Cox et al., 2014; Hobbs, Der and Rossman, 2016). These mutations are observed 

across a wide spectrum of different cancers and at exceptionally high rates within the top 

deadly cancers; lung (up to 20%), pancreatic (up to 90%) and colon (30%) malignancies. 

Furthermore, across the forty-four different described point mutations, up to 99% of 

KRAS mutations occur within three mutational hotspot codons: 12,13 and 61. Mutations 

at codon 12 make up an astounding 90% of this (Hobbs, Der and Rossman, 2016; Liu, 

Wang and Li, 2019). 

One interesting trend is the disproportionate distribution of KRAS point mutations 

across different cancer types and even more, within a single type. Not only are KRAS 

mutations tumor type specific, but there is strong evidence that they are further dependent 

on histology, specific carcinogen exposure, mutagenic process and recently compelling 

proof of distinct gender and age-related variability (Serebriiskii et al., 2019).  

An example of this trend is the frequency of G12C mutations across different 

tumor types. G12C occurs at the highest frequency in lung cancers collectively and has 

the least incidence across colorectal cancers (3%), while the opposite is seen with the 

G12D mutation, up to 75% prevalence in colorectal cancers. Moreover, within lung 

cancers, G12C is found in 40% in lung adenocarcinomas, but of negligible existence in 

lung squamous carcinoma. Interestingly, gender and age specific trends so far have been 

reported for mutations at residue 61. Specifically, Q61K substitution is strongly 
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associated with older female patients diagnosed with colon cancer (Serebriiskii et al., 

2019; Yang et al., 2019; Cook et al., 2021).  

Taken together, these findings reveal how multifaceted KRAS mutations are. 

Their context-specific and unique distributions suggest they must each have distinct 

biological properties and confer different selective advantages during carcinogenesis.  

 

KRAS structure and function  

 
 Despite KRAS’s partially understood, substantial, and convoluted involvement in 

human cancers, its structure and activation are relatively simple. In reality, RAS proteins 

as a whole are simply considered binary switches for growth factor signaling. Although 

the magnitude of their activity is imperative to many essential cell processes such as 

survival, growth, metabolism and proliferation, they simply achieve this by cycling 

between an “on” and “off” conformation. However, regardless of this basic nature, their 

high conservation throughout evolution across vertebrate and invertebrate species really 

reflects their key role in cell functions (Cox and Der, 2010; Pantsar, 2020).  

KRAS proteins have a G domain at their N-terminus which dictates their principal 

functionality as GTPases. This domain contains the GTP binding pocket and is divided 

into two functional regions: switch I (SI) and switch II (SII). These highly flexible switch 

regions change conformation as KRAS cycles between its active and inactive state and 

form the interface upon which KRAS can bind its regulators and downstream effectors. 

The C-terminal of KRAS is termed the hypervariable region (HVR) as RAS proteins 

share the least sequence similarity in this region.  
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The HVR is subject to post-translational modifications and determines 

localization of KRAS as it holds the crucial role of membrane anchorage (Pantsar, 2020). 

Correct cellular localization is essential for KRAS to perform its function, as KRAS 

signal activity is initiated at cell membranes. KRAS proteins are synthesized as cytosolic 

inactive proteins requiring a series of irreversible multi-step post-translational 

modifications at the HVR consisting of: prenylation, proteolysis, and carboxyl 

methylation. This transforms the initial hydrophilic globular protein into a functional 

form containing a hydrophobic C terminal that can insert into cell membranes, the site of 

KRAS signaling (Ahearn et al., 2012). Proper cellular localization of KRAS on its 

functionality is well understood since the first decade of its discovery, however, the full 

picture of correct localization is not yet complete (Cox and Der, 2010).  

 

KRAS is one of the core and frontline signal transducers in a cells circuitry. Upon 

its stimulation, KRAS is able to activate numerous intracellular signaling cascades that 

effectively propagate the signal into the nucleus to adjust genetic expression and 

appropriately form a response. As mentioned above, KRAS preforms this function 

through effortlessly switching between an “on” and “off” state and this is determined by 

the binding of a GTP or GDP respectively. The transition between the two described 

states is regulated by two distinct protein families: Guanine Nucleotide Exchange Factors 

(GEFs) and GTPase-Activating Proteins (GAPs). Under physiological conditions, KRAS 

is predominantly existing as an inactive GDP bound form. Upon stimulation of upstream 
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receptors, mainly Receptor Tyrosine Kinases (RTKs), by their respective growth factor 

ligands, GEFs stimulate the dissociation and release of bound GDP. As intracellular GTP 

levels are up to ten-fold more abundant than GDP, the now exposed KRAS GTP site is 

more likely to associate with a GTP. The association of KRAS with a GTP molecule 

induces a conformational change within SI and SII regions of the G domain and 

ultimately KRAS is now active. 

It is important to note, under normal cellular conditions, activated KRAS is 

considered a transient form. GAPs are negative regulators of KRAS activity and speed up 

its weak intrinsic GTPase activity by a factor of 105 to re-convert it back to its GDP 

bound state. However, while active, GTP-KRAS is known to directly interact with its 

downstream effectors. To date up to seven different protein families are described as 

KRAS effectors (Ahearn et al., 2012; McCain, 2013).  

 

KRAS signaling  

 
Through the propagation of different signaling pathways, KRAS effectively 

regulates and adjusts a myriad of cellular process including proliferation, survival, 

growth, cytoskeleton and metabolism. To put it simply, the outcome KRAS can produce 

is specified by which pathway is activated. Two main pathways affected by KRAS 

activity are the Mitogen-Activated Protein Kinase (MAPK) cascade and the 

phosphoinositide 3-kinase (PI3K) pathway (Ahearn et al., 2012).  

 



6 
 

The MAPK pathway is a cascade of propagated phosphorylation reactions. It is 

initiated by the activation of cell membrane receptors such as: G protein-coupled 

receptors (GPCRs), Tyrosine Kinase Receptors (RTKs) as well as ion channels. Upon 

their activation, receptors attract adaptor proteins, such as Grb2, and GEFs, such as SOS, 

to recruit membrane bound KRAS and activate it. Once active, GTP-bound KRAS will in 

turn bind to and activate RAF family of kinases, one of KRASs first described effectors. 

Next down the line are MEK 1/2, once phosphorylated by RAF kinases, MEK 1/2 

phosphorylate their solely known downstream substrates, ERK 1/2. It is believed that 

MEK 1/2 serve as the specificity determinants of this pathway by processing only one 

target (McCain, 2013; Pantsar, 2020). 

 

The highly evolutionary conserved ERK 1/2 kinases have over 200 identified 

substrates, a number likely to increase as more targets are being identified. Half of ERK 

1/2 known downstream effectors are located in the nucleus, and the rest are spread 

throughout the cell cytosol and within specific organelles. They can be organized into 

distinct protein groups based on their roles: transcription factors, protein kinases and 

phosphatases, cytoskeletal and scaffold proteins, receptors and signaling molecules and 

apoptosis-related proteins (Table 1.1). The combination of ERKs’ effectors 

phosphorylated during signal activation depends on the initiating stimulus and cell type 

(Yoon and Seger, 2006). Overall, ERK 1/2 regulates a widespread of different cell 

process such as apoptosis, protein synthesis and metabolism, mitogenic activity, survival, 

cell growth, and differentiation. 
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Table-1.1Summary of several EKR 1/2 downstream substrates and their subcellular localization (Yoon and 
Seger, 2006). 
Localization Protein Effect of phosphorylation 

Nucleus Transcription 
Factors: Elk1, c-

MYC, c-JUN 

Promotes transcription 
activation function to enhance 
transcription of target genes 

Retinoblastoma (Rb) 
protein 

Relieves cell cycle arrest placed 
by non-phosphorylated Rb 

Cytosol Receptors: Estrogen 
receptor (ER), 
Progesterone 
receptor (PR) 

Initiate ER/PR signaling 

Kinases: RAF, MEK 
1/2, PAK 1 

Negative feedback regulation of 
ERK 1/2 signaling 

Apoptotic proteins: 
Bim, Caspase 9, 

TNFR 

Inhibits their pro-apoptotic 
function 

 
 

As previously mentioned, the second pathway implicated by KRAS activity is the 

PI3K-AKT pathway. Similarly, to the MAPK cascade, the PI3K-AKT pathway can also 

be activated by cell surface RTKs and GPCRs and contributes as another major regulator 

of cell proliferation, growth, survival and metabolism. Receptor activation can directly or 

indirectly, through adaptor proteins such as IRS or GAB, recruit and activate both: PI3K 

and its catalytic subunit p110. Alternatively, as PI3K is one of KRAS direct downstream 

targets, its activation can also be induced directly through KRAS. KRAS is able to bind 

and bring together both PI3K and its p110 catalytic subunit (Cao et al., 2019). 
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The active PI3K complex will phosphorylate phosphatidylinositol-4,5-

bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate (PIP3), a scaffold that 

recruits PDK1 and AKT to the plasma membrane, bringing them in close proximity.  

PDK1 then phosphorylates and activates AKT, the central node of this pathway. 

 

Active AKT has multiple downstream substrates through which it can initiate 

several signaling events. Of note, one of AKTs prominent downstream effectors is 

mammalian target of rapamycin complex 1 (mTORC1) (Slomovitz and Coleman, 2012; 

Cao et al., 2019). mTORC1, a complex of multiple proteins, is activated by AKT and in 

turn will phosphorylate its two targets: eukaryotic initiation factor 4E eIF4E-binding 

protein 1 (4EBP1) and, p70 ribosomal S6 Kinase (p70 S6K). Phosphorylation of 4E-BP1 

inhibits its ability to negatively regulate translation initiation, enhancing protein 

synthesis. On the other hand, phosphorylation of p70S6K activates this protein to act on 

its substrates, including transcription factors, RNA helicases and ribosomal protein S6, to 

ultimately upregulate ribosome biogenesis and protein synthesis (Mendoza, Er and 

Blenis, 2011).  

The realization that the MAPK and PI3K-AKT pathways have strong crosstalk 

connections rose from observations of PI3K-independent p70S6K activation (Chung et 

al., 1994). Since then, various crosstalk means between these two pathways have been 

described and classified based on mechanism: cross-inhibition, cross-activation or 

convergence (Mendoza, Er and Blenis, 2011).  
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To name a few examples, one of the many ERK 1/2 kinase substrates include 

mTORC1 subunit RAPTOR. RAPTOR phosphorylation by ERK 1/2 can promote 

mTORC1 phosphorylation of 4EBP1. Another example is the myriad of shared 

downstream substrates between ERK 1/2, AKT and p70S6K. This pathway convergence 

can sometimes occur simultaneously offering a greater upregulation of growth, division 

and survival (Mendoza, Er and Blenis, 2011). 

Understanding the impact these two pathways have on cell survival, proliferation 

and metabolism, it’s clear how their dysregulation can drive carcinogenesis. In fact, 

collectively MAPK and PI3K-AKT signaling are dysregulated in almost one third of all 

human cancers, making them an ideal hot target for cancer therapy (Cao et al., 2019). 

 

Scaffolding proteins and KRAS activity  

 
Remarkably, the MAPK cascade is able to respond to a magnitude of different 

stimuli and effectively produce distinct appropriate cellular responses. The ability of this 

one pathway to achieve great specificity while generating diverse biological outcomes is 

astounding, yet hard to accomplish if it truly were a linear course as it was first imagined 

to be. In reality, the outcomes of this pathway are not solely shaped by the serial 

phosphorylation events. In fact, it is the finely tuned and intertwined synchronization of 

the MAPK kinases and their regulators, scaffold proteins, that convey the flow of the 

signal and determine its specificity (Martín Vega, 2020).  

Scaffold proteins can be described as dynamic entities defined by their ability to 

bind at least two members of a signaling cascade at once to form a stable and functional 
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complex. Up to 15 different MAPK cascade scaffold proteins have been identified 

(Meister et al., 2013; Martín Vega, 2020). These orchestrators of the cascade serve as 

spatiotemporal regulators that: insulate, control signal duration and intensity, facilitate 

crosstalk, as well as consolidate protein-protein interactions (Figure 1.1). Although much 

of the data obtained indicate they function independently of each other, with recent 

observations that up- or downregulated expression of one can influence the activity of 

another, they may act as one consortium (Meister et al., 2013). 

 

 One of the best characterized scaffold proteins is Kinase Suppressor of Ras 1 

(KSR1). It is able to bind all three kinases of the MAPK cascade, in resting cells KSR1 

exists in association with MEK 1/2. Upon KRAS activation by a cell surface receptor, 

KSR1-MEK 1/2 translocate to the plasma membrane where KSR1 coordinates the 

assembly of a multiprotein complex with RAF and ERK. This brings all kinases of the 

pathway in close proximity to facilitate and promote successful signal transmission. 

Another example includes the IQ motif containing GTPase-activating protein 1 

(IQGAP1). IQGAP can interact with B-Raf upon receptor stimulation to enhance its 

kinase activity. Of note, IQGAP best known role is its involvement in controlling cell 

migration through controlling cytoskeleton proteins. This function is speculated to be 

achieved via its interactions with other scaffold proteins such as MP1, to dictate ERK 

downstream targets (Martín Vega, 2020).  
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Figure 1.1.Illustration of the different scaffold proteins involved in regulating the MAPK cascade. 
 
 

While both of the above-described scaffolds seem to enhance MAPK pathway, 

their involvement and full function is not yet fully understood. Interestingly, in mice, a 

deficiency of KSR1 inhibited oncogenic KRAS signaling. Alternatively, its observed that 

deficiency and silencing of IQGAP promoted development of hepatocellular carcinoma 

and gastric cancer metastasis in humans (Casar and Crespo, 2016). Such findings reveal 

how little is known about scaffolds and more precisely their regulation. Fascinatingly, 

more recently, findings point towards the existence of “super-scaffolds” that serve as 

regulators of scaffold proteins (Amaddii et al., 2012; Meister et al., 2013).  

Overall, considering the whole picture of signaling networks, it’s clear that for 

oncogenic KRAS mutations to hijack mitogenic signaling, they must be able to 

manipulate these regulators. Signaling networks are multidimensional intwined systems, 
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much more complex than the linear routes they were initially envisioned to be. Every 

player has a defined set of roles and activities that determines the subsequent events. 

Hence, to understand how different KRAS mutations modify signaling to fit their 

proliferative needs, we must look at the network as a whole picture and not as the sum of 

its parts (Kolch, 2005). 

 

Challenges with targeting KRAS in cancer 

 

Considering the relatively high frequency of KRAS oncogenic mutations and their 

impact on cell signaling network, KRAS represents an ideal target for cancer therapy. In 

theory, designing small covalent inhibitors that could irreversibly bind and block KRAS 

GTP-binding pockets, in the same way that successful ATP-inhibitors of kinases act, 

seems very promising. However, inhibiting the activity of oncogenic KRAS is much 

harder than it once seemed. Alas, this approach is currently considered “mission 

impossible”, owing to the extremely high affinity of KRAS to GTP and the high 

abundance of GTP molecules in the cytosol. This coupled with the lack of well-defined 

hydrophobic pockets and KRAS small size, deemed what was once an ideal silver bullet 

target, “undruggable”.  

As a result, much of the effort and current strategies towards treating KRAS-

mutant tumors is focused on targeting its downstream MAPK pathway (Liu, Wang and 

Li, 2019). 
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Selective inhibitors of RAF, MEK and ERK kinases have been developed and 

approved to treat certain KRAS-mutant cancers. For example, the dual-specificity MEK 

1/2 inhibitors: trametinib and combimetinib, have been approved for selected melanoma 

patients. Additionally, more inhibitors of downstream transcription factors are emerging. 

The inhibitor of Fos-like antigen 1 (FOSL1) transcription factor has shown great promise 

towards the treatment of KRAS mutated lung and pancreatic cancers (Liu, Wang and Li, 

2019; Chen et al., 2020).  

Another great challenge faced when treating KRAS mutant tumors is the high rate 

of acquired resistance. As expected, due to the high level of convergence and crosstalk 

between the two main KRAS effector pathways, the blockage of one pathway can be 

offset through cross-communication. It’s well accepted that blockade of KRAS activity 

can relieve upstream players of inhibitory negative regulation, this is observed in 

particular with Raf and MEK inhibitors. This liberation of upstream signaling molecules 

is believed to drive much of the crosstalk responsible for acquired resistance to targeted 

treatments in tumors.  

Finally, the well-known and widespread phenomenon of tumor heterogeneity 

poses another threat for therapy. The extensive tumor heterogeneity, a consequence of 

genomic instability gained throughout carcinogenesis, can be responsible for the 

bottleneck effect of treatment on cell population. The selective pressures imposed by 

treatment, allow for the expansion and domination of all pre-existing sub-clonal resistant 

cells. It is this swift change in cell population that produces a tumor mass made of 

predominantly resistant cells during treatment (McCormick, 2015). 
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Multi-nodal Protein Interactome Network Array (MPINA) 

 

Multi-nodal Protein Interactome Network Array (MPINA) is a newly developed 

technique combining serial Co-immunoprecipitation (Co-IP) with Reverse Phase Protein 

Microarray (RPPA).  

Over the years, Co-IP has become the gold standard biochemical assay for 

identifying and confirming protein-protein interactions (PPIs). The purpose of this is 

assay is to isolate a protein of interest from a mixture of proteins, in their native forms. 

Essentially, protein isolation is achieved through the use of a target specific monoclonal 

antibody that will capture the protein of interest whilst allowing it to maintain its 

associations with interacting partners. This way captured proteins are isolated as 

immunocomplexes made up of all interacting proteins at that specific time point without 

the loss of native structure.  

Co-IP additionally provides the opportunity to study PPI under different 

conditions exerted on cells, for example different treatments or stimulations, in real-time 

or at distinct time points. This approach is a flexible and dynamic way of analyzing PPIs 

as we can observe changes in protein complex formation, association/dissociation, under 

different influences and time periods. 

Co-IP is generally coupled with a standard SDS-PAGE western blot analysis to 

detect the precipitated immunocomplexes. However, more recently, the better preferred 

approach is to combine a Co-IP with mass spectrometry (MS) as western blots only 

enable the verification or identification of already known PPIs. Although MS is a 
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powerful technique allowing the detection of hundreds of PPIs from a given sample, the 

rigorous purification and enrichment steps required for detection may reduce its 

effectiveness. A common issue that arises from these stringent steps is loss of total 

sample or loss of captured interacting partners. In particular, low abundance or weak 

associations are most vulnerable (Huang and Kim, 2013). In addition, most Co-IP 

experiments coupled with MS analysis are focused on describing interacting members but 

fail to capture their levels of activation.  

The novel MPINA avoids such technical issues by combining Co-IP with highly 

sensitive and high-throughput RPPA. RPPA is a high throughput, multiplex 

immunoassay that allows for the simultaneous identification and quantification of 

hundreds of proteins or phosphoproteins across thousands of cell lysates under the same 

conditions. It can be considered as a scaled-up dot-blot assay where multiple lysates are 

immobilized onto a solid surface (a nitrocellulose-coated glass slide).  

To effectively detect and quantify target proteins, slides are probed with specific 

antibodies targeting unmodified or post-translationally modified epitopes. Unlike, MS, 

RPPA does not require any preceding enrichment steps to detect post-translational 

modifications, like phosphorylation, and little biological material is needed for each 

array. Hence, coupling Co-IP with RPPA represents a unique opportunity for capturing 

protein complexes and measuring functional activations of interacting members.  

In this study, the novel MPINA is applied for the first time to quantitively analyze 

the baseline scaffold-kinase activity of different KRAS mutations. Following a Co-IP of 
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multiple scaffold-kinase complexes, RPPA was used to specifically characterize active 

functional interactions. 

 

Aims and objectives 

 
1. Explore and capture broad changes in signal transduction across 

oncogenic mutations of KRAS. 

2. Evaluate how different mutations affect assembly of different downstream 

protein complexes. 
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MATERIALS AND METHODS 

Cell engineering  

The panel of eleven isogenic primary Mouse Embryonic Fibroblast (MEF) cell 

lines were kindly provided by the NCI RAS initiative program (Rachel Bagni, 2017). 

These cell lines are derived from NRAS and HRAS null mice, whose KRAS gene has 

been floxed between two loxP sequences. The NRAS -/-, HRAS -/-, KRAS lox/lox MEFs 

were first cultured with 600 nM 4-hydroxytamoxifen to induce the translocation of the 

estrogen receptor (ER) fused Cre recombinase (CreER) to the nucleus, where it can 

excise the floxed KRAS gene, rendering them into quiescent KRAS -/- cells. Next, these 

RASless MEFs were transduced with lentivirus to generate eleven individual cell lines 

(presented in Table 2.1), that exclusively expressed either a human wild type KRAS, 

HRAS or NRAS or clinically relevant mutations of KRAS and the V600E mutant of 

BRAF gene. 

Transduced cells were selected through treatment with the antibiotic puromycin or 

blasticidin and clonal cell lines were derived through limited dilution single cell cloning. 

Clonality was confirmed with PCR assays and validated through western blots and 

sequencing to confirm expression of transduced gene and deletion of endogenous KRAS. 

Growth characteristics of each cell line such as growth rates and doubling times have also 

been characterized. Additionally, all cell lines exomes were sequenced to ensure 
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elimination of any cell lines that presented with mutations in any genes relevant to 

oncogenesis such as TRP53 (Drosten et al., 2010).  

 
 

 
 
Cell culture  

 
Cell lines were grown following specific guidelines provided by NCI RAS 

initiative team. All cell lines were cultivated in DMEM High Glucose medium + 10% 

Fetal Bovine Serum (FBS) and 4 µg/ml blasticidin, at 37ºC and 5% CO2 atmosphere.  

NCI-FREDERICK
DESIGNATION

EXPRESSED 
TRANSGENE

INTEGRATION
SITES

EXOME 
SEQUENCED

LOSS OF
ENDOGENOUS
KRAS VERIFIED

TRP53 STATUS DOUBLING 
TIME (HRS)

RPZ26187 KRAS 4A WT 1 Yes WB, Exome WT 17

RPZ25854 KRAS 4B WT Multiple Yes WB, Exome WT 26

RPZ26216 KRAS 4B WT Multiple Yes WB, Exome WT 33

RPZ26186 KRAS 4B G12C 1 Yes WB, Exome WT 21

RPZ26198 KRAS 4B G12D 1 Yes WB, Exome WT 23

RPZ26425 KRAS 4B G12V 1 Yes WB, Exome WT 39

RPZ26299 KRAS 4B G13D Multiple Yes WB, Exome WT 39

RPZ26295 KRAS 4B Q61R 1 Yes WB, Exome WT 41

RP200024 HRAS WT Multiple Yes WB, Exome WT 21
RPZ26379 NRAS WT 1 Yes WB, Exome WT 36
RPZ26275 BRAF V600E 1 Yes WB, Exome WT 26

Table 2.1 Panel of isogenic Mouse embryonic fibroblasts transduced to selectively express either one of 
human genes presented on this table under the “Expressed Transgene” column. The TRP53 status of all cell 
lines was confirmed as wild type (WT) through western blots (WB) and exome sequencing. WB and exome 
sequencing were also used to validate expression of transduced gene (Drosten et al., 2010).  
 
 
Table 2.2.Table 2.3. Panel of isogenic Mouse embryonic fibroblasts transduced to selectively express either 
one of human genes presented on this table under the “Expressed Transgene” column. The TRP53 status of 
all cell lines was confirmed as wild type (WT) through western blots (WB) and exome sequencing. WB and 
exome sequencing were also used to validate expression of transduced gene (Drosten et al., 2010).  
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Figure 2.1. summary flowchart representing the workflow of this study. 
 
 

They were passaged and split using trypsin and sub-cultured at a ratio between 

1:3 and 1:6 according to individual cell line growth rate. Cell’s growth cycles were 

synchronized before MPINA analysis. To synchronize growth cycles, cells were first 

starved in DMEM High glucose medium + 4 µg/ml blasticidin, without serum, for 24 

hours to arrest growth.  

 

They were then returned into full media containing FBS for 1 hour prior to Co-

immunoprecipitation protocol in order to restart their cycles at the same time. Full 

summary of workflow is illustrated in Figure 2.1. 



20 
 

Cell line lysate preparation  

 
Cell lysates prepared for direct RPPA analysis were washed in cold phosphate-

buffered saline solution, frozen and subsequently lysed as described below. MPINA 

samples were first cross-linked as follow. First, cells were washed twice with phosphate-

buffered saline solution and incubated with 10ml of cross-linker solution comprising 8mg 

of DSP in 1ml 0.25mM Dimethyl sulfoxide, for 30 minutes at room temperature. This 

crosslinking step allows us to maintain protein-protein interactions in their native 

environments through covalently linking interacting proteins. To halt the cross-linker 

solution, cells were then incubated for 10 minutes at room temperature in 10ml of 

quenching solution including 5mM L-Cystine in 20mM Tris-HCl. Cells were then 

washed two times with ice cold phosphate-buffered saline prior to lysis.  

All cells were lysed in a non-ionic detergent TPER combined with 5M Sodium 

Chloride and the following cocktail of protease and phosphatase inhibitors: 100mM 

orthovanadate, 5.0 mg/mL Aprotonin, 200 mM PEFABLOC, 1.0 mg/mL Pepstatin and 

5.0 mg/mL Leupeptin. This cocktail of inhibitors is added to prevent protein degradation 

in our sample. Cell lysis was performed on ice to preserve protein integrity and avoid 

their denaturation. 

Protein concentrations of cell lysates were assessed using the Coomassie 

(Bradford) Protein Assay Kit following manufacturer's instructions. Lysates used for the 

RPPA analysis were diluted to a final concentration of 0.5µg/µl using in 2X Tris-Glycine 

SDS Sample buffer supplemented with 5% 2 b-mercaptoethanol. Samples to be arrayed 

were boiled for 8 minutes and stored at -80°C until array assembly. 
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Samples used for the Co-immunoprecipitation were prepared at a final 

concentration of 1µg/µl concentration in TPER lysis buffer. 

 

Co-immunoprecipitation  

 
To reduce non-specific binding and background signal, cell lysates were 

precleaned using Anti-mouse IgG (H+L), F(ab')2 Fragment secondary antibody. 

Following a one-hour incubation with gentle rocking, samples were centrifuged, and the 

pellet was discarded. To the supernatant, primary antibodies, displayed in Table 2.2, were 

added.  For each immunoprecipitation, 5µl of antibody was added to 100µl of sample. 

Samples were incubated with the primary antibody for 2 hours with gentle Rocking. After 

incubation with the primary antibody, samples probed with Sepharose conjugated 

antibody were immediately centrifuged at 14,000 RPMI for 5 minutes to isolate the 

captured immune complexes. Samples probed with non-Sepharose conjugated antibodies 

were further incubated with bead conjugated Anti-mouse IgG (H+L), F(ab')2 Fragment 

secondary antibody used in pre-cleaning step for 1 hour. Finally, pellets were washed 

three times with lysis buffer and resuspended in 2X Tris-Glycine SDS Sample buffer 

supplemented with 5% 2 b-mercaptoethanol. To elute bound beads, samples were boiled 

for 8 minutes and briefly centrifuged releasing captured complexes. Supernatants were 

stored at -80°C until the array.  
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Reverse Phase Protein Microarray (RPPA) 

 
Sample was loaded into 384-well microplates and placed into a Aushon 2470 

arrayer. The arrayer comprises of 20 185µm pins, arranged in a 5x4 format each 4.5mm 

apart to print 20 different sample spots with each single contact. Approximately 9nl of 

sample is deposited as an immobilized spot on the nitrocellulose coated glass slides. To 

quantify total protein of each sample printed, selected slides were stained with 

fluorescent Sypro Ruby dye, these slides served to normalize signals measured from 

immunostained slides.  

Before immunostaining, remaining slides were pre-treated following a protocol 

that blocks non-specific protein binding sites on the nitrocellulose slides. This blocking 

reduces background noise surrounding printed spots and improves higher signal: noise 

PRIMARY ANTIBODY SEPHAROSE BEAD
CONJUGATED

TOTAL EGFR *YES

RAS NO

ERK NO

KSR1 (SANTA CRUZSC-515924) NO

IQGAP(SANTACRUZSC-376021) NO

MP-1 (SANTA CRUZESC-376783) NO

MEKK-1 (SANTA CRUZSC-17820) NO

Table 2.2 List of Monoclonal anti mouse IgG primary antibodies used for the Co-
immunoprecipitation assay. *Only one of the antibodies was Sepharose bead 
conjugated, the remaining six were not conjugated. 
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ratio. In brief, this consists of an initial incubation of slides in stripping solution for 15 

minutes, followed by a four-hour incubation in I-Block.  

Slides were immunostained using a commercially available kit: The Catalyzed 

Signal Amplification System (CSA) on an automated Stainer. Concisely, target proteins 

are first recognized by a primary antibody which is then detected by a biotinylated anti-

rabbit secondary antibody. A tyramine-based amplification system was used to amplify 

the signal and the fluorescent streptavidin conjugated Li‐COR IRDye 680 was used for 

the detection of the signal. With this amplification system, we are able to amplify the 

signal up to 50-fold more than using a standard streptavidin‐biotin protocol. A total of 

115 antibodies were used for the broad RPPA screening of the 11 cell lines. Antibodies 

used for immunostaining MPINA slides are shown in Table 2.3. 
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Select slides were used as negative control to quantify background signal that may 

arise from nonspecific binding between reagents, secondary antibody, and sample. To 

visualize both Sypro and immunostained slides, a laser scanner was used. MicroVigene 

software program was used to quantify signal intensity corresponding to analyte 

concentration. Final intensity values were calculated by normalization to total protein 

concentration and subtraction of negative control intensity values. 

 

Statistical analysis  

 
Unsupervised hierarchical clustering analysis was performed in JMP (version?) 

using the ward method. Correlation maps were creating using Gephi (version 0.9.2). In 

Antibody Species

B-Raf (S445) Rabbit

C-Raf (S338/5686) Rabbit

Raf (S259) Rabbit

Elk-1 (S383) Rabbit

ERK (T202/Y204) Rabbit

MEK 1/2 (S217/221) Rabbit

MSK1 (S360) Rabbit

p90RSK (S380) Rabbit

PP2A a Subunit Rabbit

Ras-GRF1 (S916) Rabbit

Src(Y527) Rabbit

Stat1 (Y701) Rabbit

Stat3 (Y705/D3A7) Rabbit

Table 2.4. List of antibodies used to probe MPINA slides. 
All antibodies used were anti-rabbit. 
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brief, Spearman's rank correlation coefficients were calculated for each paired protein for 

KRAS wild-type cell lines and for models harboring mutations of codon 12 and 61. 

Correlation coefficients greater then 0.85 were visualized as correlation maps. Non-

parametric Kruskal Wallis test was performed in R (version 1.3.1056) to compare 

expression and activation of the measured analytes. Comparisons with p<0.05 were 

considered significant and display as graph bars. 
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RESULTS 

 
 

Reverse Phase Protein Array (RPPA)  

 
Signal transduction networks are heterogeneous across KRAS point mutations  

 

Unsupervised hierarchal clustering analysis of all cell lines across all measured 

protein RPPA intensity values revealed widespread heterogeneity in signaling dynamics 

across the analyzed KRAS mutations (Figure 3.1). Cell lines harboring mutations at 

residue 12 cluster together exhibiting the highest overall signaling activity relative to all 

cell lines. On the other hand, cell lines with mutations at codon 61 group together 

presenting with the least signaling activity out of all models. Mutations of the G13 

residue appear to have intermediate levels of signaling. The wild-type cell lines split into 

a highly active group clustering with mutations of the G12 residue, versus a low activated 

group branched with codon 61 mutations. 
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Next, we expand our evaluation to compare the grouped mutations of residue 12 

to identify more specific disparities among them. The unsupervised hierarchal clustering 

analysis of codon 12 mutations and wild type cell line models is presented in Figure 3.2. 

In this heat map, further heterogeneity is observed amongst the clustered mutations of the 

G12 residue carrying cell lines. This cluster is divided further into a group presenting 

with high signal activation, G12D and G12C, and a group of low signal activation, G12R 

and G12V. The wild-type cell lines that were separated in the previous heat map, 

clustered together when compared against the codon 12 mutations alone.  

 
 

Figure 3.1. Unsupervised Hierarchical Clustering analysis of cell lines harboring mutant and wild type 
(WT) KRAS across all measured proteins. Average protein level across triplicates of each cell line is 
represented. Extensive heterogeneity across all cell line protein levels is seen. Cell lines with mutations 
at codon 12 cluster presenting with an overall higher level of signal activation. Cell lines harboring 
mutations at codon 61 present with the lowest active signaling compared to all other models. 



28 
 

 
 
Degree of interconnections between signalling proteins are defined by codon-specific 

mutations 

 
To further assess the effect of different mutations on signaling transduction 

events, we then explored interconnections between signaling molecules. Spearman's rank 

correlation coefficients were calculated across all measured proteins for the mutations 

affecting the 12 and 61 codons and for the wild-type cell lines. As shown in Figure 3.3, 

the interconnection network of wild type cell lines presents with a high degree of density 

and intricacy. Although this network is divided into three main clusters, namely green, 

purple and brown, these clusters are highly intertwined.  

Figure 3.2. Unsupervised Hierarchical Clustering analysis of wild type (WT) and codon 12 KRAS 
mutant cell lines across all measured proteins. Average protein level across all cell line triplicates is 
displayed. Further heterogeneity observed among mutations of codon 12 when compared to each other. 
A clear division of high versus low signal activation can be seen amongst this group. Mutations G12D 
and G12C present with higher levels of activation relative to mutations G12V and G12R. 
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The purple group, contains a group of heterogenous proteins involved in cell 

cycle regulation, such as: AuroraA AIK, TGF-a , CDC25A, BAD, ATG-5 and NF-Kappa 

b, is central and interlocking between the two adjacent clusters. The green cluster 

comprises largely of inflammatory proteins, JAK2, TNF-a, and the STAT 1 transcription 

factor. Alternatively, the remaining brown cluster presents with proteins involved in the 

PI3K/AKT pathway such as: AKT, PI3K, mTOR, PTEN and IRS, as well as AKT 

downstream targets such as: BAD, 4EBP1 and STAT 3.  
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Figure 3.3.Correlation map displaying interconnected protein network of wild 
type cell lines. Spearman's rank correlation coefficients are calculated across all 
measured proteins of the wild-type cell lines. Correlation coefficients greater than 
+/-0.85 are graphically displayed. Clusters are classified by color and node size 
corresponds to degree of associations for each protein. Interconnection map of 
the wild-type cell lines presents a highly complex map divided into three main 
clusters, green, purple and brown. The central purple cluster appears to 
interlock all three groups. 
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Noticeably, the complexity of the interconnection networks for mutations at the 

G12 and Q61 residues appear less dense and intricate relative to the wild-type cell lines 

(Figure 3.4). Interconnections in codon 61 mutant lines exhibit a more condensed and 

complex network relative to codon 12 mutant lines. This network is divided into seven 

main groups. Compared to the nodes of G12 mutations, codon 61 nodes appear more 

uniform in size, indicating a more balanced and equivalent distribution of protein 

interaction dynamics in these cell lines. Of note, Elk-1 transcription factor appears as the 

central node interconnecting multiple clusters together demonstrating a slight dependency 

on its activity. 

Figure 3.4. Correlation maps displaying interconnected proteins in cell lines harboring mutations at codons 
12 and 61. Spearman's rank correlation coefficients are calculated across all measured proteins for 
mutations at codons 12 and 61. Correlation coefficients greater than +/-0.85 are graphically displayed. 
Clusters are classified by color and node size corresponds to degree of associations for each protein node. 
Interconnection networks of codon 12 mutations exhibit a less complex organization relative to cell lines 
harboring mutations at codon 61. The network of G12 mutations presents with three main clusters: red, blue 
and green. On the other hand, mutations at codon 61 interconnection network are grouped into seven main 
clusters with transcription factor Elk1 appearing as a central node common across multiple clusters. 
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Conversely, interconnection network presented by the codon12 mutations is of the 

least density and complexity relative to wild type and codon 61 mutant cell lines. This 

network is divided into three intertwined clusters, blue, red and green. The blue cluster 

includes a heterogenous mixture of tumor suppressors, such as PARP, AMPK and PP2A, 

and mitogenic proteins like EGFR, Cdk6 and Raf. On the other hand, dominating the red 

cluster are downstream targets of AKT. In particular, phosphorylated BAD and 4EBP1 

nodes appear to have the largest nodes out of all proteins making up the red cluster. The 

green cluster includes cell cycle regulatory proteins such as, ATM, ATR, the Aurora 

kinase, and cMyc. Similarly, to the red cluster, two particular nodes stand out in size in 

the green group: phosphorylated ATR and Aurora kinase, both key regulators of cell 

cycle progression. 

 

Activation of the two KRAS main downstream signalling pathways differ across point 

mutations affecting different codons 

 

To further explore the heterogeneous effect of KRAS on downstream signaling 

event based on mutation site, we focused on two main pathways regulated by KRAS. 

Unsupervised hierarchical clustering analysis of proteins along the RAS/MAPK 

pathway were first analyzed (Figure 3.5). Two-way cluster analysis reveals a prominent 

separation of the compared cell lines into two main groups, a high and low activity group. 

Interestingly, the previously clustered G12D and G12C mutations presenting with 

pronounced overall elevated signal activation now split when specifically comparing 
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proteins of the RAS/MAPK pathway. G12D mutation continues to display the highest 

activity level, but the G12C mutation presents with the lowest activation of RAS/MAPK 

transduction. Cell lines carrying G12C and G12R mutations have been grouped with wild 

type cell lines collectively showing the least activation. On the other hand, cell lines with 

G12D and G12V mutations had the greatest levels of activity along this pathway. 

 
 

 
 

To detect codon specific alterations, broad differences along this pathway were 

compared across the average of all cell lines using the Kruskal Wallis statistical test. 

Figure 3.5. Unsupervised Hierarchical Clustering analysis of wild type (WT) and codon 12 KRAS 
mutant cell lines across measured proteins implicated in RAS/MAPK pathway. Average protein level 
across all cell line triplicates is used. Divergence of the two cell lines, G12D and G12C, with highest 
overall active signaling is seen. G12C exhibits the lowest activity across the RAS/MAPK pathway 
compared to all mutations of codon 12. Cell lines with mutation G12D present with the highest 
activation of the RAS/MAPK pathway across all G12 KRAS mutant cell lines. G12V previously 
presenting an overall low active signaling, displays a high level of activity along this pathway. 
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Proteins with p values lower than 0.05 were considered significant and were visualized 

using bar graphs including mean and standard error of the mean (Figure 3.6). 

 
 

 
 

Collectively, mutations of residue 12 present with significantly greater activation 

of this pathway, specifically of phosphorylated tyrosine kinase receptor HER3, 

phosphorylated c-RAF and total ERK 1/2 levels. Mutations of codons 61 and13 display 

comparable levels of low activity along this pathway. They present with significantly low 

activation of upstream HER2 receptor and c-RAF compared to all models. Furthermore, 

mutations of residue 61 display also significant reduction of total ERK 1/2 levels. 

Although wild type cell lines displayed diminished RAS/MAPK signal transduction when 

Figure 3.6. Significant differences observed in signaling dynamics across RAS/MAPK pathway. Cell lines 
carrying G12 mutations present with an overall elevated activation of this pathway. Specifically 
significant increases in receptor HER3 (Y1289) and kinase c-RAF (S338) phosphorylation and total ERK 
levels are seen. Significant reduction in phosphorylation of receptor HER2 (Y1248) and downstream 
effector c-RAF (S338) are seen in Q61 and G13 mutations. Along this pathway, mutations of codon 61 
consistently exhibit reduced activity compared to all models. Decrease in total ERK 1/2 levels and 
phosphorylation of HER3 (Y1289) are also seen for mutations of this residue. 
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compared to individual G12 mutant cell lines, when compared against all cell lines, they 

only exhibit significant reduction in downstream phosphorylation of MEK 1/2 and Elk1. 

 
 

 
 

Unsupervised hierarchical clustering analysis of proteins along the PI3K/AKT 

pathway were next analyzed (Figure 3.7). From this two-way cluster analysis, 

prominently a clear divide can be seen across the compared cell lines and measured 

proteins. Cell lines with mutations G12D and G12C remain to present with the highest 

overall activation level of KRAS downstream signal transduction proteins. Specifically, 

G12D mutations activity had the highest signal activity for this pathway.  

Figure 3.7. Unsupervised Hierarchical Clustering analysis of wild type (WT) and codon 12 KRAS 
mutant cell lines across measured proteins implicated in PI3K/AKT pathway activity. Average protein 
level of triplicates for each cell line are measured and presented. Consistently, G12D, presents with 
overall highest activation of the signaling across the PI3K/AKT. Activation of this pathway in cell lines 
harboring G12C is relatively greater than the RAS/MAPK pathway. A division can been seen across 
protein intensities into a cluster of high activation and a cluster of low activation. 
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Interestingly, the wild-type cell lines also exhibit a high activity along this 

pathway and clustered together with models harboring mutation G12D. The group of 

proteins exhibiting higher levels of activation across cell lines carrying G12 mutations, 

like mTOR, eNOS and p70S6 kinase, appear to be relatively inactive in the wild-type cell 

lines and contrariwise those with reduced activity across mutations of the G12 residue 

cluster have increased activation in the wild type cells, especially 4EBP1 and AKT. Of 

exception, cell lines with the G12D and G12R mutations exclusively outstand this trend 

and exhibit opposing levels of activation. While cell lines with G12D mutation present 

with a widespread high level of activation, cell lines with G12R mutation reveal an 

overall reduced level of activity along this pathway. 

Next, similar to analysis of RAS/MAPK pathway, to identify codon specific 

disparities, broad differences along this pathway were compared across the average of all 

cell lines using the Kruskal Wallis statistical test. Proteins with p values lower than 0.05 

were considered significant and were visualized using bar graphs including mean and 

standard error of the mean (Figure 3.8). 

When compared to all models, cell lines of mutations at codon 61 consistently 

present with significantly reduced activity of this pathway. In particular, downstream 

effector proteins, mTOR, p70S6 Kinase and 4EBP1, present with significantly reduced 

activity compared to all models. Although, mutations of codon 13 exhibit the greatest 

activation of upstream PI3K, activity of the AKT is significantly low and comparable to 

that of cell lines harboring mutations at residue 61. Collectively, mutations affecting the 

G12 residue only present with overall highest levels of activated mTOR when compared 
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to all models. Interestingly, the specific phosphorylation of AKT at S473 is the highest in 

wild type cell lines compared to all cell lines. 

 
 

 
 
  

Figure 3.8. Significant differences in signaling dynamics observed across AKT/PI3K pathway. Mutations 
of the Q61 residue present with reduced phosphorylation of AKT (S473) and of downstream substrates 
P70 S6 Kinase (S371) and 4EBP1 (S65) compared to the other mutant cell lines. G13D mutation had the 
highest phosphorylation of upstream PI3K p85 (Y458)/p55 (Y199) and reduced phosphorylation of 
downstream AKT (S473). mTOR levels are significantly elevated across G12 mutations and reduced in 
mutations of codon 61.  
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Multi-nodal Protein Interactome Network Array (MPINA) 

 
Scaffold-kinase interactions trend in a mutation-specific manner  

 
To investigate how distinct KRAS point mutations of residue 12 affect scaffold-

kinase interactions (SKIs), mean RPPA intensity value of immunoprecipitated complexes 

were compared using the Kruskal Wallis statistical test for each individual cell line. P 

values lower than 0.05 were considered significant. Mean RPPA intensity value for 

detected protein across all captured SKI complexes are presented in graphs along with the 

standard error of the mean. 

 
 

Figure 3.9. Co-immunoprecipitated scaffold-kinase complexes probed with b-RAF (S445) and c-RAF (S338) 
antibodies. Mean RPPA intensity values across triplicate samples of each pull down assay are plotted. 
Matching scaffold-RAF interaction trends can be seen across all cell line models. IQGAP and KSR1 b-RAF 
interaction across the three G12 mutations are relatively higher compared to wild type. Mutation G12D 
presents with reduced interaction between c-RAF and KSR1 relative to wild type cell lines. 
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Within each cell line, similar trends were seen across scaffolds and activated b-

RAF, c-RAF, and the downstream substrate MEK 1/2 (Figure 3.9). A significant 

difference in the level of activation of b-RAF across the four scaffolds was detected in 

the G12V and G12D mutant lines. Of all compared cell lines, those harboring the G12V 

mutation presented with the highest MP1-RAF functional interaction. As expected, 

kinase activities within these signaling complexes were higher in the mutant lines 

compare to the wild-type counterpart. Of interest, even if the overall signal for the wild-

type line was much lower than for the mutant models, activated Raf was significantly 

more bound to the MEKK-1 scaffold than KSR1 or IQGAP. Across all cell lines, KSR1-

RAF interactions were the least dynamic demonstrating somewhat alike preferences in 

KSR1 interactional dynamics across all cell lines. 

 
 

 
 
 

 

Figure 3 10. Co-immunoprecipitated scaffold-kinase complexes probed with MEK 1/2 (S217/221) specific 
antibody. Mean RPPA intensity values across triplicate samples of each pull down assay are plotted. 
Somewhat uniform trend in MEK 1/2 - scaffold interaction can be seen across all cell lines. Throughout all 
cell lines, MEK 1/2- IQGAP interaction appears to be the highest and KSR1-MEK 1/2 interactions the 
lowest. Cell lines harboring mutation G12V present with distinct peak in MEKK-1 – MEK 1/2 interaction. 
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Evidently, the most noticeable observation upon comparing phospho-MEK 1/2 – 

scaffold interactions is its prominent interaction with IQGAP across all cell lines (Figure 

3.9). Again, G12C mutation reveal a much more intense SKI dynamics in comparison to 

all models. SKI dynamics of G12V and G12D are of comparable levels of intensity and 

consistently wild type cell lines have the least kinase activity. Unlike all models, in the 

G12V mutation, IQGAP- phospho-MEK 1/2 interactions were not the greatest of all 

SKIs, instead, MEKK-1 – MEK 1/2 interactions are the most active. 

 
ERK 1/2 interactions with scaffolds present with a diverse pattern across all cell 

lines, suggesting that protein complex assembly may vary across different mutations 

(Figure 3.11). Significant difference in ERK 1/2 activation within these protein 

complexes was detected across G12D and G12V mutations. Analogously to previous 

RAF-Scaffold comparisons, G12C mutation presents with the greatest overall activation 

of ERK 1/2 across all captured scaffolds compared to all models. In cell lines with 

mutations G12C and G12D, ERK 1/2 activation was higher when bound to IQGAP 

Figure 3.11. Co-immunoprecipitated scaffold-kinase complexes probed with ERK 1/2 (T202/Y204) specific 
antibody. Mean RPPA intensity values across triplicate samples of each pull down assay are plotted. All 
cell line models ERK1/2 –scaffold interaction exhibits different trends. IQGAP interaction with ERK1/2 in 
mutations G12D and G12C are elevated compared to all models. MEKK-1 and MP-1 -ERK1/2 interactions 
in G12V mutations are the highest relative to other cell lines. 
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compared to the other scaffolds. Cell lines with G12V mutation present high activation of 

ERK 1/2 bound to MP-1 whilst this functional interaction was the least dynamic in 

mutations G12C and G12D as well as wild type cell lines. 

 
 

 
 

Interaction between the protein complexes and the ERK 1/2 downstream cytosolic 

substrate MSK1 varied greatly across cell lines (Figure 3.12). Significant difference in 

the levels of activated MSK1 across scaffolds were detected across our wild-type model 

and G12V mutation. Additionally, the G12V mutation presents with the most unique 

pattern across scaffolds based on their interaction with activated MSK1. Display of 

KSR1-phospho-MSK1 interaction across wild type and G12D shows a strong dynamic, 

especially in the wild type cells. 

Figure 3 12. Co-immunoprecipitated scaffold-kinase complexes probed with MSK1 (S360) specific 
antibody. Mean RPPA intensity values across triplicate samples of each pull down assay are plotted. 
MSK1-scaffold interactions across all cell lines display contrasting patterns. Cell lines with mutations 
G12C and G12V present with the least KSR1-MSK1 interactions compared to all models, whereas wild 
type and G12D mutated cell lines present with the highest level of interaction. IQGAP – MSK1 interaction 
is overall higher in cell lines carrying G12 mutations compared to wild type, this interaction is most 
elevated in G12D and G12C models. 
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DISCUSSION 

 

 Coinciding with previous studies, our findings contribute and strongly support 

the growing notion that different KRAS mutations impart significantly distinct effects on 

the downstream signaling network (summarized in Figure 4.1). Overall, we observe 

extensive heterogeneity in activation of signaling molecules across our models. 

Throughout this widespread heterogeneity in signaling dynamics, mutations of the G12 

residue collectively cluster into a group with the highest signal activation. In contrast to 

this, mutations at codon 61 cluster into the lowest signal activation group and the G13D 

mutation presented with an intermediate level amongst these two extreme groups. This 

complements the overall disproportional clinical distribution of mutations across these 

three hotspots, G12 mutations alone make up to 90%, followed by G13 and Q61 (Cox et 

al., 2014).  
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Moreover, even within the same codon, the grouped residue G12 mutations, 

exhibit additional heterogenous and individual variations in signaling dynamics distinct 

to each amino acid substitution (Figure 4.2). Again, this is an already widely accepted 

concept by which mutations within the same residue produce divergent effects on the 

signaling network. This is especially well reported across the G12 KRAS point 

mutations. 

Figure 4.1. Summary of broad signaling dynamics captured across the three main mutational hotspot 
residues of KRAS in this study. 

• Highest signaling 
activity 

• Sparse and least 
interconnecting 
protein interaction 
network

• Intermediate
signaling activity

• Least active 
signaling activity 

• More intricate and
dynamic protein
interaction network
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In our models, when the clustered codon 12 mutations were compared against 

each other, they were further divided into a highly active group, comprised of G12D and 

G12C, and a low active group, including G12R and G12V mutations. Although this 

observation concurs with some of the published literature, in particular the high signaling 

activity presented by the G12D mutation, there is some contradicting published data 

(Stolze et al., 2015; Ihle et al., 2012). An interesting discrepancy is the high activation of 

G12V mutation seen in some studies that previously compared mutations of residue 12. 

In particular, one study using isogenic models of NIH 3T3 fibroblasts further analyzed 

the transforming potential of different KRAS mutations in vitro (Smith et al., 2010). 

Figure 4.2. Summary of differences observed along the two pathways (MAPK and PI3K/AKT) across 
individual G12 KRAS point mutation models. Red arrows indicate increased activity, blue arrows indicate 
decreased activity.  
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Focus formation assays revealed that G12V mutations produced the highest abundance of 

foci followed by G12D, G13D and Q61H, indicating that growth rate and proliferation 

was increased in models harboring the G12V mutations compared to the other isogenic 

lines. Similar results were reported in vivo by Céspedes et al. (Céspedes et al., 2006). 

Using nude mouse xenograft models injected with transfected NIH 3T3 cells harboring 

different KRAS point mutations, they reported that the G12V mutation produced faster 

growing tumors with higher mitotic rates and cellularity than of the G12D mutation, 

whilst G12C mutation was insufficient to yield any tumors. These observations call 

attention to the reality that although a mutation may confer more active signaling 

dynamics, this may not be enough to fully transform a cell.  

 

Moving along this theme, in agreement with observations made in this study, 

mutations of residue 61 consistently present with relatively reduced growth rates and 

transforming potential. This is further supported by the observations that codon 61 

mutations have a weak impart on the GTPase activity and in turn this may hinder their 

growth advantage (Loupakis et al., 2009). However, regardless of this nature, there is a 

preponderance of acquired mutations at codon 61 in colorectal cancer patients with 

tumors that acquire resistance to anti-EGFR treatment (from 4% to 33%) (Morelli et al., 

2015). This enrichment in mutations at codon 61 in tumors with acquired resistance is 

also accompanied with increased expression of the KRAS gene (Ali et al., 2017; Arena et 

al., 2015). An interesting hypothesis to this observation is the switch from needing a high 

transforming KRAS mutation, to needing increased KRAS activity under treatment 



45 
 

selective pressures to maintain high activation levels of downstream signaling molecules 

(Ali et al., 2017). This concept can also justify the low overall frequency of mutations of 

the Q61 residue detected in treatment-naïve patients (Morelli et al., 2015).  

 

The extensive difference in interconnected network dynamics of our G12, Q61 

and wild-type models further reflect the intense discrepancy in underlying complexities 

of individual codon mutations. Our wild-type cell lines exhibit the most rich and intricate 

tightly knit protein interaction network compared to mutations at codons 12 and 61. 

Interestingly, we see a link between the level of active signal transduction and density of 

interconnection dynamics. The least active codon 61 mutations present with an 

intermediary level of protein interconnection and the highly active G12 mutations exhibit 

the most simple interconnection network. One possible reason for this trend could be 

attributed to manipulation of negative regulation. As transforming cells break free from 

confining regulatory mechanisms placed to restrict excessive growth, they gain the 

liberation to unruly augment mitogenic signaling. However, further comparisons of 

interconnection within signaling networks of G12 base substitutions and G13 mutations 

are needed to affirm this assumption.  

 

By exploring protein dynamics throughout the two main pathways affected by 

KRAS activity across different point mutations, we obtain similar findings to previous 

work. Inconsistent patterns of activated proteins across the RAS/MAPK and PI3K/AKT 

pathways supports the existence of discrete mutation-specific signaling. As summarized 
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in Figure 4.1, different point mutations produce diverse outcomes in signaling and 

display somewhat preferential downstream activities. Overall, our G12D and G12V 

models display discriminant overactivation of the RAS/MAPK pathway, whereas the 

G12C and G12R models present the exact opposite. However, both G12C and G12R 

mutations exhibit activation of distinct downstream substrates, ELK1 transcription factor 

by G12C and ERK transcription factor by G12R. This sheds light on possible signaling 

crosstalk or convergence of other stimulated pathways to activate the same downstream 

effectors.  

Although some previous studies have reported similar findings, other studies 

present conflicting data. For example, Hunter et al. measured the difference in affinity 

each mutation had towards downstream RAF kinase. They revealed that all codon 12 

point mutations had significantly reduced affinity to RAF relative to their wild type 

model, in particular, their G12D, G12V and G12R showed the greatest reduction in 

affinity of 4.8-, 7.3- and 6.2- fold respectively (Hunter et al., 2015). However, this further 

suggests that mutant KRAS may promote mitogenic activity through different 

mechanisms including parallel crosstalk or convergence of two pathways to ultimately 

upregulate the function of downstream effectors that we see.  

 

On the other hand, when comparing activation of proteins along the PI3K/AKT 

pathway, we report broad suppressed activation of the central AKT across all our models 

relative to the wild type, despite high AKT expression levels. However, regardless of 

suppressed AKT phosphorylation, all G12 mutations present with elevated downstream 
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activity of either 4EBP1 or p70S6 Kinase. Specifically, we observed that G12D and 

G12C mutations preferentially activate 4EBP1 over p70S6 Kinase. Mutations G12V and 

G12R contrastingly exhibit opposite selective activation of p70S6 Kinase over 4EBP1. 

Again, these observations collectively indicate the presence of strong signaling crosstalk 

between multiple different pathways to effectively maintain an ongoing mitogenic signal. 

The universal suppressed activation of AKT and the mutation-selective activation of 

either 4EBP1 or p70S6 Kinase was also reported by other groups (Ihle et al., 2012; 

Hobbs et al., 2020). Interestingly, Hobbs et al. report the failure of G12R mutant KRAS 

to interact with recombinant p110α subunit of PI3K, however in this study, our G12R 

model exhibits high levels of PI3K phosphorylation, whether this are directly or 

indirectly regulated by mutant KRAS needs to be investigated in further analysis.  

  

Lastly, our study is the first to dissect KRAS effects on downstream signaling 

activity through the analysis of active scaffold-kinase interactions (SKIs). Previous work 

studying SKIs combined co-immunoprecipitation assay with western blot or mass 

spectrometry to identify constituents of pulled down complexes (Adhikari and Counter, 

2018; Jia et al., 2020; Zhang et al., 2020, 2021). Although these techniques allow the 

identification of captured immunoprecipitated complexes, they have mostly been utilized 

to characterize protein complex composition. While kinase activity within these 

complexes can be captured mass spectrometry, this approach requires copious amounts of 

sample and enrichment methods limiting its application. Herein, we combine co-

immunoprecipitation with the high-throughput RPPA to selectively probe and measure 
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active members of captured SKI complexes. Lastly, this technique uses a limited amount 

of biological material (only 100ul of lysate at a concentration of 1ug/ul and 5ul of 

antibody) while it can capture activation of dozens of kinases involved in SKI dynamics. 

 

For the first time, we confirm speculations that different KRAS point mutations 

follow distinct trends in SKI dynamics. Through MPINA, we compared the functional 

SKI activity of mutations G12D, G12C and G12V and our wild-type model. Within each 

individual mutation we reveal significantly unique preferential SKIs, for example in the 

G12D isogenic line, IQGAP had significantly increased interactions with activated ERK 

1/2 and b-RAF relative to other scaffolds. On the other hand, G12V mutations present 

more diverse patterns in SKIs, where ERK 1/2 activation was more predominant when 

bound to MEKK1. Interactions with the ERK 1/2 downstream substrate MSK1, varies 

greatly across models suggesting that the different mutations modulate downstream 

activity through specific SKIs. Furthermore, when comparing SKI dynamics across all 

our models, we observed heterogenous patterns as all SKIs trend differently across 

mutations. These observations reveal another layer of complexity to the already 

acknowledged mutant-specific heterogeneity.  

 

While we report significant observations that greatly supplement our 

understanding of mutant-specific outcomes across signaling dynamics, we must disclose 

the limitations of our study. While we have captured broad signaling dynamics across our 

models through RPPA, since our cell lines cycles were not synchronized, we captured 



49 
 

signaling dynamics amidst a range of different phases of the cell cycle. Although we have 

synchronized cell line growth prior to MPINA, we have only analyzed SKI dynamics at 

one time point. To further understand the changes in SKIs we must capture changes 

across more time points and see how their activity changes over time. Taken all together, 

our observations strongly support the notion of mutant-specific signaling dynamics. Such 

results urge for further exploration and better understanding of such heterogeneity to 

advance treatment of KRAS-driven cancers. Although still deemed undruggable, such 

findings expose what we know is merely the tip of the iceberg. There are many 

uncertainties and outstanding questions left to resolve lingering hope and anticipation that 

KRAS may not be as “undruggable” as once assumed. 

 



50 
 

REFERENCES 

 

Adhikari, H. and Counter, C. M. (2018) ‘Interrogating the protein interactomes of 

RAS isoforms identifies PIP5K1A as a KRAS-specific vulnerability’, Nature 

Communications, 9(1), p. 3646. doi: 10.1038/s41467-018-05692-6. 

Ahearn, I. M. et al. (2012) ‘Regulating the regulator: post-translational 

modification of RAS’, Nature Reviews Molecular Cell Biology, 13(1), pp. 39–51. doi: 

10.1038/nrm3255. 

Ali, M. et al. (2017) ‘Codon bias imposes a targetable limitation on KRAS-driven 

therapeutic resistance’, Nature Communications, 8(1), p. 15617. doi: 

10.1038/ncomms15617. 

Amaddii, M. et al. (2012) ‘Flotillin-1/Reggie-2 Protein Plays Dual Role in 

Activation of Receptor-tyrosine Kinase/Mitogen-activated Protein Kinase Signaling’, 

Journal of Biological Chemistry, 287(10), pp. 7265–7278. doi: 

10.1074/jbc.M111.287599. 

Arena, S. et al. (2015) ‘Emergence of Multiple EGFR Extracellular Mutations 

during Cetuximab Treatment in Colorectal Cancer’, Clinical Cancer Research, 21(9), pp. 

2157–2166. doi: 10.1158/1078-0432.CCR-14-2821. 



51 
 

Cao, Z. et al. (2019) ‘AKT and ERK dual inhibitors: The way forward?’, Cancer 

Letters, 459, pp. 30–40. doi: 10.1016/j.canlet.2019.05.025. 

Casar, B. and Crespo, P. (2016) ‘ERK Signals: Scaffolding Scaffolds?’, Frontiers 

in Cell and Developmental Biology, 4, p. 49. doi: 10.3389/fcell.2016.00049. 

Céspedes, M. V. et al. (2006) ‘K-ras Asp12 mutant neither interacts with Raf, nor 

signals through Erk and is less tumorigenic than K-ras Val12’, Carcinogenesis, 27(11), 

pp. 2190–2200. doi: 10.1093/carcin/bgl063. 

Chen, H. et al. (2020) ‘Small-Molecule Inhibitors Directly Targeting KRAS as 

Anticancer Therapeutics’, Journal of Medicinal Chemistry, 63(23), pp. 14404–14424. 

doi: 10.1021/acs.jmedchem.0c01312. 

Chung, J. et al. (1994) ‘PDGF- and insulin-dependent pp70S6k activation 

mediated by phosphatidylinositol-3-OH kinase’, Nature, 370(6484), pp. 71–75. doi: 

10.1038/370071a0. 

Cook, J. H. et al. (2021) ‘The origins and genetic interactions of KRAS mutations 

are allele- and tissue-specific’, Nature Communications, 12(1), p. 1808. doi: 

10.1038/s41467-021-22125-z. 

Cox, A. D. et al. (2014a) ‘Drugging the undruggable RAS: Mission possible?’, 

Nature Reviews. Drug Discovery, 13(11), pp. 828–851. doi: 10.1038/nrd4389. 

Cox, A. D. et al. (2014b) ‘Drugging the undruggable RAS: Mission Possible?’, 

Nature Reviews Drug Discovery, 13(11), pp. 828–851. doi: 10.1038/nrd4389. 

Cox, A. D. and Der, C. J. (2010) ‘Ras history: The saga continues’, Small 

GTPases, 1(1), pp. 2–27. doi: 10.4161/sgtp.1.1.12178. 



52 
 

Drosten, M. et al. (2010) ‘Genetic analysis of Ras signalling pathways in cell 

proliferation, migration and survival’, The EMBO Journal, 29(6), pp. 1091–1104. doi: 

10.1038/emboj.2010.7. 

Dunn, E. F. and Connor, J. H. (2012) ‘HijAkt’, in Progress in Molecular Biology 

and Translational Science. Elsevier, pp. 223–250. doi: 10.1016/B978-0-12-396456-

4.00002-X. 

Hobbs, G. A. et al. (2020) ‘Atypical KRASG12R Mutant Is Impaired in PI3K 

Signaling and Macropinocytosis in Pancreatic Cancer’, Cancer Discovery, 10(1), pp. 

104–123. doi: 10.1158/2159-8290.CD-19-1006. 

Hobbs, G. A., Der, C. J. and Rossman, K. L. (2016) ‘RAS isoforms and mutations 

in cancer at a glance’, Journal of Cell Science, 129(7), pp. 1287–1292. doi: 

10.1242/jcs.182873. 

Huang, B. X. and Kim, H.-Y. (2013) ‘Effective Identification of Akt Interacting 

Proteins by Two-Step Chemical Crosslinking, Co-Immunoprecipitation and Mass 

Spectrometry’, PLoS ONE. Edited by L. Buday, 8(4), p. e61430. doi: 

10.1371/journal.pone.0061430. 

Hunter, J. C. et al. (2015) ‘Biochemical and Structural Analysis of Common 

Cancer-Associated KRAS Mutations’, Molecular Cancer Research, 13(9), pp. 1325–

1335. doi: 10.1158/1541-7786.MCR-15-0203. 

Ihle, N. T. et al. (2012) ‘Effect of KRAS Oncogene Substitutions on Protein 

Behavior: Implications for Signaling and Clinical Outcome’, JNCI: Journal of the 

National Cancer Institute, 104(3), pp. 228–239. doi: 10.1093/jnci/djr523. 



53 
 

Jia, J. et al. (2020) ‘Eukaryotic expression, Co-IP and MS identify BMPR-1B 

protein–protein interaction network’, Biological Research, 53(1), p. 24. doi: 

10.1186/s40659-020-00290-7. 

Kolch, W. (2005) ‘Coordinating ERK/MAPK signalling through scaffolds and 

inhibitors’, Nature Reviews Molecular Cell Biology, 6(11), pp. 827–837. doi: 

10.1038/nrm1743. 

Liu, P., Wang, Y. and Li, X. (2019) ‘Targeting the untargetable KRAS in cancer 

therapy’, Acta Pharmaceutica Sinica B, 9(5), pp. 871–879. doi: 

10.1016/j.apsb.2019.03.002. 

Loupakis, F. et al. (2009) ‘KRAS codon 61, 146 and BRAF mutations predict 

resistance to cetuximab plus irinotecan in KRAS codon 12 and 13 wild-type metastatic 

colorectal cancer’, British Journal of Cancer, 101(4), pp. 715–721. doi: 

10.1038/sj.bjc.6605177. 

Martín Vega, A. (2020) ‘Optimización de las señales de ERK mediante 

transfosforilación entre diferentes proteínas scaffold: implicaciones en terapia 

antitumoral’. Available at: https://repositorio.unican.es/xmlui/handle/10902/19039 

(Accessed: 6 April 2021). 

McCain, J. (2013) ‘The MAPK (ERK) Pathway: Investigational Combinations for 

the Treatment Of BRAF-Mutated Metastatic Melanoma’, P & T: A Peer-Reviewed 

Journal for Formulary Management, 38(2), pp. 96–108. 



54 
 

McCormick, F. (2015) ‘KRAS as a Therapeutic Target’, Clinical Cancer 

Research: An Official Journal of the American Association for Cancer Research, 21(8), 

pp. 1797–1801. doi: 10.1158/1078-0432.CCR-14-2662. 

Meister, M. et al. (2013) ‘Mitogen-Activated Protein (MAP) Kinase Scaffolding 

Proteins: A Recount’, International Journal of Molecular Sciences, 14(3), pp. 4854–4884. 

doi: 10.3390/ijms14034854. 

Mendoza, M. C., Er, E. E. and Blenis, J. (2011) ‘The Ras-ERK and PI3K-mTOR 

pathways: cross-talk and compensation’, Trends in Biochemical Sciences, 36(6), pp. 

320–328. doi: 10.1016/j.tibs.2011.03.006. 

Morelli, M. P. et al. (2015) ‘Characterizing the patterns of clonal selection in 

circulating tumor DNA from patients with colorectal cancer refractory to anti-EGFR 

treatment’, Annals of Oncology, 26(4), pp. 731–736. doi: 10.1093/annonc/mdv005. 

Muñoz-Maldonado, C., Zimmer, Y. and Medová, M. (2019) ‘A Comparative 

Analysis of Individual RAS Mutations in Cancer Biology’, Frontiers in Oncology, 9, p. 

1088. doi: 10.3389/fonc.2019.01088. 

Pantsar, T. (2020) ‘The current understanding of KRAS protein structure and 

dynamics’, Computational and Structural Biotechnology Journal, 18, pp. 189–198. doi: 

10.1016/j.csbj.2019.12.004. 

Rachel Bagni (2017) A Panel of Isogenic RAS-Dependent Cell Lines Developed 

at the Frederick National Laboratory - National Cancer Institute, NIH. Available at: 

https://www.cancer.gov/research/key-initiatives/ras/ras-central/blog/2017/rasless-mefs-

drug-screens (Accessed: 11 March 2021). 



55 
 

Serebriiskii, I. G. et al. (2019) ‘Comprehensive characterization of RAS mutations 

in colon and rectal cancers in old and young patients’, Nature Communications, 10(1), p. 

3722. doi: 10.1038/s41467-019-11530-0. 

Slomovitz, B. M. and Coleman, R. L. (2012) ‘The PI3K/AKT/mTOR Pathway as 

a Therapeutic Target in Endometrial Cancer’, Clinical Cancer Research, 18(21), pp. 

5856–5864. doi: 10.1158/1078-0432.CCR-12-0662. 

Smith, G. et al. (2010) ‘Activating K-Ras mutations outwith “hotspot” codons in 

sporadic colorectal tumours - implications for personalised cancer medicine’, British 

Journal of Cancer, 102(4), pp. 693–703. doi: 10.1038/sj.bjc.6605534. 

Stolze, B. et al. (2015) ‘Comparative analysis of KRAS codon 12, 13, 18, 61, and 

117 mutations using human MCF10A isogenic cell lines’, Scientific Reports, 5, p. 8535. 

doi: 10.1038/srep08535. 

Yang, H. et al. (2019) ‘New Horizons in KRAS-Mutant Lung Cancer: Dawn 

After Darkness’, Frontiers in Oncology, 9, p. 953. doi: 10.3389/fonc.2019.00953. 

Yoon, S. and Seger, R. (2006) ‘The extracellular signal-regulated kinase: Multiple 

substrates regulate diverse cellular functions’, Growth Factors, 24(1), pp. 21–44. doi: 

10.1080/02699050500284218. 

Zhang, B. et al. (2021) ‘MAL2 interacts with IQGAP1 to promote pancreatic 

cancer progression by increasing ERK1/2 phosphorylation’, Biochemical and 

Biophysical Research Communications, 554, pp. 63–70. doi: 10.1016/j.bbrc.2021.02.146. 



56 
 

Zhang, M. et al. (2020) ‘Immunoprecipitation and mass spectrometry define 

TET1 interactome during oligodendrocyte differentiation’, Cell & Bioscience, 10(1), p. 

110. doi: 10.1186/s13578-020-00473-5. 

 

 



57 
 

BIOGRAPHY 

 

Emna El Gazzah graduated from Jeddah Prep and Grammar school, Jeddah, Saudi 
Arabia, in 2014. She received her Bachelor of Science degree from Brunel University 
London in 2018 with first class honors.  

 


