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Abstract. 

 

 The extracellular signal-regulated kinase (ERK) mitogen-activated protein kinase (MAPK) 

pathway involves a three-step cascade of kinases that transduce signals and promote processes such 

as cell growth, development, and apoptosis. An aberrant response of this pathway is related to the 

proliferation of cell diseases and tumors. By using simulation modeling, we document that the 

protein arginine methyltransferase 5 (PRMT5) modulates the MAPK pathway and thus avoids an 

aberrant behavior. PRMT5 methylates the Raf kinase, reducing its catalytic activity and thereby, 

reducing the activation of ERK in time and amplitude. 

Two minimal computational models of the epidermal growth factor (EGF)-Ras-ERK MAPK 

pathway influenced by PRMT5 were proposed: a first model in which PRMT5 is activated by EGF 

and a second one in which PRMT5 is stimulated by the cascade response. The reported results show 

that PRMT5 reduces the time duration and the expression of the activated ERK in both cases, but 

only in the first model PRMT5 limits the EGF range that generates an ERK activation. Based on 

our data, we propose the protein PRMT5 as a regulatory factor to develop strategies to fight against 

an excessive activity of the MAPK pathway, which could be of use in chronic diseases and cancer. 
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1. Introduction. 
 

 Biological processes occurring in the microscale, or even in the nanoscale, play key roles in 

cells and living organisms. A great amount of those processes drive different behaviors' patterns, 

which can be altered by local shifts induced by individual molecules. In such a scenario, cell 

signaling pathways are responsible for the transmembrane signal transduction. Those pathways 

facilitate the sensing, integration and processing of extracellular information through the plasma 

membrane, generating robust high-fidelity responses [1, 2]. 

A common motif of such signaling pathways is represented by a cascade structure of a sequential 

activation of three mitogen-activated protein kinases (MAPKKK, MAPKK and MAPK) that act as 

messengers, driving extracellular signals to the inner of the cell [3-7]. The active MAPK is 

delivered to the cytosol, reaching the nucleus of the cell, for further activation of transcription 

factors, collaborating in this way in the regulation of the cell activity [8-10]. In detail, the 

extracellular signal-regulated kinase 1/2 MAPK (ERK1/2 MAPK) pathway features K-Ras as the 

G-protein, Raf-1 as the MAPKKK, MEK1/2 as the MAPKK, and ERK1/2 as the MAPK [10, 11]  

(Suppl. Fig. S1). The response of such a signaling pathway to the epidermal growth factor (EGF) is 

the expression of the double phosphorylated ERK1/2 (ppERK1/2) (Suppl. Fig. S2). 

The ERK MAPK pathway generates different response behaviors, including grading, oscillation, 

bistability (switching between alternate states), and ultrasensitivity, and such behaviors can be 

influenced by the type and activity of the cell. Thus, an all-or-none switch-like response of the ERK 

MAPK route was reported in Xenopus oocytes, whilst a graded response of this pathway was 

observed in mammalian cells. Such data suggests the existence of mechanisms different from 

phosphorylation that promote the high-fidelity in ERK signals, such as positive and negative 

feedback loops, cross-talk between signaling pathways, and associations between protein partners 

[2, 3, 12-15]. In addition, different types of stimuli (such as EGF and NGF) induce both graded 

ERK phosphorylation and switch-like ERK nuclar translocation. Thereby, the conversion of graded 

ERK phosphorylation into a switch-like ERK nuclear translocation may be a property in growth 

factor-induced ERK signaling [15]. The sensitivity of the ERK MAPK signaling pathway is a key 

factor in the cell fate decision, but also the pattern of its temporal response is involved [16, 17]. 
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 In detail, in the EGF-Ras-ERK1/2 MAPK pathway, a maximum response sustained in time 

can lead to undesirable cell behaviors [18-20]. In biological microenvironments, many molecules 

interact with each other in the framework of this signaling pathway, establishing sophisticated 

dynamics that regulate specific response patterns, affecting different cell processes such as 

migration, proliferation, and differentiation. However, this fragile network can be easily disturbed 

by small and local alterations, resulting in aberrant responses related to the proliferation of cell 

diseases and tumors. 

Hence, specific molecular motifs are capable of modifying the dynamics of some kinases, 

modulating the time response of the MAPK pathway, altering the overall cell response [21-23]. This 

is the case of protein arginine methyltransferases (PRMTs), a family of intracellular enzymes 

localized in mammalian cells [24]. PRMTs play important roles in regulating signal transduction, 

promoted by different growth factors affecting distinct cell types [23, 25, 26]. The protein PRMT5, 

one of the nine components (from PRMT1 to PRMT9) of the PRMTs family in humans, achieves 

great shifts in the pattern of the EGF-Ras-ERK1/2 MAPK response, avoiding inappropriate cell 

behaviors such as the tumorigenesis. However, literature so far does not recognize PRMT5 as a 

tumor suppressor gene, but a key factor for regulating the activity of several tumor suppressors in 

distinct cancer cell lines. Indeed, PRMT5 is an epigenetic enzyme involved in different 

physiological processes, including transcriptional regulation, RNA metabolism and cell cycle 

regulation [27]. Increasing evidence suggests that PRMT5 plays a complex role in oncogenesis, 

controlling the expression of genes implicated in both tumor promotion and suppression. Mainly, 

cellular context, tissue dependence and the localization within the cell determine what function the 

protein PRMT5 performs [28-30]. Thereby, a large number of studies give evidences of PRMT5 

overexpression in different cancer types and its role as a potential oncoprotein involved in 

tumorigenesis by promoting the proliferation, differentiation, invasion, and migration of cancer 

cells, being able of silencing its target tumor suppressor genes [31-35]. Nevertheless, other studies 

had showed opposite effects of PRMT5, being an important regulatory factor of cancer progression, 

inhibiting tumor cell proliferation, migration and invasion. Therefore, oncogenic properties of 

PRMT5 trigger shifts required for reprogramming normal cell growth to malignant cell activity and 

metastasis. But PRMT5 is also needed for normal development and differentiation. Then, reported 

data suggests that PRMT5 may become a potential diagnostic biomarker and a therapeutic target for 

various cancers, but no references recognize PRMT5 as a cancer suppressor gene. 

The action of PRMT5 over the EGF-Ras_ERK1/2 MAPK cascade consists of the methylation of the 

active  Raf kinase, reducing its catalytic activity and, thereby, limiting the ppERK1/2 expression. 

The activated Raf methylation through PRMT5 is comparable to the DNA methylation. Both 

processes are driven by the methylation of arginine residues. PRMTs catalyze the methylation of 
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arginine residues of a diverse group of proteins that can be monomethylated, symmetrically 

dimethylated, or asymmetrically dimethylated at the terminal nitrogen atoms of the guanidinium 

side chain of the arginine residue [36]. One clear example is the methylation on histone arginine 

residues, which can promote DNA replication, DNA damage response, and the activation or 

repression of gene transcription. In detail, PRMT5 catalyzes monomethylation and symmetric 

dimethylation of arginine residues in histones H2A and H4 at residue R3, and histone H3 at residues 

R2 and R8 [37]. Through histone methylation, PRMT5 is involved in different cellular processes, 

including transcriptional regulation, germ cell development and gene expression regulation [36, 38-

40]. In addition, PRMTs promote one of the most extensive protein methylation modification in 

mammalian cells: the modification of arginine chain side guanidine groups (NH2). Arginine is an 

amino acid that its guanidine group contains five potential hydrogen bond donors, which are able of 

interacting with hydrogen bond acceptors [23]. In detail, the arginine side chain presents two 

terminal guanidine groups that can be subjected methylation (Suppl. Fig. S3). And PRMTs remove 

one methyl group from the donor molecule S-adenosyl-L-methionine (AdoMet) and they transfer it 

to the terminal nitrogen of the guanidine group of an arginine residue in the target protein [41]. 

Although some research has reported that PRMT-mediates methylation of proteins impacts on 

stability, the mechanisms responsible may differ from case to case. Thus, it has been reported that 

PRMT5 up-regulated the protein levels of the anti-apoptotic protein CFLARL by decreasing the 

ubiquitination and increasing its protein level [42]. Alternatively, it has been reported that arginine 

methylation modulates autophagic degradation of PGC granules in C. elegans [43].  In this 

connection, the mechanisms by which PRMT5 impacts on CRaf and BRaf stability remain 

unknown. What is known so far is that PRMT5 triggers a symmetric dimethylation of arginine 

residues BRafR671 and CRafR563 within the -Gly-Arg-Gly- (-GRG-) motif upon growth factor 

stimulation, which is highly conserved in all the Raf isoforms [44, 45] and where two terminal 

guanidine groups (NH2) susceptible to being methylated are found (see Suppl. Fig. S4 with the 

crystal structure of CRaf and its highlighted Arg563 residue). In fact, the Raf kinase domain consists 

of an amino-terminal lobe (N-lobe) and a carboxy-terminal lobe (C-lobe) that are connected through 

a flexible hinge region [46]. The C-lobe is comprised primarily of α-helices and contains the 

activation segment. In this C-terminal catalytic domain, the arginine residue where the protein 

PRMT5 binds to further methylate the Raf kinase is found.  The addition of methyl groups do not 

change the charge of proteins but mask polar arginines, removing amino hydrogens and further 

blocking the ability to form hydrogen bonds, promoting inhibition of some binding partners. Such 

blocked hydrogen-bonding groups become more hydrophobic, directly altering protein-protein, 

protein-DNA, and protein-RNA interactions [47-49]. Therefore, the methylation of arginine 

residues in proteins can modulate their binding capabilities, decreasing the stability of Raf proteins 
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and targeting them to the proteasome [50-52]. Otherwise, inhibition of PRMT5 increased the 

activity of Raf and enhanced the phosphorylation of CRafSer621, which may be required to avoid 

proteasome-mediated CRaf degradation [53]. In this way, the PRMT5 has the potential to reduce an 

important source of cellular dysfunction and disease: the persistence in time of a maximum 

inappropriate level of the EGF-Ras-ERK1/2 MAPK output response [18-20, 40]. This regulatory 

effect of PRMT5 on the ppERK1/2 output response is similar to the role of the mitogen-activated 

protein (MAP) kinase phosphatases (MKPs or DUSPs), which dephosphorylate MAPK, reducing its 

activity and switching from a sustained response to a more transitory one [54, 55]. One example is 

MKP-3 (also known as DUSP6), an ERK target gene that forms autoregulatory loops in response to 

sustained ppERK signals, attenuating its activity and yielding to a more transient response [56, 57]. 

Furthermore, there are evidences of decreased MKP expression in malignant disease, suggesting 

that these phosphatases play key roles in cancer regulation [54]. Thereby, the loss, deletion or 

inhibition of MKPs is related to a sustained activation of MAPKs [54, 58, 59]. 

 The purpose of the present work is to develop a model approach of the EGF-Ras-ERK1/2 

MAPK signaling pathway. We want to shed light on the influence of the PRMT5 on the regulation 

and tuning of the pathway response through a methylation process of the Raf-1, which modulates 

the time pattern of the ppERK1/2 and triggers the final cell fate decision [45]. Unfortunately, there is 

a lack of knowledge on the misfit of the PRMT5 protein to the signaling cascade that we aim to 

investigate. It is experimentally observed that the PRMT5 activity increases upon activation of the 

signaling cascade [45, 60]. But, it is not possible to differentiate if the PRMT5 activation is 

promoted either by the same input stimulus or by the pathway output response. To explore this 

challenge, the time output responses of two different configurations of the EGF-Ras-ERK1/2 

MAPK cascade influenced by the activity of  PRMT5 are analyzed: 1) a model with the PRMT5 

activity regulated by EGF and 2) another one with the PRMT5 activity regulated by ppERK1/2. In 

addition, the reported results are aimed to clarify if ppERK1/2 response patterns belonging to 

experimental research can be modulated by the PRMT5 protein and, moreover, to identify if its 

activity is controlled either by the input stimulus or by the output response of this signaling 

pathway. Here we provide computational evidence for the regulatory role of the PRMT5 on the 

ERK-1/2 MAPK activity by limiting its amplitude and duration, as well as the range of EGF 

stimulus able of generating MAPK response. Thereby, to identify activators of this 

methyltransferase should be of interest as drug targets for MAPK-related indications. 

 PRMT5 methylates Ras effectors BRaf and CRaf [45], which in turn bind to HRas [61], 

KRas [45, 62-64] and NRas [65-67]. So, from now on, to simplify the nomenclature, any of the 

three isoforms of Ras will be named simply as Ras, the two isoforms of Raf that are methylated by 

PRMT5 (BRaf and CRaf or Raf-1) will be named as Raf, MEK1/2 as MEK, and ERK1/2 as ERK. 
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2. Methods. 

 

2.1. Models 

 

 The proposed model for the present study (called from now as reference model) corresponds 

to a simplified version of the ERK MAPK signaling pathway defined by Sturm OE et al [3] (Fig. 

1A). Briefly, it consists of the three-level kinase Raf-MEK-ERK MAPK cascade with a regulatory 

negative feedback loop from the output response (ppERK) to the Raf activation process (Fig. 1B), 

which is defined in a comparable way to the system of the two different feedback loops described in 

the model of Sturm OE et al [3], but starting at the level of MAPKKK instead of at the upper level 

of the signaling pathway (the obtained responses of both models can be compared in Suppl. Fig. 

S5).  

 
FIGURE 1: Schematic representations of the Ras-ERK MAPK signaling pathway. 

(A) Schematic representation of the Ras-ERK MAPK signaling pathway with the three levels of kinases (Raf, MEK and 

ERK) proposed by Sturm OE et al [3], presenting two regulatory feedbacks from the output ppERK to SOS and Raf. (B) 

Schematic representation of the reference model, formed by the Ras-ERK MAPK signaling pathway with the three 

levels of kinases (Raf, MEK and ERK) and one negative feedback from the output ppERK to Raf, being equivalent to 

both negative feedbacks of the previous model (Fig. 1A). In both representations, the corresponding kinases 

phosphatases of Raf, MEK and ERK, as well as the input stimulus EGF are defined. 
 

 The implemented feedback loop from ppERK promotes a hyperphosphorylation of multiple 

serine sites of Raf-1 (S29, S289, S296, S301, and S642) after mitogen stimulation, in a manner 
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similar to Raf-1 inactivation, but rendering an inactive and desensitized Raf-1 that presents reduced 

affinity for Ras-GTP and low response to subsequnt activation processes [68]. This feedback loop is 

defined within the whole pathway by a Michaelis-Menten process through next reactions (Eq. 1): 

 
Raf* + ppERK ↔ Raf*−ppERK → Raf + ppERK  (Eq. 1) 

 
where Raf* is the activated state of the Raf isoform. The reaction rates of this regulatory mechanism 

have been selected following those found in the literature [3, 68-71], where a strong negative 

feedback loop from ERK to Raf was reported. 

In addition to this regulatory mechanism, we have considered that the phosphatases of the kinases 

Raf, MEK, and ERK (RafPase, MEKPase and ERKPase) deactivate each corresponding kinase in 

all its possible activation states. 

 The experimental values of the concentrations of the components and the cascade 

parameters correspond to those described by Schoeberl B et al [72], in which Sturm OE et al [3] 

model is mainly based from a parametric point of view [Suppl. Tables I and II]. Regarding the 

reaction rates, they were defined from other experimental scientific publications that reported real 

measures for the parameters or, failing that, suggested experimental estimations or biochemical 

quantifications. As to the cascade's components, their concentrations were expressed by the number 

of signaling proteins per cell, which were determined by biochemical quantification through 

western blotting. 

 Then, the proposed reference model considered in our study (Schema B of Figure 1) only 

presents two possible variable parameters: the concentration of the input stimuli EGF and the 

forward reaction constant of the negative feedback loop from ppERK to Raf, defined as a11 and 

related to the impact of the negative feedback loop. Therefore, to avoid uncertainties in the 

validation of the proposed computational model for the EGF-Ras-ERK MAPK signaling pathway 

(Schema B of Figure 1), simulations varying these two parameters were carried out (Suppl. Fig. 

S6). Then, the model was simulated considering: 

 

a) different values of EGF Є [2414, 1e6] molecules/cell (no EGF was not considered since 

no ERK signal is triggered) 

 

b) three different values of a11: 0 , 1e-5 and 1e-6 (molecules/cell)-1·s-1 

 

Regarding the input stimulus EGF, shifts in its values triggered shifts in the ppERK response, 

regardless the value of the parameter a11. The same way, changes in the reaction constant a11 
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promoted modifications in the amplitude of the  ppERK signal. Despite these variability in the 

results, regardless the conditions of EGF and a11, all ppERK responses are ranged between a 

minimum and a maximum response, without presenting uncontrolled values. Moreover, notice that 

for very high values of EGF, the  ppERK response was practically unchanged because a saturation 

state was reached (Suppl. Fig. S6). 

In detail, simulations (Suppl. Fig. S5) reveal that the reference model proposed for the present study 

approaches to the response of the Ras-ERK MAPK model defined by Sturm OE et al [3], to a 

greater or lesser extent depending on the value of the parameter a11. Indeed, these results suggest 

that the effect of the negative feedback loop of the Sturm OE et al's model [3] is comprised  

between the results reported by the reference model for both values of a11: 1e-6 (molecules/cell)−1 

·s−1 and 1e-5 (molecules/cell)−1 ·s−1. Thereby, considering the evidence of a strong negative feedback 

loop from ERK to Raf [3, 68-71], the reference model with a11 = 1e-5 (molecules/cell)−1 ·s−1 is 

selected to develop the simulations of the present study. 

Furthermore, reported results indicated that the response patterns of our proposed model, with or 

without the ppERK negative feedback loop, fit qualitatively with the published results of Sturm OE 

et al [3] (Suppl. Fig. S5), even when this last model presents more cascade levels, more feedback 

loops and, thereby, more reactions (Schema A of Figure 1). In fact, these results revealed that the 

ppERK negative feedback acts as an inhibitor of the activated Raf, reducing the stepness and the 

ultrasensitivity of the output signal of the Ras-ERK MAPK cascade [3], increasing its negative 

effect on the output signal as its forward reaction (a11) increases, since greater extension of activated 

Raf was inhibited. 

All these data suggest that the pattern of the ERK response upon EGF stimulation obtained with the 

proposed minimum model of the EGF-Ras-ERK MAPK cascade was qualitatively similar to those 

of published studies that pointed to the sustained activation of ERK as responsible for specific 

cellular processes [73-76]. Then, the three-step of the signaling cascade and the ppERK-induced 

negative feedback loop on Raf may be considered as the main players responsible of the sustained 

ppERK response of this signaling route. Therefore, we suggest that our proposed minimum model of 

the EGF-Ras-ERK MAPK cascade is valid to perform computational studies of this signaling route. 

 To this reference model, the protein PRMT5 proposed by Andreu-Pérez P et al [45] has been 

added as an inhibitor of the activated Raf (Raf*), degrading its expression through the next reaction 

velocity (Eq. 2): 

 
aPRMT5 = [PRMT5]·[ Raf*]·kPRMT5·αPRMT5  (Eq.2) 

 
where [PRMT5] and [Raf*] are the concentrations of the PRMT5 and the activated Raf respectively, 
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and kPRMT5 is considered to be the catalytic rate constant of the reaction that promotes the 

degradation of activated Raf through the methylation process exerted by the protein PRMT5, 

defining the rate-limiting step of this conversion process. This process is described as a 

biomolecular reaction involving te collision of these two molecules (activated Raf and PRMT5), 

and the rate of the reaction depends on the product of the concentrations of both involved reactants, 

triggering a second-order reaction. This reaction rate is not necessary to be constant, and there are 

different factors that can affect it, such as the reactant concentrations, cell type and context, 

pressure, temperature, chemical nature of reacting substances, physical state of reactants and their 

dispersion, surface areas of reactants, among others. And such variability is aimed to be reflected in 

the parameter kPRMT5, which can take different values and defines the strength of the PRMT5 action. 

Regarding the protein PRMT5, its concentration was considered as the same of the Raf, in order to 

establish a relation 1:1 and ensure that no Raf could not be methylated. In addition, the PRMT5 

activity is considered to be regulated either by the input stimulus EGF or by the current ppERK 

output. And the parameter αPRMT5 has been defined to expressed such dependence. Therefore, two 

different models have been described: the model A (Fig. 2, red dashed lines) where the activity of 

the PRMT5 depends positively on EGF, defining αPRMT5(EGF) as the ratio between the applied EGF 

(EGFt) and the maximum considered one (EGFmax); and the model B (Fig. 2, blue dashed lines) 

where the activity of the PRMT5 depends positively on the ppERK output, with αPRMT5(ppERK) 

defined as the ratio of the current ppERK concentration (ppERK(t)) over its maximum possible value, 

corresponding to the total amount of the initial ERK (ppERKmax). Then, the effective constant rate of 

the Raf* degradation exerted by PRMT5 is defined as kPRMT5·αPRMT5. 

 The reference model consists of 33 reactions and the activity of the PRMT5 involves one 

more reaction. These reactions are described in Suppl. Table III. 
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FIGURE 2 (color version required for printing): Schematic representation of the Ras-ERK MAPK signaling 

pathway for each considered models. 

(A) Reference model: schematic view of the Ras-ERK MAPK signaling pathway with the three levels of kinases (Raf, 

MEK and ERK) and the ppERK negative feedback. No PRMT5 activity is present. (B) Model A: reference model 

presenting a regulatory mechanism of the ppERK response through the Raf* degradation process caused by the PRMT5 

controlled by the EGF (red dashed line). (C) Model B: reference model presenting a regulatory mechanism of the 

ppERK response through the Raf* methylation exerted by the PRMT5 controlled by the ppERK (blue dashed line). In 

these two last models, the protein PRMT5 acts as inhibitor of the active Raf (Raf*). 
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2.2. Simulations 

 

 All the model simulations have been developed with a stochastic approach similar to 

Gillespie’s Stochastic Simulation Algorithm (SSA), treating the cascade system as a group of 

stochastic events [77-79]. The different signaling events have been defined as Poissonian processes 

with a frequency characterized by the corresponding reaction rates. And all the models have been 

implemented in the Fortran programming language (Force 2.0 + GNU Fortran 77). 

 The concentration of the input stimulus EGF and the parameter kPRMT5 that regulates the 

Raf* degradation activity exerted by the PRMT5 were the only parameters that were changed in the 

study. The values of the rest of the components concentrations and reaction rates belonging to the 

considered models have been fixed (summarized in Suppl. Tables I and II, respectively). Thus, with 

these two variable parameters is possible to regulate the dynamics of the EGF-Ras-ERK MAPK 

response, acting on the first level of the cascade. 

In short, the input stimulus EGF has been gradually increased from 0 to 106 molecules, presenting a 

wide range of values that allows us to define accurately the response behavior of the signaling 

cascade. There is a common use in developing molecular simulations defining the actors of the 

computational model with its molar concentration (M = mol/L of dissolution). This option is valid 

for a deterministic model since it is based on the concentrations of the involved species. However, a 

stochastic model presents a factor representing the number of molecules of the species, an aspect 

that gives a higher resolution of the simulations at low species' concentrations [80]. Furthermore, if 

units of species are expressed in M (mol/L), the simulations become dependent on a factor that is 

not relevant in the present study, the amount of dissolution (liters), which is a more important factor 

in experimental studies. Thereby, in the computational models used in the present study, all species 

(including kinases, phosphatases, and input stimuli) are expressed in molecules rather than M 

(mol/L). 

Three different values of kPRMT5 have been selected to modulate the effect of the PRMT5 in the 

proposed signaling models A and B: 0.0001, 0.0002, and 0.0006 (cell/molecules)·s−1. In this way, 

the effect of the strength of the Raf* methylation process on the ppERK expression can be analysed. 

Such values have been selected presenting a similar magnitude order to the other constant rates 

involved in the first step of the cascade, where the PRMT5 exerts its action (since no experimental 

evidences of such reaction rate have been reported so far). 

 The reference model was simulated for enough time to ensure that the system reaches a 

steady-state (about 2000 seconds). However, the models A and B were simulated until the ppERK 

response was extinguished. 
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2.3. Analysis 

 

 To characterize the response of the EGF-Ras-ERK MAPK cascade, the time responses 

(ppERK vs. time), and the maxima amplitudes of the ppERK response as a function of EGF 

(ppERKmax vs. EGF) were analyzed for the three models (reference model, model A and model B). 

However, the ppERK response areas and the ppERK time durations as a function of EGF were plotted 

for both models A and B, since their output responses expired in time. Alternatively for the 

reference model, the steady-state ppERK response depending on EGF was represented, due to that 

its responses are not finite in time. To clarify, the response area was defined for the present research 

as the integration of the ppERK amplitude along the time at which the output signal is maintained 

over the threshold of the 10% of its maximum value, for each input stimulus. This consideration is 

related with two different topics: i) the requirement of a minimum ppERK level to consider a 

functional cell activation [81-83] and ii) the consideration that the stimulus/response curve of a 

Michaelis-Menten enzyme, such as the case of the ppERK response, is hyperbolic and, thereby, its 

sensitivity is measured with the Hill coefficient, which quantifies the fold change in the input 

stimuli (EGF) required to drive the response (ppERK) from 10% activation to 90% activation of its 

maximum value [7, 84]. 

 

 

3. Results. 

 

 Time evolutions of the EGF-Ras-ERK MAPK cascade responses (ppERK vs time) have been 

analysed either in the presence or absence of PRMT5, in order to highlight its role in the regulation 

of the signaling cascade output. The main obtained evidences are that the protein PRMT5 allows to 

modulate the cascade response reducing its time duration and amplitude, as well as limiting the 

range of input stimuli able of generating an output response of the pathway. 

 

3.1. MAPK activity in the absence of PRMT5 (reference model) 
 

 In the reference model, the response reaches a steady-state for any input stimulus value (Fig. 

3A and Suppl. Fig. S8A). 
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FIGURE 3 (color version required for printing): Time responses, maxima amplitudes and steady state of the ppERK 

response in the reference model. 

(A) ppERK time responses of the reference model. Each colour line represents the time evolution of the ppERK 

concentration for each different EGF value. (B) The maximum concentrations (black line) and the steady state values 

(red line) of the ppERK responses of the reference model as functions of EGF (represented in a semilogarithmic scale). 

For both figures, EGF is defined from 0 to 106 molecules (the considered values of EGF to simulate the output response 

are summarized in the graph legend). The components concentrations and the reaction rates used in simulations are 

described in Suppl. Tables I and II. 
 

The model does not present any mechanism of degradation of any of the cascade’s components, 

which could result in the extinction of the output response (there are only deactivation processes of 

kinases species). For each different EGF value, the ppERK expression starts to increase until 

reaching a maximum value, promoted by Raf*, which is responsible for activating the downstream 

cascade levels of MEK and ERK. Such Raf* activation depends directly on the input stimulus (Fig. 
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3A). Next, when the ppERK response reaches enough high level, the deactivation of Raf* induced by 

the negative feedback takes relevance over the Raf activation process exerted by EGF, causing, in 

turn, a decrease in the production of ppERK. In addition, the phosphatases within the MAPK 

cascade (RafPase, MEKPase, and ERKPase) deactivate the corresponding kinases Raf, MEK, and 

ERK in all its possible activation states, inducing a slowdown in the production of ppERK. Thereby, 

the output response decreases except for very high EGF values where saturated levels of Raf* are 

reached (Fig. 3A). Finally, the ppERK response reaches a steady-state, which is a result from the 

balance between the Raf activation induced by EGF, the Raf* deactivation process performed by the 

ppERK negative feedback, and the deactivation of the active species of Raf, MEK, and ERK through 

the corresponding phosphatases (Fig. 3A and Suppl. Fig. S8A). 

 To expand the analysis of the reference model, both maximum and steady-state ppERK 

responses as functions of EGF have been analysed (Fig. 3B). Such responses increase with the 

stimulus, until reaching maxima values for EGF ≥ EGFTh, where EGFTh is defined as the threshold 

value of EGF required to obtain the same maximum output signal, that is when the maximum value 

of ppERK is equal to its steady-state value (Fig. 3B). However, these metrics are different for the 

values of EGF < EGFTh, and such differences are due to the role of the ppERK negative feedback on 

the deactivation of Raf*. 

 

3.2. MAPK activity in presence of PRMT5 
 

 The protein PRMT5 switches the steady-state of the EGF-Ras-ERK MAPK output response 

into a time-limited pattern, through a methylation process that promotes the degradation of the Raf*, 

limiting the further activation of its downstream substrates of the cascade (MEK and ERK) [45], 

avoiding an uncontrolled activation of the signaling pathway. 

One aspect to keep in mind is the different effects on the ppERK response caused by the PRMT5 

activity depending on its regulation, either by the input stimulus (model A) or by the cascade 

response (model B). 

                                                                                                                                                                                                

Case A: PRMT5 activity regulated by EGF (model A) 
 

 In the model A, for a fixed EGF value, the time response of the Ras-ERK MAPK cascade 

becomes time-limited, describing a normal or Gaussian pattern (Fig. 4 and Suppl. Fig. S8B). 
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FIGURE 4 (color version required for printing): ppERK time responses of the model A for different kPRMT5 values. 

Time responses of ppERK of the model A for different values of kPRMT5: graph A for kPRMT5 = 0.0001 

(cell/molecules)·s−1, graph B for kPRMT5 = 0.0002 (cell/molecules)·s−1 and graph C for kPRMT5 = 0.0006 

(cell/molecules)·s−1. Each colour line represents the Ras-ERK MAPK cascade time response for each different EGF 

value.  EGF is defined from 0 to 106 molecules. The considered values of EGF to simulate the output response are 

summarized in the graph legend. The components concentrations and the reaction rates used in simulations are 

described in Suppl. Tables I and II. 
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 At initial times, the output response presents weak values since EGF requires some time to 

activate Raf. Next, the Raf* expression increases with time and, thereby, the ppERK time response 

dramatically increases until reaching a maximum value (ppERKmax). After that, the response 

decreases to extinction due to the degradation of Raf* exerted by the PRMT5 methylation. This 

process becomes relevant just when there is enough Raf* expression to compete with the Raf 

activation process. To this Raf* degradation process, the actions of, on one hand, the ppERK 

negative feedback and, on the other hand, the phosphatases (RafPase, MEKPase, and ERKPase) act 

as complementary mechanisms for the output response regulation. 

 The simulations reveal that there is a dependence correlation between the values of the 

ppERK response and the values of the parameter kPRMT5, the higher the amplitude attenuation and 

the time limitation, the higher of the kPRMT5 values (Fig. 4, black and green results from Suppl. Fig. 

S7, and Suppl. Fig. S8B). The reason is, as well, the higher kPRMT5, the faster the Raf* degradation. 

Therefore, there is a lower expression of Raf* capable of activating its substrate MEK, which in turn 

activates ERK. Consequently, both the amplitude of the ppERK response (compare Fig. 4A, 4B, and 

4C) and the time wherein the ppERK response is non zero decrease (Fig. 4, black and green results 

from Suppl. Fig. S7, and Suppl. Fig. S8B). 

Furthermore, both the time duration and the amplitude of the response vary with the values of EGF 

(Fig. 4 and Appendix B Suppl. Fig. S8B) because of both the Raf activation process and the activity 

of the PRMT5 depend directly on the input stimulus. 

 The PRMT5 acts as a tuner: the higher kPRMT5, the lower range of EGF capable of generating 

enough relevant ppERK response, since higher EGF expression is required to maintain a similar 

level of Raf* (Fig. 4). Simulations reveal that the maxima amplitudes of the ppERK response and the 

ppERK response areas decrease with kPRMT5 because of the increasing effect of the Raf* methylation 

process (Fig. 5A and 5B respectively). 
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FIGURE 5 (color version required for printing): Maxima amplitudes and responses areas of the ppERK in the model 

A. 

(A) Representation of the maxima amplitudes of the ppERK time responses in the model A as function of EGF 

(represented in a semilogarithmic scale). (B) Representation of the response areas of the ppERK concentration in the 

model A as function of EGF (represented in a semilogarithmic scale). These both responses have been represented for 

the three values of kPRMT5: 0.0001 (cell/molecules)·s−1 (black lines), 0.0002 (cell/molecules)·s−1 (red lines) and 0.0006 

(cell/molecules)·s−1 (green lines). EGF is defined from 0 to 106 molecules. 
 

 Both the maxima amplitudes of the ppERK response and the ppERK response areas describe a 

pass-band pattern for a fixed kPRMT5 (Fig. 5A and 5B respectively), demonstrating that the EGF-Ras-

ERK MAPK cascade with the presence of EGF-dependent PRMT5 activity limits the range of the 

EGF values that provide non-zero responses (or enough response levels to be considered as relevant 



18 
 

for this study).  First, there is a short-range of initial EGF values that are not capable of generating 

relevant ppERK response. Next, there is a medium-range of EGF values where the ppERK expression 

increases until reaching a maximum value. At this point, the activity of the PRMT5 increases 

promoted by high EGF and Raf* levels, starting to speed up the Raf* degradation process. Next, 

higher EGF values increase the PRMT5 activity, which takes more relevance than the activation of 

downstream substrates (MEK and ERK), resulting in weaker and shorter ppERK responses. And 

finally, there is a very high range of EGF values where the Raf* degradation is so fast that there is 

no time for the signaling cascade to generate any ERKpp response (Fig. 5A and 5B). 

 When PRMT5 is regulated by EGF, obtained results give evidences for its regulatory role on 

the time duration and amplitude of the ERK-1/2 MAPK activity,  as well as in limiting the range of 

EGF able of generating a nonzero ppERK response. 

 

Case B: PRMT5 activity regulated by ppERK (model B) 
 

 In the model B, considering a fixed EGF, the response of the EGF-Ras-ERK MAPK cascade 

becomes time-limited, but describing a lognormal pattern (Fig. 6 and Suppl. Fig. S8C). At starter 

times, the cascade response presents weak values, as there is not enough input stimuli to activate a 

consistent Raf* concentration capable of activating relevant ERK. Next, the Raf* expression 

increases due to the action of EGF, so that the response of the signaling cascade grows with time 

until reaching a maximum value (ERKpp(max)) (Fig. 6). Consequently, the methylation process 

exerted by the PRMT5 becomes faster, reducing the Raf* expression. At this point, both the 

deactivation of kinases through the corresponding phosphatases and the deactivation of Raf* 

through the ppERK negative feedback loop help the Raf* methylation process to diminish the ERKpp 

response until its extinction, avoiding an inappropriate steady-state response (Fig. 6 and Suppl. Fig. 

S8C). 

 The simulations reveal that there is no correlation between the kPRMT5 value and the ppERK 

amplitude. But there is a slight dependence between the kPRMT5 and the ppERK time duration and, 

thereby, with the ppERK response areas. Both the maxima amplitudes of the ppERK response and the 

ppERK response areas describe a switch-like pattern for a fixed kPRMT5 (Fig. 7A and Suppl. Fig. 

S10A,  and Fig. 7B and Suppl. Fig. S10B, respectively). 
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FIGURE 6 (color version required for printing): ppERK time response of the model B for different kPRMT5 values. 

Time responses of ppERK of the model A for different values of kPRMT5: graph A for kPRMT5 = 0.0001 

(cell/molecules)·s−1, graph B for kPRMT5 = 0.0002 (cell/molecules)·s−1 and graph C for kPRMT5 = 0.0006 

(cell/molecules)·s−1. Each colour line represents the Ras-ERK MAPK cascade time response for each different EGF 

value. EGF is defined from 0 to 106 molecules. The considered values of EGF to simulate the output response are 

summarized in the graph legend. The components concentrations and the reaction rates are described in  Suppl. Tables I 

and II. 
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FIGURE 7 (color version required for printing): Maxima amplitudes and responses areas of the ppERK in the model 

B. 

(A) Representation of the maxima amplitudes of the ppERK time responses in the model B as function of EGF 

(represented in a semilogarithmic scale). (B) Representation of the response areas of the ppERK concentration in the 

model B as function of EGF (represented in a semilogarithmic scale). These both responses have been represented for 

the three values of kPRMT5: 0.0001 (cell/molecules)·s−1 (black lines), 0.0002 (cell/molecules)·s−1 (red lines) and 0.0006 

(cell/molecules)·s−1 (green lines). EGF is defined from 0 to 106 molecules. 
 

 At low EGF values, there is a discrete Raf activation that results in poor output responses. 

As the Raf* degradation process depends directly on the ppERK expression, its effect is irrelevant 

against the activation of Raf, thereby the ppERK responses are sustained in time (Fig. 6, and red and 

blue results from Suppl. Fig. S7). Next, with increasing EGF, the relative and maxima amplitudes of 

the ppERK response increase until reaching a maximum value when EGF = EGFTh, from 107 
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molecules (Suppl. Fig. S10A and green result from Suppl. Fig. S9). Such ppERK concentration 

induces a Raf* methylation process through the PRMT5 activity that gains relevance, speeding up 

the response degradation and reducing its time duration (red and blue graphs from Suppl. Fig. S7). 

After that, for EGF > EGFTh, the ppERK time responses are controlled by a competition process 

between a maximum steady state of the ppERK expression (promoted by an overexpressed 

concentration of EGF) and a constant degradation of Raf*. Under these conditions, the maxima 

amplitudes of the ppERK responses do not practically change, maintaining a constant value (Suppl. 

Fig. S10A). Nevertheless, the time duration continues decreasing (red and blue results from Suppl. 

Fig. S7) because of the ppERK production becomes faster and thereby, the Raf* methylation process. 

Therefore, the response area of the output signal, after reaching a maximum value, describes a slight 

decrease as the EGF increases (Fig. 7B and Suppl. Fig. S10B) promoted by the reduction of the 

response times (red and blue results from Suppl. Fig. S7), and lasts until the differences in the 

response times are barely noticed. 

 The obtained results reveal that the time responses of the model B are influenced by the 

impact of the PRMT5 methylation exerted through the parameter kPRMT5, which positively regulates 

the velocity of the Raf* degradation. Thereby, as kPRMT5 increases, lower Raf* concentration is 

available and less time is required to become extinct, generating shorter output responses (Fig. 6 

and Suppl. Fig. S8C). Even though the amplitude of ppERK does not reveal important shifts due to 

the kPRMT5 effect (a saturated response regime is guaranteed by an overexpressed concentration of 

EGF, see Fig. 6, 7A and Suppl. Fig. S9A), its response area decreases while kPRMT5 increases (Fig. 

7B and Suppl. Fig. S10B) due to shorter time responses of the ppERK expression. 

 So, reported results reveal that the PRMT5 regulated by ppERK modulates the time response 

of the ERK-1/2 MAPK cascade, limiting its duration and moving its activity away from an aberrant 

activation state. However, the amplitude of the ppERK response is not influenced by the PRMT5 

activity.  

 
 

4. Discussion. 
 

 The  PRMT5 protein is present in different cell compartments, namely cytoplasm and 

nucleus, and its functional role seems to depend on its localization. Thereby, PRMT5 acts as 

oncogene and epigenetic silencer of tumor repressors when is localized in cytoplasm, but PRMT5 

inhibits cancer cell proliferation, migration and invasion when it is placed in the cell nucleus [85, 

86]. Then, PRMT5 may act as an up-regulating mechanism for cancer proliferation, migration and 

invasion when it acts in the cytoplasm, whilst it may have a tumor antiproliferative and pro-survival 

effect when it is activated in the cell nucleus. Such issue can be related with the simulations 
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performed in our work, where the ERKpp-induced PRMT5 may act in the cell nucleus, regulating 

the EGF-ERK MAPK activity, avoiding a sustained maximum ERKpp response that can lead to 

tumorigenesis. 

Previous works provided evidences of the regulatory role of PRMT5 in  normal cell proliferation 

and cell survival. Andreu-Pérez P et al. [45] determined that the methylation of arginine residue in 

the GRG motif of BRaf and CRaf is involved in the limitation of these kinases activity and stability, 

promoting the limitation of ERK1/2 signal output and, thereby, switching from differentiation to 

proliferation. Hsu JM et al. [60] found that EGFR methylated in Arg1175 positively modulated EGF-

induced EGFR trans-autophosphorylation at Tyr1173, enhancing the binding between EGFR and 

SHP1 that resulted in suppression of EGFR-mediated ERK activation. In addition, they reported 

that EGFR Arg1175 methylation is not regulated by EGF stimulation, finding that can be related to 

the results obtained with the EGF-Ras-ERK MAPK model of our research that presents PRMT5 

activated by ppERK. Liu F et al. [87] reported an increase in colony formation of myeloproliferative 

neoplasms (MPNs) and erythroid differentiation when knocking down PRMT5 in human CD34+ 

cells using shRNA, indicating that PRMT5 negatively regulates hematopoietic stem/progenitor cell 

proliferation and expansion. DongSheng W et al. [88] confirmed that PRMT5 can bind with death 

receptor 4 (DR4) and reduce its expression, providing a molecular mechanism to abolish the 

inflammatory cytokine expression induced by protein CCL20, inhibiting its expression via 

inhibiting NF-κB. An study developed by Yang M et al. [89] in Caenorhabditis elegans showed that 

PRMT5 negatively regulates DNA damage-induced apoptosis, triggering a decrease in germ cell 

apoptosis. Furthermore, an study done by Scoummane A et al. [90] manifested that PRMT5 is 

required for normal cell proliferation and regulates cell-cycle transition from G1 to S phase. They 

gave evidences that, in response to stress signals, PRMT5 induced sufficient p53 activation to 

promote pro-survival mechanisms, such as cell-cycle arrest and DNA repair. 

 There is a large body of evidence on the role of PRMT5 inhibitors, both natural and 

synthetic, but most of them focus on reversing the activity of PRMT5 when it is related to the 

positive regulation of tumor proliferation and progression in cancer cell lines [91-94]. However, 

there are few scientific studies aimed at verifying the effect of inhibiting the activity of PRMT5 

when it regulates an aberrant tumor response. Andreu-Perez P et al. [45] reported that the silencing 

of PRMT5 activity through methylthioadenosine (MTA) or its depletion stabilized Raf and 

positively regulates its activity, not only increasing the amplitude and duration of Raf signal and, so 

on, the ERK phosphorylation in response to growth factors, but also redirecting the response of 

PC12 cells to EGF from proliferation to differentiation. Related to this point, it is known that both 

NGF and EGF stimulate the Ras-ERK-MAPK pathway in PC12 cells, but with different effects on 

ERK activation: EGF induces a transient phosphorylation of ERK, promoting PC12 cell 
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differentiation, whereas NGF elicits a sustained activation of ERK, inducing proliferation of PC12 

cells [95-97]. Then, it may be assumed that, when knocking down PRMT5, the induced 

differentiation behavior provoked by a sustained ERK response was triggered by a sustained Raf 

signal. Apart from Andreu-Perez et al. [45], there are other scientific studies aimed at verifying the 

effect of inhibiting the activity of PRMT5 when it regulates an aberrant tumor response. Hsu JM et 

al. [60] conducted experiments where knockdown of PRMT5 expression by short interfering RNAs 

(siRNAs) diminished Arg1175, down regulating EGF-induced Tyr1173 phosphorylation and enhancing 

EGF-stimulated ERK activation by reducing SHP1 recruitment to EGFR. As a result, cell 

proliferation, migration and invasion of EGFR-expressing cells increased. Jansson M et al. [98] 

showed that the depletion of PRMT5 in human osteosarcoma U2OS cells induced p53-dependent 

apoptosis. And Yang M et al. [89] reported in Caenorhabditis elegans that loss of PRMT5 activity 

promoted specific over upregulation of the cell death initiator EGL-1 in response to DNA damage, 

which is directly responsible for the excessive germ cell apoptosis. 

 In our study, the basic structure of the EGF-Ras-ERK MAPK pathway (reference model) 

describes a switch-like time response, reaching a steady-state condition (Fig. 3A) that results from 

an equilibrium process between the Raf activation promoted by EGF, the Raf* attenuation 

performed by the ppERK negative feedback loop, and the deactivation of the active species of Raf, 

MEK, and ERK through the corresponding phosphatases (RafPase, MEKPase and ERKPase). Such 

sustained ERK signaling may be responsible of an aberrant cell response related to tumor  

differentiation, migration and invasion. 

 This response can be modulated both in time duration and in amplitude through the simple 

action of a protein present in the own cell environment: the PRMT5. 

This protein acts as an inhibitor of the Raf*, degrading it through a methylation process, limiting the 

activation of its downstream substrates (MEK and ERK) and, thereby, converting the steady-state of 

the output response into a time-limited pattern (Fig. 4, 6, Suppl. Fig. S7, and Suppl. Fig. S8A and 

S8B), avoiding an uncontrolled activation state of the ppERK response, as the reference model 

describes.  

Both the time limitation and the amplitude attenuation of the EGF-Ras-ERK MAPK response 

depends on the parameter kPRMT5, which defines the strength of the methylation action. Thereby, the 

Raf* expression decreases while kPRMT5 increases, resulting in less levels of activation of 

downstream substrates (MEK and ERK) and, in turn, less output response that expires in less time 

(Fig. 4, 6, and Suppl. Fig. S8B, S8C and S9). Therefore, the protein PRMT5 constitutes a cell 

component able of switching between sustained and transient ppERK responses without requiring 

different types of stimuli and, thereby, provides a mechanism to switch from cell differentiation to 

cell proliferation [45]. Although further investigation should be required, such switching behavior 
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appears to be reversible upon removal of PRMT5, as it was reported in the literature related to the 

application and removal of both EGF and NGF [99-101]. 

 Different effects on the ppERK response patterns arise depending on the mechanism of the 

PRMT5 activation. For this reason, two different models have been defined to illustrate such 

differences: the model A where the PRMT5 activity is regulated by the EGF, describing a Gaussian 

pattern of the ppERK time response (Fig. 4), and the model B where the PRMT5 is regulated by the 

ppERK, providing a lognormal pattern of the ppERK time response (Fig. 6). 

 The reduction of the time duration and the amplitude of the ppERK response is greater in the 

model A than in the model B (Suppl. Fig. S7, S8B and S8C), regardless the kPRMT5 value. In short, 

in the model A, the Raf* methylation exerted by PRMT5 is present from first stages of the 

stimulation since it is activated by the EGF and thereby, fast rates of Raf* degradation are achieved. 

As a result, the duration and the amplitude of the ppERK response fall down (Fig. 4 and Suppl. Fig. 

S8B). Thus, the EGF-dependent PRMT5 shortens the ppERK response time 20-fold more (Suppl. 

Fig. S7) and can reach attenuations 10-fold greater (Suppl. Fig. S9) than the ppERK-dependent 

PRMT5, regardless the value of kPRMT5. 

Nevertheless, the Raf* methylation process in the model B depends on the output response of the 

signaling cascade, requiring more time to induce the Raf* methylation effect of the PRMT5. 

Thereby, the duration of the response is prolonged (Fig. 6, and Suppl. Fig. S7 and S8C). In addition, 

the attenuation of the ppERK amplitude is low, presenting irrelevant shifts when kPRMT5 changes 

(Fig. 6 and Suppl. Fig. S8C), since a maximum steady state of the ppERK expression (promoted by 

an overexpressed concentration of EGF) is counteracted by a constant degradation of Raf* (which in 

turn is controlled by the ppERK expression). Then, the Raf* methylation effect exerted by the 

PRMT5 requires enough high expression of ppERK to be effective and compete with the Raf 

activation promoted by EGF. 

 Furthermore, when the PRMT5 activity depends on the input stimulus (model A), it is 

possible to tune a specific and delimited range of stimuli able of generating a nonzero response, 

resulting in a behavior similar to a pass-band filter. Thereby, for low EGF values, there is not 

enough activation of the signaling cascade to produce an ppERK response, whilst for high EGF 

values the rate of Raf* methylation is so fast that no ppERK response is generated (Fig. 5A and red 

result from Suppl. Fig. S9). In contrast, if the PRMT5 activity is controlled by the output ppERK 

(model B), it is not possible to delimitate the EGF range at which the ppERK response is nonzero, 

resulting in a switch-like output response because of the sustained maximum value of the ppERK 

when EGF ≥ EGFTh (Suppl. Fig. S10A and green result from Suppl. Fig. S9), similar to the response 

behavior of the reference model (black results from Fig. 3B and Suppl. Fig. S9). 

 Our data predict that PRMT5 activity reduces the duration and the amplitude of the EGF 
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response on ERK activity, and such response can be limited to a specific range of input stimulus. 

Future studies should validate our prediction through the use of cultured cells. This is favoured by 

the fact that human cells such as HeLa or A431 express high levels of EGF receptors, components 

of the MAPK pathway, as well as PRMT5. In consequence, it is feasible to manipulate PRMT5 

genetically (overexpression or silencing), and to analyse the time-dependent responses to different 

concentrations of EGF on ERK activity/phosphorylation. 

 Weighing all the differences between both models of the Ras-ERK MAPK pathway with 

PRMT5 activity, their response patterns can be useful, as a guide, to identify if any of both analyzed 

mechanisms of PRMT5 activation may act as a modulator of the signaling pathway response in 

experimental research. 

 The proposed model of the EGF-Ras-ERK MAPK signaling pathway only considers the 

main components of the cascade directly related in the phosphorylated protein levels, thereby, the 

different docking and activator factors integrated in the MAPK signalling pathway are not 

considered in the model, such as KSR1/2, β-arrestin1/2, paxillin, MP1, RKIP, MORG1, FRS2, 

Shoc2/Sur8, IQGAP, PEB1, or Sef, among others. Although these molecules are required for the 

compartmentalization of signaling proteins and their spatial arrangement to be activated/deactivated 

and to interact each others, the proposed model aims to determine only the role of PRMT5 on ERK 

activity. For instance, presence or knockout of scaffold proteins are related to modifications in the 

cell response related to ERK MAPK activity. This is the case of the KSR, with evidences in the 

literature of its role as scaffold, pseudo-kinase or even as a kinase, promoting or inhibiting Raf, 

MEK or ERK signaling, mainly driving translocation of such kinases to specific sites of the cell, 

increasing their local concentrations, or forming heterotetramers with Raf and MEK to promote its 

phosphorylation and, thereby, improving signaling [102, 103]. As a result, knockout of scaffolds can 

inhibit MAPK in tumor cells and reverse oncogenic transformation of cells, such as the knockout of 

KSR that can reverse oncogenic transformation in colorectal and pancreatic cancers [104,105]. 

Moreover, scaffold proteins, as signaling regulators, could help to develop therapeutic strategies 

against unwanted ERK signaling (i.e., proliferation), while preserving other desired ERK activity 

(e.g. differentiation or apoptosis) [106-108]. Then, it should be of interest to include the KSR or 

other scaffold protein related to Ras-ERK MAPK pathway in a further extension of the model to 

investigate how their role can influence ERK signaling. 

In addition, reported results are based in simulations of a model of the EGF-Ras-ERK MAPK route 

that does not consider other regulations on kinases and PRMT5 activity that could influence the 

final cell response, caused by cross-links with partner signaling pathways or by different feedback 

loops from the considered ones. In the latter case, several positive and negative feedback loops have 

been identified within the EGF-Ras-ERK MAPK pathway: positive feedback loops (such as the 
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existing one from Ras to SoS) are related to bistability and switch-like responses, whilst negative 

feedback loops (such as the exising ones from ppERK to either MEK, Ras or Raf) switch pathway 

response from ultrasensitivity to oscillations, even inhibiting signal via kinases phosphorylation 

[109, 110]. 

Such a simplification of the model does not permit to quantify to what extent the activity of MAPK 

pathway is regulated by PRMT5 in cells under in vivo conditions. In this regard, a further step may 

be to extend the EGF-Ras-ERK MAPK model including some of the regulatory mechanisms 

discussed previously, in order to evaluate the extent of Raf methylation and attenuation of ERK 

activity in a more real approach. 

 When addressing computational studies of simplified models related to complex biological 

systems such as the EGF-Ras-ERK MAPK signaling pathway, doubts can arise about the impact 

and the extent that the proposed regulatory mechanism based on the protin PRMT5 has on the 

modulation of the ERK signal.  Despite there is a lack of quantitative studies about the impact of 

this regulatory effect of PRMT5 in ERK signal, some publications [45, 60] reported that activating 

PRMT5 alone, the levels of ERK signal are drastically reduced. And our predictions are in 

accordance with such published evidences. Therefore, the PRMT5 may be considered an important 

mechanism in terms of regulating the overexpression of the EGF-Ras-ERK pathway by itself, 

switching ERK signal from a sustained response to a transient one. 

 To conclude, regardless the type of regulation of the PRMT5 activation, this small protein 

opens up great options related to the modulation of the Ras-ERK MAPK cascade response upon 

EGF stimulation, allowing to limit in a great extent the ERK signal through a methylation process 

of Raf, which allows to delimit ERK duration over time and to attenuate its amplitude, since an 

uncontrolled intensity or the persistence in time of an inappropriate response in the Ras-ERK 

MAPK route can lead to wrong physiological functions of the cell. So, activators of this 

methyltransferase can be considered as a potential target to develop biological and/or 

pharmacological strategies to fight against cell diseases and tumorigenesis, such as exposing cells to 

hypoxic conditions [111] through any hypoxia mimicker such as the cobalt chloride (CoCl2), which 

is considered to prevent HIF-1α degradation, and ginkgolides [112]; posphorylating MEP50, which 

builds a complex with PRMT5 and promotes substrate recognition and orientation, as well as 

stimulation of PRMT5 activity [113, 114]; the growth factor TGFβ [115]; the c-Myc that recruits the 

PRMT5-MEP50 complex, inducing H4R3 symmetric di-methylation [116]; the cyclin D1/CDK4 

that phosphorylates Thr5 on MEP50, activating the methyltransferase activity of PRMT5 [117]; 

ionizing radiation [118]; and DNA damage that can induce PRMT5-catalyzed methylation of non-

histone substrates, promoted by different factors, such as camptothecin, etoposide, hydroxyurea, 

doxorubicin, and UVB irradiation [90, 119-121]. 
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Abstract. 

 

 The extracellular signal-regulated kinase (ERK) mitogen-activated protein kinase (MAPK) 

pathway involves a three-step cascade of kinases that transduce signals and promote processes such 

as cell growth, development, and apoptosis. An aberrant response of this pathway is related to the 

proliferation of cell diseases and tumors. By using simulation modeling, we document that the 

protein arginine methyltransferase 5 (PRMT5) modulates the MAPK pathway and thus avoids an 

aberrant behavior. PRMT5 methylates the Raf kinase, reducing its catalytic activity and thereby, 

reducing the activation of ERK in time and amplitude. 

Two minimal computational models of the epidermal growth factor (EGF)-Ras-ERK MAPK 

pathway influenced by PRMT5 were proposed: a first model in which PRMT5 is activated by EGF 

and a second one in which PRMT5 is stimulated by the cascade response. The reported results show 

that PRMT5 reduces the time duration and the expression of the activated ERK in both cases, but 

only in the first model PRMT5 limits the EGF range that generates an ERK activation. Based on 

our data, we propose the protein PRMT5 as a regulatory factor to develop strategies to fight against 

an excessive activity of the MAPK pathway, which could be of use in chronic diseases and cancer. 
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1. Introduction. 
 

 Biological processes occurring in the microscale, or even in the nanoscale, play key roles in 

cells and living organisms. A great amount of those processes drive different behaviors' patterns, 

which can be altered by local shifts induced by individual molecules. In such a scenario, cell 

signaling pathways are responsible for the transmembrane signal transduction. Those pathways 

facilitate the sensing, integration and processing of extracellular information through the plasma 

membrane, generating robust high-fidelity responses [1, 2]. 

A common motif of such signaling pathways is represented by a cascade structure of a sequential 

activation of three mitogen-activated protein kinases (MAPKKK, MAPKK and MAPK) that act as 

messengers, driving extracellular signals to the inner of the cell [3-7]. The active MAPK is 

delivered to the cytosol, reaching the nucleus of the cell, for further activation of transcription 

factors, collaborating in this way in the regulation of the cell activity [8-10]. In detail, the 

extracellular signal-regulated kinase 1/2 MAPK (ERK1/2 MAPK) pathway features K-Ras as the 

G-protein, Raf-1 as the MAPKKK, MEK1/2 as the MAPKK, and ERK1/2 as the MAPK [10, 11]  

(Suppl. Fig. S1). The response of such a signaling pathway to the epidermal growth factor (EGF) is 

the expression of the double phosphorylated ERK1/2 (ppERK1/2) (Suppl. Fig. S2). 

The ERK MAPK pathway generates different response behaviors, including grading, oscillation, 

bistability (switching between alternate states), and ultrasensitivity, and such behaviors can be 

influenced by the type and activity of the cell. Thus, an all-or-none switch-like response of the ERK 

MAPK route was reported in Xenopus oocytes, whilst a graded response of this pathway was 

observed in mammalian cells. Such data suggests the existence of mechanisms different from 

phosphorylation that promote the high-fidelity in ERK signals, such as positive and negative 

feedback loops, cross-talk between signaling pathways, and associations between protein partners 

[2, 3, 12-15]. In addition, different types of stimuli (such as EGF and NGF) induce both graded 

ERK phosphorylation and switch-like ERK nuclar translocation. Thereby, the conversion of graded 

ERK phosphorylation into a switch-like ERK nuclear translocation may be a property in growth 

factor-induced ERK signaling [15]. The sensitivity of the ERK MAPK signaling pathway is a key 

factor in the cell fate decision, but also the pattern of its temporal response is involved [16, 17]. 
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 In detail, in the EGF-Ras-ERK1/2 MAPK pathway, a maximum response sustained in time 

can lead to undesirable cell behaviors [18-20]. In biological microenvironments, many molecules 

interact with each other in the framework of this signaling pathway, establishing sophisticated 

dynamics that regulate specific response patterns, affecting different cell processes such as 

migration, proliferation, and differentiation. However, this fragile network can be easily disturbed 

by small and local alterations, resulting in aberrant responses related to the proliferation of cell 

diseases and tumors. 

Hence, specific molecular motifs are capable of modifying the dynamics of some kinases, 

modulating the time response of the MAPK pathway, altering the overall cell response [21-23]. This 

is the case of protein arginine methyltransferases (PRMTs), a family of intracellular enzymes 

localized in mammalian cells [24]. PRMTs play important roles in regulating signal transduction, 

promoted by different growth factors affecting distinct cell types [23, 25, 26]. The protein PRMT5, 

one of the nine components (from PRMT1 to PRMT9) of the PRMTs family in humans, achieves 

great shifts in the pattern of the EGF-Ras-ERK1/2 MAPK response, avoiding inappropriate cell 

behaviors such as the tumorigenesis. However, literature so far does not recognize PRMT5 as a 

tumor suppressor gene, but a key factor for regulating the activity of several tumor suppressors in 

distinct cancer cell lines. Indeed, PRMT5 is an epigenetic enzyme involved in different 

physiological processes, including transcriptional regulation, RNA metabolism and cell cycle 

regulation [27]. Increasing evidence suggests that PRMT5 plays a complex role in oncogenesis, 

controlling the expression of genes implicated in both tumor promotion and suppression. Mainly, 

cellular context, tissue dependence and the localization within the cell determine what function the 

protein PRMT5 performs [28-30]. Thereby, a large number of studies give evidences of PRMT5 

overexpression in different cancer types and its role as a potential oncoprotein involved in 

tumorigenesis by promoting the proliferation, differentiation, invasion, and migration of cancer 

cells, being able of silencing its target tumor suppressor genes [31-35]. Nevertheless, other studies 

had showed opposite effects of PRMT5, being an important regulatory factor of cancer progression, 

inhibiting tumor cell proliferation, migration and invasion. Therefore, oncogenic properties of 

PRMT5 trigger shifts required for reprogramming normal cell growth to malignant cell activity and 

metastasis. But PRMT5 is also needed for normal development and differentiation. Then, reported 

data suggests that PRMT5 may become a potential diagnostic biomarker and a therapeutic target for 

various cancers, but no references recognize PRMT5 as a cancer suppressor gene. 

The action of PRMT5 over the EGF-Ras_ERK1/2 MAPK cascade consists of the methylation of the 

active  Raf kinase, reducing its catalytic activity and, thereby, limiting the ppERK1/2 expression. 

The activated Raf methylation through PRMT5 is comparable to the DNA methylation. Both 

processes are driven by the methylation of arginine residues. PRMTs catalyze the methylation of 
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arginine residues of a diverse group of proteins that can be monomethylated, symmetrically 

dimethylated, or asymmetrically dimethylated at the terminal nitrogen atoms of the guanidinium 

side chain of the arginine residue [36]. One clear example is the methylation on histone arginine 

residues, which can promote DNA replication, DNA damage response, and the activation or 

repression of gene transcription. In detail, PRMT5 catalyzes monomethylation and symmetric 

dimethylation of arginine residues in histones H2A and H4 at residue R3, and histone H3 at residues 

R2 and R8 [37]. Through histone methylation, PRMT5 is involved in different cellular processes, 

including transcriptional regulation, germ cell development and gene expression regulation [36, 38-

40]. In addition, PRMTs promote one of the most extensive protein methylation modification in 

mammalian cells: the modification of arginine chain side guanidine groups (NH2). Arginine is an 

amino acid that its guanidine group contains five potential hydrogen bond donors, which are able of 

interacting with hydrogen bond acceptors [23]. In detail, the arginine side chain presents two 

terminal guanidine groups that can be subjected methylation (Suppl. Fig. S3). And PRMTs remove 

one methyl group from the donor molecule S-adenosyl-L-methionine (AdoMet) and they transfer it 

to the terminal nitrogen of the guanidine group of an arginine residue in the target protein [41]. 

Although some research has reported that PRMT-mediates methylation of proteins impacts on 

stability, the mechanisms responsible may differ from case to case. Thus, it has been reported that 

PRMT5 up-regulated the protein levels of the anti-apoptotic protein CFLARL by decreasing the 

ubiquitination and increasing its protein level [42]. Alternatively, it has been reported that arginine 

methylation modulates autophagic degradation of PGC granules in C. elegans [43].  In this 

connection, the mechanisms by which PRMT5 impacts on CRaf and BRaf stability remain 

unknown. What is known so far is that PRMT5 triggers a symmetric dimethylation of arginine 

residues BRafR671 and CRafR563 within the -Gly-Arg-Gly- (-GRG-) motif upon growth factor 

stimulation, which is highly conserved in all the Raf isoforms [44, 45] and where two terminal 

guanidine groups (NH2) susceptible to being methylated are found (see Suppl. Fig. S4 with the 

crystal structure of CRaf and its highlighted Arg563 residue). In fact, the Raf kinase domain consists 

of an amino-terminal lobe (N-lobe) and a carboxy-terminal lobe (C-lobe) that are connected through 

a flexible hinge region [46]. The C-lobe is comprised primarily of α-helices and contains the 

activation segment. In this C-terminal catalytic domain, the arginine residue where the protein 

PRMT5 binds to further methylate the Raf kinase is found.  The addition of methyl groups do not 

change the charge of proteins but mask polar arginines, removing amino hydrogens and further 

blocking the ability to form hydrogen bonds, promoting inhibition of some binding partners. Such 

blocked hydrogen-bonding groups become more hydrophobic, directly altering protein-protein, 

protein-DNA, and protein-RNA interactions [47-49]. Therefore, the methylation of arginine 

residues in proteins can modulate their binding capabilities, decreasing the stability of Raf proteins 
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and targeting them to the proteasome [50-52]. Otherwise, inhibition of PRMT5 increased the 

activity of Raf and enhanced the phosphorylation of CRafSer621, which may be required to avoid 

proteasome-mediated CRaf degradation [53]. In this way, the PRMT5 has the potential to reduce an 

important source of cellular dysfunction and disease: the persistence in time of a maximum 

inappropriate level of the EGF-Ras-ERK1/2 MAPK output response [18-20, 40]. This regulatory 

effect of PRMT5 on the ppERK1/2 output response is similar to the role of the mitogen-activated 

protein (MAP) kinase phosphatases (MKPs or DUSPs), which dephosphorylate MAPK, reducing its 

activity and switching from a sustained response to a more transitory one [54, 55]. One example is 

MKP-3 (also known as DUSP6), an ERK target gene that forms autoregulatory loops in response to 

sustained ppERK signals, attenuating its activity and yielding to a more transient response [56, 57]. 

Furthermore, there are evidences of decreased MKP expression in malignant disease, suggesting 

that these phosphatases play key roles in cancer regulation [54]. Thereby, the loss, deletion or 

inhibition of MKPs is related to a sustained activation of MAPKs [54, 58, 59]. 

 The purpose of the present work is to develop a model approach of the EGF-Ras-ERK1/2 

MAPK signaling pathway. We want to shed light on the influence of the PRMT5 on the regulation 

and tuning of the pathway response through a methylation process of the Raf-1, which modulates 

the time pattern of the ppERK1/2 and triggers the final cell fate decision [45]. Unfortunately, there is 

a lack of knowledge on the misfit of the PRMT5 protein to the signaling cascade that we aim to 

investigate. It is experimentally observed that the PRMT5 activity increases upon activation of the 

signaling cascade [45, 60]. But, it is not possible to differentiate if the PRMT5 activation is 

promoted either by the same input stimulus or by the pathway output response. To explore this 

challenge, the time output responses of two different configurations of the EGF-Ras-ERK1/2 

MAPK cascade influenced by the activity of  PRMT5 are analyzed: 1) a model with the PRMT5 

activity regulated by EGF and 2) another one with the PRMT5 activity regulated by ppERK1/2. In 

addition, the reported results are aimed to clarify if ppERK1/2 response patterns belonging to 

experimental research can be modulated by the PRMT5 protein and, moreover, to identify if its 

activity is controlled either by the input stimulus or by the output response of this signaling 

pathway. Here we provide computational evidence for the regulatory role of the PRMT5 on the 

ERK-1/2 MAPK activity by limiting its amplitude and duration, as well as the range of EGF 

stimulus able of generating MAPK response. Thereby, to identify activators of this 

methyltransferase should be of interest as drug targets for MAPK-related indications. 

 PRMT5 methylates Ras effectors BRaf and CRaf [45], which in turn bind to HRas [61], 

KRas [45, 62-64] and NRas [65-67]. So, from now on, to simplify the nomenclature, any of the 

three isoforms of Ras will be named simply as Ras, the two isoforms of Raf that are methylated by 

PRMT5 (BRaf and CRaf or Raf-1) will be named as Raf, MEK1/2 as MEK, and ERK1/2 as ERK. 
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2. Methods. 

 

2.1. Models 

 

 The proposed model for the present study (called from now as reference model) corresponds 

to a simplified version of the ERK MAPK signaling pathway defined by Sturm OE et al [3] (Fig. 

1A). Briefly, it consists of the three-level kinase Raf-MEK-ERK MAPK cascade with a regulatory 

negative feedback loop from the output response (ppERK) to the Raf activation process (Fig. 1B), 

which is defined in a comparable way to the system of the two different feedback loops described in 

the model of Sturm OE et al [3], but starting at the level of MAPKKK instead of at the upper level 

of the signaling pathway (the obtained responses of both models can be compared in Suppl. Fig. 

S5).  

 
FIGURE 1: Schematic representations of the Ras-ERK MAPK signaling pathway. 

(A) Schematic representation of the Ras-ERK MAPK signaling pathway with the three levels of kinases (Raf, MEK and 

ERK) proposed by Sturm OE et al [3], presenting two regulatory feedbacks from the output ppERK to SOS and Raf. (B) 

Schematic representation of the reference model, formed by the Ras-ERK MAPK signaling pathway with the three 

levels of kinases (Raf, MEK and ERK) and one negative feedback from the output ppERK to Raf, being equivalent to 

both negative feedbacks of the previous model (Fig. 1A). In both representations, the corresponding kinases 

phosphatases of Raf, MEK and ERK, as well as the input stimulus EGF are defined. 
 

 The implemented feedback loop from ppERK promotes a hyperphosphorylation of multiple 

serine sites of Raf-1 (S29, S289, S296, S301, and S642) after mitogen stimulation, in a manner 
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similar to Raf-1 inactivation, but rendering an inactive and desensitized Raf-1 that presents reduced 

affinity for Ras-GTP and low response to subsequnt activation processes [68]. This feedback loop is 

defined within the whole pathway by a Michaelis-Menten process through next reactions (Eq. 1): 

 
Raf* + ppERK ↔ Raf*−ppERK → Raf + ppERK  (Eq. 1) 

 
where Raf* is the activated state of the Raf isoform. The reaction rates of this regulatory mechanism 

have been selected following those found in the literature [3, 68-71], where a strong negative 

feedback loop from ERK to Raf was reported. 

In addition to this regulatory mechanism, we have considered that the phosphatases of the kinases 

Raf, MEK, and ERK (RafPase, MEKPase and ERKPase) deactivate each corresponding kinase in 

all its possible activation states. 

 The experimental values of the concentrations of the components and the cascade 

parameters correspond to those described by Schoeberl B et al [72], in which Sturm OE et al [3] 

model is mainly based from a parametric point of view [Suppl. Tables I and II]. Regarding the 

reaction rates, they were defined from other experimental scientific publications that reported real 

measures for the parameters or, failing that, suggested experimental estimations or biochemical 

quantifications. As to the cascade's components, their concentrations were expressed by the number 

of signaling proteins per cell, which were determined by biochemical quantification through 

western blotting. 

 Then, the proposed reference model considered in our study (Schema B of Figure 1) only 

presents two possible variable parameters: the concentration of the input stimuli EGF and the 

forward reaction constant of the negative feedback loop from ppERK to Raf, defined as a11 and 

related to the impact of the negative feedback loop. Therefore, to avoid uncertainties in the 

validation of the proposed computational model for the EGF-Ras-ERK MAPK signaling pathway 

(Schema B of Figure 1), simulations varying these two parameters were carried out (Suppl. Fig. 

S6). Then, the model was simulated considering: 

 

a) different values of EGF Є [2414, 1e6] molecules/cell (no EGF was not considered since 

no ERK signal is triggered) 

 

b) three different values of a11: 0 , 1e-5 and 1e-6 (molecules/cell)-1·s-1 

 

Regarding the input stimulus EGF, shifts in its values triggered shifts in the ppERK response, 

regardless the value of the parameter a11. The same way, changes in the reaction constant a11 
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promoted modifications in the amplitude of the  ppERK signal. Despite these variability in the 

results, regardless the conditions of EGF and a11, all ppERK responses are ranged between a 

minimum and a maximum response, without presenting uncontrolled values. Moreover, notice that 

for very high values of EGF, the  ppERK response was practically unchanged because a saturation 

state was reached (Suppl. Fig. S6). 

In detail, simulations (Suppl. Fig. S5) reveal that the reference model proposed for the present study 

approaches to the response of the Ras-ERK MAPK model defined by Sturm OE et al [3], to a 

greater or lesser extent depending on the value of the parameter a11. Indeed, these results suggest 

that the effect of the negative feedback loop of the Sturm OE et al's model [3] is comprised  

between the results reported by the reference model for both values of a11: 1e-6 (molecules/cell)−1 

·s−1 and 1e-5 (molecules/cell)−1 ·s−1. Thereby, considering the evidence of a strong negative feedback 

loop from ERK to Raf [3, 68-71], the reference model with a11 = 1e-5 (molecules/cell)−1 ·s−1 is 

selected to develop the simulations of the present study. 

Furthermore, reported results indicated that the response patterns of our proposed model, with or 

without the ppERK negative feedback loop, fit qualitatively with the published results of Sturm OE 

et al [3] (Suppl. Fig. S5), even when this last model presents more cascade levels, more feedback 

loops and, thereby, more reactions (Schema A of Figure 1). In fact, these results revealed that the 

ppERK negative feedback acts as an inhibitor of the activated Raf, reducing the stepness and the 

ultrasensitivity of the output signal of the Ras-ERK MAPK cascade [3], increasing its negative 

effect on the output signal as its forward reaction (a11) increases, since greater extension of activated 

Raf was inhibited. 

All these data suggest that the pattern of the ERK response upon EGF stimulation obtained with the 

proposed minimum model of the EGF-Ras-ERK MAPK cascade was qualitatively similar to those 

of published studies that pointed to the sustained activation of ERK as responsible for specific 

cellular processes [73-76]. Then, the three-step of the signaling cascade and the ppERK-induced 

negative feedback loop on Raf may be considered as the main players responsible of the sustained 

ppERK response of this signaling route. Therefore, we suggest that our proposed minimum model of 

the EGF-Ras-ERK MAPK cascade is valid to perform computational studies of this signaling route. 

 To this reference model, the protein PRMT5 proposed by Andreu-Pérez P et al [45] has been 

added as an inhibitor of the activated Raf (Raf*), degrading its expression through the next reaction 

velocity (Eq. 2): 

 
aPRMT5 = [PRMT5]·[ Raf*]·kPRMT5·αPRMT5  (Eq.2) 

 
where [PRMT5] and [Raf*] are the concentrations of the PRMT5 and the activated Raf respectively, 
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and kPRMT5 is considered to be the catalytic rate constant of the reaction that promotes the 

degradation of activated Raf through the methylation process exerted by the protein PRMT5, 

defining the rate-limiting step of this conversion process. This process is described as a 

biomolecular reaction involving te collision of these two molecules (activated Raf and PRMT5), 

and the rate of the reaction depends on the product of the concentrations of both involved reactants, 

triggering a second-order reaction. This reaction rate is not necessary to be constant, and there are 

different factors that can affect it, such as the reactant concentrations, cell type and context, 

pressure, temperature, chemical nature of reacting substances, physical state of reactants and their 

dispersion, surface areas of reactants, among others. And such variability is aimed to be reflected in 

the parameter kPRMT5, which can take different values and defines the strength of the PRMT5 action. 

Regarding the protein PRMT5, its concentration was considered as the same of the Raf, in order to 

establish a relation 1:1 and ensure that no Raf could not be methylated. In addition, the PRMT5 

activity is considered to be regulated either by the input stimulus EGF or by the current ppERK 

output. And the parameter αPRMT5 has been defined to expressed such dependence. Therefore, two 

different models have been described: the model A (Fig. 2, red dashed lines) where the activity of 

the PRMT5 depends positively on EGF, defining αPRMT5(EGF) as the ratio between the applied EGF 

(EGFt) and the maximum considered one (EGFmax); and the model B (Fig. 2, blue dashed lines) 

where the activity of the PRMT5 depends positively on the ppERK output, with αPRMT5(ppERK) 

defined as the ratio of the current ppERK concentration (ppERK(t)) over its maximum possible value, 

corresponding to the total amount of the initial ERK (ppERKmax). Then, the effective constant rate of 

the Raf* degradation exerted by PRMT5 is defined as kPRMT5·αPRMT5. 

 The reference model consists of 33 reactions and the activity of the PRMT5 involves one 

more reaction. These reactions are described in Suppl. Table III. 
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FIGURE 2 (color version required for printing): Schematic representation of the Ras-ERK MAPK signaling 

pathway for each considered models. 

(A) Reference model: schematic view of the Ras-ERK MAPK signaling pathway with the three levels of kinases (Raf, 

MEK and ERK) and the ppERK negative feedback. No PRMT5 activity is present. (B) Model A: reference model 

presenting a regulatory mechanism of the ppERK response through the Raf* degradation process caused by the PRMT5 

controlled by the EGF (red dashed line). (C) Model B: reference model presenting a regulatory mechanism of the 

ppERK response through the Raf* methylation exerted by the PRMT5 controlled by the ppERK (blue dashed line). In 

these two last models, the protein PRMT5 acts as inhibitor of the active Raf (Raf*). 
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2.2. Simulations 

 

 All the model simulations have been developed with a stochastic approach similar to 

Gillespie’s Stochastic Simulation Algorithm (SSA), treating the cascade system as a group of 

stochastic events [77-79]. The different signaling events have been defined as Poissonian processes 

with a frequency characterized by the corresponding reaction rates. And all the models have been 

implemented in the Fortran programming language (Force 2.0 + GNU Fortran 77). 

 The concentration of the input stimulus EGF and the parameter kPRMT5 that regulates the 

Raf* degradation activity exerted by the PRMT5 were the only parameters that were changed in the 

study. The values of the rest of the components concentrations and reaction rates belonging to the 

considered models have been fixed (summarized in Suppl. Tables I and II, respectively). Thus, with 

these two variable parameters is possible to regulate the dynamics of the EGF-Ras-ERK MAPK 

response, acting on the first level of the cascade. 

In short, the input stimulus EGF has been gradually increased from 0 to 106 molecules, presenting a 

wide range of values that allows us to define accurately the response behavior of the signaling 

cascade. There is a common use in developing molecular simulations defining the actors of the 

computational model with its molar concentration (M = mol/L of dissolution). This option is valid 

for a deterministic model since it is based on the concentrations of the involved species. However, a 

stochastic model presents a factor representing the number of molecules of the species, an aspect 

that gives a higher resolution of the simulations at low species' concentrations [80]. Furthermore, if 

units of species are expressed in M (mol/L), the simulations become dependent on a factor that is 

not relevant in the present study, the amount of dissolution (liters), which is a more important factor 

in experimental studies. Thereby, in the computational models used in the present study, all species 

(including kinases, phosphatases, and input stimuli) are expressed in molecules rather than M 

(mol/L). 

Three different values of kPRMT5 have been selected to modulate the effect of the PRMT5 in the 

proposed signaling models A and B: 0.0001, 0.0002, and 0.0006 (cell/molecules)·s−1. In this way, 

the effect of the strength of the Raf* methylation process on the ppERK expression can be analysed. 

Such values have been selected presenting a similar magnitude order to the other constant rates 

involved in the first step of the cascade, where the PRMT5 exerts its action (since no experimental 

evidences of such reaction rate have been reported so far). 

 The reference model was simulated for enough time to ensure that the system reaches a 

steady-state (about 2000 seconds). However, the models A and B were simulated until the ppERK 

response was extinguished. 
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2.3. Analysis 

 

 To characterize the response of the EGF-Ras-ERK MAPK cascade, the time responses 

(ppERK vs. time), and the maxima amplitudes of the ppERK response as a function of EGF 

(ppERKmax vs. EGF) were analyzed for the three models (reference model, model A and model B). 

However, the ppERK response areas and the ppERK time durations as a function of EGF were plotted 

for both models A and B, since their output responses expired in time. Alternatively for the 

reference model, the steady-state ppERK response depending on EGF was represented, due to that 

its responses are not finite in time. To clarify, the response area was defined for the present research 

as the integration of the ppERK amplitude along the time at which the output signal is maintained 

over the threshold of the 10% of its maximum value, for each input stimulus. This consideration is 

related with two different topics: i) the requirement of a minimum ppERK level to consider a 

functional cell activation [81-83] and ii) the consideration that the stimulus/response curve of a 

Michaelis-Menten enzyme, such as the case of the ppERK response, is hyperbolic and, thereby, its 

sensitivity is measured with the Hill coefficient, which quantifies the fold change in the input 

stimuli (EGF) required to drive the response (ppERK) from 10% activation to 90% activation of its 

maximum value [7, 84]. 

 

 

3. Results. 

 

 Time evolutions of the EGF-Ras-ERK MAPK cascade responses (ppERK vs time) have been 

analysed either in the presence or absence of PRMT5, in order to highlight its role in the regulation 

of the signaling cascade output. The main obtained evidences are that the protein PRMT5 allows to 

modulate the cascade response reducing its time duration and amplitude, as well as limiting the 

range of input stimuli able of generating an output response of the pathway. 

 

3.1. MAPK activity in the absence of PRMT5 (reference model) 
 

 In the reference model, the response reaches a steady-state for any input stimulus value (Fig. 

3A and Suppl. Fig. S8A). 
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FIGURE 3 (color version required for printing): Time responses, maxima amplitudes and steady state of the ppERK 

response in the reference model. 

(A) ppERK time responses of the reference model. Each colour line represents the time evolution of the ppERK 

concentration for each different EGF value. (B) The maximum concentrations (black line) and the steady state values 

(red line) of the ppERK responses of the reference model as functions of EGF (represented in a semilogarithmic scale). 

For both figures, EGF is defined from 0 to 106 molecules (the considered values of EGF to simulate the output response 

are summarized in the graph legend). The components concentrations and the reaction rates used in simulations are 

described in Suppl. Tables I and II. 
 

The model does not present any mechanism of degradation of any of the cascade’s components, 

which could result in the extinction of the output response (there are only deactivation processes of 

kinases species). For each different EGF value, the ppERK expression starts to increase until 

reaching a maximum value, promoted by Raf*, which is responsible for activating the downstream 

cascade levels of MEK and ERK. Such Raf* activation depends directly on the input stimulus (Fig. 
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3A). Next, when the ppERK response reaches enough high level, the deactivation of Raf* induced by 

the negative feedback takes relevance over the Raf activation process exerted by EGF, causing, in 

turn, a decrease in the production of ppERK. In addition, the phosphatases within the MAPK 

cascade (RafPase, MEKPase, and ERKPase) deactivate the corresponding kinases Raf, MEK, and 

ERK in all its possible activation states, inducing a slowdown in the production of ppERK. Thereby, 

the output response decreases except for very high EGF values where saturated levels of Raf* are 

reached (Fig. 3A). Finally, the ppERK response reaches a steady-state, which is a result from the 

balance between the Raf activation induced by EGF, the Raf* deactivation process performed by the 

ppERK negative feedback, and the deactivation of the active species of Raf, MEK, and ERK through 

the corresponding phosphatases (Fig. 3A and Suppl. Fig. S8A). 

 To expand the analysis of the reference model, both maximum and steady-state ppERK 

responses as functions of EGF have been analysed (Fig. 3B). Such responses increase with the 

stimulus, until reaching maxima values for EGF ≥ EGFTh, where EGFTh is defined as the threshold 

value of EGF required to obtain the same maximum output signal, that is when the maximum value 

of ppERK is equal to its steady-state value (Fig. 3B). However, these metrics are different for the 

values of EGF < EGFTh, and such differences are due to the role of the ppERK negative feedback on 

the deactivation of Raf*. 

 

3.2. MAPK activity in presence of PRMT5 
 

 The protein PRMT5 switches the steady-state of the EGF-Ras-ERK MAPK output response 

into a time-limited pattern, through a methylation process that promotes the degradation of the Raf*, 

limiting the further activation of its downstream substrates of the cascade (MEK and ERK) [45], 

avoiding an uncontrolled activation of the signaling pathway. 

One aspect to keep in mind is the different effects on the ppERK response caused by the PRMT5 

activity depending on its regulation, either by the input stimulus (model A) or by the cascade 

response (model B). 

                                                                                                                                                                                                

Case A: PRMT5 activity regulated by EGF (model A) 
 

 In the model A, for a fixed EGF value, the time response of the Ras-ERK MAPK cascade 

becomes time-limited, describing a normal or Gaussian pattern (Fig. 4 and Suppl. Fig. S8B). 
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FIGURE 4 (color version required for printing): ppERK time responses of the model A for different kPRMT5 values. 

Time responses of ppERK of the model A for different values of kPRMT5: graph A for kPRMT5 = 0.0001 

(cell/molecules)·s−1, graph B for kPRMT5 = 0.0002 (cell/molecules)·s−1 and graph C for kPRMT5 = 0.0006 

(cell/molecules)·s−1. Each colour line represents the Ras-ERK MAPK cascade time response for each different EGF 

value.  EGF is defined from 0 to 106 molecules. The considered values of EGF to simulate the output response are 

summarized in the graph legend. The components concentrations and the reaction rates used in simulations are 

described in Suppl. Tables I and II. 
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 At initial times, the output response presents weak values since EGF requires some time to 

activate Raf. Next, the Raf* expression increases with time and, thereby, the ppERK time response 

dramatically increases until reaching a maximum value (ppERKmax). After that, the response 

decreases to extinction due to the degradation of Raf* exerted by the PRMT5 methylation. This 

process becomes relevant just when there is enough Raf* expression to compete with the Raf 

activation process. To this Raf* degradation process, the actions of, on one hand, the ppERK 

negative feedback and, on the other hand, the phosphatases (RafPase, MEKPase, and ERKPase) act 

as complementary mechanisms for the output response regulation. 

 The simulations reveal that there is a dependence correlation between the values of the 

ppERK response and the values of the parameter kPRMT5, the higher the amplitude attenuation and 

the time limitation, the higher of the kPRMT5 values (Fig. 4, black and green results from Suppl. Fig. 

S7, and Suppl. Fig. S8B). The reason is, as well, the higher kPRMT5, the faster the Raf* degradation. 

Therefore, there is a lower expression of Raf* capable of activating its substrate MEK, which in turn 

activates ERK. Consequently, both the amplitude of the ppERK response (compare Fig. 4A, 4B, and 

4C) and the time wherein the ppERK response is non zero decrease (Fig. 4, black and green results 

from Suppl. Fig. S7, and Suppl. Fig. S8B). 

Furthermore, both the time duration and the amplitude of the response vary with the values of EGF 

(Fig. 4 and Appendix B Suppl. Fig. S8B) because of both the Raf activation process and the activity 

of the PRMT5 depend directly on the input stimulus. 

 The PRMT5 acts as a tuner: the higher kPRMT5, the lower range of EGF capable of generating 

enough relevant ppERK response, since higher EGF expression is required to maintain a similar 

level of Raf* (Fig. 4). Simulations reveal that the maxima amplitudes of the ppERK response and the 

ppERK response areas decrease with kPRMT5 because of the increasing effect of the Raf* methylation 

process (Fig. 5A and 5B respectively). 
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FIGURE 5 (color version required for printing): Maxima amplitudes and responses areas of the ppERK in the model 

A. 

(A) Representation of the maxima amplitudes of the ppERK time responses in the model A as function of EGF 

(represented in a semilogarithmic scale). (B) Representation of the response areas of the ppERK concentration in the 

model A as function of EGF (represented in a semilogarithmic scale). These both responses have been represented for 

the three values of kPRMT5: 0.0001 (cell/molecules)·s−1 (black lines), 0.0002 (cell/molecules)·s−1 (red lines) and 0.0006 

(cell/molecules)·s−1 (green lines). EGF is defined from 0 to 106 molecules. 
 

 Both the maxima amplitudes of the ppERK response and the ppERK response areas describe a 

pass-band pattern for a fixed kPRMT5 (Fig. 5A and 5B respectively), demonstrating that the EGF-Ras-

ERK MAPK cascade with the presence of EGF-dependent PRMT5 activity limits the range of the 

EGF values that provide non-zero responses (or enough response levels to be considered as relevant 
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for this study).  First, there is a short-range of initial EGF values that are not capable of generating 

relevant ppERK response. Next, there is a medium-range of EGF values where the ppERK expression 

increases until reaching a maximum value. At this point, the activity of the PRMT5 increases 

promoted by high EGF and Raf* levels, starting to speed up the Raf* degradation process. Next, 

higher EGF values increase the PRMT5 activity, which takes more relevance than the activation of 

downstream substrates (MEK and ERK), resulting in weaker and shorter ppERK responses. And 

finally, there is a very high range of EGF values where the Raf* degradation is so fast that there is 

no time for the signaling cascade to generate any ERKpp response (Fig. 5A and 5B). 

 When PRMT5 is regulated by EGF, obtained results give evidences for its regulatory role on 

the time duration and amplitude of the ERK-1/2 MAPK activity,  as well as in limiting the range of 

EGF able of generating a nonzero ppERK response. 

 

Case B: PRMT5 activity regulated by ppERK (model B) 
 

 In the model B, considering a fixed EGF, the response of the EGF-Ras-ERK MAPK cascade 

becomes time-limited, but describing a lognormal pattern (Fig. 6 and Suppl. Fig. S8C). At starter 

times, the cascade response presents weak values, as there is not enough input stimuli to activate a 

consistent Raf* concentration capable of activating relevant ERK. Next, the Raf* expression 

increases due to the action of EGF, so that the response of the signaling cascade grows with time 

until reaching a maximum value (ERKpp(max)) (Fig. 6). Consequently, the methylation process 

exerted by the PRMT5 becomes faster, reducing the Raf* expression. At this point, both the 

deactivation of kinases through the corresponding phosphatases and the deactivation of Raf* 

through the ppERK negative feedback loop help the Raf* methylation process to diminish the ERKpp 

response until its extinction, avoiding an inappropriate steady-state response (Fig. 6 and Suppl. Fig. 

S8C). 

 The simulations reveal that there is no correlation between the kPRMT5 value and the ppERK 

amplitude. But there is a slight dependence between the kPRMT5 and the ppERK time duration and, 

thereby, with the ppERK response areas. Both the maxima amplitudes of the ppERK response and the 

ppERK response areas describe a switch-like pattern for a fixed kPRMT5 (Fig. 7A and Suppl. Fig. 

S10A,  and Fig. 7B and Suppl. Fig. S10B, respectively). 
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FIGURE 6 (color version required for printing): ppERK time response of the model B for different kPRMT5 values. 

Time responses of ppERK of the model A for different values of kPRMT5: graph A for kPRMT5 = 0.0001 

(cell/molecules)·s−1, graph B for kPRMT5 = 0.0002 (cell/molecules)·s−1 and graph C for kPRMT5 = 0.0006 

(cell/molecules)·s−1. Each colour line represents the Ras-ERK MAPK cascade time response for each different EGF 

value. EGF is defined from 0 to 106 molecules. The considered values of EGF to simulate the output response are 

summarized in the graph legend. The components concentrations and the reaction rates are described in  Suppl. Tables I 

and II. 
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FIGURE 7 (color version required for printing): Maxima amplitudes and responses areas of the ppERK in the model 

B. 

(A) Representation of the maxima amplitudes of the ppERK time responses in the model B as function of EGF 

(represented in a semilogarithmic scale). (B) Representation of the response areas of the ppERK concentration in the 

model B as function of EGF (represented in a semilogarithmic scale). These both responses have been represented for 

the three values of kPRMT5: 0.0001 (cell/molecules)·s−1 (black lines), 0.0002 (cell/molecules)·s−1 (red lines) and 0.0006 

(cell/molecules)·s−1 (green lines). EGF is defined from 0 to 106 molecules. 
 

 At low EGF values, there is a discrete Raf activation that results in poor output responses. 

As the Raf* degradation process depends directly on the ppERK expression, its effect is irrelevant 

against the activation of Raf, thereby the ppERK responses are sustained in time (Fig. 6, and red and 

blue results from Suppl. Fig. S7). Next, with increasing EGF, the relative and maxima amplitudes of 

the ppERK response increase until reaching a maximum value when EGF = EGFTh, from 107 
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molecules (Suppl. Fig. S10A and green result from Suppl. Fig. S9). Such ppERK concentration 

induces a Raf* methylation process through the PRMT5 activity that gains relevance, speeding up 

the response degradation and reducing its time duration (red and blue graphs from Suppl. Fig. S7). 

After that, for EGF > EGFTh, the ppERK time responses are controlled by a competition process 

between a maximum steady state of the ppERK expression (promoted by an overexpressed 

concentration of EGF) and a constant degradation of Raf*. Under these conditions, the maxima 

amplitudes of the ppERK responses do not practically change, maintaining a constant value (Suppl. 

Fig. S10A). Nevertheless, the time duration continues decreasing (red and blue results from Suppl. 

Fig. S7) because of the ppERK production becomes faster and thereby, the Raf* methylation process. 

Therefore, the response area of the output signal, after reaching a maximum value, describes a slight 

decrease as the EGF increases (Fig. 7B and Suppl. Fig. S10B) promoted by the reduction of the 

response times (red and blue results from Suppl. Fig. S7), and lasts until the differences in the 

response times are barely noticed. 

 The obtained results reveal that the time responses of the model B are influenced by the 

impact of the PRMT5 methylation exerted through the parameter kPRMT5, which positively regulates 

the velocity of the Raf* degradation. Thereby, as kPRMT5 increases, lower Raf* concentration is 

available and less time is required to become extinct, generating shorter output responses (Fig. 6 

and Suppl. Fig. S8C). Even though the amplitude of ppERK does not reveal important shifts due to 

the kPRMT5 effect (a saturated response regime is guaranteed by an overexpressed concentration of 

EGF, see Fig. 6, 7A and Suppl. Fig. S9A), its response area decreases while kPRMT5 increases (Fig. 

7B and Suppl. Fig. S10B) due to shorter time responses of the ppERK expression. 

 So, reported results reveal that the PRMT5 regulated by ppERK modulates the time response 

of the ERK-1/2 MAPK cascade, limiting its duration and moving its activity away from an aberrant 

activation state. However, the amplitude of the ppERK response is not influenced by the PRMT5 

activity.  

 
 

4. Discussion. 
 

 The  PRMT5 protein is present in different cell compartments, namely cytoplasm and 

nucleus, and its functional role seems to depend on its localization. Thereby, PRMT5 acts as 

oncogene and epigenetic silencer of tumor repressors when is localized in cytoplasm, but PRMT5 

inhibits cancer cell proliferation, migration and invasion when it is placed in the cell nucleus [85, 

86]. Then, PRMT5 may act as an up-regulating mechanism for cancer proliferation, migration and 

invasion when it acts in the cytoplasm, whilst it may have a tumor antiproliferative and pro-survival 

effect when it is activated in the cell nucleus. Such issue can be related with the simulations 
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performed in our work, where the ERKpp-induced PRMT5 may act in the cell nucleus, regulating 

the EGF-ERK MAPK activity, avoiding a sustained maximum ERKpp response that can lead to 

tumorigenesis. 

Previous works provided evidences of the regulatory role of PRMT5 in  normal cell proliferation 

and cell survival. Andreu-Pérez P et al. [45] determined that the methylation of arginine residue in 

the GRG motif of BRaf and CRaf is involved in the limitation of these kinases activity and stability, 

promoting the limitation of ERK1/2 signal output and, thereby, switching from differentiation to 

proliferation. Hsu JM et al. [60] found that EGFR methylated in Arg1175 positively modulated EGF-

induced EGFR trans-autophosphorylation at Tyr1173, enhancing the binding between EGFR and 

SHP1 that resulted in suppression of EGFR-mediated ERK activation. In addition, they reported 

that EGFR Arg1175 methylation is not regulated by EGF stimulation, finding that can be related to 

the results obtained with the EGF-Ras-ERK MAPK model of our research that presents PRMT5 

activated by ppERK. Liu F et al. [87] reported an increase in colony formation of myeloproliferative 

neoplasms (MPNs) and erythroid differentiation when knocking down PRMT5 in human CD34+ 

cells using shRNA, indicating that PRMT5 negatively regulates hematopoietic stem/progenitor cell 

proliferation and expansion. DongSheng W et al. [88] confirmed that PRMT5 can bind with death 

receptor 4 (DR4) and reduce its expression, providing a molecular mechanism to abolish the 

inflammatory cytokine expression induced by protein CCL20, inhibiting its expression via 

inhibiting NF-κB. An study developed by Yang M et al. [89] in Caenorhabditis elegans showed that 

PRMT5 negatively regulates DNA damage-induced apoptosis, triggering a decrease in germ cell 

apoptosis. Furthermore, an study done by Scoummane A et al. [90] manifested that PRMT5 is 

required for normal cell proliferation and regulates cell-cycle transition from G1 to S phase. They 

gave evidences that, in response to stress signals, PRMT5 induced sufficient p53 activation to 

promote pro-survival mechanisms, such as cell-cycle arrest and DNA repair. 

 There is a large body of evidence on the role of PRMT5 inhibitors, both natural and 

synthetic, but most of them focus on reversing the activity of PRMT5 when it is related to the 

positive regulation of tumor proliferation and progression in cancer cell lines [91-94]. However, 

there are few scientific studies aimed at verifying the effect of inhibiting the activity of PRMT5 

when it regulates an aberrant tumor response. Andreu-Perez P et al. [45] reported that the silencing 

of PRMT5 activity through methylthioadenosine (MTA) or its depletion stabilized Raf and 

positively regulates its activity, not only increasing the amplitude and duration of Raf signal and, so 

on, the ERK phosphorylation in response to growth factors, but also redirecting the response of 

PC12 cells to EGF from proliferation to differentiation. Related to this point, it is known that both 

NGF and EGF stimulate the Ras-ERK-MAPK pathway in PC12 cells, but with different effects on 

ERK activation: EGF induces a transient phosphorylation of ERK, promoting PC12 cell 
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differentiation, whereas NGF elicits a sustained activation of ERK, inducing proliferation of PC12 

cells [95-97]. Then, it may be assumed that, when knocking down PRMT5, the induced 

differentiation behavior provoked by a sustained ERK response was triggered by a sustained Raf 

signal. Apart from Andreu-Perez et al. [45], there are other scientific studies aimed at verifying the 

effect of inhibiting the activity of PRMT5 when it regulates an aberrant tumor response. Hsu JM et 

al. [60] conducted experiments where knockdown of PRMT5 expression by short interfering RNAs 

(siRNAs) diminished Arg1175, down regulating EGF-induced Tyr1173 phosphorylation and enhancing 

EGF-stimulated ERK activation by reducing SHP1 recruitment to EGFR. As a result, cell 

proliferation, migration and invasion of EGFR-expressing cells increased. Jansson M et al. [98] 

showed that the depletion of PRMT5 in human osteosarcoma U2OS cells induced p53-dependent 

apoptosis. And Yang M et al. [89] reported in Caenorhabditis elegans that loss of PRMT5 activity 

promoted specific over upregulation of the cell death initiator EGL-1 in response to DNA damage, 

which is directly responsible for the excessive germ cell apoptosis. 

 In our study, the basic structure of the EGF-Ras-ERK MAPK pathway (reference model) 

describes a switch-like time response, reaching a steady-state condition (Fig. 3A) that results from 

an equilibrium process between the Raf activation promoted by EGF, the Raf* attenuation 

performed by the ppERK negative feedback loop, and the deactivation of the active species of Raf, 

MEK, and ERK through the corresponding phosphatases (RafPase, MEKPase and ERKPase). Such 

sustained ERK signaling may be responsible of an aberrant cell response related to tumor  

differentiation, migration and invasion. 

 This response can be modulated both in time duration and in amplitude through the simple 

action of a protein present in the own cell environment: the PRMT5. 

This protein acts as an inhibitor of the Raf*, degrading it through a methylation process, limiting the 

activation of its downstream substrates (MEK and ERK) and, thereby, converting the steady-state of 

the output response into a time-limited pattern (Fig. 4, 6, Suppl. Fig. S7, and Suppl. Fig. S8A and 

S8B), avoiding an uncontrolled activation state of the ppERK response, as the reference model 

describes.  

Both the time limitation and the amplitude attenuation of the EGF-Ras-ERK MAPK response 

depends on the parameter kPRMT5, which defines the strength of the methylation action. Thereby, the 

Raf* expression decreases while kPRMT5 increases, resulting in less levels of activation of 

downstream substrates (MEK and ERK) and, in turn, less output response that expires in less time 

(Fig. 4, 6, and Suppl. Fig. S8B, S8C and S9). Therefore, the protein PRMT5 constitutes a cell 

component able of switching between sustained and transient ppERK responses without requiring 

different types of stimuli and, thereby, provides a mechanism to switch from cell differentiation to 

cell proliferation [45]. Although further investigation should be required, such switching behavior 
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appears to be reversible upon removal of PRMT5, as it was reported in the literature related to the 

application and removal of both EGF and NGF [99-101]. 

 Different effects on the ppERK response patterns arise depending on the mechanism of the 

PRMT5 activation. For this reason, two different models have been defined to illustrate such 

differences: the model A where the PRMT5 activity is regulated by the EGF, describing a Gaussian 

pattern of the ppERK time response (Fig. 4), and the model B where the PRMT5 is regulated by the 

ppERK, providing a lognormal pattern of the ppERK time response (Fig. 6). 

 The reduction of the time duration and the amplitude of the ppERK response is greater in the 

model A than in the model B (Suppl. Fig. S7, S8B and S8C), regardless the kPRMT5 value. In short, 

in the model A, the Raf* methylation exerted by PRMT5 is present from first stages of the 

stimulation since it is activated by the EGF and thereby, fast rates of Raf* degradation are achieved. 

As a result, the duration and the amplitude of the ppERK response fall down (Fig. 4 and Suppl. Fig. 

S8B). Thus, the EGF-dependent PRMT5 shortens the ppERK response time 20-fold more (Suppl. 

Fig. S7) and can reach attenuations 10-fold greater (Suppl. Fig. S9) than the ppERK-dependent 

PRMT5, regardless the value of kPRMT5. 

Nevertheless, the Raf* methylation process in the model B depends on the output response of the 

signaling cascade, requiring more time to induce the Raf* methylation effect of the PRMT5. 

Thereby, the duration of the response is prolonged (Fig. 6, and Suppl. Fig. S7 and S8C). In addition, 

the attenuation of the ppERK amplitude is low, presenting irrelevant shifts when kPRMT5 changes 

(Fig. 6 and Suppl. Fig. S8C), since a maximum steady state of the ppERK expression (promoted by 

an overexpressed concentration of EGF) is counteracted by a constant degradation of Raf* (which in 

turn is controlled by the ppERK expression). Then, the Raf* methylation effect exerted by the 

PRMT5 requires enough high expression of ppERK to be effective and compete with the Raf 

activation promoted by EGF. 

 Furthermore, when the PRMT5 activity depends on the input stimulus (model A), it is 

possible to tune a specific and delimited range of stimuli able of generating a nonzero response, 

resulting in a behavior similar to a pass-band filter. Thereby, for low EGF values, there is not 

enough activation of the signaling cascade to produce an ppERK response, whilst for high EGF 

values the rate of Raf* methylation is so fast that no ppERK response is generated (Fig. 5A and red 

result from Suppl. Fig. S9). In contrast, if the PRMT5 activity is controlled by the output ppERK 

(model B), it is not possible to delimitate the EGF range at which the ppERK response is nonzero, 

resulting in a switch-like output response because of the sustained maximum value of the ppERK 

when EGF ≥ EGFTh (Suppl. Fig. S10A and green result from Suppl. Fig. S9), similar to the response 

behavior of the reference model (black results from Fig. 3B and Suppl. Fig. S9). 

 Our data predict that PRMT5 activity reduces the duration and the amplitude of the EGF 
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response on ERK activity, and such response can be limited to a specific range of input stimulus. 

Future studies should validate our prediction through the use of cultured cells. This is favoured by 

the fact that human cells such as HeLa or A431 express high levels of EGF receptors, components 

of the MAPK pathway, as well as PRMT5. In consequence, it is feasible to manipulate PRMT5 

genetically (overexpression or silencing), and to analyse the time-dependent responses to different 

concentrations of EGF on ERK activity/phosphorylation. 

 Weighing all the differences between both models of the Ras-ERK MAPK pathway with 

PRMT5 activity, their response patterns can be useful, as a guide, to identify if any of both analyzed 

mechanisms of PRMT5 activation may act as a modulator of the signaling pathway response in 

experimental research. 

 The proposed model of the EGF-Ras-ERK MAPK signaling pathway only considers the 

main components of the cascade directly related in the phosphorylated protein levels, thereby, the 

different docking and activator factors integrated in the MAPK signalling pathway are not 

considered in the model, such as KSR1/2, β-arrestin1/2, paxillin, MP1, RKIP, MORG1, FRS2, 

Shoc2/Sur8, IQGAP, PEB1, or Sef, among others. Although these molecules are required for the 

compartmentalization of signaling proteins and their spatial arrangement to be activated/deactivated 

and to interact each others, the proposed model aims to determine only the role of PRMT5 on ERK 

activity. For instance, presence or knockout of scaffold proteins are related to modifications in the 

cell response related to ERK MAPK activity. This is the case of the KSR, with evidences in the 

literature of its role as scaffold, pseudo-kinase or even as a kinase, promoting or inhibiting Raf, 

MEK or ERK signaling, mainly driving translocation of such kinases to specific sites of the cell, 

increasing their local concentrations, or forming heterotetramers with Raf and MEK to promote its 

phosphorylation and, thereby, improving signaling [102, 103]. As a result, knockout of scaffolds can 

inhibit MAPK in tumor cells and reverse oncogenic transformation of cells, such as the knockout of 

KSR that can reverse oncogenic transformation in colorectal and pancreatic cancers [104,105]. 

Moreover, scaffold proteins, as signaling regulators, could help to develop therapeutic strategies 

against unwanted ERK signaling (i.e., proliferation), while preserving other desired ERK activity 

(e.g. differentiation or apoptosis) [106-108]. Then, it should be of interest to include the KSR or 

other scaffold protein related to Ras-ERK MAPK pathway in a further extension of the model to 

investigate how their role can influence ERK signaling. 

In addition, reported results are based in simulations of a model of the EGF-Ras-ERK MAPK route 

that does not consider other regulations on kinases and PRMT5 activity that could influence the 

final cell response, caused by cross-links with partner signaling pathways or by different feedback 

loops from the considered ones. In the latter case, several positive and negative feedback loops have 

been identified within the EGF-Ras-ERK MAPK pathway: positive feedback loops (such as the 
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existing one from Ras to SoS) are related to bistability and switch-like responses, whilst negative 

feedback loops (such as the exising ones from ppERK to either MEK, Ras or Raf) switch pathway 

response from ultrasensitivity to oscillations, even inhibiting signal via kinases phosphorylation 

[109, 110]. 

Such a simplification of the model does not permit to quantify to what extent the activity of MAPK 

pathway is regulated by PRMT5 in cells under in vivo conditions. In this regard, a further step may 

be to extend the EGF-Ras-ERK MAPK model including some of the regulatory mechanisms 

discussed previously, in order to evaluate the extent of Raf methylation and attenuation of ERK 

activity in a more real approach. 

 When addressing computational studies of simplified models related to complex biological 

systems such as the EGF-Ras-ERK MAPK signaling pathway, doubts can arise about the impact 

and the extent that the proposed regulatory mechanism based on the protin PRMT5 has on the 

modulation of the ERK signal.  Despite there is a lack of quantitative studies about the impact of 

this regulatory effect of PRMT5 in ERK signal, some publications [45, 60] reported that activating 

PRMT5 alone, the levels of ERK signal are drastically reduced. And our predictions are in 

accordance with such published evidences. Therefore, the PRMT5 may be considered an important 

mechanism in terms of regulating the overexpression of the EGF-Ras-ERK pathway by itself, 

switching ERK signal from a sustained response to a transient one. 

 To conclude, regardless the type of regulation of the PRMT5 activation, this small protein 

opens up great options related to the modulation of the Ras-ERK MAPK cascade response upon 

EGF stimulation, allowing to limit in a great extent the ERK signal through a methylation process 

of Raf, which allows to delimit ERK duration over time and to attenuate its amplitude, since an 

uncontrolled intensity or the persistence in time of an inappropriate response in the Ras-ERK 

MAPK route can lead to wrong physiological functions of the cell. So, activators of this 

methyltransferase can be considered as a potential target to develop biological and/or 

pharmacological strategies to fight against cell diseases and tumorigenesis, such as exposing cells to 

hypoxic conditions [111] through any hypoxia mimicker such as the cobalt chloride (CoCl2), which 

is considered to prevent HIF-1α degradation, and ginkgolides [112]; posphorylating MEP50, which 

builds a complex with PRMT5 and promotes substrate recognition and orientation, as well as 

stimulation of PRMT5 activity [113, 114]; the growth factor TGFβ [115]; the c-Myc that recruits the 

PRMT5-MEP50 complex, inducing H4R3 symmetric di-methylation [116]; the cyclin D1/CDK4 

that phosphorylates Thr5 on MEP50, activating the methyltransferase activity of PRMT5 [117]; 

ionizing radiation [118]; and DNA damage that can induce PRMT5-catalyzed methylation of non-

histone substrates, promoted by different factors, such as camptothecin, etoposide, hydroxyurea, 

doxorubicin, and UVB irradiation [90, 119-121]. 
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