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Investigating novel roles and regulation of SPRED proteins in MAPK signaling 

Jocelyne Lopez 

 

Abstract 

Sprouty-related EVH-1 domain-containing (SPRED) proteins are a family of proteins that 

negatively regulate the RAS-MAPK pathway, which is involved in the regulation of the mitogenic 

response and cell proliferation. However, the mechanism by which these proteins affect RAS-

MAPK signaling has not been fully elucidated. Patients with mutations in SPRED give rise to 

unique disease phenotypes, thus we hypothesized that distinct interactions across SPRED proteins 

may account for alternative nodes of regulation. Chapter 2 shows our efforts to characterize the 

SPRED interactome and evaluate how members of the SPRED family function through unique 

binding partners, here we performed affinity purification mass spectrometry. We identified 90-

kDa ribosomal S6 kinase 2 (RSK2) as a specific interactor of SPRED2, but not SPRED1 or 

SPRED3. We identified that the N-terminal kinase domain of RSK2 mediates interaction between 

amino acids 123-201 of SPRED2. Using X-ray crystallography, we determined the structure of the 

SPRED2-RSK2 complex and identified the SPRED2 motif, F145A, as critical for interaction. 

Additionally, we found that formation of this interaction is regulated by MAPK signaling events. 

We also find that that this interaction between SPRED2 and RSK2 has functional consequences, 

whereby knockdown of SPRED2 resulted in increased phosphorylation of RSK substrates, YB1 

and CREB. Furthermore, SPRED2 knockdown hindered phospho-RSK membrane and nuclear 

subcellular localization. Lastly, we report that disruption of the SPRED2-RSK complex has effects 

on RAS-MAPK signaling dynamics. Overall, our analysis reveals that members of the SPRED 
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family have unique protein binding partners and describes the molecular and functional 

determinants of SPRED2-RSK2 complex dynamics. 

Model organism are important tools to investigate molecular mechanisms in vivo. In effort to 

evaluate the molecular mechanisms of SPRED2 in vivo, we set out to use a previously published 

SPRED2 mouse models. However, when undergoing studies, we observed several discrepancies 

in the mice phenotypes. Chapter 3 is a letter to editor, in response to the discrepancies we observed 

in these mice. 
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Chapter 1: Introduction 

 

Negative regulation of the RAS- MAPK pathway  

Mitogenic signaling mediated by Receptor Tyrosine Kinases (RTKs) plays important roles 

in regulating various cellular processes such as proliferation and differentiation (1, 2). It is essential 

that these events are regulated, otherwise over activation of these signals results in 

hyperproliferation or inhibition of proper cellular maturation during development. Accordingly, 

these signals are typically stringently regulated by various negative feedback loops that coordinate 

signaling events following RTK activation (2). For instance, activated ERK1/2 initiates these 

negative feedback loops by inducing the expression of various negative regulators of the Mitogen-

Activated Protein Kinase (MAPK) pathway, including Sprouty-related protein with EVH-1 

domain (SPRED) (3).  

SPRED proteins and mechanism  

The SPRED family of proteins consists of SPRED1, SPRED2, and SPRED3; each 

containing an N-terminal Ena/Vasp Homology (EVH-1) domain that mediates protein-protein 

interactions, a c-KIT binding domain (KBD) mediating interaction with Receptor Tyrosine 

Kinases (RTKs), and a C-terminal sprouty related (SPR) domain important for membrane 

localization (Fig. 1.1A) (4, 5). A key function of SPRED1 is to bind and transport the RAS-GTPase 

Activating Protein (GAP), Neurofibromin, from the cytosol to the membrane where 

Neurofibromin negatively regulates the RAS pathway by hydrolyzing active RAS.GTP to the 

inactive RAS.GDP state (6). While SPRED proteins are generalized as negative regulators of 

MAPK signaling, it remained unclear how members of the SPRED family function or how they 

are regulated at the protein level to fine tune mitogenic signaling for proper cellular differentiation 
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and development. Chapter 2 explores this further, detailing the identification and characterization 

the specific interaction between SPRED2 and RSK2.   

SPRED and RSK2 in disease  

While SPREDs do not have catalytic activity, they can interact with the RAS GTPase 

activating protein (GAP), Neurofibromin, and localize it the plasma membrane where it can be in 

proximity to hydrolyze RAS.GTP to the inactive RAS.GDP state (6). Germline loss-of-function 

mutations in SPRED1 that disrupt interaction with Neurofibromin cause the Rasopathy, Legius 

syndrome (7). This disease is characterized by hyperactivation of the RAS-MAPK pathway and 

patients have varying developmental abnormalities such as café-au-lait spots and behavioral 

problems (8).  

Similar to SPRED1, SPRED2 also interacts with the RAS GAP, Neurofibromin, through 

the same residues in the EVH-1 domain (6, 7, 9, 10). Recently, studies have identified SPRED2 

loss of function mutations in patients with the Rasopathy, Noonan Syndrome (11). These mutations 

also hinder interaction with Neurofibromin, resulting in hyperactive RAS signaling. These patients 

develop distinct phenotypes including skeletal abnormalities and heart defects.  

In chapter 2, we characterize the SPRED2 interactome and identify a unique interaction 

between SPRED2 and the Ribosomal S6 Kinase 2 (RSK2). RSK2 is a serine/threonine kinase that 

acts as a key effector of the RAS-MAPK pathway to regulate several biological functions such as 

cell cycle progression, transcription, and apoptosis (12). Moreover, RSK2 targets key substrates 

during development; thus, germline loss-of-function mutations in RPS6KA3, the gene encoding 

RSK2, causes Coffin-Lowry syndrome, a syndrome characterized by mental retardation, skeletal 

anomalies, and cardiac defects (13–15). Interestingly, RPS6KA3 and SPRED2 loss of function 

mutations share similar skeletal and cardiac defect phenotypes, providing a genetic link between 
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the biochemical interaction identified. Chapter 2 outlines the biochemical and functional 

characterization of this interaction and provides a suggested model for how disruption of this 

complex results in hyperactive signaling and could contribute to the pathogenesis of these 

developmental disorders. 

SPRED mouse models  

Several Spred knockout (KO) models have been developed to better understand their involvement 

in various diseases. The Spred1 KO mice show signs of cognitive impairment and have shortened 

faces, which is similar to Legius syndrome in humans (16). Previous studies have suggested that 

the Spred2 KO mice have an achondroplasia-like phenotype, which is a developmental disorder 

that manifests as short stature and craniofacial abnormalities (17). Additionally, the Spred2 KO 

mice exhibit growth retardation and cardiac hypertrophy, resembling the Noonan syndrome-like 

phenotype(11) . However, our work outlines discrepancies in these previously reported in Spred2 

KO mice phenotypes, as detailed in chapter 3. 

Furthermore, it has been observed that double knock out Spred1 and Spred2 mice are embryonic 

lethal suggesting  redundancy between SPRED1 and SPRED2 (18). However, as described in 

chapter 2, unique protein interactors have been identified for each SPRED protein, indicating that 

they may have distinct mechanisms of action.  
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Chapter 2: The Ribosomal S6 Kinase 2 (RSK2)-SPRED2 complex regulates 

phosphorylation of RSK substrates and MAPK signaling 

Mitogenic signaling mediated by Receptor Tyrosine Kinases (RTKs) activates the RAS- Mitogen-

Activated Protein Kinase (MAPK) pathway to regulate various cellular processes such as 

proliferation and differentiation (1, 2). Hyperactivation of this pathway is known to drive many 

diseases, including cancer, and is also the underlying cause of a group of developmental disorders 

collectively termed RASopathies (3, 4). Given the importance of this pathway for cellular 

homeostasis, these mitogenic signals are stringently regulated at different levels of the pathway by 

various negative feedback and feedforward loops that coordinate signaling events following RTK 

activation (2). Sprouty-related protein with EVH-1 domain (SPRED) are a family of proteins that 

negatively regulate the RAS-MAPK pathway (5). This family consists of SPRED1, SPRED2, and 

SPRED3, each containing an N- terminal Ena/Vasp Homology (EVH-1) domain, a c-KIT binding 

domain (KBD), a C-terminal sprouty related (SPR) domain, and two uncharacterized domains 

(Fig. 2.1A) (5, 6). Although SPREDs do not exhibit any enzymatic activity, they can regulate 

RAS-MAPK signaling, mainly through a direct interaction between their EVH-1 domain binding 

to the RAS-GTPase Activating Protein (GAP), neurofibromin. This interaction localizes 

neurofibromin to the plasma membrane, which catalyzes RAS GTPase activity and inactivates the 

cascade (7–9). Germline loss-of-function variants in SPRED1 cause Legius syndrome, a 

RASopathy characterized by varying developmental abnormalities such as café-au-lait skin spots 

and behavioral traits (10). Although SPRED2 or SPRED3 pathogenic variants are not found in 

individuals with Legius syndrome, a recent study has observed SPRED2 loss-of-function variants 

in individuals with Noonan syndrome, another RASopathy caused by hyperactivation of the RAS-

MAPK pathway (11). Furthermore, Spred1 knockout (KO) mice exhibit a phenotype that 
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resembles Legius syndrome characterized by shortened faces and learning disabilities (12, 13). In 

contrast, Spred2 KO mice show discrepancies in their reported phenotypes; while initial studies 

did not describe any significant phenotypes in these mice, another group has recently proposed 

that these mice exhibit a Noonan syndrome-like phenotype (11, 14) . Despite these inconsistencies, 

there is a clear phenotypic difference between Spred1 and Spred2 null mice, suggesting unique 

functions for these genes that have yet to be identified (15). We reasoned that unique protein 

interactions across SPRED proteins may account for their specific phenotypes and functions. Here, 

we used a systematic approach to characterize the interactome of SPRED proteins and identify 

unique protein binding partners that may contribute to their distinct roles. Using affinity 

purification mass spectrometry, we identified an interaction between SPRED2, but not SPRED1 

or SPRED3, and serine/threonine kinase ribosomal protein s6 kinase alpha-2 (RSK2). We further 

characterized the biochemical and structural properties of this interaction and describe a potential 

mechanism of the SPRED2-RSK2 complex in regulating the RAS-MAPK signaling pathway. 

 

RESULTS 
 
A proteomic screen reveals common and unique interactors of SPRED proteins 
 
To identify potential binding partners of the SPRED family, we performed affinity purification-

mass spectrometry of FLAG-tagged SPRED proteins expressed in cultured cells. Neurofibromin 

was a top common interactor across all SPRED proteins, as previously reported (Fig. 2.1B) (7). In 

addition, we identified RSK2 and 14-3-3 proteins as unique interactors of SPRED2 and SPRED3, 

respectively (Fig. S2.1A). The results from our proteomics screening were validated by 

immunoprecipitation of the individual SPRED proteins from cell extracts and immunoblotting of 

endogenous proteins (Figs. 2.1C and S2.1B). 14-3-3 proteins are a family of proteins that bind to 



 9 

phospho-serine and phospho-threonine recognition motifs to function as molecular scaffolds, 

regulate protein function, or alter protein localization (16). RSK2 is a serine/threonine kinase that 

acts as downstream effector of the RAS-MAPK pathway to regulate cell cycle progression, 

transcription, and apoptosis (17). Given the connection with the RAS-MAPK pathway, we focused 

on the SPRED2-RSK2 interaction for further characterization.  

Identification of a unique SPRED2 domain that mediates RSK2 interaction 

To evaluate the motifs that mediate interaction between SPRED2 and RSK2, we performed 

binding assays using a series of SPRED2 truncation mutants (Figs. 2.2A and S2.2A). We 

identified amino acids 123-200 as necessary and sufficient for interaction with RSK2 (Fig. 2.2B). 

These amino acids encompass a domain of SPRED2 that does not exhibit sequence homology with 

other family members (Fig. 2.1A). To further confirm the role of this domain in RSK2 interaction, 

we generated chimeric proteins in which the SPRED2 amino acids 123-200 were replaced with 

the corresponding amino acids in SPRED1 and SPRED3, and tested binding to RSK2. Using these 

proteins, we found RSK2 binding to SPRED1 and SPRED3 chimeras (Fig. 2.2C). We refer to this 

motif as the RSK interacting domain (RID), however it is unknown whether SPRED2 may have 

additional protein interactors in this region (Fig. 2.2A).  

RSK kinases phosphorylate SPRED2  

RSK kinases contain an N-terminal kinase domain (NTKD) and a C-terminal kinase domain 

(CTKD) that are activated through a cascade of phosphorylation events mediated by upstream 

ERK1/2 and PDK1 kinases (Fig. 2.3A) (17) . The RSK family consists of RSK1-4, and they have 

greater than 90% and 80% homology in their NTKD and CTKD domains, respectively (18). Using 

co-immunoprecipitation, we found that SPRED2 could interact with all four RSK family members 

(Fig. 2.3B). To identify the specific RSK2 domains that mediate interaction with SPRED2, we 
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generated truncations of RSK2 and found that SPRED2 interacted with the RSK2 NTKD (Fig.  

2.3C). While RSK proteins have two kinase domains, only the NTKD is responsible for 

phosphorylating substrates (19). Hence, we speculated that SPRED2 might be a substrate of RSK 

kinases. RSK kinases phosphorylate substrates containing a consensus site that follows the motif 

RXX(S/T), where R is an Arginine, X is any amino acid, and (S/T) are phosphorylatable Serine or 

Threonine (20). We identified a putative RSK substrate consensus site (RXXS/T) within the 

SPRED2 protein sequence within amino acids 123-200, suggesting that SPRED2 may be 

phosphorylated by RSK2 at S167 and S168 (20). To evaluate the phosphorylation events on 

SPRED2 that may be mediated by RSK, we used HEK293 cells stably expressing the kinase 

domain of RAF1 (which is constitutively active) fused to the estrogen receptor (ER), henceforth 

referred as HR1 cells (Fig. 2.3D) (21, 22). When HR1 cells are treated with 4-hydroxytamoxifen 

(4-HT), the ligand binds ER, allowing for RAF1-mediated activation of canonical MAPK pathway, 

including downstream RSK kinases. Using this inducible model, we transiently transfected FLAG-

tagged SPRED2 and assessed phosphorylation events through mass spectrometry when cells were 

treated with 4-HT to activate MAPK, or co-treated with an ERK1/2 inhibitor, pan-RSK inhibitor, 

or lambda phosphatase to remove all phosphorylation events. We identified two phosphorylation 

sites on SPRED2, S167 and S168, that were abrogated when cells were treated with a pan-RSK 

inhibitor (Figs. 2.3E and S2.3A). In support of our hypothesis, these sites reside on the putative 

RSK phosphorylation motif, RXXS/T, and are evolutionarily conserved in SPRED2 protein 

sequences (Fig. 2.3F). To validate these findings in vitro, we performed a kinase assay with 

recombinant RSK2 kinase domain and SPRED2 (104-297) proteins and assessed SPRED2 

phosphorylation using a phospho-specific antibody that detects the RXX(S/T) motif. We detected 

ATP-dependent phosphorylation of SPRED2 (104-297) at RXXS/T sites, suggesting RSK can 
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directly phosphorylate SPRED2 and likely mediates the RSK-dependent phosphorylation of 

SPRED2 we observed in cells. (Fig. 2.3G). Furthermore, we found that mutating the S167/S168 

phosphorylation sites to alanine, aspartic acid, or glutamic acid had no effect on SPRED2 binding 

to RSK2 or neurofibromin (Fig. S2.4B). 

Structural analysis of SPRED2-RSK2 complex   

To further characterize the SPRED2-RSK2 interaction, we used isothermal titration calorimetry 

(ITC) to measure the affinity of the interaction. We observed that the SPRED2 (104-181) protein 

bound the NTKD of RSK2 (44-367) with an affinity of approximately 9 µM (Fig. S2.4A). We 

synthesized additional peptides of various lengths and found the SPRED2 (140-151) and (138-

153) peptides bound to the NTKD of RSK2, though with significantly weaker affinities of 36 and 

20 µM, respectively (Fig. S2.4A). A slightly longer peptide, SPRED2 (131-160), bound the NTKD 

of RSK2 with similar thermodynamics and affinity to the SPRED2 (104-181) (Fig. 2.4A). Binding 

of SPRED2 (11-181), which includes the entirety of the EVH-1 domain, also bound with identical 

thermodynamics and affinity as SPRED2 (131-160) (Fig. 2.4A). This further suggests the complete 

SPRED2 RID is found within residues 131 to 160 (Fig. 2.2B). We used X-ray crystallography to 

solve the structure of the complex of the NTKD of RSK2 (46-346) in complex with SPRED2 RID 

(131-160). To obtain crystals of the complex, we used the pan-kinase inhibitor, quercitrin, to 

rigidify and stabilize the active site to achieve a final resolution of 1.8 Å.  Despite using a 30-mer 

peptide, we only observed electron density for six residues of SPRED2 (141DDDVFT146) distal to 

the active site (Fig. 2.4B). These residues are bound within a cleft of RSK2, formed by two helices 

and a loop (residues 281-309), and residues 252, 259, 267 and 268. The SPRED2 hydrophobic 

residues, V144 and F145, were inserted within a hydrophobic pocket formed from the RSK2 

residues W252, F259, F268, L285, G286, M287, F303 and R305. The acidic residues of RSK2 
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formed several hydrogen bonds to basic residues that line the RSK2 cleft (Fig. S2.4B). 

Specifically, SPRED2-D142 formed three hydrogen bonds to RSK2-R305, -N306 and -N307, 

whereas SPRED2-D143 forms a single hydrogen bond to RSK2-K304 (Fig. 2.4C). Two hydrogen 

bonds formed between SPRED2-T146 and RSK-R300 (Fig. 2.4C). Three additional hydrogen 

bonds formed between the main chain of SPRED2 (D141, D142 and V144) to RSK2 (Fig. 2.4C). 

In total nine hydrogen bonds formed at the interface and 940 Å2 of RSK2 surface area was buried 

upon complex formation. The RSK2 binding pocket identified from our structural analysis is 

conserved across the RSK family, supporting our findings that SPRED2 can interact with the entire 

RSK family (Fig. 2.3B and 2.4D). Given that we only observed six residues of SPRED2 that 

interact with RSK2, we hypothesized that mutations at these sites would be critical for RSK2 

binding. Accordingly, we found that the SPRED2 F145A mutant failed to pulldown RSK2, 

whereas the SPRED2 T146A mutant retained binding to RSK2 (Fig. 2.4E).  

The MAPK pathway regulates SPRED2-RSK interaction  

RSK activity is regulated by phosphorylation events that relieve auto-inhibition (17). Since 

ERK1/2 phosphorylation is a critical step for RSK activation, we assessed whether stimulation of 

the MAPK pathway could influence the SPRED2-RSK2 interaction. We transiently transfected 

FLAG-tagged SPRED2 into our inducible HR1 cells and observed that MAPK pathway activation 

strongly enhanced the interaction between SPRED2 and RSK1/ RSK2 (Fig. 2.5A and S2.5A). 

Additionally, we observed a significant band shift (corresponding to an increased apparent 

molecular weight in SDS-PAGE) in the species of RSK2 bound with SPRED2 compared to the 

flow-through of unbound RSK2. In co-immunoprecipitation experiments, we also found that 

SPRED2 interacted with the phosphorylated form of RSK2 (Fig. S2.5B). Together, these data 

suggest that post-translational modifications on RSK are required to enhance this interaction. To 
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test if phosphorylation of RSK2 by the upstream MAPK pathway would affect interaction with 

SPRED2, we treated cells with various MAPK inhibitors. Treatment with MEK1/2 or ERK1/2 

inhibitors resulted in disruption of the SPRED2-RSK2 complex, whereas this interaction was 

unaffected by treatment with a RSK inhibitor (Fig. 2.5B). Additionally, treating lysates with 

lambda phosphatase to indiscriminately remove all phosphorylation events present in these lysates 

abolished the SPRED2-RSK2 interaction (Figs. 2.5C and S2.5C). Altogether, these data support 

a model in which MAPK signaling regulates the dynamics of the SPRED2-RSK complex. 

SPRED2 regulates phosphorylation of RSK substrates and phospho-RSK membrane 

localization 

A recent study has shown that RSK kinases bind to proteins containing a DDVF motif and that 

protein-protein interactions influence the phosphorylation of RSK substrates (23). Our 

biochemical and structural analyses also identified such a motif in SPRED2, and this prompted us 

to test whether the association with SPRED2 alters the phosphorylation of known RSK substrates. 

We overexpressed SPRED2 in cells and observed a decrease in the phosphorylation of the 

canonical RSK substrate, YB1 at S102 (Figs. 2.6A and S2.6A) (24). Similarly, we observed a 

decrease in RSK-mediated phosphorylation of Son of sevenless homolog 1 (SOS1) when SPRED2, 

but not when the RSK-binding deficient SPRED2 F145A mutant was overexpressed (Fig. 2.6B) 

(25). To further test these findings in an endogenous setting, we knocked down SPRED2 in several 

cell lines (Figs. 2.6C and S2.6B). SPRED2 knockdown resulted in an increase in phosphorylated 

CREB (S133) and phosphorylated YB1 (S102), further supporting a model whereby SPRED2 

regulates RSK substrate availability. SPRED proteins are known to promote the membrane 

localization of neurofibromin and thus we hypothesized that SPRED2 may also regulate RSK 

localization. To test this, we performed subcellular fractionation in cells with SPRED2 
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knockdown. We observed a reduction in the phosphorylation of RSK2 at S386 (S380 in RSK1), 

the phosphorylation site that recruits PDK1, and S227 (S221 in RSK1), the site in the active loop 

of the NTKD that is phosphorylated by PDK1, at the plasma membrane and nucleus in these cells 

(Figs. 2.6D and S2.6C) (18). Together, these data indicate that SPRED2 regulates the 

phosphorylation of RSK substrates, possibly by modulating its subcellular localization.  

RSK binding promotes SPRED2 complex formation with neurofibromin and negative feedback 

of MAPK signaling 

Using the HR1 cell system, we observed that MAPK activation also promoted interaction between 

SPRED2 and neurofibromin, in a similar manner as SPRED2-RSK2 (Fig.  2.5C). These findings 

led us to hypothesize that RSK2 promotes SPRED2 complex formation with neurofibromin. To 

test this, we stably expressed SPRED2 or the RSK2 binding deficient mutant F145A in HEK293T 

cells, and tested SPRED2 interaction with endogenous neurofibromin (Fig. 2.7A). We noted a 

decrease in neurofibromin binding with the SPRED2 F145A mutant compared to WT. 

Furthermore, we observed that inserting the RID from SPRED2 into SPRED1 (SPRED1 chimera), 

which confers RSK binding capacity to SPRED1, also enhanced binding to neurofibromin 

compared to SPRED1. These differences in binding were observed both in normal serum media 

and Epidermal Growth Factor (EGF) stimulated conditions, further suggesting that RSK2 

promotes SPRED2-neurofibromin complex formation (Fig. 2.7B and S2.7A). Since 

neurofibromin is a negative regulator of the RAS-MAPK pathway, we hypothesized that this 

deficiency in SPRED2 binding has functional consequences on MAPK signaling. To test this, we 

performed an EGF time course stimulation and observed that cells expressing SPRED2 F145A 

had higher RAS activation (as assessed by RAS GTP loading) and elevated ERK1/2 

phosphorylation, compared to cells expressing SPRED2 WT (Fig. 2.7C). Given the importance of 
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SPREDs in neurofibromin membrane localization, we hypothesized that this difference in MAPK 

activation may be due to the inability of SPRED2 F145A to localize neurofibromin to the plasma 

membrane. However, when performing subcellular fractionation, we observed no statistically 

significant difference in neurofibromin membrane localization between SPRED2 F145A mutant 

and SPRED2 expressing cells (Fig. S2.7B). 

 

DISCUSSION 

In this work, we have conducted a systematic analysis of the SPRED interactome and identified 

common and unique interactors among the SPRED family that suggest unique functions of these 

proteins. Here, we focused on the biochemical properties of the interaction between SPRED2 and 

RSK2 and demonstrate that this interaction is implicated in regulating RSK and the negative 

feedback of MAPK signaling. While kinase-substrate interactions are typically transient, we report 

a strong molecular interaction between RSK2 and SPRED2 and characterize SPRED2 as a RSK 

substrate (26, 27). Recent reports have identified several viral and bacterial proteins that hijack 

RSK proteins through a conserved DDVF motif (23, 28). A crystal structure of the Kaposi’s 

sarcoma-associated herpesvirus protein (ORF45) bound to RSK2 shows that the DDVFT motif of 

ORF45 binds and interacts with RSK2 in a similar manner as SPRED2 (Fig. S2.4C). However, 

unlike SPRED2, ORF45 uses additional ~45 residues to interact with RSK2 forming a complex 

with an affinity of ~1 nM, approximately 8000-fold tighter than the RSK2-SPRED2 interaction 

that we have described (Fig. S4D). This interaction allows ORF45 to hijack the cell to promote 

pathogen replication (23). In addition to regulating the ability of RSK to phosphorylate substrates, 

our findings demonstrate that SPRED2 plays an important role in modulating RSK's subcellular 

localization. Localization to the membrane is a step of RSK activation and previous work has 
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shown that the proximity of RSK1 to RAS depends on SPRED2 (29, 30). This is consistent with 

our findings and supports our model that SPRED2 regulates phosphorylated RSK at the membrane, 

presumably to facilitate negative feedback of MAPK signaling (Fig. 2.8, A and B).  

Additionally, we speculate that the SPRED2-RSK complex provides an extra layer of regulation 

for MAPK signaling. Our finding shows that SPRED2-RSK complex formation is regulated by 

MAPK activation. Upon MAPK stimulation, active ERK1/2 phosphorylates RSK2 at T369, S365, 

and T577 (T363, S359, and T573 in RSK1) (17). This activates the RSK-CTKD and results in 

auto-phosphorylation at S386 (31). PDK1 binds at the S386 (S380 in RSK1) phosphorylation site, 

and then phosphorylates S227 (S221 in RSK1) on the RSK NTKD, allowing RSK to activate and 

phosphorylate substrates (31, 32). We suspect that phosphorylation by ERK1/2 relieves 

autoinhibition of RSK and causes a conformational change to promote SPRED2 binding. Our 

study highlights the crucial role of the interaction between SPRED2 and RSK in the negative 

regulation of MAPK signaling. Disruption of this interaction leads to hindered interaction with 

neurofibromin, which in turn results in elevated MAPK signaling (Fig. 2.8A). This finding is 

consistent with previous reports that RSK2 plays a role in the negative feedback of RAS-MAPK 

signaling (31, 32). By elucidating the molecular determinants of the SPRED2-RSK interaction, 

our study provides a mechanism for negative feedback. Moreover, our proposed model suggests a 

dual layer of regulation to ensure negative feedback of MAPK signaling, wherein SPRED2 binds 

and localizes phosphorylated RSK at the membrane, leading to alterations in RSK substrate 

phosphorylation. Although our studies did not reveal any significant quantitative effects on 

neurofibromin membrane localization between SPRED2 WT and SPRED2 F145A expressing 

cells, this plausible mechanism requires further investigation using more sensitive methodology in 

future studies (Fig. S2.7B). 
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Phosphorylation of substrates by RSK2 is important during development; thus, germline loss-of-

function variants in RPS6KA3, the gene encoding RSK2, cause Coffin-Lowry syndrome, a disorder 

characterized by growth and developmental delay as well as other skeletal anomalies (33–36). The 

recent identification of SPRED2 loss-of-function variants in individuals with Noonan syndrome, 

which also has phenotypic skeletal features, suggests a genetic link between SPRED2 and RSK2 

with implications for proper skeletal development (11, 37).  

An additional interaction we identified was between SPRED3 and 14-3-3 proteins. While 

pathogenic mutations in SPRED3 have not been reported, both SPRED3 and 14-3-3 proteins are 

highly expressed in the brain, suggesting an important neuronal function of SPRED3 (6, 38). 

Further analysis of this interaction may shed light on a function of SPRED3 that cooperates with 

14-3-3 proteins in the context of neuronal development.  

In all, our screening results show ways in which SPRED proteins evolved to have unique protein 

binding partners that, in turn, delegates their functions and alters how they can regulate signaling.  
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Figures 

 

Figure 2.1. A proteomic screen reveals common and unique interactors of SPRED proteins 
 
A, Schematic of SPRED1-3 domain structure and alignment of the uncharacterized unique 
domains found between EVH-1 and KBD. EVH-1: Ena/Vasp Homology; KBD: KIT binding 
domain;  SPR: sprouty related domain.  B, Venn diagram of SPRED protein binding partners 
identified from affinity purification mass spectrometry screen. 2AAA (Serine/ threonine-protein 
phosphatase 2A regulatory subunit A alpha isoform); RSK2 (serine/threonine kinase ribosomal 
protein s6 kinase alpha-2); VAPA (VAMP Associated Protein A; IQGA1 (Ras GTPase-activating-
like protein); ELOB/C (Elongin-B/ C); STK38 (Serine/ threonine kinase 38); CDKN2A (Cyclin-
dependent kinase inhibitor 2A); NF1 (neurofibromin); ZDH13 (Palmitoyltransferase ZDHHC13); 
CUL2 (Cullin-2); 14-3-3 protein B (beta), F (eta), T (theta), Z (zeta). C, Immunoblot of indicated 
proteins from a co-immunoprecipitation of FLAG tagged SPRED proteins expressed in HEK293T 
cells. Empty vector (EV); WCL (whole cell lysate); IP (immunoprecipitation).  



 19 

 

Figure 2.2. SPRED2 interacts with RSK2  

A, Truncation mutations of SPRED2 expressed in HEK293Ts and immunoblotted to assess for 
binding to endogenous RSK2. EVH-1 (Ena/Vasp Homology); RID (RSK interacting domain); 
KBD (KIT binding domain); SPR (sprouty related domain). B-C, Immunoblots of indicated 
proteins from a pulldown of GST -EV, -SPRED2, -SPRED2 mutants, -SPRED1, or -SPRED3 
expressed in HEK293T cells. Empty vector (EV), SPRED1-Chimera/ SPRED3-Chimera 
(SPRED1/3 construct replaced with corresponding SPRED2-RID amino acids), WCL (whole cell 
lysate); IP (immunoprecipitation). 
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Figure 2.3. SPRED2 interacts with RSK family and is phosphorylatable 
 
A, Schematic of RSK2 domain architecture. NTKD (N-terminal kinase domain); CTKD (C-
terminal kinase domain). B-C, Immunoblots of indicated proteins from a co-immunoprecipitation 
of HA-RSK(1-4) or -RSK mutants expressed in HEK 293T cells. D, Schematic of HR1 cell system; 
ER (estrogen receptor). E, Analysis of phosphorylation events on FLAG-SPRED2-expressing 
HR1 cells treated with 200 nM 4-HT for 2 h with 4-HT (4-hydroxytamoxifen) and the indicated 
kinase inhibitors or λ phosphatase (lambda phosphatase). Relative qualification of the peptide 
abundance in three biological replicates based on extracted MS1 chromatographic peaks of. Bars 
represent mean normalized relative abundance, and error bars show the corresponding standard 
deviation. F, Analysis of AGC Kinase phosphorylation motif RXX(S/T). [R, arginine; X, any 
amino acid; (S/T) phosphorylatable serine or threonine]. R1 highlights in red, and 
phosphorylatable S is indicated by the black triangle. Alignment was performed with Uniprot using 
SPRED2 protein sequences from humans (Homo sapiens), mouse (Mus musculus), rat (Rattus 
norvegicus), and frog (Xenopus laevis). G, SPRED2 (104-297) recombinant protein was subjected 
to in vitro kinase assay and immunoblotted for phosphorylation by RSK2 with pRXXS/T antibody. 
Empty vector (EV); WCL (whole cell lysate); IP (immunoprecipitation). 
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Figure 2. 4 :  Structural analysis of the SPRED2-RSK2 interaction  

A, Isothermal titration calorimetry of RSK2 (44-367) with SPRED2 (11-181) (left) or SPRED2 
(131-160) (right). Dissociation constant (KD) is shown as a mean ±SD. B, The 1.8 Å crystal 
structure of RSK2 (46-346) (green) in complex with SPRED2 (131-160) (pink) shown as a cartoon. 
The pan-RSK ligand (quercitrin) bound to the active site is shown as green sticks. C, SPRED2 
peptide (shown as pink sticks) bound to the surface of RSK2 (green). Hydrogen bonds are shown 
as black dashes. D, Sequence alignment of all four human members of the RSK family. Residues 
which SPRED2 contact on RSK2 are shown in black boxes. Conserved and non-conserved 
residues are shown in red and white, respectively. E, Immunoblot of indicated proteins from a 
pulldown of GST- EV, -SPRED2, or -SPRED2 mutants expressed in HEK293T cells. Empty 
vector (EV); WCL (whole cell lysate); PD (pull down). 
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Figure 2.5. SPRED2 /RSK interaction is regulated by MAPK activation   

A, Immunoblot of indicated proteins from a co-immunoprecipitation of FLAG-SPRED2-
expressing HR1 cells treated with 200 nM 4-HT for 2 h. Co-immunoprecipitate and flow through 
were immunoblotted for endogenous RSK2. B, FLAG-SPRED2-expressing HR1 cells were 
treated with 4-HT and the indicated kinase inhibitors. FLAG-immunoprecipitates and non-binding 
lysates (flow through) were probed for interacting proteins and phosphorylated proteins 
respectively. C, Immunoblot of indicated proteins from a pulldown of GST -EV, -SPRED2 and -
SPRED2 F415A purified from bacteria, were probed for endogenous RSK2 binding following 
incubation with lysate from HR1 cells. Empty vector (EV); WCL (whole cell lysate); IP 
(immunoprecipitation); PD (pull down). 
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Figure 2.6. SPRED2 regulates phosphorylation of RSK substrates and subcellular 
localization 
 
A, Immunoblot of indicated proteins from HR1 cells expressing FLAG-tagged EV, SPRED2, or 
SPRED2 F145A. B, Immunoblot from a co-immunoprecipitation of HR1 cells co-expressing 
FLAG-SOS1 and HA-tagged EV, SPRED2, SPRED2 F145A, or SPRED1. C, Immunoblots 
showing SPRED2 stably knocked down in  SK-MEL-30 cells.  Relative qualification based on 
densitometry of the pCREB and pYB1 in four biological replicates. Bars represent mean fold 
change, and error bars show the corresponding standard deviation. Knockdown was induced in 
cells with doxycycline (1 µg/mL) treatment. D, Immunoblot of subcellular fractionation from SK-
MEL-30 cells with SPRED2 knocked down. Empty vector (EV); WCL (whole cell lysate); IP 
(immunoprecipitation). 
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Figure 7.  RSK2 negative feedback of MAPK signaling through regulation of SPRED binding 
to neurofibromin 
 
A-C, Immunoblots of HEK293T cells with stable expression of HA-tagged EV, SPRED2, 
SPRED2 F145A, SPRED1, or SPRED1 chimera probing against endogenous neurofibromin and 
RSK2. Relative qualification based on densitometry of neurofibromin in four biological replicates. 
Bars represent mean fold change, and error bars show the corresponding standard deviation. C, 
Cells were serum starved for 15-18 h and then stimulated for the indicated time with 25 ng/mL of 
EGF. Relative qualification from biological replicates based on densitometry of the pERK1/2 from 
three biological replicates. Bars represent mean fold change, and error bars show the corresponding 
standard deviation. Lysate was incubated on RBD-GST beads and immunoblotted against 
endogenous pan-RAS. Empty vector (EV); WCL (whole cell lysate); IP (immunoprecipitation); 
RBD PD (RAS binding domain pull down). 
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Figure 8. A RSK -SPRED2 complex regulates phosphorylation of RSK substrates and 
MAPK signaling 
 
A, Formation of the SPRED2-RSK complex is regulated by MAPK activation. SPRED2 binding 
perturbs phosphorylation of other RSK substrates and leads to SPRED2 phosphorylation. SPRED2 
binding promotes pRSK membrane translocation. RSK binding enhances NF1 interaction with 
SPRED2, leading to negative feedback on MAPK signaling.  
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Table 2.1 Crystallographic data collection and refinement statistics 

 RSK246-346 -SPRED2131-160 
Data collection  
Space group I 1 2 1 
Cell dimensions    
    a, b, c (Å) 83.44, 41.10, 99.26 
    a, b, g  (°)  90.0, 113.89, 90.0 
Resolution (Å) 49.39-1.80 (1.84-1.80) * 
Rmerge 0.059(0.771) 
Rpim 0.057(0.752) 
I / sI 8.8(1.4) 
Completeness (%) 97.7(98.8) 
Redundancy 3.3(3.3) 
CC(1/2) 0.99(0.57) 
  
Refinement  
Resolution (Å) 49.39-1.80 
No. reflections 93088 
Rwork / Rfree 18.3/22.5 
No. atoms  
    Protein 2343 
    Ligand/ion 32 
    Water 139 
B-factors  

    RSK2 38.9 
    SPRED2 62.7 
    Ligand/ion 31.2 
    Water 40.3 
R.m.s. deviations  
    Bond lengths (Å) 0.007 
    Bond angles (°) 0.903 
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Supporting information 
 
 

 
SFigure 2.1. A proteomic screen of SPRED proteins 

A, Co-immunoprecipitation of HA-14-3-3 family with FLAG SPRED1-3, expressed in HEK293T 
cells. Empty vector (EV); WCL (whole cell lysate); IP (immunoprecipitation). 
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SFigure 2.2. Analysis of SPRED2 interaction with RSK2  

A, GST tagged truncations of SPRED2 expressed in HEK293Ts and immunoblotted to assess for 
binding to endogenous RSK2. Empty vector (EV); WCL (whole cell lysate); IP 
(immunoprecipitation). 
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SFigure 2.3. SPRED2 phosphorylation at S167+S168.  

A, Annotated MS2 spectrum of the double phosphorylated SPRED2 peptide. The expectation score 
for the spectrum is shown. B, Immunoblots of HEK293T cells with stable expression of HA-tagged 
EV, SPRED2, SPRED2 S167/S168A, SPRED2 S167/S168D, SPRED2 S167/S168E, or SPRED2 
F145A probing against endogenous neurofibromin and RSK2. Empty vector (EV); WCL (whole 
cell lysate); IP (immunoprecipitation). 
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SFigure 2.4. Structural analysis of the SPRED2-RSK2 interaction.  

A, Isothermal titration calorimetry of RSK244-367 with SPRED2104-181, SPRED2138-153 and 
SPRED2140-151. B, SPRED2 peptide (shown as pink sticks) bound to the electrostatic surface 
of RSK2 (blue – positively charged, white – neutral, red – negatively charged). Hydrogen bonds 
are shown as black dashes. C, Ligplot diagram showing the RSK2-SPRED2 (left, green and pink, 
respectively) and the RSK2-ORF45 (right, green and orange, respectively) interactions. D, 
Superposition of the RSK2-ORF45 (yellow) and RSK2-SPRED2 (pink) structures. 
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SFigure 2.5. SPRED2 /RSK interaction is regulated by MAPK activation 

A, Immunoblot of indicated proteins from a co-immunoprecipitation of FLAG-SPRED2-
expressing HR1 cells treated with 200 nM 4-HT for 2 h. Co-immunoprecipitate and flow through 
were immunoblotted for endogenous RSK1 and RSK2. B, HA RSK2 and FLAG SPRED2- WT or 
SPRED2 F145A were expressed in HR1 cells. Cells were treated with 4-HT (200nM) for 2 hrs, 
immunoprecipitated with FLAG beads and blotted against HA RSK and pRSK (S227, S359, or 
S380). C, FLAG SPRED2- WT or SPRED2 F145A were expressed in HR1 cells. Cells were 
treated with 200 mM 4-HT and ERKi (SCH772984,1 µM), RSKi (LJH685, 10 µM) or λ 
phosphatase and immunoblotted for endogenous RSK2 binding. Empty vector (EV); WCL (whole 
cell lysate); IP (immunoprecipitation). 
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SFigure 2.6. Fractionation in A375 and CHL1 cells 

A, Relative qualification based on densitometry of pYB1 in three biological replicates from 
immunoblots in Fig 6A. Bars represent mean fold change, and error bars show the corresponding 
standard deviation. B, Immunoblots showing SPRED2 stably knocked down in A375 cells.  
Relative qualification based on densitometry of pCREB and pYB1 in five biological replicates. 
Bars represent mean fold change, and error bars show the corresponding standard deviation. 
Knockdown was induced in cells with doxycycline (1 µg/mL) treatment. C-D, Immunoblots of 
subcellular fractionation from A375 and CHL1 cells with knock down of SPRED2.   
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SFigure 2.7. Quantification of neurofibromin binding and membrane localization  

A, Relative qualification based on densitometry of neurofibromin in three biological replicates 
from immunoblots in Fig 7A. Bars represent mean fold change, and error bars show the 
corresponding standard deviation. B, Immunoblot of subcellular fractionation in HEK293T cells 
with stable expression of HA-EV, SPRED2, or SPRED2 F145A. Qualification based on 
densitometry of neurofibromin relative to RAS in four biological replicates. Bars represent mean 
fold change, and error bars show the corresponding standard deviation. Empty vector (EV); 
WCL (whole cell lysate) 
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EXPERIMENTAL PROCEDURES 

 

Cells and culture conditions 

HEK293T, A375, CHL-1, and H441 cells were obtained from the American Type Culture 

Collection (ATCC), and SK-MEL-30 cells were from DSMZ (Leibniz Institute DSMZ-German 

Collection of Microorganisms and Cell Cultures, Braunschweig, Germany). HEK293 ΔRaf-1:ER* 

(HR1) cells were kindly provided by Simon Cook (Babraham Institute, Cambridge, UK). 

HEK293T, A375, CHL1, and HR1 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and Penicillin-Streptomycin. HR1 

cells were supplemented with 1 mg/mL G418. SK-MEL-30 were cultured in Roswell Park 

Memorial Institute (RPMI) 1640 media supplemented with 10% Fetal Bovine Serum (FBS) and 

Penicillin-Streptomycin. Cell lines were regularly tested with MycoAlert PLUS Mycoplasma 

Detection Kit (Lonza). 

Reagents, antibodies, and immunoblotting 

Antibodies against Neurofibromin 1 (#14623; 1:1000), RSK2 (5528; 1:1000), HA-Tag (#3724; 

1:1000), Phospho-RSK2 (Ser227) (#3556; 1:1000), Phospho-p90RSK (Ser380) (#11989; 1:1000), 

Phospho-Akt Substrate (RXXS*/T*) (#9614; 1:1000), Phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204)(#4370; 1:1000), p44/42 MAPK (Erk1/2) (#4696; 1:1000), CREB (#4820; 

1:1000), Phospho-CREB (Ser133) (#9198; 1:1000), Phospho-YB1 (Ser102) (#2900; 1:1000), 

MEK1/2 (# 8727; 1:1000) were all purchased from Cell Signaling Technology. Antibodies against 

GST Antibody pan (#sc-138; 1:1000) and 14-3-3 Antibody (#sc-629; 1:1000) were purchased from 

Santa Cruz Biotechnology. ANTI-FLAG (# F7425) and β-Actin (A5441) were purchased from 

Sigma-Aldrich and THE™ DYKDDDDK (#A00187; ) was purchased from GenScript, and pan 



 35 

RAS (#108601; 1:1000) was purchased from Abcam. A customized rabbit polyclonal antibody 

against Spred2_122-212aa was generated with GenScript. Lysates were prepared with RIPA 

Buffer (150mM NaCl, 1% NP-40, 0.5% Deoxycholate, 0.1% SDS, 50 mM Tris-HCl 7.5) and 

normalized to load 20-30 µg of protein. Immunoblots were performed with Bis-Tris NuPAGE gels 

(Life Technologies) and transferred on nitrocellulose membranes. Membranes were blocked at 

room temperature for 1 h in 5% skimmed milk in TBS-T buffer. Primary antibodies were diluted 

in 3% BSA and incubated at 4°C overnight. Immunoblots were developed by washing with TBS-

T three times and then incubating with secondary antibodies; DyLight680 (611-144-002; 1:10,000) 

or DyLight800 (610-145-002; 1:10,000) (Rockland), and scanning with LI-COR Odyssey. To 

detect SPRED2, HRP conjugated secondary antibodies were used and developed using Immobilon 

Forte Western HRP Substrate (# WBLUF05000) and HyBlot CL® Autoradiography Film 

(#XC6A2). Fractionation was performed used Subcellular Protein Fractionation Kit (# 7884) from 

Thermo Fisher Scientific following manufacturers protocol. 

Plasmids, cloning and transfection 

SPRED1-3, RSK1-4, and SOS1 entry clones were obtained from the RAS Pathway 2.0 Clone 

Collection (Addgene #1000000070). SPRED2 plasmids used for mammalian expression were 

generated by mutagenesis in pDONR255-SPRED2 template: (1-122, 1-201, 123-257, 201- 257, 

201-307, 308-419, 257-419, 123-419, 1-307, △123-200, 123-200, SPRED2 F145A, SPRED2 1-

307 F145A). All 14-3-3 plasmids were obtained from Addgene. SPRED2 △KBD, SPRED1 

chimera, and SPRED3 chimera were generated as a gene fragment with GenScript. RSK2 plasmids 

used for mammalian expression were generated by mutagenesis in pDONR255-RSK2 template: 

(RSK2 1-327, 1-422). All mutagenesis primer sequences are available upon request. All entry 

clones were generated using BP reactions into DONR255 vectors. All expression vectors were 
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generated with LR Gateway cloning containing into pDEST302 or pDEST663, EF1α promoter, 

and either N-terminal 3xFLAG or N-terminal HA tag. All plasmid transfections were performed 

with jetOPTIMUS® DNA Transfection Reagent (# 101000006) following manufacturers protocol.  

Genes for protein expression were generated from DNA constructs initially synthesized as 

Gateway Entry clones (ATUM, Newark, CA).  Constructs consisted of E. coli gene optimized 

fragments containing an upstream tobacco etch virus (TEV) protease site (ENLYFQ/G) followed 

by fragments of the coding sequence of human SPRED2 or human RSK2 (RPS6KA3) as defined 

below. Entry clones were transferred to E. coli destination vectors containing aminoterminal His6 

(pDest-527, Addgene #11518) or His6-MBP (pDest-566, Addgene #11517) fusions by Gateway 

LR recombination (Thermo Scientific, Waltham, MA).  The shorter RSK2 clone (R765-X33-527) 

contained an additional non-native tripeptide sequence (Met-Ala-Gly) at the N-terminus of the 

final construct to improve protein production and crystallization. Constructs generated were: His6-

MBP-tev-Hs.SPRED2(11-181); His6-MBP-tev-Hs.SPRED2(104-181); His6-tev-Hs.RSK2(44-

367; His6-tev-GMAG-Hs.RSK2(46-346). 

Lentiviral transduction 

Constructs for stable lentiviral expression were generated as described above with pDEST663 

vector. HEK293T cells were co-transfected with the construct of interest, pδ8.91, and pMD2.G in 

in a 3:2:1 ratio, respectively. 48 h post-transfection, supernatant was collected, passaged through 

0.45 µm filter, and transduced into cells with polybrene. Cells were cultured with the appropriate 

selection media to select for expressing cells.   

To generate knock-down cell lines, miR-E constructs were designed to target SPRED2 as 

previously reported (39). Lentiviral particles were generated using these miR-E constructs 
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(LT3GEPIR), as described above, and transduced into cells. Cells were kept in culture with 

puromycin (0.5 µg/mL) and doxycycline (1 µg/mL) was used to induce knockdown.  

Bacterial protein expression and purification 

Proteins were expressed as described for the Dynamite expression protocol (40). Proteins were 

purified essentially as previously outlined for KRAS (1-169) with some exceptions. Specifically, 

the Hs.SPRED2(104-181), Hs.RSK2(44-367), and GMAG-Hs.RSK2(46-346) purifications 

included 300 mM NaCl and 10% glycerol (w/v) in all buffers, MgCl2 was omitted, and the final 

buffer was 20 mM HEPES, pH 7.4, 300 mM NaCl, 1 mM TCEP, and 10% glycerol (w/v) (41).  

Final buffer for Hs.SPRED2 (11-181) was 20 mM HEPES, pH 7.4, 150 mM NaCl, and 1 mM 

TCEP. Recombinant GST-tagged proteins -EV, -SPRED2 1-307, and -SPRED2 1-307 F145A 

were generated by gateway cloning into pGEX-6. Plasmids were then transformed into BL21 

(DE3) cells. Cultures were inoculated with starter cultures and grown at 37°C for 3-4 h. Following, 

expression was induced with 0.2mM IPTG for 14-16 h at 18°C. Cells were lysed in 50mM Tris 

HCl (pH 8.0), 300mM NaCl, 5% glycerol, 1mM DTT by sonication. Lysate was put over 

Glutathione Sepharose 4B beads (Cytiva Life Sciences), washed, and stored in 50% glycerol at -

20°C. 

Immunoprecipitation and GST pulldown assays 

Cells were lysed in buffer containing 150mM NaCl, 1% IGEPAL CA-630, 10% Glycerol, 50 mM 

Tris-HCl 7.5 with Phosphatase Inhibitor Cocktail 1(P2850; 1:100), Phosphatase Inhibitor Cocktail 

2 (P5726; 1:100), and Protease Inhibitor Cocktail (mammalian cell extracts) (P8340; 1:100) from 

Sigma-Aldrich. Lysates were rotated for 1 h at 4°C with Glutathione Sepharose 4B beads (Cytiva 

Life Sciences), ANTI-FLAG® M2 Affinity Gel (Sigma), or Pierce™ Anti-HA Agarose 

(ThermoFisher Scientific). Beads were washed three times with lysis buffer and resuspended with 
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LDS sample buffer. For immunoprecipitation from HR1 cells, cells were treated with 200 nM 4-

HT for 2 h and with 100 nM trametinib (MEKi), 1 µM SCH772984 (ERKi), or 10 µM LJH685 

(RSKi) where indicated. 

To measure RAS.GTP levels, cells were serum starved for 15-18 h and stimulated with 25 ng/mL 

of Epidermal Growth Factor (EGF). Lysates rotated for 1h at 4°C with RBD-GST beads.  

Kinase Assays 

Recombinant RSK2 was purchased from SignalChem (R17-10G) and SPRED2 was made as 

described in bacterial protein expression and purification section. Reactions contained 100 ng of 

RSK2, 1 µg of SPRED2, and 1 mM of ATP (Sigma- Aldrich; #A7699). Reaction were brought up 

to 25 µL with Kinase Assay Buffer (5 mM MOPS, pH7.2, 2.5 mM b-glycerol-phosphate, 10 mM 

MgCl2, 1 mM EGTA, 0.4 mM EDTA, 50 ng/ml BSA) and were incubated at 30°C and were 

stopped after 15 min with LDS sample buffer.  

Mass Spectrometry 

To evaluate bindings partners, 5 µg of 3x-FLAG-SPRED1-3 was transiently transfected into 106 

HEK293T cells. Cells were lysed as described above and incubated with magnetic flag beads.   

To evaluate phosphorylation events on SPRED2, 5 µg of 3x-FLAG-SPRED2 was transiently 

transfected into 5 x 106 HR1 cells. Cells were treated with 4-HT to activated MAPK and co-treated 

with 1 µM SCH772984 (ERKi) or 10 µM LJH685 (RSKi) for two hours.  

Cells were lysed as described above. Conditions with lambda phosphatase were treated post-lysis, 

following manufacturers guidelines (New England BioLabs; P0753S).  The lysates were then 

incubated with magnetic flag beads.   

The beads were washed with ice-cold 20 mM Tris-HCl (pH 8.0), 2 mM CaCl2 buffer and frozen 

prior to trypsin digest. On-bead trypsin digests were performed as previously described (42). 
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Digested peptides were desalted with ZipTip u-C18 pipette tips (Millipore), vacuum dried, and 

reconstituted in 15 μL of 0.1% formic acid. 2.5 uL of each sample were injected on Acquity UPLC 

M-Class system (Waters) and analyzed by LC-MS/MS on Orbitrap Fusion Lumos Tribrid Mass 

Spectrometer (Thermo Fisher Scientific) equipped with 15 cm silica-C18 EasySpray column 

(Thermo Fisher Scientific). The column was operated at 45°C, and reversed-phase 

chromatography was performed using conventional two-buffer system (Buffer A - 0.1% formic 

acid in water; Buffer B - 0.1% formic acid in acetonitrile) at 400 nL/min flow rate, as follows:  

Load at 2% B for 20 min; 2-60% B gradient over 60 min; brief wash at 80% B; equilibration at 

2% B. The mass spectrometer was operated in DDA (Full-MS/ddMS2) mode with one survey scan 

(375-1500 m/z, R=120,000, AGC target of 4e5) followed by HCD MS2 scans up to 3 sec limit 

(AGC target of 5e4, max IT 100 ms, R=30,000, isolation window 1.6 m/z, NCE 30%, stepped 

collision 5%, and 30 s dynamic exclusion). 

Acquired MS data were analyzed as previously described (43). Briefly, spectra were searched 

using Protein Prospector (version 6.2.4) against human SwissProt database downloaded on 

01/18/2021 and corresponding decoy database of randomly shuffled peptide sequences (44–46). 

Default “ESI-Q-high-res” parameters with trypsin as the protease were used. Up to two missed 

cleavages were allowed. Carbamidomethyl-C was a constant modification, with default variable 

modifications plus phosphorylation at STY. Up to 3 modifications per peptide were considered. 

Mass tolerance was 5 ppm for precursor ions and 15 ppm for fragment ions. False discovery rate 

was set for <1% for peptides, and at least 3 unique peptides per protein were required. Protein 

Prospector search results were exported as BiblioSpec spectral library for downstream analysis in 

Skyline (v21) to quantify peptide and protein abundances (47). Statistical analysis of peptide and 
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protein abundances in different biological conditions were carried out using MSstats package 

integrated in Skyline (48).  

Peptides 

SPRED2 (140-151) (GDDDVFTTATDS), SPRED2 (138-153) (ELGDDDVFTTATDSSS) and 

SPRED2 (131-160) (STIHNEAELGDDDVFTTATDSSSNSSQKRE) peptides were synthesized 

by Genscript with the N-terminal residues acetylated.  

Isothermal titration calorimetry measurements 

Proteins were extensively dialyzed against 50 mM HEPES, 500 mM NaCl, 3 mM β-

mercaptoethanol, 5 mM ETDA, pH 8.0. Duplicate ITC measurements were performed on a 

MicroCal PEAQ-ITC instrument (Malvern Panalytical). An ITC experiment typically consisted of 

40-70 µM of RSK2 (44-367) in the cell with 400-700 µM of either purified SPRED2 (11-181) and 

SPRED2 (104-181), or SPRED2 (131-160), SPRED2 (138-153) or SPRED2 (140-151) peptides 

in the syringe. All measurements were carried out at 25°C, with a stirring speed of 750 rpm and 

19 injections of 2.2 µl injected at 210s intervals. Data analysis was performed using a “one set of 

sites” model using the MicroCal PEAQ-ITC analysis software (v1.41, Malvern Panalytical).  

Crystallization and data collection 

RSK2 (46-346) (1.1 ml of 138 µM) was mixed with a 1.1-fold excess of quercitrin (20 mM stock 

dissolved in ethylene glycol, Selleck Chemicals S3824) and incubated on ice for 15 mins. Protein-

ligand complex was dialysis against 50 mM Tris, 600 mM NaCl, 5 mM EDTA, 5 mM β-

mercaptoethanol, pH 8.0 for 16 h at 4 °C. No precipitation had occurred, and the volume had 

increased to 1.35 ml. Quercitrin interferes with UV absorbance, so the concentration was estimated 

based on the volume change (final concentration ~110 µM). The SPRED2 (131-160) peptide was 

added at an equimolar ratio from a stock of 1.24 mM stock dissolved in dialysis buffer. The RSK2-
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SPRED2 complex was incubated for 1 h on ice before crystallization screening was carried out at 

20°C using the sitting-drop vapor diffusion method by mixing the complex with an equal volume 

of reservoir solution (200 nL:200 nL). A single crystal grew over the course of 5 days in condition 

B12 of the PEGRx screen (30% w/v PEG 2K MME, 0.1 M Tris, pH 8.0, Hampton Research). The 

crystal was cryoprotected with 15% v/v glycerol. Using a single crystal, a 1.8 Å dataset was 

collected on beamline 24-ID-C at the Advance Photon Source (Argonne).  

Structure determination and analysis 

The dataset was indexed and integrated with XDS before scaling, truncating, and converting to 

structure factors with Aimless from the CCP4 suite (49, 50). The Matthews coefficient suggested 

a single copy of RSK2 (46-346) in the asymmetric unit. Molecular replacement was carried out 

with MOLREP using RSK2 (PDB 4GUE) as a search model (50). Refinement was initially carried 

out by Refmac5 and manual building in COOT (51, 52). After a few rounds of refinement, an 

inspection of the difference (Fo-Fc) map showed positive density for the six residues in the 30-

mer SPRED2 peptide, suggesting the remaining residues are disordered inside the crystal. Final 

refinement was carried out in Phenix.Refine with occupancy refinement for the SPRED2 peptide 

(final occupancy for the SPRED2 peptide was 0.89 (53). Figures were generated with PyMOL 

(54). All crystallographic and structural analysis software was supported and provided by the 

SBGrid Consortium (54). Crystallographic data collection and refinement statistics are shown in 

Table 1.  

Data Availability  

The atomic coordinates and structure factors of the RSK2-SPRED2 complex have been deposited 

in the Protein Data Bank and are available under the accession number 8EQ5. The authors confirm 
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that the data supporting the findings of this study are available within the article and its supporting 

information.  
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Chapter 3: Lack of Noonan syndrome-like phenotype in Spred2 knockout mice 

We read with interest the manuscript by Motta et al, describing SPRED2 loss-of-function 

mutations in individuals with a Noonan syndrome (NS)-like phenotype. NS is a 

neurodevelopmental disorder caused by autosomal dominant or recessive mutations in the genes 

encoding for key components and/or regulators of the RAS-MAPK pathway, including PTPN11, 

RAF1, SOS1, RIT1, LZTR1, KRAS and others (1). Motta et al demonstrate that SPRED2 deletion 

in cells leads to hyperactive MAPK signaling in response to growth factors, a pathognomonic 

finding in NS. In addition, the authors use Spred2 knockout mice to support their claim that loss 

of Spred2 causes a NS-like phenotype. Mice have been previously shown to be an excellent 

organism to model Noonan syndrome and several compound mutant mice have been described, 

including the most frequent NS genotypes Ptpn11, Raf1, and Rit1 (2-4). In mice, NS-like 

phenotypes are characterized by dysmorphic skull features (round skull, blunt snout, 

hypertelorism), small size at early ages, and increased heart and spleen size, among others (5). 

Consistently, Motta et al report that Spred2 knockout mice exhibit cardiac defects, skeletal 

abnormalities, growth abnormalities, phenocopying common attributes found in NS patients. We, 

however, report major discrepancies in the mouse phenotypes published in this article using our 

Spred2 knockout allele.  

NS patients are characterized by various skeletal malformations including craniofacial 

abnormalities and short stature (6). Motta et al. report the skeletal defects of scoliosis, growth 

retardation, and reduction of skull length in Spred2 knockout mice. In our studies, we extensively 

monitored the skull phenotypes of Spred2 knockout mice using computed tomography (CT) and 

did not detect any significant differences when compared to wild type (WT) littermates at 8 weeks 

of age (Figure 3.1B, supplemental 3.1B). We also did not detect significant differences in the 
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skull length and intercanthal distance in 16-week-old mice. Given that heart defects are another 

clinical feature of NS, we also performed echocardiography and measured the heart weight-to-

body weight ratios in Spred2 knockout mice; our data did not reveal any significant differences 

compared to WT littermates (Figure 3.1C, supplemental 3.1B). In further analysis, we did not 

detect any differences in the weight of mice over 8 weeks and in weight-to-body weight ratios of 

the spleen, pancreas, and kidney (Figure 3.1D, supplemental 3.1D). Additionally, we observed 

no functional differences in p-ERK levels in Mouse Embryonic Fibroblasts (MEFs) generated 

from Spred2 WT and KO mice when serum starved and stimulated with epidermal growth factor 

(Figure 3.1E).  Overall, our data shows no statistically significant differences between Spred2 WT 

and knockout mice in any of the NS-like phenotypes monitored and, therefore, we conclude that 

our Spred2 knockout mice do not phenocopy NS nor are a reliable mouse model of NS. 

We reason that the discrepancy in data from Motta et al could be explained by the different 

origin of Spred2 knockout mice. The mice described by Motta et al were generated using the mouse 

embryonic stem cells from the gene trap mutagenesis project developed by BayGenomics, while 

our mice were generated using CRISPR/Cas9 as part of the Knockout Mouse Project and could be 

obtained from the Mutant Mouse Resource & Research Centers (7, 8). Comparatively, the exon 

gene trap method can be less specific and has been previously reported to result in hypomorphic 

alleles (9). Additionally, we noticed that the gene trap is inserted between Spred2 exons 4 and 5, 

which potentially results in the expression of a functional N-terminal protein domain (EVH1) fused 

to the B-geo reporter (Figure 3.1F). Given that the Spred2 EVH1 domain displays a high level of 

conservation with Spred1/3 and is required for its association with neurofibromin, the resulting 

chimeric protein could act as a dominant negative in these mice, inhibiting all Spred proteins, and 

leading to multiple effects that explain the inconsistency in phenotypes reported by Motta et al. In 
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contrast, in our Spred2 knockout mice, exon 2 (containing the initiating codon) and the flanking 

splicing regions were constitutively deleted; as a result, we do not detect Spred2 protein in the 

knockout mice. Additionally, we note differences in the background of the Spred2 mice. Motta et 

al use a mixed background to generate their Spred2 knockout mice while we use a pure C57BL/6N 

background. It has been previously reported that the NS phenotypes observed in mice are 

dependent on the genetic background, and C57BL/6 has also been reported to be more sensitive to 

these phenotypes (10).   

In light of the emerging clinical relevance of SPRED2 loss-of-function in humans, we find 

that it is important to accurately characterize Spred2 knockout mice and clarify the conflicting 

phenotypes of the different Spred2 mutant alleles.  
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Figure 3.1: Analysis of Spred2 mice phenotype  
 
A, Analysis of male Spred2 KO mice and WT littermate weight. B, Micro computed tomography 
(µCT) analysis of male Spred2 KO mice and WT littermates. The values are average measurements 
(mm) and the standard deviation of the length, width, and inner intercanthal distance at 8 weeks 
(WT, n= 7; KO, n= 7). Average measurements at 16 weeks are represented in the table (WT, n= 
5; KO, n= 6) . The P values were calculated by using the Mann-Whitney test. C, Echocardiography 
of Spred2 KO mice and WT littermates in 8- and 16-week-old littermates. D, Quantification of 
spleen and heart weight- to body ratios in 8- and 16-week-old littermates. E, Immunoblots of 
phosphorylated ERK in Spred2 WT and KO Mouse Embryonic Fibroblasts (MEFs) deprived of 
serum for 18 hours and then stimulated with epidermal growth factor (EGF, 20ng/mL) for 
indicated times. E, Model of genetrap insertion in Spred2 mice. 
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Supplementary Figure 3.1: Analysis of Spred2 mice phenotype  
 
A, Analysis of female Spred2 KO mice and WT littermate weight. B, Micro computed tomography 
(µCT) analysis of female Spred2 KO mice and WT littermates. The values are average 
measurements (mm) and the standard deviation of the length, width, and inner intercanthal distance 
at 8 and 16 weeks. The P values were calculated by using the Mann-Whitney test. C, 
Echocardiography of female Spred2 KO mice and WT littermates in 8- and 16-week-old 
littermates. D, Quantification of male pancreas and kidney in 8- and 16-week-old littermates and 
female heart, spleen, pancreas, and kidney weight- to body ratios in 8- and 16-week-old littermates. 
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