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Suppressors of cytokine signaling (SOCS) proteins are a family of eight proteins that can inhibit 

signal transduction through receptor tyrosine kinases (RTKs) by serving as substrate receptors in 

Cullin5-RING E3 ubiquitin ligase (CRL5) and through a variety of CRL5-independent 

mechanisms. We have shown that Cul5, SOCS2 and SOCS6 inhibit epithelial cell 

transformation. To identify heretofore-uncharacterized substrates of CRL5SOCS2 and CRL5SOCS6, 

we performed multiple mass spectrometry-based screens. First, a quantitative phosphoproteomic 

comparison of WT and Cul5-depleted cells identified increased abundance of phosphotyrosine 

(pY) peptides from the activation loop of the insulin receptor (INSR) and insulin-like growth 

factor receptor I (IGF-IR). Using western blotting we found pY1135 in the activation loop of 

INSR or IGF-IR was indeed increased in Cul5-depleted cells, suggesting that activation of either 

the INSR or IGF-IR or both are negatively regulated by CRL5SOCS1-depletion. Second, we 



 

identified proteins that interact with SOCS2 and SOCS6 using two parallel proteomics 

techniques: BioID and Flag affinity purification mass spectrometry. We found that the receptor 

tyrosine kinase ephrin type-A receptor 2 (EphA2) interacted with SOCS2. Furthermore, SOCS2-

EphA2 binding required the SOCS2 SH2 domain and autophosphorylation of a tyrosine in the 

activation loop of EphA2 induced by the ligand Ephrin A1 (EfnA1). SOCS2 interaction only 

occured with EphA2 that was internalized into endosomes following EfnA1 stimulation. 

Moreover, SOCS2 overexpression induces EfnA1 expression, and increased EfnA1 decreases the 

steady-state level of EphA2. Collectively, this suggests that SOCS2 may contribute to trafficking 

of EphA2. Third, we examined the relationship between Cul5 and the receptor tyrosine kinase 

epidermal growth factor receptor (EGFR) in mammary epithelial cells. Unlike control cells, 

Cul5-depleted cells grow independent of added epidermal growth factor (EGF) in the media. 

However, we found that the growth of Cul5-depleted cells in EGF-free media required EGFR 

ligand binding and EGFR kinase activity. Cul5-depleted cells showed increased expression of 

some EGFR ligands in EGF-free media and increased phosphorylation of EGFR, consistent with 

an autocrine requirement of EGFR signaling. Taken together, our results demonstrate new 

mechanisms by which Cul5-depletion or SOCS protein over-expression may regulate receptor 

tyrosine kinases in epithelial cells.  
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Chapter 1. GENERAL INTRODUCTION  

1.1 TYROSINE KINASES 

Cells receive signals from the extracellular environment and respond dynamically to maintain 

homeostasis. One key way cells respond to their environment is through transmembrane 

receptors expressed on the surface of the cell that bind to extracellular cues. Extracellular 

molecule binding to these receptors results in the activation of the enzymes intrinsic to or 

associated with the receptor on the cytosolic side of the cell. The receptors then activate 

signaling cascades that translate the information from the environment to the interior of the cell 

triggering a physiological response. 

 

Kinases are one group of enzymes that can be activated by receptors or are transmembrane 

receptors themselves. There are 500 kinases in the human genome. In eukaryotic species kinases 

transfer a phosphate moiety from ATP primarily to the amino acids serine (S), threonine (T) or 

tyrosine (Y) (1). Receptors that use tyrosine kinases to relay extracellular information have been 

shown to play a significant role in cell migration, immune cell signaling, cellular responses to 

hormones and growth factors, and virtually all other cellular processes (2). Thus, tyrosine kinases 

are important modulators of cell behavior. 

 

There are 90 tyrosine kinases in the human genome (3), which can be subdivided into two 

families: receptor tyrosine kinases (RTKs) and non-receptor tyrosine kinases (NRTKs). RTKs 

are the largest family of tyrosine kinases with 58 members grouped into 20 families base on 

ligand binding properties (2, 4).  

1.1.1 Receptor Tyrosine Kinases(RTKs)  

Most RTKs are single-pass transmembrane proteins composed of extracellular ligand binding 

domains and intracellular cytoplasmic domains. In the absence of ligand binding, most RTKs are 

monomeric. The exception is the insulin receptor (INSR) and insulin-like growth factor receptor 

(IGF-R) receptor family, members which dimerize in the absence of ligand due to the presence 

of disulfide bonds that link two monomers. The extracellular side of RTKs is primarily devoted 
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to ligand binding and sometimes dimerization. On the cytosolic side, RTKs have a 

juxtamembrane region, of varying length, followed by a tyrosine kinase domain and varying c-

terminal domains/regions. In the unstimulated state, monomeric RTKs have intramolecular (cis) 

interactions that inhibit the kinase domain (5).  

 

Ligand binding results in a molecular cascade that activates intrinsic RTK kinase activity. RTKs 

bind to extracellular soluble or membrane-bound ligands. Ligand binding causes dimerization or 

oligomerization, bringing the kinase domains of each RTK monomer near one another. The close 

proximity causes trans-phosphorylation of each receptor in the oligo which relieves cis-

inhibition of the kinase domain. This event is followed by autophosphorylation of a conserved 

tyrosine(s) in the kinase activation loop. Phosphorylation of the activation loop results in a 

kinase domain in a stable conformation that binds ATP and substrate proteins (1, 2, 5, 6). Active 

RTKs autophosphorylate on tyrosine residues in the carboxy-terminus creating binding sites for 

downstream signaling proteins.  

 

Downstream signaling proteins are recruited to the RTKs through Src homology 2 (SH2) or 

phosphotyrosine-binding (PTB) domains (2). SH2 domains bind to the phosphorylated tyrosine 

and three to five amino acids c-terminal to the phosphorylated tyrosine. Individual SH2 domains 

can be characterized by the sequence of the consensus binding motif to which it binds (7). PTB 

domains bind to phosphotyrosine and three amino acids N-terminal to the phosphotyrosine. 

Some PTB domains directly recruit to the phosphotyrosine-containing protein; however, the 

majority of PTB domain-containing proteins rely on other domains in cis to colocalize with 

substrates and secondarily bind phosphotyrosines (8). RTKs activate downstream signaling by 

either phosphorylating bound proteins or through the simultaneous binding of signaling proteins 

or both. 

1.1.2 Non-Receptor Tyrosine Kinases (NRTKs) and their associated receptors 

NRTKs are distinct from RTKs in localization but have similar mechanisms of activation. 

NRTKs are cytosolic, or anchored to the membrane through N-terminal myristoylation or 

palmitoylation. In addition to the kinase domain, NRTKs often have other domains or motifs that 
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promote interaction with macromolecules within the cell. The most common of which are SH2, 

SH3, and PH domains that mediate interactions with other proteins or membranes.  

 

Activation of NRTKs is similar to RTKs. Many NRTKs are cis-inhibited and removal of this 

inhibition leads to phosphorylation of tyrosine in the kinase domain activation loop by homo- or 

hetero-trans-phosphorylation with another NRTK. Activation loop phosphorylation activates the 

kinase. Moreover, NRTKs can be recruited to and phosphorylate RTKs (2, 6).  

 

Some transmembrane receptors that lack intrinsic enzymatic activity can use NRTKs to transmit 

extracellular signals. These receptors are separated into three groups (cytokine receptors, antigen 

receptors, and integrins) based on the type of NRTK used to transmit extracellular cues (1). 

Cytokine receptors use the JAK family of NRTKs to transmit signals. JAK proteins contain a 

domain that constitutively targets them to the cytoplasmic tail of the cytokine receptor (2). In the 

ligand-free state cytokine receptors form a weak homo or heterodimer on the membrane. Two 

JAKs associated with the receptor dimer bind one another resulting in dual trans-inhibition. 

Ligand binding pulls the cytoplasmic tails of each receptor apart, breaking the JAK-JAK 

inhibitory interaction and resulting in JAK trans-phosphorylation and activation (9). The 

activated JAKs then phosphorylate tyrosine residues in the cytokine receptor, creating binding 

sites for downstream signaling proteins, including members of the STAT family of transcription 

factors, which are a major downstream target of cytokine receptors. STATs bind to 

phosphorylated cytokine receptors using a SH2 domain. Upon receptor binding STATs are 

phosphorylated by JAK, they then dissociate from the receptor, and dimerize. STAT proteins can 

hetero or homodimerize through a SH2 phosphotyrosine interactions. The activated STAT 

dimers move into the nucleus and activate or repress transcription (1, 10).  

 

Antigen receptors are a second class of NRTK-associated transmembrane receptors that include 

the T-cell, B-cell and Fc receptors. These receptors partner with the Src family of NRTKs 

(SFKs; c-Src, Lck, Hck, Lyn, Blk, Fgr, Fyn, Yes, and Yrk) to activate downstream signaling (1, 

11). Myristoylization of the N-termini of SFKs results in constitutive targeting to the plasma 

membrane. All SFKs have a SH3, SH2, short linker, and kinase domains. Before activation, the 

SH2 domain of SFKs is bound to a phosphorylated tyrosine residue in the C-terminal tail, and 
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the SH3 domain is bound to a linker region near the N-terminus. The folding of SFKs inactivates 

the kinase domain and blocks the SH2 and SH3 domain binding interfaces of the SFK. 

Dephosphorylation of the c-terminal phosphotyrosine in SFKs releases the SH2 and SH3 domain 

intramolecular interactions, activates the kinase domain, and promotes autophosphorylation of 

the activation loop tyrosine (12).  

 

Integrins are NRTK-associated transmembrane receptors that connect the intracellular 

cytoskeleton to the extracellular matrix. Integrin engagement with the extracellular matrix, 

changes integrin receptor conformation resulting in the aggregation of integrins and the 

formation of a complex of structural and signaling proteins, called a focal adhesion. The NRTKs 

FAK and Src are both transiently activated upon integrin engagement and essential for the 

formation of multiprotein complexes that connect the cell and the extracellular matrix, called 

focal adhesions (13). 

1.1 ENDOCYTOSIS AND ENDOSOMAL TRAFFICKING OF RECEPTOR TYROSINE 

KINASES  

Inactivation of RTKs occurs by at least two distinct mechanisms, both of which involve post-

translational modifications. First, RTKs are dephosphorylated by protein tyrosine phosphatases 

(PTPs). PTPs have the ability to both activate and inhibit tyrosine kinases because depending on 

the specific tyrosine, phosphorylation can either activate or inhibit kinase activity (14).  

 

The second and major mechanism of negative regulation of RTKs involves ubiquitin-mediated 

endocytosis and degradation. Ubiquitylation refers to the post-translational addition of ubiquitin, 

a 76-amino acid protein, to lysine residues of target proteins. Ubiquitylation occurs using a three-

step enzyme cascade. First, ubiquitin (Ub) is added to a cysteine on an Ub-activating enzyme 

(E1) in ATP dependent manner. The ubiquitin-charged E1 then transfers the ubiquitin to a 

cysteine on an Ub-conjugating enzyme (E2). Finally, the ubiquitin-charged E2 binds to an Ub-

ligase (E3) that is bound to the target substrate protein (15). For the really interesting new gene 

(RING) family of E3 Ub-Ligases, the E2 will transfer the ubiquitin onto a lysine in the target 

proteins. For the homologous to the E6-AP carboxyl terminus (HECT) family of E3s the 

ubiquitin is transferred to a cysteine in the E3, before transfer to the lysine in the target protein. 
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The E3 is responsible for binding proteins that will ultimately be ubiquitylated, i.e. substrates 

(16).  

 

Ubiquitin can be added to one (mono) or more lysines (multi-mono) in a target protein. A second 

ubiquitin can be added to one of the seven lysines in ubiquitin in a process called 

polyubiquitylation. Monoubiquitylation, multi-monoubiquitylation and the different 

polyubiquitylation linkages each serve a different function in the cell. Some linkage-specific 

functions have been well worked out, such as Lys-48 and Lys-11 polyubiquitylation that targets 

proteins to the 26S proteasome for degradation (17). Multi-monoubiquitylation and Lys-63 

polyubiquitylation regulate endocytosis and target proteins to the lysosome (18, 19). Proteins that 

possess ubiquitin-binding domains (UBDs) recognize ubiquitylated proteins and execute the 

physiological function of these linkages (17). 

 

RTK endocytosis can lead to lysosomal degradation or ligand dissociation and recycling back to 

the plasma membrane. Endocytosis serves two roles: it can shut off the signaling from RTKs 

through degradation or it can fine-tune the type and duration of signaling downstream of the 

receptor.  

 

Endocytosis of RTKs has been shown to proceed through both a clathrin-dependent pathway and 

multiple clathrin-independent pathways, including caveolin-dependent, clathrin- and caveolin-

independent, macropinocytic, fast endophilin-mediated, and other mechanisms (Figure 1.1) (20, 

21). Nevertheless, the majority of RTK endocytosis after ligand binding is thought to occur 

through the clathrin-dependent mechanism (18, 19).  

 



 6 

 
FIGURE 1.1 RTK ENDOCYTOSIS, RECYCLING AND LYSOSOMAL 
DEGREDATION 
RTK are endocytosed through a clathrin-dependent or multiple clathrin-independent 
mechanisms. RTK-containing endocytic vesicles first enter the early endosome (EE), 
where endocytic cargo is sorted into downstream compartments. A RTK can be 
recycled back to the plasma membrane from the early endosome in a process called fast 
recycling. When a RTK recycles from the multi vesicular body (MVB) it is called slow 
recycling. Any RTKs incorporated into the intraluminal vesicles (ILV) inside the MVB 
will be degraded by the lysosome. Figure is from the paper in this citation (18). 
Copyright © Cold Spring Harbor Laboratory Press. Reprinted with permission of Cold 
Spring Harbor Laboratory Press. 

 

Clathrin-dependent endocytosis of RTKs can be constitutive or ligand-induced (22). Constitutive 

endocytosis involves incorporation of RTKs into clathrin-coated pits (CCP) independent of 

ligand stimulation. Constitutive association with CCPs requires a cytoplasmic motif, including 
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the acidic dileucine [DE]xxxL[LI] internalization motif and the YxxΦ motifs, both of which bind 

to the adaptor protein AP-2 (23). AP-2 binds to clathrin, nucleating the formation of a clathrin 

lattice and clusters of receptors in CCPs at the plasma membrane (18). PTB-domain containing 

CCP adaptor proteins, such as Dab2, ARH, and Numb, bind to [FY]xNPx[FY] motifs in some 

RTKs. These adaptors interact with AP-2 and bring RTKs into CCPs (24). Even though, some 

RTKs have AP-2, Dab2, ARH, and Numb binding motifs constitutive endocytosis does not to 

play a significant role in RTK internalization (25-29). Instead, the major way RTKs are 

incorporated into CCPs is through ligand-simulated ubiquitylation of the receptor.  

 

RTKs are rapidly ubiquitylated after ligand-mediated activation, and this causes binding of the 

CCP adaptor proteins epsin-1/-2, Eps15, and Eps15R through respective UBDs. The epsin-1/2, 

Eps15, and Eps15R adaptors bind to clathrin via AP-2. Therefore, ubiquitylated receptors are 

sequestered by epsin-1/2, Eps15, and Eps15R adaptors on the plasma membrane in CCPs until a 

clathrin coated vesicle is pinched off of the membrane (18, 23). Eps15/15R can also be 

monoubiquitylated after acute RTK stimulation, and Eps15/15R ubiquitylation may play a role in 

the formation of RTK-containing CCPs (30, 31). Additionally, a clathrin-independent lipid-raft-

dependent method of endocytosis of EGFR requires ubiquitylation, Eps15, and Epsin (32).  

 

After internalization, a RTK-containing vesicle enters the endosomal system that is responsible 

for trafficking the receptors to different locations in the cell. A RTKs face one of three fates in 

the endosomal system: recycling via the slow or fast recycling pathways or trafficking to 

multivesicular bodies (Figure 1.1). Endosomes are trafficked to these locations along 

microtubules and as endosome matures and grows the pH on the inside steadily decreases. 

Acidification can cause dissociation of the ligand from the receptor, depending on the affinity of 

the receptor-ligand interaction, leading to decreased kinase activity and RTK ubiquitylation (18, 

19). The early endosome is the first compartment a RTK enters in the endosomal system. 

 

The early endosome gathers and sorts cargo to downstream compartments. Early endosomes are 

characterized by the presence of the GTPase Rab5 and its effectors EEA1, APPL1, and APPL2. 

There are three different types of early endosomes: those that have EEA1 only, APPL only or 

both EEA1 and APPL. APPL1 early endosomes are the precursor to EEA1-positive early 
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endosomes (33). These small early endosomes undergo fission and fusion reactions as they move 

towards the nucleus increasing the endosome size.  

 

After trafficking through early endosomes, RTKs can be recycled back to the membrane and the 

ligand binding status is thought to mediate this. A RTK that released its ligand in the early 

endosome is deubiquitylated and is recycled back to the plasma membrane, via the fast recycling 

pathway (34). RTK recycling provides repeated activation of RTK signaling pathways because 

the recycled receptor can be repeatedly activated by any ligand present outside of the cell.  

 

Another destination for endocytic vesicles containing RTKs in the early endosome is the 

lysosomal degradation pathway. If the receptor is not recycled, then the early endosome 

continues on to become a late endosome. Late endosomes eventually become multivesicular 

bodies (MVB). Intraluminal vesicles (ILVs) inside the MVB are formed by pinching membrane 

off the late endosome into the lumen of the late endosome. The primary signal that sorts proteins 

into ILVs is protein ubiquitylation (35, 36).  

 

The endosomal sorting complex required for transport (ESCRT) complex of proteins recognize, 

cluster, and pass ubiquitylated proteins along the late endosome/MVB membrane until a ILV is 

ultimately pinched off. Four ESCRT complexes act sequentially: ESCT-0, ESCRT-I, ESCRT-II, 

ESCRT-III. ESCRT-0 is recruited to the endosomes by binding to the PI(3)P lipid that is 

enriched in the early endosome and MVB membranes. ESCRT-0 binds to ubiquitylated cargo on 

the endosomal membrane and then sequentially recruits ESCRT-I followed by ESCRT-II and 

finally ESCRT-III, to form a ESCRT complex that will pinch off the ILV. Cargo is 

deubiquitylated before ILV scission from the MVB membrane, to prevent degradation of 

ubiquitin (18, 37).  

 

ESCRT binding to a ubiquitylated RTK dictates if a RTK will be degraded or recycled via the 

slow recycling pathway. The ESCRT complexes are able to bind to ubiquitylated cargo through a 

variety of ubiquitin-binding domains. ESCRT-0 complex members HRS and STAM1/2 have 

ubiquitin-interacting motifs (UIMs). ESCRT-I complex members TSG101 and VSP23 have a 

ubiquitin E2 variant (UEV) domain that can bind ubiquitin. ESCRT-II complex member VPS36 
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has a GRAM-like ubiquitin binding on Eap45 (GLUE) domain that can bind to phosphorylated 

phosphatidylinositol lipids and ubiquitin (36). Any RTKs not captured by ESCRT and left on the 

outer membrane of MVB are recycled back to the plasma membrane via the slow recycling 

process. The receptors captured in ILVs are degraded when the MVB fuses with the lysosome 

(23). Therefore, MVBs turn off receptor signaling by isolating the c-terminal domain of an RTK 

from the cytosol and irreversibly degrading the receptor through fusion with the lysosome.  

 

Multi-monoubiquitylation and Lys-63 polyubiquitylation are the ubiquitin linkages that signal 

for RTK incorporation into a ILV. The evidence supporting these two types of ubiquitylation 

comes from a few key observations. First, the TrkA RTK has been shown to be Lys-63 

polyubiquitylated (38) and the majority of ubiquitin bound to epidermal growth factor receptor 

(EGFR) after acute EGF stimulation was found to be Lys-63 polyubiquitylation (39). Second, the 

ubiquitin-associated domain (UBA) from Rad23 recognizes multi-monoubiquitylation and Lys-

63 polyubiquitylation in a similar manner (40, 41).  

 

To maintain the high level of ubiquitylation needed to be captured in an ILV, a RTK must retain 

ligand binding, kinase activity, and E3 ligase binding. Receptors that remain on the surface of the 

MVB have low amount of ubiquitylation and cannot be trapped by ESCRT. These receptors will 

be recycled back to the plasma membrane via the slow recycling pathway (42-44).  

 

There are many factors that have been shown to affect the fate of a RTK after endocytosis, 

including the degree of ligand stimulation. For the EGFR RTK it has been proposed that the fate 

of the receptor depends on the amount of ligand the receptor receives. A low physiological dose 

of ligand results in fast clathrin-mediated endocytosis that recycles receptors efficiently (45). 

When the fast CME pathway is saturated by high physiological doses of ligand, a slow clathrin-

independent endocytosis (CIE) pathway targets the receptor mostly to the lysosome (32). 

However, the endocytic route EGFR takes and when EGFR takes a specific endocytic route may 

be cell-type specific because other reports in other cell have given conflicting results (46, 47).  

 

RTK routing in the endocytic pathway can also depend on the specific ligand-receptor pair. As 

mentioned previously, RTKs are classified into subfamilies of related receptors based on ligand 
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binding properties. Each RTK in the family generally can bind to most/all of the ligands 

associated with the family, with varying ligand affinities (4). It has been shown that each ligand-

receptor pair will dissociate at a different pH depending on the affinity of the interaction (44, 48). 

Some receptor-ligand pairs will dissociate as soon as the endosomal pH starts to drop and others 

will remain bound at the very low pH of the MVB. Receptors that release their ligand will 

recycle back to the membrane following inactivation of the kinase domain that leads to a 

termination of receptor ubiquitylation. Recycling via the fast vs. slow recycling pathway depends 

on the pH at which the ligand in dissociated i.e., ligand release in the early endosome results in 

fast recycling. A receptor that remains ligand bound will be targeted to the lysosome for 

degradation (49, 50). RTK heterodimerization with other receptors in the cell can dictate the fate 

of the RTK e.g., recycling vs. degradation. For example, some VEGFR ligands cause NRP-1 

coreceptor binding and endosomal routing to the recycling pathway. VEGFR only endosomes 

are routed for degradation (51).  

 

RTKs can also be activated and endocytosed by a variety of ligand-independent mechanisms. For 

example, hypoxic conditions and increased RTK density at the plasma membrane can active the 

kinase domain of some RTKs. Spontaneous activation targets the RTK to a perinuclear region 

for dephosphorylation followed by recycling of the inactive RTK back to the membrane (49, 52, 

53). Activation of signaling pathways such as the SFK, MAPK, and PKC can also mediate 

ligand-independent endocytosis of RTKs (54-57). These methods of activation and 

internalization typically cause recycling of the receptor, rather than degradation of the receptor. 

 

While RTK recycling vs. degradation dictates the length and strength of a RTK signaling event 

there is evidence that the location of the RTK in the endosomal system can dictate the type of 

signaling pathways activated by the RTK. After endocytosis, a RTK is cut off from extracellular 

ligand after endocytosis, but its cytosolic domain is exposed to different interactions partners as 

it traffics through the different endosome compartments and some downstream signaling 

components are preferentially recruited to distinct endosomal compartments (33). Recruitment of 

signaling proteins may be mediated by the different lipid composition and proteins located on 

each type of endosome. Therefore, a receptor may not be able to activate some signaling 

pathways until it reaches the appropriate endosomal compartment where downstream signaling 
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components are located (49, 58). For example, the RTK MET cannot activate Rac-1 until it 

reaches the Rac-1 guanine nucleotide exchange factor (GEF) Tiam1 located at early endosomes 

(59). Oncogenic MET mutants display increased Rac activity and increased stability caused by a 

high rate of endocytosis and recycling through the early endosome (60). Therefore, removal of a 

RTK from the surface of the cell does not immediately inactivate downstream signaling. 

 

1.2 TYROSINE KINASE UBIQUITYLATION 

Most RTKs that have been shown to bind to multiple E3 ubiquitin ligases. However, there are 

two E3 ubiquitin ligases, Cbl and CRL5SOCS, that can bind to most families of RTKs. As of right 

now, it is not clear why RTKs bind to multiple E3 ligases and if the functions of each E3 are 

unique or redundant.  

1.2.1 Cbl E3 ubiquitin ligase 

Most RTKs and NRTKs bind to and are ubiquitylated by the Cbl family of RING E3 ubiquitin 

ligases. The Cbl family of proteins has three members c-Cbl, Cbl-b, Cbl-c. The c-Cbl and Cbl-b 

isoforms are ubiquitously expressed, while Cbl-c is primarily expressed in epithelial cells. At the 

n-terminus, the Cbl proteins have a tyrosine-kinase-binding domain (TKB), which binds 

phosphotyrosine residues, followed by a RING domain responsible for ubiquitylation. C-Cbl and 

Cbl-b have an additional proline-rich region, which serves as a docking site for SH3 domains, 

and a c-terminal ubiquitin-associated domain (UBA) (61, 62).  

 

The majority of our understanding of Cbl regulation of RTKs comes from in-depth studies on c-

Cbl regulation of EGFR. Cbl may control EGFR endocytosis in some cell types by ubiquitylating 

EGFR and by recruiting and ubiquitylating endocytic adaptors. C-Cbl binds to EGFR directly 

and indirectly (via another protein, Grb2) after ligand-induced activation of EGFR. C-Cbl 

binding to EGFR has three effects: it can inhibit downstream signaling though competition for a 

phosphorylation site, it can act as an adaptor for signaling proteins, and it can serve as an E3 

ubiquitin ligase. For the adaptor functions, c-Cbl binds to the adaptor proteins CIN85 and 

CD2AP that concentrate the phosphatidylinositide-phosphate lipids (PIPs) needed for 

endocytosis near activated EGFR and these adaptors bind to the endocytic adaptor AP-2. C-Cbl 
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can also multimono-ubiquitylate EGFR at the plasma membrane, triggering binding of the 

endocytic adaptors Eps15 and Epsin (61, 63). C-Cbl may also transfer ubiquitin onto endocytic 

adaptors near EGFR (61).  

 

All of these functions indicate that c-Cbl coordinates clathrin-dependent endocytosis of EGFR 

and one paper has supported this model. The authors showed c-Cbl binding and ubiquitylation of 

EGFR are required for clathrin-mediated endocytosis of EGFR (64). However, some other 

papers have shown that c-Cbl overexpression does not enhance EGFR internalization (65, 66) 

and c-Cbl/Cbl-b double knockout cells or cells expressing a form of EGFR that cannot bind c-

Cbl or Cbl-b can still endocytose EGFR into the cell (37, 64, 67). These conflicting results could 

be cell line specific effects, but Cbl most likely plays a role in endocytosis of EGFR and other 

RTKs. 

 

Cbl proteins have been shown to be required for the lysosomal degradation of RTKs (37). Cbl 

accompanies RTK cargo to the early endosome, where its continued activity is essential for 

lysosomal degradation of RTKs (68-71) and Cbl can be recruited to the MVB as well (72). C-Cbl 

null cells can internalize EGFR properly into the cell, but fail to ubiquitylate and degrade EGFR 

(68). Thus, Cbl is a major factor implicated in RTK endocytosis and trafficking to the lysosome.  

1.2.2 CRL5SOCS E3 ubiquitin ligase 

In addition to Cbl family proteins, there are many more E3s that can bind to and ubiquitylate 

RTKs. For example, the substrate adaptors for the Cullin-RING-ligase 5 (CRL5) E3 have been 

shown to bind RTKs from many different families and may play an important role in RTK 

biology.  

 

The Cullin-RING-ligases (CRL) are a family of multi-subunit E3 ubiquitin ligases that have 

similar domain architecture and regulation. The Cullin protein is the core complex member, it 

acts as the protein-scaffold on which the components of the E3 ligase assemble. One end of the 

Cullin backbone binds to a RING protein (Rbx1 or Rbx2) that will bind a charged E2 protein, 

while the other end of the Cullin recruits substrates for ubiquitylation by binding to 
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interchangeable substrate receptor proteins. There are six typical CRL E3 ligase complexes 

CRL1, CRL2, CRL3, CRL4A, CRL4B, and CRL5 (73).  

 

Cullin activity is regulated by post-translation modification. Activation of the CRLs is regulated 

by the addition of the ubiquitin-like protein Nedd8 to a lysine residue in the Cullin protein. The 

COP9 signalosome is a complex of proteins that is responsible for removing the Nedd8 protein a 

process called deneddylation. CAND1 binds to CRLs and aids in the exchange of substrate 

receptors (74). 

 

CRL5 specifically binds the RING protein Rbx2 at the C-terminus (74) and recruits substrates 

via the SOCS substrate adaptor proteins at the N-terminus. SOCS proteins are recruited to CRL5 

by the heterodimer Elongin B/C, which binds to the SOCS-BC box domain in SOCS proteins 

and the N-terminus of Cul5 (73). There are 40 human proteins known to contain a C-terminal 

SOCS-BC box. These 40 substrate adaptors can be categorized into subgroups based on the 

domain(s) responsible for substrate binding, which are found N-terminal to the SOCS-BC box 

(75).  

 

The SOCS family of proteins possess a central SH2 domain that binds phosphorylated tyrosine 

residues. There are 8 SOCS proteins in the human genome, SOCS1-7 and CisH (75). The SOCS 

SH2 domains have specificity for the residues upstream and downstream of the phosphorylated 

tyrosine residue (76-79). This is different from standard SH2 domain binding that recognizes the 

four to five amino acids downstream of the phosphorylated tyrosine residue (7). Moreover, the 

SOCS SH2 domains can be paired based on amino acid sequence homology:  SOCS4 and 

SOCS5 have 92% homology, SOCS6 and SOCS7 have 56% homology, SOCS2 and CisH have 

45% homology, and finally, SOCS1 and SOCS3 have 35% homology (80). The sequence 

homology between the SH2 domains may allow them to bind similar substrates and serve 

redundant functions. Indeed, many of the paired SOCS proteins share a handful of substrates; 

however, it is still unclear if this overlap leads to redundancy in the cell.  

 

The SOCS family of proteins also each possess a unique N-terminal region of unknown structure 

and function. The sequence and length of the N-terminal region is different for each SOCS, 
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SOCS1-3 and CisH have relatively short N-termini, while SOCS4-7 have much longer N-

termini. The N-termini of SOCS proteins may bind substrates (81) and the unique sequence of 

the N-terminus may give each SOCS a distinct function. Therefore, CRL5 can recognize and 

target tyrosine-phosphorylated and potentially non-phosphorylated substrates for degradation 

using the SOCS family substrate receptors. 

 

1.2.3 SOCS protein interactions with cytokine receptors and cytosolic proteins  

The classic function of SOCS proteins is the negative regulation of cytokine signaling, where 

they were first discovered and characterized. Acute cytokine stimulation activates the 

JAK/STAT signal pathway and induces the transcription of SOCS proteins, in a STAT-

dependent manner. The SOCS protein then negatively regulates cytokine signaling using both 

CRL5-dependent and CRL5-independent mechanisms in a classical negative feedback loop (82).  

 

SOCS proteins can inhibit cytokine signaling in a variety of ways: by competing for binding sites 

on the cytokine receptor, by inhibiting the JAK kinase domain and through proteasomal 

degradation of JAK and maybe STAT proteins as well. Early after the discovery of SOCS 

proteins it was proposed that SOCS2 and CISH compete with STAT proteins for the same 

phosphotyrosine binding site on cytokine receptors (83, 84). Most papers show SOCS 

overexpression alters STAT activation kinetics after cytokine stimulation. Suggesting that SOCS 

binding to a cytokine receptor acts to control the duration of STAT activation. However, the 

competitive inhibition model does not have much experimental support and needs further testing 

(85). There is evidence that SOCS3 competes with the PTP SHP2 for a phosphotyrosine-binding 

site on a cytokine receptor, thus limiting the activation of the phosphatase (86). SOCS proteins 

can also directly inhibit JAK kinase activity. SOCS1, 3, and 5 all have a region in their N-

terminus that inhibits the kinase activity of the JAK family of kinases. For SOCS1 and 3 binding 

of the kinase inhibitory region (KIR) to the JAK kinase domain induces a conformational change 

in the catalytic pocket that prevents phosphate transfer (87-90). SOCS5 has a conserved region in 

the N-terminus, called JAK interaction region (JIR), that inhibits the autophosphorylation of 

JAK1 and JAK2 by an unknown mechanism (91). Finally, there is some evidence that SOCS 

proteins target JAK kinases to the proteasome through their SOCS-BC box and presumably 
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CRL5. Overexpression of SOCS1 increases the polyubiquitylation of JAK2 in a SOCS-box 

dependent manner (92). SOCS3 null cells have increased pY-JAK that may be regulated by the 

proteasome in a SOCS-Box dependent manner (86). CRL5-SOCS3 can ubiquitylate JAK in vitro 

(93). The SOCS proteins inhibit JAK-STAT signaling through direct JAK/STAT binding or 

through cytokine receptor binding or binding to both at the same time. 

 

Table 1.1 outlines and details the many SOCS-cytokine receptor interactions identified in the 

literature. A large number of these interactions are mediated through SOCS SH2 domain binding 

to a phosphorylated tyrosine residue on the cytoplasmic tail of the receptor. While most papers 

have shown binding, the exact function of SOCS-cytokine receptor interactions has not been 

convincingly pinned down. The function of SOCS binding to cytokine receptors is thought to 

primarily be the regulation of JAK/STAT activity through the mechanisms outlined above 

(kinase inhibition, JAK/STAT ubiquitylation and competitive binding). However, there is one 

paper that showed SOCS2 binding to the growth hormone cytokine receptor regulates the 

receptor rather than the associated JAK/STAT. In this paper, the authors show that SOCS2-

depletion increases the protein levels and half-life of growth hormone receptor. Interestingly the 

authors only see effects on the mature form of growth hormone receptor of (94) that is thought to 

reside at the plasma membrane (95). While there are plenty of SOCS-cytokine receptor binding 

interactions and insights into potential functions more work is needed to fully understand exact 

role of SOCS-cytokine receptor binding.  

 

Table 1.1 SOCS interactions with Cytokine Receptors 

SOCS 

  

CYTOKINE 
RECEPTOR  

FUNCTION  METHOD REFERENCE 

SOCS1 IFNGR1 Binding to Y441; Overexpression inhibits 
pY-STAT1 and slight inhibition of pY-
JAK2, Y441F expressing cells have longer 
pY-STAT1 after INFg stimulation. 

Overexpression (96, 97) 

SOCS1 IFNAR1 Binds through Tyk2; Overexpression 
inhibits K63 ubiquitylation of Tyk2; 
Increased pY-STAT1 activation when 
SOCS1 is knocked out; Biology, increased 
antiviral and proinflammatory actions 
independent of Interferon-g. 

Overexpression 
Endogenous 
Knockout 
(signaling) 

(98, 99) 

SOCS1 IL-2-R gamma Biology only.   (100-105) 
SOCS1 IL-12-R Biology only.  (106) 
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SOCS2 Growth Hormone 
Receptor  

Binding; KO mouse biology; 
Overexpression decreases levels and 
siRNA, KO increases levels & half-life. 

Overexpression 
Knockdown 

(94, 107, 108) 

SOCS2 Prolactin 
Receptor 

Binding; SOCS2 OE blocks SOCS1 
inhibition of pY-JAK2; Biology SOCS2 
knockdown inhibits mammary gland 
growth; KO increased pY-STAT5 
dependent on PLR.  

Overexpression 
Knockdown 

(109, 110) 

SOCS2 Leptin receptor  Binding. MAPPIT (111) 
SOCS2 IL-7 

Receptor/CD127  
Binding. Endogenous (112) 

SOCS2 EPO-R Binding. MAPPIT (113) 
SOCS3 G-CSF-R  Decreased ligand mediated pY-STAT5 

activation. 
Overexpression 
 

(114-116) 

SOCS3 Gp130 Binding Y757; Knockout of SOCS3 
increases duration of pY-STAT1 and pY-
STAT3; Biology, Y757F have increased 
proliferation and SOCS3 knockout 
increases CD8+ proliferation. 

In Vitro 
Biochem 
Knockout 

(117-119) 

SOCS3 Leptin Receptor Overexpression of SOCS3 inhibits 
signaling. 

Overexpression (120) 

SOCS3 EPO-R Binding to Y401, Y429, Y431; Decreased 
pY-EpoR by inhibition of JAK2, Decreased 
STAT5 transcription.  

Overexpression (121, 122) 

SOCS3 IL-12Rb2 Binding to Y800; Decreased STAT4 DNA 
binding and transcription. 

Overexpression (85) 

SOCS5 IL-4R  Binding; Overexpression inhibits ligand-
mediated STAT6 activation; Biology, 
overexpression inhibits helper T cell 
differentiation. 

In Vitro 
Overexpression 

(123) 

CisH CD127  Binding; Knockdown prevents down-
regulation. 

Knockdown (112) 

CisH Leptin Receptor Binding. MAPPIT  (111) 

CisH Erythropoietin 
Receptor 

Binding to Y401. Overexpression (124, 125) 

CisH IL-3 Receptor Binding. Overexpression (125) 

CisH Prolactin 
Receptor 

Binding; Overexpression inhibits PRL 
induced pY-STAT5a; Biology, mice 
overexpressing Cis fail to remodel breast in 
preparation for lactation and don’t lactate. 

Overexpression (126, 127) 

CisH IL-2 Receptor Binding in a SH2-independent manner; OE 
blocks pY of the receptor by Lck. 

Overexpression (83, 128) 

 
In addition to inhibiting cytokine signaling, SOCS proteins have been found to bind to and 

regulate tyrosine phosphorylated proteins in the cytosol (Table 1.1). The main function of SOCS 

binding to cytosolic targets is thought to be ubiquitylation that leads to proteasomal degradation. 

Some SOCS substrates such as IRS and p85 PI3K can be activated downstream of JAK kinases, 

so they might be a part of the JAK/STAT negative feedback loop (10). Most of the SOCS 
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proteins bind to cytosolic partners using their SH2 domain, but there are some exceptions. The 

SFK family member Lck binds to a region in the N-terminus of SOCS6 (129). The SH3 domains 

from many tyrosine-phosphorylated cytosolic proteins have been shown to bind to a proline-rich 

motif in the N-terminus of SOCS1 in vitro; however, there has not been follow-up work to show 

to binding in in vivo system (130). SOCS3 has been reported to be tyrosine phosphorylated at the 

very N-terminus in response to many growth factors and cytokines. Phosphorylation at this site 

inhibits p120 Ras GAP hours after the stimulation of the cells thus sustaining MAPK activation 

for longer (131). The examples of n-terminal binding give hints to the function of the n-terminus; 

however, further work is needed to understand the binding partners and function of this region 

fully. 
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Table 1.2 SOCS interactions with Cytosolic Proteins 

SOCS  Cytosolic 
Protein 

FUNCTION  METHOD REFERENCE 

SOCS1  VAV  Ub mediated degradation via proteasome Overexpression (132) 
SOCS1 Tec Binding SOCS1 N-term binding to kinase 

domain of Tec suppresses kinase activity.  
Overexpression (133) 

SOCS1 P65/RelA  Ub mediated degradation via proteasome.  Overexpression 
Knockdown 

(134) 

SOCS1  IRS1/2  Ub mediated degradation using SOCS box.  Overexpression (135) 
SOCS1 FAK Binding Y397 (activation loop Y) to SH2 and 

KIR; Overexpression inhibits kinase activity, 
increases Ub and turnover. 

Overexpression (136) 

SOCS2 Pyk2  Ub mediated degradation. Knockdown (137) 
SOCS2 NDR1/STK38 K48 ubiquitylation leading to proteasomal 

degradation. S2 inhibits TNFa induce 
cytokine transcription.  

Overexpression 
Knockdown 

(138) 

SOCS3 IRS2  Overexpression decreases total IRS2.  Overexpression (135) 
SOCS3 p120 RasGAP pY221 in SOCS3 binds to p120; 

Overexpressed pY-SOCS3 activates ERK: OE 
biology. 

Overexpression (131) 

SOCS3 TAK1 & 
TRAF6 

Binding; Overexpression inhibits TRAF6 
ubiquitylation & inhibits TAK1/TRAF6 
interaction. 

Overexpression (139) 

SOCS3 FAK Binding Y397 (activation loop Y) to SH2 and 
KIR; Overexpression inhibits kinase activity, 
increases ubiquitylation and turnover of 
protein. 

Overexpression (136) 

SOCS5 Shc-1 Shc pY317 binds SOCS5 SH2. Overexpression (91) 
SOCS5 PI3K (p85 & 

p110) 
Overexpressed SOCS5 and endogenous bind; 
SOCS5 depletion increases PI3K.  

Overexpression 
siRNA 

(140) 

SOCS6 IRS4  Binding; KO mouse biology. In Vitro 
Overexpression 

(141) 

SOCS6 PI3K P85 Binding. Overexpression (141, 142) 
SOCS6 Lck Binding; Degradation via proteasome; 

Overexpression of SOCS6 inhibits T-cell 
activation. 

Yeast 2 Hybrid 
Overexpression 
Knockdown 

(129) 

SOCS6 Cas  Binding; Degradation via proteasome; 
Biology KD. 

Knockdown (143) 

SOCS7 IRS1  Binding; Overexpression increases 
ubiquitylation and knockout increases levels; 
Biology, knockout mice have increased 
insulin sensitivity. 

Overexpression 
Knockout 

(144) 

SOCS7 IRS-4 Binds to the SH2 domain. In Vitro 
Binding 

(141) 

SOCS7 P85 PI3K Binds to the SH2 domain. In Vitro 
Binding 

(141) 

SOCS7 Dab1  Binding; Ubiquitylation that leads to CRL5-
mediated degradation, protein increases when 
CRL5 or SOCS7 is knocked out; Biology, 
CRL5SOCS7 regulates neuron growth through 
Dab1. 

Knockout (145) 
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CisH PLC-γ Binding; CisH knock out causes a decrease in 
endogenous ubiquitylation and an increase in 
phospho-PLC. 

Knockout (146) 

 

1.2.4 SOCS protein interactions with RTKs 

SOCS proteins bind to and negatively regulate RTKs and their downstream signaling through 

multiple mechanisms. Table 1.3 outlines all of the known SOCS-RTK interactions, the function 

of each interaction, and the method(s) used by the authors. The main function proposed by these 

studies is that SOCS overexpression decreases kinase activity or increases turnover of the RTK 

in a proteasomal-dependent manner (See SOCS1-MET, SOCS2-FLT3, SOCS5-EGFR, SOCS6-

Kit, and SOCS6-Flt3 in Table 1.3).  

However, decreased RTK protein upon SOCS overexpression could be caused by decreased gene 

expression rather than increased proteasomal turnover of the RTK.  The authors of many of these 

studies did not report the mRNA abundance of the RTK or its associated ligand. Changes in 

mRNA expression could occur two ways. First, SOCS overexpression could decrease STAT-

based transcription of endogenous RTK mRNA for any RTK genes with a STAT binding site in 

the promoter. Second, if the RTK was overexpressed using a plasmid then SOCS overexpression 

may inhibit one of the many signaling pathways known to activate transcription off of a plasmid 

promoter. Tyrosine kinase activation of plasmid transciption is an overexpression artifact we 

have observed in our lab and must be controlled for. Lack of transcription controls means these 

studies should be examined with care. 

The claim that SOCS proteins promote proteasomal degradation of a RTK must also be taken 

with care for a few reasons. Many papers use proteasome inhibitors to show proteasome 

inhibition prevents the SOCS-induced decrease in the RTK abundance; implying the RTK is 

being degraded by the proteasome (Table 1.3). It is highly unlikely that a transmembrane protein 

is being targeted to the proteasome. Proteasomal degredation of a membrane protein would 

require removal of the receptor from the membrane as it is fed into the proteasome, presumably a 

very energy intensive process. It is most likely that these results are due to the indirect effects of 

proteasome inhibition. For example, if the RTK mRNA levels are increased upon SOCS 

overexpression then the proteasome inhibitor could directly inhibit the SOCS-STAT and/or 
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SOCS-pY-substrate mechanisms mentioned above, bringing the transcription of the RTK mRNA 

off the endogenous or plasmid promoter back to baseline. Additionally, blocking the proteasome 

results in a depletion of the free ubiquitin pool in the cell, leaving no free ubiquitin in the cell for 

other ubiquitin-dependent processes (23). If the RTK is targeted to the lysosome by CRL5SOCS 

Lys-63 or multi mono ubiquitylation, then proteasome inhibition would deplete the free ubiquitin 

leaving none for CRL5SOCS to use, leading to decreased lysosomal degradation of the RTK and 

therefore more RTK protein. Endocytosis and lysosomal degradation of EGFR have been shown 

to be sensitive to proteasomal inhibition, so this indirect effect is not unreasonable (147). It is 

clear that more work needs to be done to understand the exact function of SOCS binding to 

RTKs and to determine if SOCS binding to RTKs regulates degradation.  
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Table 1.3 SOCS interactions with Receptor Tyrosine Kinases 

SOCS  RTK  FUNCTION & BIOLOGY  METHOD REFERENCE 
SOCS1  M-CSF-R Binding, SH2 to Y691 &Y721; Biology, 

inhibition of ligand-stimulated growth. 
Overexpression  
Yeast 2 Hybrid  

(148) 

SOCS1  Insulin R Binding; Decreased ligand-induced pY-ERK, pS-
AKT, pY-IRS. 

Overexpression (149) 

SOCS1 MET Biology; decreased ligand-mediated 
proliferation; Increased K48 ubiquitylation and 
proteasomal degradation. 

Overexpression (150) 

SOCS1 KIT Binding; Biology, inhibition of Kit-mediated 
growth, suppresses ligand-mediated anchorage-
independent growth. 

Overexpression, 
Yeast 2 Hybrid 

(130) 

SOCS1 Flt3 Binding when both are overexpressed. Overexpression (130) 
SOCS1 FGFR Binding; Decreased FGF induced pY-STAT1 and 

increased pY-MAPK.  
Overexpression (151) 

SOCS1 EGFR Binding; Decreased ubiquitylation, decreased 
pY-STAT1/3. 

Overexpression (152) 

SOCS2 FLT3 Binding, SH2 to Y955 & Y589; Increased pY-
Flt3, decreased pY-ERK and pY-STAT5; Weak 
data showing increased ubiquitylation and 
increased degradation; Biology, decreased colony 
formation.  

Overexpression (153) 

SOCS2 IGF-IR Binding when both are overexpressed. Overexpression (154) 
SOCS2 EGFR Binding; Decreased EGF induced pY-STAT5, 

Increased pY-EGFR. 
Overexpression (155) 

SOCS2 PDGFR Binding. Yeast 2 hybrid (129) 
SOCS2 TrKA Binding; S2 overexpression increases total & 

surface receptor; S2 KO regulated neurite 
outgrowth (Sholl analysis)  

Overexpression 
 

(156) 

SOCS3 IGF-IR Binding when both are overexpressed. Overexpression (157) 
SOCS3 Insulin R Colocalization when both are overexpressed. Overexpression (158) 
SOCS3 FGFR Binding. Overexpression (151) 
SOCS3 EGFR Binding; Decreased ubiquitylation, decreased 

pY-STAT1/3. 
Overexpression (152) 

SOCS4 EGFR Binding of the SH2 domain to a peptide. In Vitro (76, 159) 
SOCS5 EGFR Faster internalization, more ubiquitylation, 

increased degradation of the receptor (OE); 
Increase in EGFR in S5 KO lung; Decreased 
STAT3 transcription (OE); Biology, decreased 
EGF-induced growth (OE). 

Overexpression 
Knockout 

(140, 159-161) 

SOCS6 KIT Binding, SH2 to JM pY567 & Y569; Biology, 
decreased ligand-dependent proliferation; 
Increased ubiquitylation and faster turnover of 
the receptor.  

Overexpression 
Yeast 2 Hybrid 

(78, 162) 

SOCS6 FLT3 Binding; Increased ubiquitylation and 
internalization of the receptor.  

Overexpression (163) 

SOCS6 Insulin R Binding; Decreased ligand-induced pY-ERK, pS-
AKT, pY-IRS. 

Overexpression (149)  
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1.2.5 Regulation of SOCS proteins  

In addition to SOCS protein regulation of RTKs, RTKs may also influence SOCS protein 

expression and/or post-translation modification. RTKs have also been shown to induce SOCS 

transcription. Most cell line have low basal expression of SOCS proteins and this could be one 

reason researchers have had trouble determining the function of endogenous SOCS-RTK 

interactions. However, SOCS 1-3 and CisH are rapidly induced 60-100 min after cytokine 

stimulation, sometimes to 100 times the steady state level. SOCS4-7 are thought to be less prone 

to rapid induction by cytokines, but still can be induced (164). RTKs, like cytokine receptors, 

can induce SOCS gene expression after acute stimulation. The RTK-ligand pairs that induce 

SOCS proteins include FGFR3-Fgf, Kit-SCF, FLT3-FLT3 ligand, INSR-Insulin, EGFR-EGF, 

and PDGFR-PDGF. Like cytokine receptors, RTKs are thought to induce SOCS gene expression 

through STAT transcription factors (165).  

 

Some SOCS proteins may also be tyrosine phosphorylated after RTK activation. Some examples 

include Flt3-SOCS2, 6; EGFR-SOCS2, 3, 5, 6; and Kit-SOCS6 (153, 159, 162, 163). The 

function of SOCS protein tyrosine phosphorylation has not yet been elucidated, but SOCS 

phosphorylation could recruit additional signaling proteins to the receptor after ligand induction, 

assembling a large signaling complex on the receptor tail. One other potential function of SOCS 

phosphorylation would be SOCS-SH2 mediated degradation of other SOCS proteins.  

 

Regulation of SOCS proteins by RTKs may be crucial for the spatiotemporal control of 

signaling. The half-life of SOCS proteins is very short (78, 94), which allows SOCS proteins to 

be transiently expressed after induction. Thus, the SOCS1 and 3 SH2 domains have PEST motifs 

that act as a signal for degradation (164). Additionally, SOCS2 has been shown to be able to bind 

to all of the other SOCS proteins and its overexpression causes decreased SOCS1 and SOCS3 

protein expression, in a Cul5 proteasome-dependent manner (166, 167). There is also work that 

shows SOCS2 is induction is delayed compared to other SOCS proteins (168). Taken together 

these studies suggest that cells rapidly return to baseline levels of SOCS protein expression and 

this allows a RTK to receive another signal without immediate negative regulation by SOCS 

proteins.  
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1.1 CRL5SOCS IN SRC-SPECIFIC SIGNALING 

There is evidence from our lab that Cul5 and SOCS2, 4, 5, and 6 act as inhibitors of proliferation 

in MCF10A mammary epithelial cells and inhibitors of migration in many cell types (143, 145, 

169). Cul5-depleted MCF10A cells display EGF-independent growth, transformation in 3D 

culture and increased migration. These characteristics suggest that Cul5 acts as a transformation 

suppressor in MCF10A cells. In the absence of Cul5, MCF10A cells also display a twofold 

increase in Src family kinase (SFK) activity compared with control cells. This increased SFK 

activity is required but appears not to be sufficient for the increased growth and migration of 

shCul5 MCF10A cells, because overexpression of active Src does not increase growth and 

migration. This suggests that Cul5 regulates not only SFK activity but also proteins/processes 

downstream of the SFK members (143). Additionally, we found that reduced Cul5 activity in 

HeLa cells and neurons of the developing brain results in increased migration. Like MCF10As, 

these cell types also display increased SFK activity, indicating that Cul5 may play a similar role 

in other cell types (Unpublished, (143, 145, 170)). The question remains as to which tyrosine-

phosphorylated proteins downstream of the SFK are mediating the altered biology of Cul5-

depleted cells.  

 

To identify the SOCS proteins that mediate the transformation of Cul5-depleted MCF10A cells, 

changes in migration and proliferation were assayed after depletion of one or more SOCS 

proteins. We found that simultaneous knockdown of the four most highly expressed SOCS 

proteins in MCF10A cells, SOCS2, 4, 5 and 6, phenocopies the increased migration and EGF-

independent growth found in Cul5-depleted MCF10A cells. Suggesting that the substrates of 

these four SOCS proteins are responsible for the changes in biology seen in Cul5-depleted 

MCF10A cells (143). In addition, we found that SOCS2 and SOCS6 inhibit microtubule-induced 

focal adhesion disassembly and traffic into the focal adhesions of HeLa cells (171). Although 

there are several known receptor tyrosine kinase and non-receptor tyrosine kinase substrates of 

SOCS2 and 6, none of these previously characterized substrates are sufficient to fully explain 

how SOCS2 and 6 regulate focal adhesion dynamics (80, 163, 172, 173).  
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This dissertation provides the first quantitative mass spectrometry analysis of phosphotyrosine 

proteins in Cul5-depleted cells and the first comprehensive interaction study of SOCS2 and 

SOCS6 proteins, confirming previously identified interaction partners and identifying new 

possible functions of SOCS proteins. Additionally, I go on to characterize CRL5SOCS regulation 

of three RTKs (IGF-IR, EGFR, and EphA2).  
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Chapter 2. CRL5 SUBSTRATE SCREENING & VALIDATION OF 

IGF-IR/INSR AS A CRL5SOCS1 SUBSTRATE 

2.1 INTRODUCTION 

It has become increasingly clear that SOCS2, 4, 5, and 6 negatively regulate signaling pathways 

involved in proliferation and migration; however, the substrates these SOCS proteins 

dynamically regulate remain unknown. Two types of screening approaches, genomic and 

proteomic, have been used to identify dynamically regulated substrates of CRLs successfully 

(175).  

 

Only one genomic approach, global protein stability profiling (GPS), has been used to 

successfully screen for CRL substrates. This technique makes use of a library of 293T cells in 

which each cell expresses a mRNA encoding dsRED as a readout of transcription, an IRES for 

internal ribosome entry, and a fusion of GFP to a human open reading frame (ORF). ORF protein 

abundance is measured by taking the ratio of GFP (protein) to dsRED (mRNA) using a flow 

cytometer (174, 175). Cells are sorted into bins based on the GFP/dsRED ratio and the DNA is 

extracted from each bin. The relative abundance of each ORF in the respective bins provides a 

measure of its protein expression level. Since all ORFs are driven off the same promoter, and 

RNA expression is individually controlled, variations in ORF level are mostly due to changes in 

protein stability. GPS was used to globally identify CRL substrates by comparing cells treated 

with the CRL inhibitor, MLN4924, to untreated cells. This screen was followed by more targeted 

screens of Cul1, Cul3, and Cul4. In these screens, each Cullin was inhibited by overexpressing a 

dominant negative version of the Cullin with a lentivirus. Many of the GPS high-priority 

candidates identified in this screen were validated (176). Recently a Cul2 GPS screen was 

conducted, and it successfully identified selenoproteins as targets of CRL2 (177). Overall this 

method has been shown to work well to identify substrates of most of the CRL family members. 

In section 2.2.1 I present my attempts to apply GPS to identify phosphorylation-dependent CRL5 

substrates.  
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Many proteomic methods have been applied to detect CRL substrates. They can be subdivided 

further into two groups: bulk and affinity approaches. Bulk approaches utilize quantitative 

proteomics methods, such as SILAC or TMT labeling, to compare cells with and without active 

CRLs. Proteins that increase in abundance when a CRL is inhibited or depleted are candidate 

substrates for that CRL. Ubiquitin remnant profiling allows the identification of proteins that are 

ubiquitylated under specific cellular conditions. This method makes use of an antibody that 

recognized the Gly-Gly sequence left on ubiquitylated peptides after trypsin digestion (178). 

This allows researchers to compare changes in ubiquitylated peptide abundance in presence and 

absence of a E3 ligase. While this is a useful advance the major caveat to this technique is that it 

requires either a significant amount of starting material, proteasome or lysosome inhibitors to 

accumulate ubiquitylated protein, or a stable tagged ubiquitin expressed to purify the 

ubiquitylated proteins before trypsin digestion (178, 179). However, proteasome inhibitors can 

disrupt important cellular processes and cause ubiquitin depletion preventing ubiquitylation of 

non-proteasomal targets, resulting in artifacts in the substrates identified. Nevertheless, this 

approach has been used to identify substrates of CRLs by comparing ubiquitylated peptides in 

cells treated with and without MLN4924, a CRL inhibitor and successfully captured many 

previously known CRL substrates (176). In section 2.2.2 I present results of applying a bulk 

quantitative proteomics approach to identify phosphoproteins that increase in abundance when 

Cul5 is depleted.  

 

Proteomic methods have also been coupled to affinity purification methods to look for CRL 

substrates; a technique called affinity purification mass spectrometry (AP-MS/MS). In this 

method, the CRL substrate adaptor protein is tagged, immunoprecipitated from cells and the 

mass spectrometer is used to identify all of the associated proteins. There are some variations on 

this approach that have been designed to identify CRL substrates specifically. One of these 

techniques is called the ligase trap. The ligase trap has UBAs fused to the CRL substrate adaptor 

protein in addition to a small tag. The UBAs serve two functions: first, UBA binding increases 

the affinity of the substrate to the substrate adaptor by binding to the ubiquitin chain; second, the 

UBA binding prevents the ubiquitin from targeting the substrate to the proteasome or other 

cellular locations (180, 181). This method has been used in tissue culture cells to identify twelve 

previously identified CRL1b-TrCP substrates. The major downside to the ligase trap procedure is 
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that it requires a large amount of starting material. The authors report using lysate from 2.8x109 

cells for the affinity enrichment (180).  

 

For CRLs the most commonly used AP-MS/MS method is the Parallel Adaptor Capture (PAC) 

method developed by the Harper lab. In this method, a substrate adaptor protein is tagged with 

Flag-HA, stably overexpressed in cells, and pulled out of lysate using the HA tag. 

Immunoprecipitated proteins are eluted using the HA peptide and identified using MS/MS. The 

Harper lab developed a software program called ComPASS (182) to filter the large number of 

non-specific interaction proteins that come down with this method and obtain a list of high 

confidence interactor proteins (HCIP). PAC has been used in combination with drugs and 

substrate adaptor mutants to successfully identify substrates of CRL1 (183, 184). For example, 

Tan et al. used PAC in cells that were treated with a CRL inhibitor, a proteasome inhibitor or left 

untreated to identify F-Box interacting proteins that are turned over by the proteasome (183). 

The Clurman lab used PAC to compare binding partners that came down with a F-box protein 

that could not bind substrates to the WT F-box protein. Using this approach, the Clurman lab was 

able to successfully identify and validate novel FBW7 interacting proteins (184). In Chapter 3, I 

present the results of my AP-MS/MS approaches used to identify SOCS2 and SOCS6-interacting 

proteins.  

 

2.2 RESULTS 

2.2.1 GPS screening of pY CRL5 substrates  

We choose to use the GPS screening method to identify substrates of CRL5 that are also 

phosphorylated by a SFK. The GPS ORFeome library of 293T cells is currently only available at 

two locations in the world. Before I traveled to conduct this screen, proof of principle 

experiments were performed in our lab to ensure this method would work to identify tyrosine 

phosphorylated substrates of CRL5. To test if GPS could work in our hands I first made cell lines 

expressing GPS controls (D1-D24). These controls express the dsRED-IRES-GFP fused to an 

ornithine decarboxylase (ODC) degron that has been mutated to give specific half-life (D1 

t1/2=1hr, D4 t1/2=4hr, D24 t1/2=24hr). The D1, D4, and D24 stable cells were analyzed using flow 
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cytometry to obtain a GFP/dsRED ratio as a readout of protein abundance (Figure 2.1a). Our 

results from this experiment were identical to those obtained by the creator of GPS, Sherry Yen 

(174). This indicated that we were able to get the GPS method working in our lab.  

 

Now that we knew the GPS method was working in our lab I made GPS cell lines expressing 

bona fide CRL5 substrates: POLR2A, a non-phospho CRL5 proteasomal substrate, and Cas, a 

CRL5 proteasomal substrate that requires SFK phosphorylation for degradation (143, 174, 185). 

The D1 cell line was used as a negative control because its degradation is independent of CRL5 

(186). 

 

Traditionally, CRL activity is inhibited in GPS screens by infecting the cells with high titer 

lentiviruses expressing a dominant negative Cullin. I chose to use drugs in my GPS pilot tests, 

due to their ease of use, before moving on to high titer viruses. First, I wanted to make sure 

tyrosine phosphorylation would decrease Cas half-life. The PTP inhibitor pervanadate was added 

to the three GPS control cell lines to increase tyrosine phosphorylation non-specifically. 

Pervanadate stimulation decreased the half-life of Cas, and this reduction was inhibited when the 

proteasome inhibitor MG132 was included (data not shown). The D1 and POLR2A controls 

were unaffected by PTP addition. This showed that GPS was able to detect the changes in a 

CRL5 substrate abundance after phosphorylation-induced degradation. 
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FIGURE 2.1 GPS SYSTEM DOESN’T WORK TO IDENTIFY TYROSINE 
PHOSPHORYLATED SUBSTRATES OF CRL5 
(a) GPS controls correctly replicate previously published data. GFP and dsRED 
abundance was measured in 293T cells stably expressing the D1, D4 and D24 GPS 
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controls. (b) Non-phospho CRL5 substrate, but not the phospho substrate half-life 
increase when CRLs are inhibited. 293T cells stably expressing D1, POLR2A or 
p130Cas were transfected with constitutively active Src. 24 Hours later the cells were 
treated with 1µM MLN2924 for 4hours. The cells were then flow sorted for GFP and 
dsRED. (c) SOCS6 co-overexpression does not promote Cas turnover. 293T cells stably 
expressing D1, POLR2A or p130Cas were transfected with SOCS6 and either a control 
plasmid or constitutively active Src. The cells were then flow sorted for GFP and 
dsRED.  

 

With this positive result, I moved on to test a more specific phosphorylation activator and CRL5 

depletion/inhibitors. CRL5 degrades Cas after phosphorylation by Src at two sites (143). We 

expressed constitutively active Src (Src Y527F) in the three control cell lines to phosphorylate 

Cas at the CRL5 binding sites. Src activity was increased in these cells by Western blotting (data 

not shown). The GPS cells expressing Src Y527F were also treated with or without the CRL 

inhibitor MLN4924 (187). Changes in Cas, POLR2A and D1 protein abundance were analyzed 

by flow cytometry. As expected, MLN4924 increased levels of CRL substrate POLR2A but not 

negative control D1 (Figure 2.1b). These controls indicated that MLN4924 was specifically 

inhibiting CRL activity and not affecting non-CRL substrates. Surprisingly, however, the half-

life of Cas did not change upon MLN4924 treatment.  

 

We may not have seen an effect of MLN4924 on Cas levels because the MLN4924 treatment 

was only 4 hrs. The half-life of Cas in the presence of constitutively active SFKs is 2-3 hours 

long (143). Perhaps we did not see a large change in Cas abundance because the MLN4924 

treatment only covered 1-2 Cas half-lives. To test this, we inhibited Cul5 through overexpression 

of dominant-negative Cul5 or depleted Cul5 with siRNA in the presence of constitutively active 

Src Y527F. Both of these methods provide plenty of time for Cas to protein to accumulate; 

however, Cas abundance did not change in either of these experiments (data not shown).  

 

The GFP-Cas is overexpressed in the 293T cells and could be saturating endogenous SOCS6, the 

CRL5 substrate adaptor used to degrade Cas. GFP-POLR2A can be efficiently turned over by 

CRL5 by binding directly to CRL5 though its own SOCS box, independent of a substrate adaptor 

(188). To test this hypothesis the three control cell lines were analyzed in the presence of 

exogenous SOCS6 and the presence and absence of Src Y427F. Cas protein levels did not 

change upon addition of Src Y527F, even in the presence of exogenous SOCS6 (Figure 2.1c). 
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These results indicated that the CRL5 degradation of GFP-Cas, induced by Src Y527F 

phosphorylation, was absent or too low to detect using the GPS method. These challenges with 

the GPS screening method prompted us to change to a mass spectrometry (MS) based approach 

to identify tyrosine phosphorylated substrates degraded CRL5.  

 

2.2.2 Identification of phosphotyrosine peptides in Cul5-depleted cells 

Tyrosine phosphorylated proteins that are constitutively ubiquitylated and degraded in a CRL5-

dependent manner should increase in abundance when Cul5 expression is depleted. To identify 

these proteins, we performed quantitative phosphotyrosine proteomics on control and Cul5-

deficient cells. Three biological replicates of control (EV) and Cul5-depleted (shCul5) MCF10A 

cells were harvested for analysis (Supplementary Figure 1). Cells were lysed in 8 M urea 

containing 1 mM pervanadate as a phosphatase inhibitor. Proteins were reduced, alkylated and 

digested with trypsin and the peptides were labeled with isobaric TMT tags (Figure 2.2a). The 

digests were mixed, and phosphotyrosine peptides were enriched using anti-phosphotyrosine 

4G10 beads followed by an immobilized metal affinity column (IMAC) (Figure 2.2a) (189). 

Phosphopeptides were analyzed and quantified by LC-MS/MS, followed by Mascot 

identification and computer-aided manual validation (190, 191). Overall this method identified 

and quantified 174 tyrosine phosphopeptides. Figure 2.2b shows a volcano plot of average fold 

change (FC) and P value for each peptide identified (n=3 EV and n=3 shCul5, one-sided Student 

t-test). 45 of the peptides were significantly increased (P<0.05) in Cul5-depleted cells. However, 

the fold changes in phosphopeptide abundance were small. This is most likely because the cells 

were grown in complete medium and were not acutely stimulated with ligand or incubated with 

phosphatase inhibitors to stimulate tyrosine phosphorylation.  
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FIGURE 2.2 QUANTITATIVE PHOSPHOTYROSINE MASS 
SPECTROMETRY ON THE CONTROL AND CULLIN5-DEPLETED MCF10A 
CELLS IDENTIFIED PHOSPHORYLATION SITES THAT MAY BE 
REGULATED BY CULLIN5 
(a) Flowchart of the quantitative phosphotyrosine mass spectrometry protocol used to 
identify phosphotyrosine sites regulated by Cullin5. Three biological replicates of 
control (EV) and Cul5-depleted (shCul5) MCF10A cells were harvested for analysis. 
Cells were lysed in 8 M Urea containing 1 mM pervanadate as a phosphatase inhibitor. 
Proteins were reduced, alkylated and digested with trypsin and the peptides were 
labeled with isobaric TMT tags. The digests were mixed, and phosphotyrosine peptides 
were enriched using anti-phosphotyrosine 4G10 beads followed by an immobilized 
metal affinity column (IMAC) enrichment. Phosphopeptides were analyzed and 
quantified by LC-MS/MS, followed by Mascot identification and computer-aided 
manual validation. (b) A volcano plot depicting the fold change (shCul5/EV) of each 
phosphopeptide verses the p-value, obtained through a one-sided two-sample equal 
variance T-Test in excel. Line at p=0.05. Red points have a fold change lager than 1.5-
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fold. (c) Bar graphs depicting the fold change for every peptide found for p130Cas and 
Src. *, p<0.05. (d) Bar graphs depicting the fold change for every peptide found for 
IGF-IR, Abl and BCAR3, *p<0.05.  

 

We scanned the results for phosphopeptides that we expected to be increased in Cul5-deficient 

cells. Previously, we detected increases in Src pY419, p130Cas pY165, and p130Cas total 

protein by immunoblotting (143). Two Src pY peptides were found in the proteomics 

experiment: the activation loop pY419 and inhibitory site pY530 (Figure 2.2c). As expected, 

only pY419 was significantly increased (Figure 2.2c). Seven p130Cas pY peptides were 

identified in the mass spectrometry experiments, three of which were significantly increased 

(Figure 2.2c). Six of the sites (but not pY67) are in the “substrate domain” of p130Cas, and, like 

pY165, are known to be phosphorylated by Src (192, 193). Our ability to detect these pY 

peptides suggests that Cul5-regulated phosphorylation could be detected by quantitative pY 

proteomics.  

 

Several pY peptides were strongly increased in Cul5-deficient cells. Interestingly, the most 

significant increase was pY393 in the activation loop of the Abl tyrosine kinase (Figure 2.2d). 

Curiously, this site may be phosphorylated either by Abl (in trans) or Src (194-196). 

Phosphorylation of tyrosine kinase Pyk2 at Y580 was also increased. Pyk2 binds to and is 

regulated by SOCS2 (137). Pyk2 Y580 may be phosphorylated by SFKs (197, 198), so the 

increased Pyk2 phosphorylation in Cul5-deficient cells may be due to increased Src activity or 

decreased degradation of Pyk2. Other notable increases included a Src phosphorylation site in 

the DCBLD2 orphan scaffold receptor (199); Src phosphorylation site Y1105 of GRF1 (also 

known as ARHGAP35 and p190RhoGAP), which mediates binding to p120RasGAP (200, 201); 

Src phosphorylation site Y24 of ANXA2 (202); the major Abl phosphorylation site, Y213, of 

Abl-interacting protein ABI1, which inhibits Abl activity and is involved in cell migration and 

endocytosis and degraded by the proteasome (203-208); and Y266 of BCAR3, a p130Cas 

interaction partner and important focal adhesion protein (209) (Figure 2.2d). These changes 

indicate that the proteins phosphorylated at increased levels in Cul5-deficient cells are either 

phosphorylated by active Src, have increased activation loop phosphorylation and perhaps 

kinases activity, or are directly regulated by CRL5 in a pY-dependent manner.  
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2.2.3 Potential significance of INSR/IGF-IR as a Cul5 substrate 

Our quantitative phosphotyrosine proteomics also showed that three phosphorylation sites in the 

insulin-like growth factor receptor-1 (IGF-IR) were phosphorylated at increased level when Cul5 

was absent (Figure 2.2d). Even though Proteome Discoverer assigned these peptides to IGF-IR, 

they could equally well come from the insulin receptor (INSR). The INSR and IGF-IR are 

closely related but the IGF-IR binds more strongly to IGF1 and IGF2 ligands and the INSR binds 

more strongly to insulin (INS) ligand. The three phosphorylation sites (Y1131, Y1135, Y1136) 

are located in the kinase domain activation loop and are identical between the IGF-IR and INSR. 

These sites are the major sites of autophosphorylation and all must be phosphorylated for optimal 

kinase activity (210). Src can also phosphorylate these sites (211). After kinase activation, 

additional sites in IGF-IR and INSR are phosphorylated and leading to recruitment and 

activation of downstream signaling pathways (212).  

 

We were interested in testing whether the INSR/IGF-IR is a bona fide Cul5 substrate for various 

reasons. First, the major mechanism of INSR/IGF-IR receptor signal termination is through 

endocytosis and recycling or targeting for degradation via the lysosome (212). Both endocytosis 

and degradation of IGF-IR receptor are regulated by ubiquitylation (213). Various E3 ubiquitin 

ligases that have been implicated in IGF-IR ubiquitylation, including b-arrestin/MDM2, 

Grb10/Nedd4, and c-Cbl (214-218). Two SOCS proteins, SOCS2 and SOCS3, also bind to IGF-

IR; however, as of right now it is not known if they stimulate ubiquitylation or degradation (154, 

157).  

 

2.2.4 Testing whether INSR and IGF-IR are Cul5 substrates 

We used Western blotting to test whether INSR or IGF-IR phosphorylation was increased in 

Cul5-deficient cells. We used a phospho-antibody that recognized pY1135 in the INSR which is 

equivalent to pY1150 in the IGF-IR. Henceforth, we call this antibody and site “pY1135”. The 

phospho-antibody detects phosphorylation of a cleaved form of the INSR/IGF-IR known as the b 

chain. Both receptors are synthesized as a precursor that is cleaved into a and b subunits that are 

bound by disulfide bonds to form an a2b2 functional receptor. The a-subunit is the extracellular 
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ligand binding moiety and the b-subunit has a short extracellular domain, a transmembrane 

domain and intracellular kinase domain, and contains the phosphorylation sites of interest. 

 

The results showed that Cul5-depleted cells have increased phosphorylation at pY1135, 

confirming the quantitative phosphotyrosine mass spectrometry experiments (Figure 2.3a). Total 

levels of IGF-IR a and b chains may also increase slightly, but the increase was variable 

experiment to experiment. 

 

 
FIGURE 2.3 PY1135 IS INCREASED IN CUL5-DEPLETED CELLS 
INDEPENDENT OF SRC KINASE ACTIVITY 
(a) pY1135 levels are increased in Cul5-depleted cells. Sub-confluent MCF10A cells 
were treated with 100 µM orthovanadate for 8hours prior to harvesting and analyzed by 
Western blotting. (b) Increase in pY1135 is independent of Src kinase activity. Sub-
confluent MCF10A cells were treated with 100 µM orthovanadate and either DMSO or 
10 µM SU6656 (Srci) for 8 hours before harvesting and analyzed by Western blotting. 
(c) Quantification of pY1135 and pY418-SFK activity, shows pY1135 levels are 
unchanged by Srci and pY418-SFK decreases when Srci is added to the cells. Western 
blots in panel b were quantified using ImageJ software. Bars represent the 
quantification of one biological replicate.  

 

We wondered whether increased pY1135 phosphorylation reflected increased 

autophosphorylation or increased phosphorylation by another kinase. Cul5-depleted cells have 

increased SFK activity, and Src has been reported to phosphorylate IGF-IR at pY1135 (143, 



 36 

211). To determine if the increase in pY1135 was due to Src phosphorylation or a change in pY-

IGR-IR abundance or activity, we incubated control and Cul5-depleted cells in the presence of a 

Src inhibitor, SU6656. The Src inhibitor decreased SFK activity (pY418) in Cul5-depleted cells 

down to control cell levels but did not affect pY1135 levels in Cul5-depleted cells (Figure 

2.3b,c). This suggested that pY1135 increased upon Cul5-depletion either because pY-IGF-

IR/INSR degradation is directly regulated by CRL5 or CRL5 inhibits a pathway/protein that 

activates IGF-IR/INSR kinase.  

 

IGF-IR has been reported to bind to SOCS2 and SOCS3 (154, 157), while INSR binds SOCS1 

(149). To test which SOCS proteins bind IGF-IR, we expressed T7-tagged SOCS box mutants, 

SOCS1-7LCQQ and CisHLCQQ, which do not bind CRL5 and thus should not stimulate 

ubiquitylation and degradation (167). The T7-SOCS proteins were immunoprecipitated and 

Western blots were probed to detect binding of IGF-IRa and IGF-IRb. IGF-IRa and IGF-IRb 

bound strongly to SOCS1 and somewhat to SOCS2. The positive control, Cas, only bound only 

to SOCS6 as expected (143) indicating the immunoprecipitation was clean (Figure 2.4a). Our 

results suggest that SOCS1 and SOCS2 bind to IGF-IR and possibly bring it to CRL5 for 

ubiquitylation and degradation. To determine if SOCS1 or 2 are involved in the degradation of 

pY-IGF-IR, we knocked down SOCS1 and SOCS2 proteins individually or in combination in 

MCF10A cells and probed for total IGF-IRa, total IGF-IRb and pY1135. Depletion of SOCS1 

but not SOCS2 increased total IGF-IR and pY1135 levels (Figure 2.4b). This indicated that 

SOCS1 might be used by CRL5 to regulate pY-IGF-IR. To test whether IGF-IR ubiquitylation 

and degradation are directly regulated by CRL5SOCS1, we would need to perform in vitro binding 

with SOCS1, [35S] methionine pulse-chase degradation assays in Cul5- and SOCS1-depleted 

cells, and cell-based and in vitro ubiquitylation assays. Before starting these experiments, we 

first wanted to confirm that the increased pY1135 observed upon depletion of Cul5 with shRNA 

was due to Cul5 activity and not an off-target effect of the shRNA.  
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FIGURE 2.4  SOCS1 BINDS IGF-IR AND SOCS1 DEPLETION INCREASES 
PY1135 
(a) Endogenous IGF-IR binds to overexpressed SOCS1 and SOCS2 in HeLa cells. 
HeLa cells were transiently transfected with T7-GFP or the indicated T7-SOCSLCQQ 
constructs. Twenty-four hours later the cells were stimulated with 1 mM pervanadate 
for 30 minutes. The cells were lysed and immunoprecipitated with antibody to T7 and 
protein A/G beads. Western blots were probed with the indicated antibodies. (b) 
SOCS1-depletion causes an increase in pY1135 and total IGF-IR protein. MCF10A 
cells were transfected with siRNA to the indicated proteins two times over 72 hours. 
Four days after the first transfection the cells were then treated with 100 µM 
orthovanadate for 8 hours and then harvested and analyzed by Western blotting. 

 

As a first step to testing whether the increase in pY1135 in Cul5-deficient cells might be an off-

target effect of Cul5 shRNA, we tested whether inhibiting CRL activity using a Neddylation 

inhibitor, MLN4924, would also increase pY1135. We measured levels of another CRL5 

substrate, BCAR3, as a positive control (unpublished). BCAR3 levels were increased by Cul5 

knockdown or MLN4924 non-additively, suggesting that Cul5 knockdown inhibits BCAR3 

degradation by a Neddylation-dependent process (Figure 2.5a). However, MLN4924 did not 

increase pY1135 levels in control or Cul5-deficient cells (Figure 2.5a). This suggested that either 

the observed increase in shCul5 cells is off-target or Cul5 is involved but independent of 
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Neddylation. Another possibility is that MLN4924 may not have been present for long enough to 

increase pY1135. The half-life of pY-IGF-IR in MCF10A cells is unknown, but most proteins 

have half-lives between 45 min and 22.5 hours and the MLN4924 was added for 24 hrs (219). 

Therefore, it is more likely that the observed increase in shCul5 cells is off-target or that pY-

IGF-IR turnover is independent of Neddylation.  

 

To further test for off-target effects, we treated MCF10A cells with individual or pooled siRNAs 

against Cul5. All of the individual and pooled siRNAs depleted Cul5 to a variable extent. Total 

levels of the control BCAR3 and pY1135 increased with every Cul5 siRNA sequence used 

(Figure 2.5b). This result provided evidence that the change in pY1135 may be specific to Cul5 

and not an off-target. To perform one last off-target test, we checked the levels of total IGF-IR 

and INSR in MCF10A cells that have Cul5 knocked out with CRISPR/Cas9. The amount of our 

positive control BCAR3 increased in this cell line, and Cul5 protein was completely depleted. 

However, unexpectedly, the total quantity of IGF-IR was decreased by half in this cell line, and 

INSR levels remained constant (Figure 2.5c, d). Unfortunately, we did not probe these lysates for 

pY1135 to determine if pY1135 was increased or decreased. It is important to note that these 

Cul5 knockout cells are clonal and there may be additional mutations. The knockout line is still 

being validated. It is also important to note that changes in total IGF-IR were weak and 

somewhat variable and that we have not systematically tested for changes in total INSR. 

However, pY1135 is quite consistently increased when Cul5 or SOCS1 is knocked down, 

consistent with a Neddylation-independent regulation of IGF-IR or INSR phosphorylation by 

CRL5SOCS1.  
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FIGURE 2.5  CUL5 DEPLETION, BUT NOT INHIBITION OF CRL5 
NEDDYLATION INCREASES PY1135   
(a) MLN4924 treatment does not increase pY1135 to the same levels as Cul5 shRNA. 
Twenty-four hours before lysis sub-confluent MCF10A cells were treated with 5 µM 
MLN4924 or an equivalent volume of DMSO. Eight hours before lysis the cells were 
treated with 0 or 100 µM orthovanadate. (b) Individual Cul5 siRNA sequences increase 
pY1135, but have variable effects on INSR and IGF-IR levels. MCF10A cells were 
transfected with the indicated siRNAs two times over three days. Four days after the 
first transfection the cells were treated with 100 µM orthovanadate for 8 hours. At the 
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end of the orthovanadate treatment, the cells were harvested and analyzed by Western 
blotting. (c) IGF-IR levels go down in Cul5 CRISPR knockout cells. Sub-confluent 
MCF10A cells were treated with 100 µM orthovanadate for 8 hours and then harvested. 
(d) INSR levels go up slightly in Cul5 CRISPR knockout cells. Sub-confluent MCF10A 
cells were treated with 100 µM orthovanadate for 8 hours and then harvested. 

  

2.3 DISCUSSION 

We set out to identify substrates of CRL5 that were dynamically turned over using GPS and 

global phosphotyrosine proteomics. The GPS method has been used to determine substrates of 

CRL1, CRL2, CRL3, and CRL4. In our hands, the GPS system allowed the detection of 

increased turnover of a CRL5 substrate, Cas, when the PTP inhibitor pervanadate was present to 

increase tyrosine phosphorylation. Moreover, pervanadate-induced Cas turnover was inhibited 

by the proteasome inhibitor MG132. Nevertheless, when constitutively active Src was used to 

induce phosphorylation of Cas, we were unable to see Cas turnover. This was true even in the 

presence of exogenous SOCS6 expression. Perhaps pervanadate induces Cas turnover by other 

E3 ligases in addition to CRL5SOCS6. CRL5SOCS6 might contribute to only a small percent of total 

Cas turnover. For example, CRL5SOCS6 may only regulate Cas turnover in focal adhesions, and 

the amount of Cas in focal adhesions is such a small percent of the total Cas the GPS technique 

cannot detect it. Overall, these experiments demonstrated that GPS was not a feasible approach 

to screen for CRL5 substrates.  

 

Quantitative phosphopeptide affinity enrichment has not been used yet to identify 

phosphorylation-dependent substrates of CRLs. Our results show that phosphopeptide 

enrichment is a viable method to identify proteins that are turned over in a pY-dependent manner 

by CRL5. This is evident by the identification of Cas and Src peptides in our screen that were 

previously validated by Western blotting. Moreover, we identified increases in phosphopeptides 

from BCAR3 and IGF-IR/INSR that were subsequently validated by Western blotting as 

potential CRL5 substrates (some data not shown). One important caveat with this screening 

approach is that the proteins identified may be indirect targets of Cul5, e.g., proteins that are 

phosphorylated downstream of a kinase that is directly regulated by CRL5. In future work, it will 

be important to determine which of the significantly increased peptides identified in this screen 
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are direct targets of Cul5 and which are indirect. This is even more important because many of 

the significantly increased peptides have been reported to be phosphorylated by the Src family 

kinases, whose activity is also increased in these cells. Src may be regulating some of these sites, 

however it is likely that additional kinases and/or proteins are regulated by Cul5 and play a role 

in MCF10A cell transformation because our previous work showed that Src activation was not 

sufficient to induce the same phenotypes as removal of Cul5.  

 

The tyrosine-phosphorylated peptides that were increased significantly by Cul5 depletion had 

relatively small changes in abundance. This is most likely because constitutive tyrosine 

phosphorylation is low in actively growing cells, leading to a low amount of CRL5-based 

turnover in control cells. If we were to repeat this work, it would be best to include 

orthovanadate or pervanadate to increase tyrosine phosphorylation globally or to acutely 

stimulate the cells with an exogenous growth factor(s) to stimulate specific kinase pathways. 

This would result in more CRL5-based turnover in control cells, causing an increase in the fold 

changes observed between control and Cul5-depleted cells.  

 

Phosphorylation of the three tyrosines (pY1131, pY1135, pY1136) located in the activation loop 

of the IGF-IR/INSR receptor were identified by our screen as significantly increased in our Cul5-

depleted cells. We validated the increase in one of these peptides, pY1135, with Western blotting 

and showed that the increase was independent of Src kinase activity, suggesting that 

autophosphorylation is increased. pY1135 was also increased when Cul5 expression was 

inhibited by several Cul5 siRNAs, suggesting that the effects are not off-target.  

 

IGF-IR had previously been reported to bind to SOCS2 and SOCS3 (154, 157). In our screen of 

SOCS binding interactions, we found IGF-IR bound to SOCS1 and SOCS2 after acute 

pervanadate stimulation. We did not check INSR binding in our screen, but the INSR has been 

reported to bind to SOCS1, 3, and 6 (149, 158). SOCS1, 2, 3 are all strongly induced after 

extracellular stimulation and thought to behave similarly, so this may be why IGF-IR can bind to 

all three of these proteins (80). SOCS1 depletion with pooled siRNAs increased the abundance 

of pY1135 in MCF10A cells. In future work, it will be interesting to confirm that the increase in 
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pY1135 is not off target by using individual siRNA constructs and stable shRNA cell lines to 

deplete SOCS1.  

 

In conclusion, our results suggest that the GPS approach may not be viable for CRL5 substrates 

that require phosphorylation for degradation, but quantitative phosphotyrosine proteomics may 

be useful. Specifically, we detected increases in phosphorylation of known substrates (Src and 

Cas) and a new candidate, BCAR3 (data not shown). We also detected increased 

phosphorylation in the activation loop of the INSR/IGF-IR, which appears not to be off target. 

Further study of this latter phosphorylation seems justified. Specifically, we would like to 

determine which receptor is affected and if increased phosphorylation is caused by decreased 

degradation of the active receptor or through increased kinase activity. We note that MCF10A 

cells are routinely grown in the presence of high levels of insulin and both receptors may be 

activated. One control we did not perform was to check the RNA expression levels of the 

endogenous ligands IGF1, IGF2, and insulin to make sure there is not more autocrine stimulation 

of the receptor in the absence of CRL5 activity. If there is no change in ligand abundance, then a 

[35S] methionine pulse-chase experiment should be done to determine if the half-life of pY1135 

is changed upon Cul5 or SOCS1 depletion. Also, it will be critical to know if SOCS1 binds 

directly to IGF-IR and INSR to get assurance of the direct interaction. This could be followed by 

a cell-based and in vitro ubiquitylation assay to show CRL5 ubiquitylates IGF-IR/INSR directly. 

 

One very interesting observation was that pY1135 was not affected by the CRL Neddylation 

inhibitor MLN4924. This suggests that pY1135 may be CRL5SOCS1-dependent but Neddylation-

independent. This indicates that CRL5SOCS1 regulation of pY1135 is independent of the 

ubiquitylation activity of CRL5. Perhaps the CRL5SOCS1 complex is an adaptor that mediates the 

binding of a protein that directly regulates INSR/IGF-IR kinase activity. This would be novel 

function of CRL5SOCS1 binding.  
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Chapter 3. SOCS2 BINDS TO & REGULATES EPHA2 THROUGH 

MULTIPLE MECHANISMS 

 

3.1 INTRODUCTION 

The Eph receptors are the largest family of receptor tyrosine kinases (220). They can be 

classified into two groups, EphA and EphB receptors, based on the similarity in their 

extracellular amino acid sequences. Eph’s bind to Ephrins (Efn) ligands on the surfaces of 

adjacent cells. The EphA receptors preferentially to bind the GPI-linked EfnA ligands (Efn-A1-

A5) and the EphB receptors preferentially to bind to the transmembrane EfnB ligands (EfnB1-

B3), with a few exceptions. There are eight EphA receptors, EphA1-EphA8, and six EphB 

receptors, EphB1-EphB6 (221, 222). All of the Eph receptors are structurally similar: starting at 

the N-terminus they have a globular ligand binding domain, a cysteine-rich region, two 

fibronectin type III domains, followed by a transmembrane domain. On the intracellular side, 

they have a juxtamembrane region, tyrosine kinase domain, a SAM domain and PDZ binding 

motif (220).  

 

Because their ligands are bound to adjacent cells, Eph-Efn signaling requires cell-to-cell contact 

and can elicit signaling in either the Eph-expressing cell, the Efn-expressing cell or both cells. 

Forward signaling refers to the signaling in the receptor cell after trans activation and reverse 

signaling refers to the signaling in the Efn cell after trans activation. Forward and reverse 

signaling is important for developmental processes that are regulated by Eph-Efn signaling, 

because both activate cytoskeletal changes that mediate cell repulsion or adhesion (223).  

 

Similar to most other RTKs, the Eph receptors form dimers upon ligand engagement; however, 

unlike most other RTKs the Eph receptors must form higher order clusters to produce productive 

downstream signaling. Eph receptors must bind membrane bound or artificially clustered Efns in 

order to trigger productive receptor signaling (220). One Eph receptor binds to one Efn ligand, 

these then dimerize causing the rapid assembly of higher order clusters. Tetramers are needed for 

the activation and biological function of the receptor (224). These clusters are required to 
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activate forward signaling. Efn ligands can also act on receptors in the same cells in a process 

called cis interaction or activation. Cis-activation is speculated to reduce forward signaling by 

inhibiting the formation of large Eph receptor clusters (225, 226).  

 

The juxtamembrane region of the Eph receptors contains two conserved tyrosine residues that 

regulate the kinase activity of the Eph receptor. When the two juxtamembrane tyrosines are un-

phosphorylated the juxtamembrane region contacts the kinase domain preventing the kinase 

activation segment from forming the ordered conformation needed for productive kinase activity. 

Phosphorylation the juxtamembrane tyrosines results in a disordered juxtamembrane region 

causing release from the kinase domain allowing the kinase activation segment to form the 

correct conformation (227-229). The juxtamembrane tyrosines are phosphorylated in a 

processive order. The juxtamembrane tyrosine farthest from the membrane (JM2) is 

phosphorylated first followed by the juxtamembrane tyrosine closest to the membrane (JM1). It 

has been reported that JM2 serves as a better proxy for the kinase activity of the Eph receptor 

(230). Juxtamembrane phosphorylation is followed by autophosphorylation of a tyrosine residue 

in the kinase activation loop, causing full activation of the receptor (231).  

 

Forward and reverse Eph-Efn signaling causes changes actin polymerization. Eph-Efn forward 

signaling activates NCK1, NCK2, phosphoinositide-3-kinase (PI3K), SFK, VAV2, VAV3, and 

Ephexin. Together these signaling proteins regulate actin polymerization and the cytoskeleton 

through their regulation of the Rho GTPases, Rac and Rho (223). Eph-Efn reverse signaling 

activates the SFKs and small GTPases to induce actin remodeling. The EfnA ligands lack a c-

terminal tail, they are thought to act through the p75 and Ret receptors. The EfnB ligands 

stimulate changes in the cytoskeleton by activating Rac through DOCK180 (223).  

 

Eph-Efn signaling is turned off through a process called trans-endocytosis. This describes the 

process where either the ligand or the receptor-expressing cell endocytose the receptor-ligand 

complex in addition to the membrane from the adjacent cell. The direction of this endocytosis 

seems to depend on the type of cells interacting. Ultimately this removes the cell-cell contact at 

the site of trans-endocytosis (232). 
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3.1.1 Eph-Efn biology 

The Efn-Eph signaling pathway has been shown to be essential for many developmental 

processes including cell sorting at tissue boundaries and axon guidance (223). Early cell mixing 

studies demonstrated that cells overexpressing either WT EphB or WT Efn-B separated into two 

homogeneous populations with a sharp boundary between the two overexpressing cells. The cell 

sorting required the cytoplasmic domains of EphB and EfnB indicating that both forward and 

reverse Eph signaling contributed to the formation of cell boundaries (233, 234). Efn-Eph 

signaling is also necessary for neuronal topographic map formation in the auditory, 

somatosensory, motor, visual and olfactory systems (235). A topographic map is when the spatial 

position of the projection neuron matches the spatial position of the connection. The first crucial 

experiments showed that gradients of Eph receptors and Efns in retinal axons and their targets in 

the brain control where the axon will synapse. Efn-Eph interactions are also important for choice 

points, where neurons have to choose between areas of high Efn or no Efn expression (235, 236). 

In addition to neuron development, there are other developmental processes that Eph-Efn signals 

control, such as gastrulation, somitogenesis, and angiogenesis (220). Overall, the Eph receptors 

and Efn ligands are both modulators of development. 

 

In the adult, Efn-Eph signaling has also been shown to be important for the formation and 

remodeling of the mammary ducts in mice. The mammary ducts have three different types of 

epithelial cells: luminal epithelial cells, the cells that line the duct that leads to the nipple; 

terminal end bud epithelial cells, these are the cells that form the bud at the other end of the duct; 

and myoepithelial cells, that surround these two-other cell types and make ECM components 

(237). At the onset of puberty and in preparation for lactation the ductal structures in the breast 

must undergo branching and morphogenesis to form or re-model the breast (238). EphA2 is 

expressed in the terminal end bud epithelial cells, where it regulates branching at the onset of 

puberty (239). EphB4 is expressed in luminal epithelial cells, and EfnB2 is expressed in the 

surrounding myoepithelial cells where they regulate these compartments. Loss of EfnB1 or 

increased expression of EphB4 changes differentiation and branching the breast ducts (240-243).  
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3.1.2 EphA2 activation and ubiquitylation 

The EphA2 receptor can bind to all EfnA ligands but prefers EfnA1 (220). Upon ligand binding, 

EphA2 is phosphorylated at the juxtamembrane tyrosines Y588, Y594 and the activation loop 

tyrosine Y772 (244). Two E3 ubiquitin ligases have been shown to bind and ubiquitylate EphA2: 

Cbl and UBE4A.  

 

Cbl binds through its TKB (tyrosine kinase binding) domain to ligand-activated pY-EphA2. 

Tyrosine 813 in EphA2 has been proposed to be the Cbl binding site in EphA2, based on 

similarity to other Cbl pY sites (52). However, co-immunoprecipitation experiments have not 

been done to definitively show this is the correct site. Overexpression of WT Cbl decreases the 

level of exogenous EphA2 protein, dependent on the Cbl RING domain (245, 246). Exogenous 

EphA2 can be ubiquitylated when Cbl is overexpressed in cells, and this ubiquitylation decreases 

when Y813 site is mutated to a phenylalanine (52). This early evidence suggested that Cbl may 

ubiquitylate and degrade EphA2 by binding to pY813 in EphA2 after ligand-mediated activation 

of the receptor. 

 

Additional clues to the function of EphA2 regulation by Cbl come from studies of the Kaposi’s 

sarcoma-associated herpesvirus (KSHV). KSHV binds to EphA2 as a way to gain entry into 

endothelial and human foreskin fibroblast cells. KSHV binding to EphA2 stimulates EphA2 

phosphorylation leading to the activation of Src, FAK, and PI3K. EphA2-KSHV binding also 

results in EphA2 binding to the clathrin-coated pit adaptors Cbl, AP-2 and epsin and to clathrin 

itself. EphA2 is mono-ubiquitylated and Lys63 poly-ubiquitylated after virus stimulation in a 

Cbl-dependent manner. Moreover, EphA2 and KSHV cannot get into human foreskin fibroblast 

cells when Cbl is absent (247, 248). Therefore, KSHV binding to EphA2 stimulates Cbl 

ubiquitylation of EphA2 that leads to the clathrin-dependent endocytosis of viral-bound EphA2 

into the cell. Cbl may also be required for the clathrin-dependent endocytosis of EphA2 in cells 

stimulated with EfnA1 ligand as well, but there is no direct evidence for this. It is not clear if Cbl 

is required for the lysosomal degradation of EphA2.  

 

The adaptor protein Src-like adaptor protein (SLAP) is widely expressed in immune cells, where 

it acts as an adaptor protein downstream of antigen receptors. Recently SLAP was found to be 
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expressed in healthy colon epithelial cells and is down-regulated in colorectal cancer. SLAP 

binds to Y594 in the EphA2 juxtamembrane region and recruits the E3 Ub ligase UBE4A to 

EphA2. UBE4A-SLAP has been shown to ubiquitylate EphA2 in cells and in vitro. Knockdown 

of SLAP or UBE4A slightly increased total EphA2 protein in colorectal cancer cell lines. When 

SLAP is overexpressed total EphA2 decreases and knockdown of UBE4A rescues this decrease. 

This suggests that, in normal colon epithelial cells where SLAP expression is high, SLAP and 

UBE4A may regulate the turnover of EphA2. The authors suggest this turnover is proteasomal 

degradation because MG123, a proteasomal inhibitor, prevents the SLAP-induced decrease in 

total EphA2 (249). However, it seems this could be due to the depletion of ubiquitin that then 

prevents other ubiquitin-dependent process, as mentioned previously (23). Overall it seems like 

high levels of SLAP and UBE4A may be needed to get significant changes in total EphA2 levels 

or degradation rate. 

 

EphA2 is overexpressed in metastatic tumors originating from a wide variety of tissues. As a 

result, many drugs and antibodies have been made to inhibit EphA2 activity. However, many 

tumors are promoted by EphA2 in a EfnA ligand-independent manner, making it a complex 

kinase to drug (250, 251). EphA2 has primarily been shown to be overexpressed in breast cancer 

cells and its overexpression correlates with decreased EfnA1 expression and loss of estrogen 

receptor expression (252-254). Increased EphA2 expression in Her2-positive breast cancer 

patients correlates with a decrease in disease-free and overall survival (255). Subsequent work 

showed EphA2 could bind to Her2, and EphA2 expression is required for tumor growth, cell 

migration and Rho activation in a Her2 overexpressing breast cancer mouse model (239). Over-

expression of EphA2 in normal breast epithelial cells, MCF10A, has been shown to promote cell 

transformation (256). 

 

In this chapter, I report screens for SOCS2 and SOCS6-interacting proteins, the finding that 

SOCS2 interacts with EphA2, and follow-up experiments to determine the significance of 

SOCS2-EphA2 interaction. 
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3.2 RESULTS 

3.2.1 Identification of SOCS2- and SOCS6-interacting proteins 

The PAC method was used to identify binding partners of F-box proteins which are substrate 

receptors for CRL1 (183, 184). Because it had worked for F-box proteins, we attempted to use 

the same method for SOCS2, 4, 5 and 6. These SOCS proteins were stably expressed in 

MCF10A cells with a Flag-HA tag. After an overnight serum starvation, the cells were 

stimulated with a high physiological amount of EGF (100 ng/mL) and insulin (10 µg/mL), to 

stimulate the association of substrates with the SOCS proteins, and CRL activity was inhibited 

with MLN4924 to promote stable complex formation. SOCS 2, 4, 5 and 6 were pulled out of 

cells using the HA tag, eluted with HA peptide, and sent to the Harper lab for LC-MS/MS 

identification and CompPASS filtering.  

 

Unfortunately, there were very few (2-6) high confidence interacting proteins (HCIP) identified 

using this method and the CRL5 complex members were not enriched in any of the SOCS 

purifications. This failed attempt at PAC is most likely due to a few factors. First, there was lots 

of keratin contamination in this experiment that resulted in fewer real hits being identified. Next, 

we observed Flag-HA-SOCS protein expression is turned off over time in MCF10A cells, so we 

immunoprecipitated a lower amount of SOCS out of cells even though we started with the same 

number of cells as the Harper lab. SOCS protein expression is most likely turned off due to their 

inhibition of phosphotyrosine signaling. Cells that express lower levels of SOCS proteins will 

have less inhibition of phosphotyrosine signaling, which will provide a growth advantage. 

Finally, we had trouble recovering all of the Flag-HA-SOCS from the HA beads using the HA 

peptide elution. All of these problems together meant that we sent a small amount of a dirty 

SOCS material to be identified in the mass spectrometer. This method may have worked if we 

could have recovered a higher amount of a clean affinity purification.  

 

As alternative approaches to identify SOCS2 and 6-interacting proteins, we used bait proteins 

whose expression was induced with doxycycline in Flp-In T-Rex HEK293 cells. The cells were 

maintained under non-inducing conditions to avoid negative selection, and only induced at the 

time of the experiment. We also used two unrelated affinity purification mass spectrometry (AP-
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MS) methods: BioID and Flag AP-MS (257, 258). For BioID, a bait protein is fused to a 

promiscuous, mutated, biotin ligase, BirA (257). Biotin is then transferred to neighboring 

proteins, which may be isolated using streptavidin and identified using LC-MS/MS. Flag AP-MS 

is a more conventional affinity purification procedure in which the bait is fused to a Triple-Flag 

epitope tag and bound proteins are purified over anti-Flag antibody. These two methods identify 

overlapping sets of targets and have been used jointly to determine the substrates for another 

CRL, CRL1bTrCP (258-260).  

 

We generated cell lines expressing SOCS2 and SOCS6 bearing Myc-BirA and Triple Flag tags, 

as well as Myc-BirA and Triple Flag tag vector cell lines as negative controls. Three biological 

replicates of SOCS2, SOCS6 and vector alone were performed for each procedure. The cells 

were incubated with doxycycline to induce expression of the bait proteins, and sodium 

orthovanadate was added to increase tyrosine phosphorylation globally. In addition, we added 

MLN4924 to inhibit CRL activity and thereby stabilize CRL substrates from ubiquitylation and 

degradation (187). The cells were lysed and the biotinylated or Flag proteins were purified. The 

proteins were eluted with on-bead trypsin digestion and analyzed with liquid chromatography-

tandem mass spectrometry (LC-MS/MS). Peptides were identified and quantified using label-

free quantification in MaxQuant (261). We estimated the abundance of each protein in each 

replicate by averaging the quantities of its top three peptides (262). The protein abundances from 

biological triplicate experiments were then analyzed statistically using SAINTq software (263). 

For each protein detected, abundances from the bait of interest were compared with those from 

the other bait and negative control, and P value, Bayesian False Discovery Rate (FDR), and 

average fold change (FC) were reported. Here we consider the interactions that had a Bayesian 

False Discovery rate of less than ten percent as being significant.  

 
 

Figure 3.1 shows that 53 proteins interacted significantly with SOCS2 and 73 proteins interacted 

with SOCS6, colored according to their detection by BioID (red), Flag AP-MS (yellow) or both 

procedures (orange). The size of the symbol indicates the average FC over negative control from 

the biological triplicates. The lines represent protein-protein interactions previously reported in 

the STRING database (264). The two proteomics methods are complementary, identifying 
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different sets of interacting proteins. The Flag-AP-MS method identifies strong, easily 

solubilized interactions while the BioID method captures weaker, poorly solubilized proteins 

(258, 259). However, some proteins were identified by both methods, including the CRL5 

complex members Cul5, TCEB1 (ElgC) and TCEP2 (ElgB), which were doubly identified with 

SOCS2 and SOCS6. This shows that both methods were able to identify known components of 

the CRL5 complex.  
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FIGURE 3.1 BIOID AND AFFINITY PURIFICATION MS IDENTIFIES SOCS2 
AND SOCS6 INTERACTOMES  
(a and b) SOCS2 and SOCS6 interactions identified using BioID and Triple-FLAG 
affinity purification mass spectrometry, with previously identified interactions added 
from the STRING database. Triple-FLAG or Myc-BirA tagged empty vector, SOCS2, 
or SOCS6 were stably integrated into Flp-In T-Rex 293 cells. The cells were treated 
with 75 µM sodium orthovanadate, 1 µM MLN4924, 1 µg/mL Doxycycline and 2 mM 
Biotin for 24 hr, lysed and immunoprecipitated with either Flag M2 magnetic beads 
(Flag) or streptavidin agarose beads (BirA). An on-bead tryptic digestion was 
performed, followed by sample desalting. The samples were run on a Orbitrap Elite and 
peptides were identified using MaxQuant label-free quantification. The average of the 
top three peptide intensities from each biological replicate were used to estimate protein 
abundance and then run through SAINTq program. Interacting proteins shown had a 
Bayesian false discovery rate <10%. The STRING app in Cytoscape was used to 
determine the interactions between the top hits and make the figure.  

 
Other proteins implicated in general ubiquitylation or proteasome functions were detected as 

SOCS2 or 6 interactors. Both SOCS2 and 6 interacted with DCUN1D5 (DCNL5), a member of 

the DCN family of E3 Nedd8 ligases that transfer Nedd8 onto the Cullin backbone (265, 266). 

SOCS6 interacted with UBQLN1 (PLIC1), which interacts with many ubiquitin ligases and the 

proteasome (267). UBQLN1 contains ubiquitin-like and ubiquitin-associated UBA domains and 

is implicated in protein traffic, autophagy, aggresomes, and cell spreading (268-270). SOCS6 

interacted with WDR40 and WDR28, which are deubiquitinase (DUB) activators (271, 272). 

SOCS2 interacted with COPS2 and COPS3, components of the COP9 signalsome that controls 

CRL neddylation (273). 

 

Both SOCS2 and SOCS6 also interacted with the POLR2A and POLR2H subunits of RNA 

polymerase II (PolII) and various PolII-associated TAFs. POLR2A is known to bind to the 

ElgB/C adaptor subunits of CRL5 through Elongin A (ElgA), using a SOCS box in ElgA (188, 

274). Our results suggest that SOCS2 and SOCS6 may interact with POLR2A-ElgA-ElgB/C, 

which is surprising because ElgB/C is only expected to bind one SOCS box protein at a time. 

SOCS2 and 6 also bound to the autophagy regulator, AMBRA1. AMBRA1 was reported to 

interact with ElgB/C and a variety of SOCS box proteins (275). It is not known how ElgB/C 

binds to AMBRA1 at the same time as SOCS proteins.  
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We were most interested in proteins that may require phosphorylation to bind to SOCS2/6 SH2 

domains. A previous screen for SOCS6 SH2-binding proteins detected insulin receptor substrate 

(IRS)-2 and 4 and the p85a  and p85b subunits of phosphatidylinositol 3’ kinase (PI3K) (141). 

We detected IRS4 binding to SOCS2 and 6. Other SOCS-IRS family protein interactions have 

been reported, so SOCS-IRS binding may be quite general (135, 141, 144). However, SOCS6 

gene disruption does not affect insulin signaling in mice (141). We also identified STAT5b using 

SOCS2 as bait. SOCS2 null mice have prolonged STAT5b signaling (276). Our results suggest 

that SOCS2 may bind phospho-STAT5b to directly negatively regulate signaling.  

 

Known phosphotyrosine proteins that we detected binding to SOCS6 include LIM domain 

proteins TES and PDLIM5 (ENH), both of which are involved in cell-cell and cell-matrix 

attachments (277-279), as well as MLLT4 (afadin, AF6), a Ras/Rap-regulated protein which 

regulates cell-cell junctions (280). Known tyrosine-phosphorylated SOCS2-binding proteins 

include the apical membrane protein Shroom1 (281, 282), CTNNB1 (b-catenin), which regulates 

cell-cell junctions (283), Crk, a signaling adaptor protein (284, 285), Ezrin, a protein that cross-

links the plasma membrane to the active cytoskeleton (286), and the RTK EphA2 .  

 

Visual inspection of the SOCS2 and SOCS6 binding partners indicated that both proteins interact 

with a wide variety of integral membrane proteins and membrane trafficking proteins, including 

Rab1a, solute carrier family proteins SLC25A11, SLC25A10 and SLC25A6, Sec61 translocon 

component SEC61A1, Golgi secretory carrier family protein SCAMP3, and the vacuolar ATPase 

subunit ATP6V1E1. In addition, SOCS6 interacted with four different 14-3-3 family proteins 

(YWHAQ, YWHAG, YWHAH) and known 14-3-3 interactor A-Raf. Both SOCS proteins bound 

nuclear proteins and mitochondrial proteins. These interactions suggest that SOCS2 and 6 can 

enter a variety of cell compartments and interact with shared and private partners.  

 

To validate some of our candidate SOCS2-interacting proteins in a different cell type, we 

repeated the BioID assay, transiently expressing Myc-BirA, Myc-BirA-SOCS6, Myc-BirA-

SOCS2, and a SH2 domain-inactivating mutant, BirA-SOCS2R73K, in HeLa cells. Cell lysates 

were purified with streptavidin, and probed for GAPDH as a negative control and Cul5 as a 

positive control (Supplementary Fig S2). None of the BirA fusion proteins stimulated GAPDH 
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biotinylation. All three BirA fusion proteins stimulated Cul5 biotinylation, as expected. If 

MLN4924 was omitted, the Cul5 band became a doublet of Neddylated and Un-Neddylated Cul5 

(Supplementary Fig S2). We then tested candidate SOCS2-interacting proteins that have been 

reported to be tyrosine phosphorylated, including Ezrin, Crk, IRS4, EphA2, and b-Catenin. All 

of these proteins were strongly biotinylated in cells expressing BirA-SOCS2WT but not by BirA 

alone, BirA-SOCS2R73K or BirA-SOCS6 (Supplementary Fig S2). This suggests that they are in 

close proximity to SOCS2 and their interaction requires tyrosine phosphorylation.  

 

3.2.2 SOCS2 SH2 domain binds to EphA2 through autophosphorylation sites in the kinase 

domain 

We chose the candidate CRL5SOCS2 substrate, EphA2, for further study. EphA2 is over-expressed 

in breast cancer cells and its over-expression correlates with decreased EfnA1 expression and 

loss of estrogen receptor expression (252-254). Increased EphA2 expression in Her2-positive 

breast cancer patients correlates with decreased disease-free and overall survival (255). Although 

several RTKs have been reported to interact with SOCS proteins, interaction between an Eph 

family receptor and a SOCS protein has not been reported previously.  

 

BioID validation experiments confirmed that EphA2 is in close proximity to BirA-SOCS2, when 

phosphatases are inhibited (Figure 3.2a). To determine if EphA2 forms a stable complex with 

SOCS2 or SOCS6, we tested for co-precipitation with T7-tagged SOCS box mutants, 

SOCS2LCQQ and SOCS6LCQQ, which do not bind CRL5 and thus should not stimulate 

ubiquitylation and degradation (167). Endogenous EphA2 co-precipitated with T7-SOCS2LCQQ 

but not T7-SOCS6LCQQ (Figure 3.2b). These results suggest that EphA2 and SOCS2 are not only 

in close proximity but form a stable complex. To determine if Cul5 also bound EphA2, inactive 

Cul5 (T7-Cul5K724R) and Myc-EphA2 were co-expressed in Cul5-depleted HeLa cells. T7-

Cul5K724R co-precipitated Myc-EphA2 (Figure 3.2c). This suggests that CRL5SOCS2 associates 

with EphA2 when tyrosine phosphorylation is artificially stimulated with phosphatase inhibitors.  
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FIGURE 3.2 ENDOGENOUS EPHA2 FORMS A COMPLEX WITH SOCS2 AND 
CRL5, DEPENDENT ON EPHA2 KINASE ACTIVITY 
(a) EphA2 is strongly biotinylated by BirA-SOCS2. 293T cells were transiently 
transfected with either Myc-BirA, Myc-BirA-SOCS2 or Myc-BirA-SOCS6. Twenty-
four hours after transfection the cells were stimulated with 75 µM sodium 
orthovanadate, 1 µM MLN4924 and 2 mM Biotin for twenty-four hours. Following the 
stimulation, the cells were lysed and biotinylated proteins were purified using 
streptavidin agarose beads. The whole cell extract represents 1.5% of the lysate used for 
the pull down. (b) EphA2 binds T7-SOCS2. HeLa cells were transiently transfected 
with T7-GFP, T7-SOCS2LCQQ, or T7-SOCS6LCQQ. Twenty-four hours later the cells 
were stimulated with 75 µM vanadate, 1 µM MLN4924 for twenty-four hours. The cells 
were lysed and immunoprecipitated with antibody to T7 and protein A/G beads. The 
whole cell extract represents 5% of the lysate used for the pull down. (c) EphA2 binds 
to inactive Cul5 (Cul5K799R). Cul5-depleted HeLa cells were transiently transfected with 
Myc-EphA2 and either T7-GFP or T7-Cul5K799R. Twenty-four hours after transfection 
the cells were stimulated with 1 mM pervanadate for 30 min, lysed and 
immunoprecipitated with antibody to T7 and protein A/G beads. The whole cell extract 
represents 6% of the lysate used for the pull down. (d) Omission of PTP inhibitors 
prevented co-precipitation of T7-SOCS2LCQQ with EphA2. HeLa cells were transiently 
transfected with T7-GFP, T7-SOCS2LCQQ, or T7-SOCS6LCQQ. Twenty-four hours after 
the transfection half of the cells were stimulated with 75 µM sodium orthovanadate or 
PBS for twenty-four hours. Cells were lysed and immunoprecipitated with antibody to 
T7 and protein A/G beads. The whole cell extract represents 7% of the lysate used for 
the pull down. (e) EphA2-SOCS2 interaction was inhibited by Dasatinib, but not by 
SU6656. HeLa cells were transiently transfected with T7-GFP or T7-SOCS2LCQQ. 
Twenty-four hours after the transfection either DMSO, 1 µM SU6656 or 200 nM 
Dasatinib were added to the cells for two hours, then stimulated with 1 mM pervanadate 
for 30 min, lysed and immunoprecipitated with antibody to T7 and protein A/G beads. 
The whole cell extract represents 3.5% of the lysate used for the pull down. (f) Kinase-
dead EphA2 (K646M) cannot bind to T7-SOCS2LCQQ in EphA2-depleted cells. EphA2-
depleted HeLa cells were transiently transfected with either Myc-EphA2WT or Myc-
EphA2K646M and either T7-GFP or T7-SOCS2LCQQ. Twenty-four hours after transfection 
the cells were stimulated with 1 mM pervanadate for 30 min, lysed and 
immunoprecipitated with antibody to T7 and protein A/G beads. The whole cell extract 
represents 3.5% of the lysate used for the pull down. 

 

In all of our previous experiments the phosphotyrosine phosphatase inhibitors orthovanadate or 

pervanadate were added to the cells prior to lysis. To determine if phosphatase inhibition was 

required for EphA2-SOCS2 binding, we immunoprecipitated T7-SOCS2 in the presence and 

absence of inhibitors. EphA2 did not co-precipitate with T7-SOCS2LCQQ when phosphatases 

were active, providing evidence that the interaction may require tyrosine phosphorylation (Figure 

3.2d). EphA2 tyrosine phosphorylation may be catalyzed by EphA2, in an autophosphorylation 

reaction, or by cross-talk from another kinase. We used two approaches to test whether EphA2 
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activity is required for SOCS2 binding. First, we tested whether chemical inhibition of EphA2 

would inhibit SOCS2 binding. A specific inhibitor of EphA2 is not available, so we used 

Dasatinib, which inhibits EphA2, Src and several other kinases (287). EphA2-SOCS2 interaction 

was inhibited by Dasatinib (Figure 3.2e) but not by SU6656, a semi-specific Src inhibitor. 

Second, we utilized a kinase dead version of Myc-EphA2, EphA2K646M. When expressed in 

EphA2-depleted cells, Myc-EphA2K646M was not phosphorylated on the Y588 

autophosphorylation site and had decreased overall tyrosine phosphorylation (Supplementary 

Fig. S3). Myc-EphA2K646M failed to bind to T7-SOCS2LCQQ (Figure 3.2f), suggesting that EphA2 

autophosphorylation is required to bind SOCS2.  

 

To test whether EphA2-SOCS2 interaction involves the SH2 domain of SOCS2 we measured 

EphA2 binding to three SOCS2 mutants: an N-terminal deletion (ΔNT), an SH2 domain-

inactivating mutant (R73K), and SOCS-Box deletion (ΔSB) (Figure 3.3a). These mutants were 

transiently expressed in HeLa cells. The Flag-SOCS2R73K mutant failed to interact with 

endogenous EphA2, while Flag-SOCS ΔNT and ΔSB both bound strongly to EphA2 (Figure 

3.3b). This suggests that the SOCS2 SH2 domain is binding to a phosphorylation site in EphA2.  
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FIGURE 3.3 EPHA2 Y772 AND Y729 IN THE KINASE DOMAIN BIND TO 
THE SOCS2 SH2 DOMAIN 
(a) Schematics of the SOCS2 deletion and point mutant constructs used: WT, full length 
SOCS2; ΔNT, lacking amino acids 1–37; RK, point mutation at R73 in the SH2 domain 
mutated to lysine; ΔSB, lacking amino acids 159–198. (b) The SOCS2 SH2 domain is 
required to bind EphA2. HeLa cells were transiently transfected with the indicated Flag-
GFP or Flag-SOCS2 construct. Forty-eight hours after transfection the cells were 
stimulated with 1 mM pervanadate for 30 min, lysed and immunoprecipitated with Flag 
M2 magnetic beads. The whole cell extract represents 4% of the lysate used for the pull 
down. (c) Schematics depicting the cytosolic side of the EphA2 deletion mutants used: 
WT, full length EphA2; ΔJM, lacking amino acids 566–612; ΔKD, lacking amino acids 
605–905; ΔSAM, lacking all amino acids after 886. (d) The EphA2 kinase domain is 
required for binding to SOCS2. HeLa cells were transiently transfected with T7-
SOCS2LCQQ and the indicated Myc-EphA2 construct. Forty-eight hours after 
transfection the cells were stimulated with 1 mM pervanadate for 30 min, lysed and 
immunoprecipitated with antibody to T7 and protein A/G beads. The whole cell extract 
represents 2% of the lysate used for the pull down. (e) Cartoon representation of the 
EphA2 kinase domain crystal structure (PDB: 1MQB)104, with Y654, Y694, Y729 and 
Y772 displayed as green sticks. (f) Y771 and Y729 in EphA2 are required for binding 
to SOCS2. 293T cells were transiently transfected with T7-SOCS2LCQQ and either Myc-
EphA2WT, Myc-EphA2Y652F/Y694F, Myc-EphA2Y729F/Y772F, and Myc-
EphA2Y652F/Y694F/Y729F/Y772F. Twenty-four hours after transfection the cells were 
stimulated with 1 mM pervanadate for 30 min, lysed and immunoprecipitated with 
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antibody to T7 and protein A/G beads. The whole cell extract represents 7% of the 
lysate used for the pull down. 

 

The Eph receptor cytoplasmic region can be divided into four domains: a juxtamembrane 

segment, a kinase domain, a sterile alpha motif (SAM), and a PDZ-binding motif (288-290). To 

narrow down the SOCS2 binding site in EphA2, we deleted the EphA2 juxtamembrane region 

(ΔJM), kinase domain (ΔKD), and SAM domain and PDZ-binding motif (ΔSAM) (Figure 3.3c). 

T7-SOCS2LCQQ bound to the Myc-EphA2ΔJM and Myc-EphA2ΔSAM but not to Myc-EphA2ΔKD 

(Figure 3.3d), suggesting that the SOCS2 binding site is located in the kinase domain of EphA2 

and the JM and SAM regions are not required.  

 

The EphA2 kinase domain contains eleven tyrosines. We mutated each of the eleven tyrosines 

individually to phenylalanine and tested binding to T7-SOCS2LCQQ (Supplementary Fig. S4 a-c). 

SOCS2 bound to each single mutant, so we tested the effects of double (Y652/694F & 

Y729/772F) and quadruple (4YF) mutations at four reported autophosphorylation sites (291) 

(Figure 3.3e). The Y729/772F and 4YF mutants both failed to interact while WT and Y652/694F 

EphA2 bound to T7-SOCS2LCQQ (Figure 3.3f). This suggests that both Y729 and Y772 are 

required for binding. Y772 is in the kinase activation loop, raising the possibility that the double 

mutant may have reduced autophosphorylation at multiple sites, leading to decreased binding. To 

exclude this possibility, we compared the phosphorylation of the single Y772F and double 

Y729/772F mutants (Supplementary Fig. S4d). Both mutants were phosphorylated similarly, but 

only the single Y772F mutant binds SOCS2, suggesting that both Y772 and Y729 are required 

for binding. 

 

3.2.3 EfnA1 induces EphA2 binding to SOCS2 

To test whether SOCS2 binds to EphA2 under physiological conditions, we stimulated cells with 

EfnA1-Fc, a dimer of EfnA1. HeLa cells were transfected with T7-SOCS2LCQQ, serum starved, 

and incubated with either EfnA1-Fc or with control Fc for various times. T7-SOCS2LCQQ was 

immunoprecipitated and associated EphA2 was detected by immunoblotting. EfnA1-Fc but not 

Fc stimulated co-precipitation of EphA2 with SOCS2, with maximal binding 90-120 min after 

stimulation (Figure 3.4a, b). 
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FIGURE 3.4 EPHA2 ACTIVATION BY EFNA1 STIMULATES SOCS2-EPHA2 
BINDING AFTER A DELAY 
(a) EfnA1 stimulates EphA2 binding to SOCS2 and the binding kinetics lag behind 
EphA2 phosphorylation. HeLa cells were transiently transfected with T7- SOCS2LCQQ 
or T7-GFP. Twenty-four hours after transfection the cells were starved in DMEM 0.5% 
BSA 10 mM HEPES for 4 hr. EfnA1-Fc or Fc (1 µg/mL) was added to cells, cells were 
then lysed at the indicated time, immunoprecipitated with antibody to T7 and then anti-
mouse IgG Sepharose beads. The whole cell extract represents 6% of the lysate used for 
the pull down. (b) pY588-EphA2-peaks 15 min after EfnA-Fc addition and binding 
peaks 120 min after EfnA-Fc addition. Western blot images from Fig. 5a were analyzed 
using the ImageQuantTL software. Samples were normalized to time zero. (c) pY-
EphA2, pY771, pY588 EphA2 display similar phosphorylation dynamics. HeLa cells 
were starved in DMEM 0.5% BSA 10 mM HEPES for 4 hr followed by 1 µg/mL 
EprinA1-Fc stimulation. Cells were lysed at the indicated time-points, 
immunoprecipitated with antibody to EphA2 and A/G agarose beads. The whole cell 
extract represents 12% of the lysate used for the pull down. (d) Quantification of EphA2 
phosphorylation after EfnA1-Fc stimulation. Western blot images from the 
immunoprecipitation were analyzed using the ImageQuantTL software and normalized 
to time zero. 
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We tested whether SOCS association paralleled EphA2 phosphorylation by immunoblotting. 

Unfortunately, a phosphoepitope antibody to pY772 bound a co-migrating protein; however, an 

antibody to the major juxtamembrane autophosphorylation site, pY588 was specific 

(Supplementary Fig. S5). Addition of EfnA1-Fc but not Fc stimulated pY588-EphA2 

phosphorylation, with maximal phosphorylation 15-30 min after stimulation (Figure 3.4a, b). 

Together this suggested that EfnA1 stimulates EphA2-SOCS2 association, but binding is delayed 

relative to EphA2 autophosphorylation at pY588.  

 

We considered that EphA2-SOCS2 binding might be delayed because phosphorylation of the 

SOCS binding site, Y772, may also be delayed. The pY772 antibody is fairly specific for 

phosphorylation at Y772 when it is used on EphA2 immunoprecipitates (Supplementary Fig S5). 

Therefore, we immunoprecipitated EphA2 at various times after EfnA1-Fc stimulation and 

probed immunoblots with antibodies to pY772, pY588 and total phosphotyrosine (Figure 3.4c). 

Phosphorylation of all sites peaked around 15-30 min (Figure 3.4d). Taken together, these results 

indicate that SOCS2 binding is increasing at the same time as pY772 phosphorylation is 

decreasing. This was surprising, and suggested additional regulation of EphA2-SOCS2 

interaction. 

 

3.2.4 SOCS2 associates with internalized EphA2  

Efn’s activate Eph’s at the cell surface and then induce receptor internalization (292). We 

wondered whether the delayed binding of SOCS2 to EphA2 reflects a dependence on EphA2 

internalization. We followed EphA2 internalization using MDA-MB-231 cells, which have high 

levels of EphA2 and low levels of EfnA1 (Supplementary Fig. S6 a). Flag-HA-SOCS2LCQQ was 

stably expressed in these cells. To inhibit internalization and synchronize receptor traffic, cells 

were pre-incubated with EfnA1-Fc in the cold for 1 hr. Under these conditions, EphA2 was 

mostly on the plasma membrane and Flag-HA-SOCS2LCQQ was diffusely distributed in the 

cytoplasm (Figure 3.5a). Unbound EfnA1-Fc was then washed off and the cells were rapidly 

warmed to 37°C to induce internalization. EphA2 rapidly translocated into intracellular vesicles, 

where it co-localized extensively with SOCS2 (Figure 3.5a). Co-localization was maximal 30 to 

120 min after warming (Figure 3.5b). Immunoblotting showed that the receptor becomes 
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phosphorylated during the pre-incubation with EfnA1-Fc at 4°C and is progressively 

dephosphorylated after warming (Supplementary Fig. S6 b). These results suggest that SOCS2 

does not bind to active EphA2 at the plasma membrane and only associates with EphA2 after 

internalization, when EphA2 phosphorylation is declining.  

 
FIGURE 3.5 SOCS2 ASSOCIATES WITH INTERNALIZED EPHA2 
(a) EfnA1 stimulates EphA2 internalization and association of SOCS2LCQQ with 
endosomes containing EphA2. Flag-HA-SOCS2LCQQ was stably expressed in MDA-
MB-231 cells. Cells were starved in DMEM 0.5% BSA 10 mM HEPES for 4 hr 
followed by a 1 hr incubation with EfnA1-Fc (1 µg/mL) on ice. The ligand was washed 
off and the cells were placed at 37 °C for the indicated amount of time before being 
fixed. Fixed and permeabilized cells were stained with anti-Flag M2, anti-EphA2 and 
appropriate secondary antibodies. Images are a single Z-section. Exposure and 
brightness/contrast are the same for all pictures. Scale bar: 20 µm. (b) EphA2-SOCS2 
co-localization is maximal 120 min after EfnA1-Fc addition. EphA2 vesicles were 
identified using the find object function in the Volocity Software. The intensities of 
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EphA2 (circles) and SOCS2 (square) in these vesicles were measured. Points are mean 
and standard error of the mean of two biological independent experiments. 

 

We next tested whether SOCS2 relocalization required EphA2 activation and the SOCS2 SH2 

domain. SOCS2 did not localize to endosomes in cells stimulated with Fc, suggesting that 

EphA2 activation is required for relocalization (Figure 3.6a, Flag-HA-SOCS2LCQQ + Fc). 

Relocalization did not require CRL5 binding (compare Flag-HA-SOCS2WT and Flag-HA-

SOCS2LCQQ, Figure 3.6a). However, SH2 domain mutant Flag-HA-SOCS2R73K did not re-

localize, suggesting that SH2 domain-phosphotyrosine interaction is involved (Figure 3.6a). The 

vesicles that contain EphA2 at 120 min also contain EfnA1-Fc, suggesting that the ligand has not 

been degraded (Supplementary Fig. S7). The SOCS2/EphA2/EfnA1-Fc vesicles are surrounded 

by the endosomal markers EEA1 and LAMP1 (Figure 3.6b and c). This suggests that EphA2 

receptor and EfnA1-Fc ligand are internalized and remain together, and the receptor traffics 

through the endosomal system where it associates with SOCS2. The presence of both EEA1 and 

LAMP1 on SOCS2/EphA2/EfnA1-Fc vesicles was surprising because they mark early and late 

endosomes, respectively (33, 293). However, EphA2 is degraded slowly after EfnA1-Fc 

stimulation, (52, 287, 294) so these endosomes may be still maturing from early endosomes into 

a multi-vesicular body. Altogether, these results suggest that EfnA1-Fc stimulation induces 

EphA2 phosphorylation and internalization, and SOCS2 only binds to autophosphorylated 

EphA2 after internalization to endosomes. 
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FIGURE 3.6 REQUIREMENT FOR SOCS2-EPHA2 CO-LOCALIZATION 
(a) SOCS2-EphA2 co-localization on endosomes requires EfnA1 stimulation and 
SOCS2-EphA2 interaction, but not SOCS2-CRL5 interaction. Flag-HA-SOCS2WT and 
Flag-HA-SOCS2LCQQ but not Flag-HA-SOCS2R73K form puncta 120 min after 
stimulation with EfnA1-Fc but not Fc. The Flag-HA-SOCS2 puncta co-localize with 
EfnA1-Fc. The indicated Flag-HA-SOCS2 constructs were stably integrated into MDA-
MB-231 cells. Cells were starved in DMEM 0.5% BSA 10 mM HEPES for 4 hr 
followed by a 1 hr incubation with EfnA1-Fc or Fc (1 µg/mL) on ice. The ligand was 
washed off and the cells were placed at 37 °C for the indicated times and then fixed. 
Fixed and permeabilized cells were stained with anti-Flag M2, anti-EphA2 and 
appropriate secondary antibodies. Scale bar: 25 µm. (b) Endosomes that contain EfnA1-
Fc are associated with LAMP1 and EEA1. Cells were starved and stimulated as in (a). 
Fixed and permeabilized cells were stained with anti-LAMP1, anti-Fc, anti-EEA1. 
Scale bar: 15 µm. (c) SOCS2 associates with EEA1-positive endosomes that contain 
EfnA1-Fc. Cells were starved and stimulated as in (a). Fixed and permeabilized cells 
were stained with anti-Flag M2, anti-Fc, anti-EEA1. Scale bar: 15 µm. In all cases, 
images are maximum intensity projections of 3 Z-sections. The scaled intensity is 
unequal in some images to allow for visualization. See methods for details. 
 

3.2.5 SOCS2 overexpression induces EfnA1 expression and down regulates EphA2 

The delayed binding of SOCS2 to EphA2 at late endosomes led us to hypothesize that 

CRL5SOCS2 may catalyze EphA2 ubiquitylation after it has been internalized, providing a signal 

for incorporation into intraluminal vesicles and targeting for lysosomal degradation. To test 

whether SOCS2 regulates EphA2 degradation, we measured endogenous EphA2 levels in cells 

co-overexpressing SOCS2 and ElgB/C, which stabilizes SOCS2 (94). Over-expressed SOCS2WT 

decreased EphA2 protein but not RNA, suggesting that degradation may be increased (Figure 

3.7a). To test whether SOCS2-induced EphA2 down-regulation involved CRL5, we over-

expressed SOCS2LCQQ, which does not interact with CRL5. This mutant was less effective than 

SOCS2WT in down-regulating EphA2 (Figure 3.7a), but it was also under-expressed relative to 

SOCS2WT, presumably because SOCS2LCQQ is not stabilized by ElgB/C (167). As an alternative 

approach, we tested whether SOCS2WT would induce EphA2 down-regulation in Cul5-depleted 

cells. EphA2 levels declined when SOCS2WT was expressed even when Cul5 was absent (Figure 

3.7b). This suggests that SOCS2 targets EphA2 for degradation independent of CRL5.  
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FIGURE 3.7 SOCS2WT OVER-EXPRESSION DOWN-REGULATES EPHA2 VIA 
THE LYSOSOME   
(a) SOCS2WT but not SOCS2LCQQ overexpression decreases EphA2 protein level. HeLa 
cells were transiently transfected with ElgB/C and either T7-GFP, T7-SOCS2WT, or T7-
SOCS2LCQQ. Total protein or RNA was harvested from the cells 48 hours after 
transfection. Proteins were analyzed by Western blotting. RNA was quantified using the 
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ΔΔCt method with SYBR Green qPCR. Bars are mean and standard deviation of three 
independent experiments. (b) SOCS2 over-expression stimulates EphA2 down-
regulation independent of CRL5. Control or Cul5-depleted HeLa cells were transiently 
transfected with ElgB/C and either T7-GFP, T7-SOCS2WT, or T7-SOCS2LCQQ. Forty-
eight hours after transfection cell lysate was harvested and analyzed by Western 
blotting. (c) Lysosomal but not proteasomal inhibitors block the SOCS2-induced 
decrease in EphA2. HeLa cells were transiently transfected with ElgB/C and either T7-
GFP, T7-SOCS2WT, or T7-SOCS2LCQQ. Forty-eight hours after transfection, DMSO, 
Bafilomycin or MG132 was added to the cells for a further 24 hr before lysis and 
analysis by Western blotting. (d) SOCS2 overexpression stimulates EphA2 
ubiquitylation, that is further increased by lysosome, but not proteasome, inhibitors. 
HeLa cells were transiently transfected with ElgB/C and either T7-GFP, T7-SOCS2WT, 
or T7-SOCS2LCQQ. Forty-eight hours after transfection, DMSO, Bafilomycin or MG132 
was added to the cells for 4 hr before lysis. Lysates were incubated with agarose or 
agarose-TUBE1 beads and ubiquitylated proteins were analyzed by Western blotting. 
The whole cell extract represents 2% of the lysate used for streptavidin pull down. 

 

To understand the mechanism by which SOCS2 down-regulates EphA2, we tested whether 

SOCS2-induced EphA2 down-regulation is inhibited by proteasomal or lysosomal inhibitors, 

MG132 and Bafilomycin, respectively. EphA2 levels increased when the lysosome but not 

proteasome was inhibited, in control cells and cells over-expressing SOCS2, suggesting that 

SOCS2 increases the basal rate of lysosomal degradation of EphA2 (Figure 3.7c). To determine 

if SOCS2 stimulates EphA2 ubiquitylation, we isolated ubiquitylated proteins using Tandem 

Ubiquitin Binding Entities (TUBEs) (295). Total protein ubiquitylation was not affected by 

lysosomal or proteasomal inhibitors or SOCS2 over-expression, so any differences in EphA2 

abundance in the pulldowns can be attributed to changes in EphA2 ubiquitylation state (Figure 

3.7d). EphA2 ubiquitylation was increased by Bafilomycin, consistent with destruction of 

ubiquitylated EphA2 by the lysosome. EphA2 ubiquitylation increased further when SOCS2WT 

was over-expressed, despite a decrease in total EphA2 levels (Figure 3.7d). Curiously, EphA2 

ubiquitylation was reduced by MG132, potentially because MG132 depletes the free ubiquitin 

pool available for K63-linked ubiquitylation or multi-monoubiquitylation of proteins destined for 

lysosomal degradation (23, 296). These results suggest two things: first, that EphA2 is 

constitutively ubiquitylated and degraded by the lysosome, and second, that SOCS2WT 

overexpression stimulates muti-monoubiquitylation or polyubiquitylation and lysosomal 

degradation of EphA2.  
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SOCS2 may induce EphA2 turnover by a variety of indirect mechanisms. One possibility is that 

SOCS2 might increase production of EfnA1, thereby stimulating EphA2 lysosomal degradation. 

To assay EfnA1 gene expression, we measured EfnA1 mRNA levels in control and SOCS2 over-

expressing cells. Remarkably, EfnA1 mRNA was strongly induced by SOCS2 over-expression 

(Figure 3.8a). This suggests that SOCS2 may down-regulate EphA2 indirectly, by inducing 

EfnA1 and stimulating EphA2 lysosomal degradation. To check if EfnA1 is required for SOCS2-

induced EphA2 down-regulation, we knocked down EfnA1 in control and SOCS2-expressing 

cells. Indeed, the EphA2 protein to RNA ratio was negatively correlated with the level of EfnA1 

expression (Figure 3.8b-d). Taken together, these results are consistent with a model in which 

SOCS2 over-expression induces EfnA1 gene expression, and autocrine stimulation by EfnA1 

increases ubiquitylation and lysosomal turnover of EphA2, potentially by CRL5SOCS2-

independent mechanisms.  
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FIGURE 3.8 ENDOGENOUS ENFA1 PROMOTES TURNOVER OF EPHA2 
(a) SOCS2WT but not SOCS2LCQQ overexpression induces EfnA1 expression. HeLa cells 
were transiently transfected with ElgB/C and either T7-GFP, T7-SOCS2WT, or T7-
SOCS2LCQQ. Total protein or RNA was harvested from the cells 48 hours after 
transfection. Proteins were analyzed by Western blotting. RNA was quantified using the 
ΔΔCt method with SYBR Green qPCR. Bars are mean and standard deviation of three 
independent experiments. These are the same RNA samples analyzed in Fig. 7a. (b–d) 
EfnA1-depletion inhibits EphA2 down-regulation in cells overexpressing SOCS2WT. 
HeLa cells were transfected with the indicated siRNA, allowed to recover for 36 hours, 
then transfected again with the same siRNA. One day later, the cells were transfected 
with ElgB/C and either T7-GFP or T7-SOCS2WT. Forty-eight hours later, total protein 
or RNA was harvested. (b) Protein was analyzed by Western blotting. (c) RNA was 
quantified using SYBR Green qPCR and the ΔΔCt method. Bars are mean and standard 
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deviation of two biological independent experiments. (d) EphA2 protein to RNA ratio is 
inversely correlated with the amount of EfnA1 RNA. 

3.3 DISCUSSION 

SOCS proteins inhibit phosphotyrosine signaling in immune cells by several mechanisms, 

including directly inhibiting tyrosine kinases, masking phosphorylation sites, and recruiting 

CRL5 to ubiquitylate and ultimately degrade phosphorylated targets (297). To gain insights into 

SOCS functions in non-immune cells, we sought new SOCS binding proteins by performing the 

first large scale affinity enrichment proteomics screens of SH2 domain-containing SOCS 

proteins. We detected 48 proteins that interacted with SOCS2 and 74 proteins that interacted 

with SOCS6. We found known interaction partners, including proteins involved in ubiquitylation 

or the proteasome, the CRL5 complex, and RNA polymerase II. One unresolved mystery is how 

SOCS2 and SOCS6 bind to proteins such as RNA pol II, that have their own substrate receptors 

(274). Of the new SOCS2/6-interacting proteins detected, only a few were annotated as tyrosine 

kinase substrates and few were clearly signaling proteins. Notably, both SOCS2 and 6 interacted 

with a variety of transmembrane proteins and vesicle traffic proteins, perhaps indicating a role 

for SOCS proteins in protein traffic. 

 

We chose a set of SOCS2-interacting proteins previously reported to be tyrosine phosphorylated 

for functional validation. These proteins (Ezrin, Crk, IRS4, EphA2 and b-catenin) were 

confirmed to interact with SOCS2 and not SOCS6 in another cell type. Interactions were 

diminished when the SOCS2 SH2 domain was inactivated, suggesting that the interaction is 

mediated by phosphotyrosine. However, many of the other proteins we detected are not known to 

be tyrosine phosphorylated. Binding of these proteins may involve the divergent N-terminal 

regions of SOCS2 and SOCS6. SOCS6 in particular has a very long N-terminus (384 amino 

acids). Some of the non-phosphorylated proteins identified in our screen may bind to the N-

termini of SOCS2 and SOCS6 and further study of the interactions will help elucidate the 

function of this region. The novel hits that we identified may help define additional biological 

roles for SOCS proteins in epithelial cell biology. 
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We focused on EphA2 as a representative of a group of tyrosine-phosphorylated proteins that 

interact with SOCS2 and each other (according to the STRING database), suggesting SOCS2 

SH2-phosphotyrosine interactions. Indeed, EphA2-SOCS2 binding requires the SOCS2 SH2 

domain, EphA2 autophosphorylation in the kinase domain, and two kinase domain tyrosine 

residues, Y772 and Y729. Y772 is the activation loop tyrosine - a well-known EphA2 

autophosphorylation site. This region is disordered when EphA2 is active and may be accessible 

to the SOCS2 SH2 domain (227, 228). Y729 was once identified as an autophosphorylation site 

(291) but this may not be the case (298). It is possible that Y729 plays a structural role in binding 

SOCS2. The results suggest that phosphorylation of Y772 by EphA2 creates a binding site for 

SOCS2, with contribution from Y729.  

 

SOCS2 binding to EphA2 was stimulated by the EphA2 ligand EfnA1, suggesting it may be 

physiologically important. Curiously, however, EphA2-SOCS2 interaction did not parallel 

EphA2 phosphorylation. Rather, EphA2-SOCS2 binding lagged behind EphA2 phosphorylation 

by 30-60 min. Delayed binding of RTKs to SOCS proteins has been observed before. SOCS2 

binds to IGF-IR 40 min after IGF-I stimulation (154), which is 20 min after phosphorylation has 

peaked (299). Kit ligand activates Kit phosphorylation at 5 min, but SOCS6 binding to Kit is 

maximal 30-60 min later (162). This suggests that other factors may regulate RTK-SOCS 

binding in cells. For example, a SOCS protein may be unable to bind an RTK soon after 

activation due to masking of the binding site by other molecules. Alternatively, there may be 

delayed activation, recruitment or induction of other factors that are needed to stabilize the RTK-

SOCS interaction. In the case of SOCS2 and EphA2, we found that delayed binding may reflect 

a requirement for ligand-stimulated EphA2 internalization. SOCS2 and EphA2 did not co-

localize significantly at the cell surface, but co-localized on endosomes after EfnA1-Fc 

stimulation. These endosomes persisted for up to 2 hours and contained EfnA1-Fc and EphA2 

together with EEA1 and LAMP1, markers for early and late endosomes. This suggests that 

SOCS2-EphA2 association may be blocked at the plasma membrane or stimulated on 

endosomes. If the latter, then SOCS2 binding to EphA2 may be stabilized by secondary 

interactions between SOCS2 and endosomal membranes, perhaps through binding interactions 

we detected with endosomal proteins such as the vacuolar ATPase and SCAMP3. There may 

also be avidity effects: EphA2 is much more concentrated on endosomal membranes after 
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internalization than on the plasma membrane, and the increased density of EphA2 in endosomes 

may decrease the SOCS2 dissociation rate and increase the effective avidity. 

 

EphA2 undergoes constitutive endocytosis and rapid recycling back to the surface regardless of 

ligand stimulation (300). This constitutively internalized EphA2 may be spontaneously activated 

at the surface, perhaps by crowding, and is dephosphorylated in Rab11-positive endosomes 

before recycling back to the surface (52, 300). When ligand is added, some of the internalized 

EphA2 is diverted to the lysosome (48). We found that inhibiting the lysosome but not the 

proteasome increased ubiquitylation of EphA2 and the total level of EphA2, suggesting that a 

portion of EphA2 is constitutively targeted to the lysosome for degradation. Since HeLa cells 

express endogenous EfnA1, this constitutive turnover may be due to autocrine activation of 

EphA2 by EfnA1 made in the same cell or neighboring cells. When SOCS2 was over-expressed, 

endogenous EfnA1 production increased, as did the ubiquitylation and lysosomal degradation of 

EphA2. Indeed, SOCS2-induced down-regulation of EphA2 required EfnA1. Moreover, the 

SOCS2-stimulated degradation of EphA2 was Cul5-independent. This suggests that the effect of 

over-expressed SOCS2 on EphA2 is quite indirect, involving induction of EfnA1 and increased 

EfnA1-induced internalization and degradation of EphA2.  

 

EphA2 has been reported to bind to two additional E3 ubiquitin ligases: Cbl and UBE4A-SLAP. 

Cbl binds to activated EphA2 and Cbl over-expression increases ubiquitylation and degradation 

of over-expressed EphA2 (52, 245, 246). The adaptor protein Src-like adaptor protein (SLAP) 

binds to Y594 in the EphA2 juxtamembrane region, which then recruits to the E3 Ub ligase 

UBE4A (249). UBE4A-SLAP has been shown to ubiquitylate EphA2 in cells and in vitro, and 

knockdown of SLAP or of UBE4A slightly increased total EphA2 protein in colorectal cancer 

cell lines. Cbl or SLAP-UBE4A may be responsible for the increased turnover of EphA2 in 

SOCS2-overexpressing cells.  

 

Ligand activation of other RTKs stimulates binding to various E3s, including Cbl, as well as 

SOCS proteins. For example, insulin stimulates INSR-SOCS1,3,6; Flt ligand stimulates Flt3-

SOCS1,2,6; EGF stimulates EGFR-SOCS2,3,4,5,6; and SCF stimulates Kit-SOCS1,4,6 (78, 130, 

149, 152, 153, 155, 158-160, 162, 163, 301, 302). However, all of these SOCS-RTK interactions 



 72 

have been shown using exogenous expression of the SOCS protein and the 

biological/mechanistic links between SOCS and RTKs have been elucidated through SOCS 

overexpression studies. Additionally, none of these studies checked mRNA expression of the 

RTK or their associated ligand(s). Our results suggest that SOCS overexpression may result in 

indirect effects on RTK ligand expression and this can provide a biological/mechanistic link 

between SOCS and RTKs. If SOCS overexpression increases ligand expression for other RTKs, 

then the indirect effects of increased ligand expression will need to be separated from the direct 

effect of SOCS-CRL5 down regulating the RTK protein. The key experiment will be to perform 

loss of function studies on these SOCS-RTK interactions to confirm conclusions made with 

exogenously expressed SOCS. Either way there is a need for more studies on RTK-SOCS 

interactions to confirm the mechanism and biological roles of these interactions. 

 
NOTE: Work in chapter 3 was first published in the Journal Scientific Reports in an article 
entitled “SOCS2 Binds to and Regulates EphA2 through Multiple Mechanisms” written 
by Carissa Pilling and Jonathan A. Cooper. This work is licensed under CC BY 4.0. Reference to 
the original work is in the following citation (303). 
 
  



 73 

Chapter 4. INCREASED EGFR LIGAND PRODUCTION IN CUL5-

DEPLETED CELLS PROMOTES GROWTH IN 

EGF-FREE MEDIA 

4.1 INTRODUCTION 

The epidermal growth factor receptor (EGFR/ErbB) family of receptor tyrosine kinases consists 

of four family members: ErbB1/EGFR, ErbB2/Her2, ERBB3/Her3 and ERBB4/Her4. The ErbB 

family members are single pass transmembrane receptors that possess intrinsic kinase activity, 

with the exception of ErbB3 that has no tyrosine kinase activity. Similar to other RTKs, the ErbB 

receptors hetero and homodimerize upon ligand binding, this leads to transphosphorylation of the 

receptor in the kinase activation loop, activation of the kinase, phosphorylation of the 

cytoplasmic side of the receptor and binding/activation of downstream signaling pathways (304-

306). 

 

There are thirteen known ErbB family ligands: epidermal growth factor (EGF), transforming 

growth factor (TGF-a), Heparin-binding EGF-like growth factor (HB-EGF), amphiregulin 

(AREG), betacellulin (BTC), epigen (EPGN), epiregulin (EREG), neuroregulin-1 (NRG-1), 

neuroregulin-2 (NRG-2), neuroregulin-3 (NRG-3), and neuroregulin-4 (NRG-4). The most well 

studied ErbB family member, EGFR, has been shown to bind to seven of these ligands: EGF, 

TGF-a, AREG, BTC, HB-EGF, EREG and EPGN (307). The Her2 receptor cannot bind to any 

of these ligands. However, EGFR can form EGFR/Her2 heterodimers when it binds to some of 

these ligands (308). 

 

Upon ligand binding, EGFR is autophosphorylated tyrosine 845 in the kinase activation loop 

(Y845). This then leads to autophosphorylation at Y1045, Y1068, Y1086, Y1148 and Y1173 on 

the receptor (306). Each of these sites recruits downstream signaling molecules. The main 

signaling pathways activated in response to EGFR ligand binding are the mitogen-activated 

protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K)-AKT, STAT and Src pathways 

(308). 



 74 

 

EGFR activity is negatively regulated somewhat through PTP-catalyzed dephosphorylation but 

phosphate is rapidly re-added as long as the kinase is active. Instead, most EGFR down-

regulation is through the internalization of EGFR into endosomes inside of the cell (309). The 

fate of early endosomes containing an EGFR-ligand pair is controlled by the relative affinity of 

the ligand to the receptor. The pH on the inside of the endosome decreases as the early endosome 

matures into a late endosome. If the ligand dissociates after a relatively mild change in pH, early 

on during endosome maturation, then EGFR is diverted to the fast recycling pathway where the 

receptor is trafficked back to the plasma membrane. Recycled receptors can bind to and be 

activated by another ligand. However, ligand-receptor pairs that remain bound as the endosome 

matures and the pH drops are targeted to the late endosome and eventually to the lysosome for 

degradation. Sustained kinase activity during late endosome trafficking creates binding sites for 

E3 ubiquitin ligases that are needed to sustain ubiquitylation for recognition by the ESCRT 

complex that will pinch the receptor off into the multivesicular body (42, 44, 310). 

 

MCF10A cells are normal breast epithelial cells that are commonly used to analyze epithelial 

transformation (311-313). Due to their normal phenotype MCF10A cells require EGF, Insulin, 

and hydrocortisone in the media to grow in culture. Many transformation assays make use of a 

EGF-free media (full growth media without EGF and low serum), because untransformed 

MCF10A cells cannot proliferate under these conditions (313). Our lab recently found that Cul5-

depleted cells can grow in EGF-free media, suggesting that Cul5 acts a tumor suppressor in 

MCF10A cells to prevent their growth-factor independent proliferation (143). To better 

understand this growth-factor independence, we investigated the role of the EGFR in this 

phenotype. 

4.2 RESULTS 

To test if EGFR was required for the increased growth of the Cul5-depleted cells in EGF-free 

media, we depleted EGFR with siRNA. EGFR-depletion caused the Cul5-depeleted cells to grow 

at the same rate as control cells, suggesting EGFR was required for their growth in EGF-free 

media (Figure 4.1a). Because EGFR is kinase we next tested if EGFR kinase activity was also 

required for the increased growth of the Cul5-depleted cells. Cells were grown in the presence of 
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the EGFR specific kinase inhibitor, AG1478 (314, 315). The growth of the control cells was 

unaffected by the presence of AG1478, but the Cul5-depleted cells grew at the same rate as 

control cells (Figure 4.1b). This indicated that the kinase activity of EGFR was required for the 

growth of the Cul5-depleted cells.  

 
FIGURE 4.1 EGFR KINASE ACTIVITY IS REQUIRED FOR EGF-
INDEPENDENT GROWTH OF CUL5-DEPLETED CELLS 
(a) EGFR is required for EGF-independent growth of Cul5-depleted cells. MCF10A 
cells were reverse transfected with the indicated siRNA overnight in complete growth 
media. The next day the media was removed and replaced with EGF-free media. One 
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plate was fixed when the media was removed and the other was fixed 72 hours later. 
Plates were stained with crystal violet. Bars are mean and SEM of the 72 hour to zero 
hour crystal violet stain, normalized to the control condition. (b) EGFR kinase activity 
is required for EGF-independent growth of Cul5-depleted cells. MCF10A cells were 
plated in complete growth media and allowed to sit down overnight. The next day the 
media was removed and replaced with EGF-free media containing the indicated drug. 
One plate was fixed when the media was removed and the other was fixed 72 hours 
later. Plates were stained with crystal violet. Bars are mean and SEM of the 72 hour to 
zero hour crystal violet stain, normalized to the control condition. (c) Cul5-depleted 
cells grown in EGF-free media for 48 hours have increased EGFR phosphorylation. The 
indicated MCF10A cells were grown to sub-confluence and then switched to EGF-free 
media. 48 hours after the media change the cells were harvested, EGFR was 
immunoprecipitated and analyzed using Western blotting. The Western blotting from 
the biological triplicates were quantified using ImageQuantTLV2005. Bars are mean 
and SD. 
 

Since many SOCS proteins have been shown to bind to EGFR and SOCS overexpression 

increases EGFR ubiquitylation and degradation (76, 140, 152, 155, 159, 160, 163), we wondered 

whether EGFR levels or phosphorylation are altered in Cul5-deficient cells. Indeed, one of our 

early mass spectrometry screens showed an increase in one EGFR phosphotyrosine peptide in 

Cul5-deficient cells (143). To validate this observation, control and Cul5-depleted cells were 

harvested after 48 hours in EGF-free media and EGFR was immunoprecipitated. The 

immunoprecipitates were probed for the autophosphorylation sites: pY845, pY1173, pY1045 and 

total tyrosine phosphorylation. The amount of total EGFR pulled down was the same in the 

control and Cul5-depleted cells. However, Cul5-depleted cells had a large increase in pY845, 

pY1773 and total pY and a slight increase in pY1145 (Figure 4.1c). This indicated one of two 

things: either degradation of phospho-EGFR was diminished upon Cul5-depletion or EGFR 

autophosphorylation was increased in Cul5-depleted cells, perhaps through increased kinase 

activity of EGFR.  

 

One of the increased phosphotyrosine residues, Y845, is located in the kinase activation loop of 

EGFR. Phosphorylation of Y845 stabilizes the kinase domain activation loop leading to an active 

kinase (316). Src kinase, in addition to EGFR kinase, can phosphorylate Y845 (317, 318) and we 

previously found Src kinase activity is increased in Cul5-depleted cells grown in full growth 

media (143). This raises the possibility that increased EGFR kinase activity/phosphorylation may 

be caused by Src. To determine whether increased EGFR phosphorylation in Cul5-depleted cells 
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needed EGFR kinase activity, we used two inhibitors: Lapatinib, an EGFR/Her2 dual kinase 

inhibitor, and AG1478, a EGFR inhibitor (314, 315, 319-321). MCF10A control and Cul5-

depleted cells were incubated in EGF-free media for 48 hours in the presence of these inhibitors 

and either harvested or stimulated with EGF for 5 min to check the activity of the inhibitors. 

Both inhibitors prevented EGFR phosphorylation after acute EGF stimulation, confirming that 

they inhibit autophosphorylation (Figure 4.2 right). In the EGF-free media Lapatinib and 

AG1478 both inhibited the increase pY845 phosphorylation seen in the Cul5-depleted cells 

(Figure 4.2). These results suggested that Cul5 depletion stimulates EGFR pY845 

autophosphorylation due either to increased EGFR kinase activity or decreased degradation of 

pY-EGFR.  

 
FIGURE 4.2 EGFR IS ACTIVATED BY AUTOPHOSPHORYLATION IN 
CUL5-DEPLETED CELLS 
Increased EGFR phosphorylation in Cul5-depleted cells requires EGFR kinase activity. 
The indicated MCF10A cells were grown to sub-confluence and then switched to EGF-
free media with the indicated inhibitors. 48 hours after the media change the cells were 
treated with 50 nM of EGF for 5 min before harvest. Cells were then analyzed using 
Western blotting. 
 

To differentiate between these two possibilities, we analyzed pY-EGFR levels at different time 

points after moving the cells to EGF-free media. If the increased phosphorylation at 48 hours 

was due to decreased degradation of pY-EGFR then the amount of pY-EGFR should not change 

over time. When the cells are in EGF-containing media, total EGFR is low (Figure 4.3a, Time 0). 

This is presumably due to EGF-induced phosphorylation of EGFR that leads to lysosomal 

degradation of the receptor (322). When the cells are moved to EGF-free media, total EGFR 

levels begin to increase and come to a new equilibrium due to the decreased degradation of pY-
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EGFR. Total EGFR levels in control and Cul5-depleted cells increase at the same rate (Figure 

4.3b). Phosphorylation of Y845 is high when the cells are in full growth media (0 hour) and dips 

to barely detectable levels after 16 hours in EGF-free media. In the control cells pY845 levels 

remain low over the next 72 hours in EGF-free media. However, pY845 levels in the Cul5-

depleted cells start to rise over the next 56 hours and eventually are at the same level as observed 

in full growth media (Figure 4.3a, b). This result indicated that activation of EGFR kinase in 

Cul5-depleted cells occurred gradually over time in EGF-free media. 

 
FIGURE 4.3 EGFR ACTIVITY INCREASES OVER TIME IN EGF-FREE 
MEDIA 
(a) EGFR activity decreases, and receptor levels rebound, upon EGF withdrawal, but 
EGFR activity then increases over time in Cul5-deficient cells. The indicated MCF10A 
cells were grown to sub-confluence and switched to EGF-free media. The cells were 
harvested at the indicated times, EGFR was immunoprecipitated and then analyzed by 
Western blotting. (b) Quantification of biological triplicate Western blots in panel A. 
The Western blotting from the biological triplicates panel A were quantified using 
ImageQuantTLV2005. Points are mean and SD of biological triplicates. 
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Previous reports have shown that MCF10A cells expressing an oncogene are able to make EGFR 

ligands in EGF-free media, that can then activate EGFR in an autocrine manner (323). This 

combined with the gradual increase in pY-EGFR in Cul5-depleted cells led us to hypothesize 

that one or multiple EGFR ligand(s) are accumulating in the EGF-free media of Cul5-depleted 

cells over time. Increased expression of EGFR ligand(s) could activate the EGFR kinase, which 

in turn could activate the transcription of these ligand(s) resulting in a positive feedback loop. 

This could cause a gradual increase in extracellular ligand abundance and activation of EGFR 

kinase activity over time. To test this model, we tested whether the EGFR ligand-binding domain 

is required for the growth of Cul5-depleted cells. A growth assay was performed in the presence 

of anti-EGFR antibody that had been reported to block the ligand-binding site of EGFR (324). 

Cul5-depleted cells grown in the presence of this antibody had a similar growth rate to control 

MCF10A cells (Figure 4.4a). This indicated that EGFR ligand binding was required for and 

contributed to the increased growth of Cul5-depleted cells. However, antibody binding to the 

extracellular domain of EGFR can induce receptor degradation via the lysosome (322). If the 

antibody we used induced EGFR degradation in the Cul5-depleted cells, then the decrease in 

growth could have been caused by EGFR-depletion rather than lack of ligand binding. Indeed, 

the antibody induced EGFR degradation, although the reduction in EGFR level seems unlikely to 

fully account for the decreased growth rate (Figure 4.4b).  
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FIGURE 4.4 EGFR LIGANDS ACCUMULATE IN EGF-FREE MEDIA AND 
BIND TO EGFR 
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(a) EGFR antagonist antibody inhibits growth of Cul5-depleted cells. MCF10A cells 
were plated in complete growth media and allowed to sit down overnight. The next day 
the media was removed and replaced with heat inactivated EGF-free media containing 
anti-EGFR (528) antibody. One plate was fixed when the media was removed and the 
other was fixed 72 hours later. Plates were then stained with crystal violet. Bars are 
mean and SEM. (b)EGFR antagonist antibody does not induce EGFR degradation. The 
indicated MCF10A cells were grown to sub-confluence and switched to EGF-free 
media with either IgG or anti-EGFR (528) antibody. Cells were harvested at the 
indicated times after the media change and analyzed using Western blotting. (c) 
Expression of AREG, HB-EGF and EREG is regulated by Cul5. The indicated 
MCF10A cells were grown to sub-confluence and switched to EGF-free media. RNA 
was harvested at the indicated time points after the media change using the RNeasy kit. 
cDNA was then synthesized and the indicated genes were analyzed using SYBR qPCR. 
Points are mean and SD of biological triplicates. (d) Ligand sequestering antibodies 
against AREG, EREG, HB-EGF slightly inhibit the growth of Cul5-depleted cells in 
EGF-free media. MCF10A cells were plated in complete growth media and allowed to 
sit down overnight. The next day the media was removed and replaced with heat 
inactivated EGF-free media containing the indicated antibodies. One plate was fixed 
when the media was removed and the other was fixed 72 hours later. Plates were then 
stained with crystal violet. Bars are mean and SEM. 

 

Next, we checked whether mRNA expression of ErbB family ligands was changed in Cul5-

depleted cells. RNA was harvested from control and Cul5-depleted MCF10A cells at various 

time points after transfer to EGF-free media. mRNA abundance of ErbB ligands, Cul5 and 

EGFR was measured using reverse transcription and quantitative PCR. One of our control genes, 

EGFR, had equal and constant mRNA levels throughout the time in EGF-free media. The other 

control gene, Cul5, showed Cul5-depleted cells have 10% Cul5 mRNA compared to control cells 

and this difference remains constant throughout the assay (Figure 4.4c). This indicates that the 

assay was working and there were no large fluctuations in loading or other technical errors. 

Expression of the ErbB family ligands was variously altered in Cul5-deficient cells. NRG4, 

EPGN and EGF were equally expressed in control and Cul5-depleted cells throughout the 72 

hours. NRG2, TGFA and BTC were expressed at similar levels at time 0 and expression 

remained constant in control cells and increased slightly in Cul5-deficient cells. AREG, HB-

EGF, ERG and NRG1 expression declined in control cells but increased in Cul5-deficient cells. 

AREG and EREG expression was higher in Cul5-depleted cells even at time 0, ie, in the 

presence of EGF (Figure 4.4c). It appears that transcription of many ErbB family ligands are 

being modestly or strongly induced in the Cul5-depleted cells over time in EGF-free media, 

potentially leading to EGFR activation.  
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Next, we wanted to determine if these ligands were being translated, secreted and binding to 

EGFR, causing the gradual increase in pY-EGFR observed over time in EGF-free media. AREG, 

EREG and HB-EGF were the EGFR ligands with the largest increase in mRNA abundance in 

Cul5-depleted cells. Ligand-neutralizing antibodies against these three ligands were added 

individually or in combination to the media during the growth assay. These antibodies have been 

shown to prevent the ligand from binding to EGFR (325-327). When each of these antibodies 

was incubated individually they had little to no effect on the growth of Cul5-depleted cells. 

However, when all three of the ligand-blocking antibodies were added at the same time, growth 

of Cul5-depleted cells was inhibited, although the change was not significant. This suggested 

that these ligands were being translated and binding to EGFR contributing to the increased 

growth of these cells. We may have gotten a significant decrease in Cul5-depleted cell growth if 

TGF-a and BTC antibodies were also included in the mix. 

 

These results suggest that Cul5 indirectly inhibits EGFR, perhaps by inhibiting production of 

endogenous EGFR ligands, and EGFR contributes to the growth of Cul5-depleted cells in EGF-

free media. It is possible that Cul5 directly regulates a pathway induces EGFR ligand expression 

and is downstream of EGFR. MAPK activates some transcription factors downstream of EGFR 

(306), so we tested whether MAPK activity is required for EGF-independent growth and EGFR 

ligand expression in Cul5-deficient cells. 

 

To determine if MAPK signaling was required for the growth of Cul5-depleted cells we grew 

cells in the presence of the MAPK inhibitor U0126 (328). U0126 inhibited the increased EGF-

independent growth of Cul5-depleted cells, suggesting that Cul5 inhibits MAPK signaling 

(Figure 4.5a). Next, we measured AREG, EREG, HB-EGF expression in control and Cul5-

depleted cells treated with or without U0126. AREG and HB-EGF mRNA abundance in Cul5-

depleted cells did not change in the presence of the U0126 inhibitor. However, EREG induction 

in presence of EGF-free media was inhibited by U0126 (Figure 4.5b). This suggested that the 

induction/sustained high levels of EREG in Cul5-depleted cells is induced by MAPK. 
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FIGURE 4.5 MAPK ACTIVITY IS REQUIRED FOR THE INDUCTION OF 
EREG IN CUL5-DEPLETED CELLS 
(a) MAPK activity is required for the increased growth of Cul5-depleted cells in EGF-
free media. MCF10A cells were plated in complete growth media and allowed to sit 
down overnight. The next day the media was removed and replaced with EGF-free 
media containing the indicated drug. One plate was fixed when the media was removed 
and the other was fixed 72 hours later. Plates were then stained with crystal violet. Bars 
are mean and SEM. (b) MAPK activity is required for the induction EREG, but not 
AREG or HB-EGF. The indicated MCF10A cells were grown to sub-confluence and 
then switched into EGF-free media with the indicated drugs. RNA was harvested at the 
indicated time points after the media change using the RNeasy kit. cDNA was then 
synthesized and the indicated genes were analyzed using SYBR qPCR. Points are mean 
and SD of biological triplicates. 
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4.3 DISCUSSION 

We sought to elucidate the role of EGFR in the growth of Cul5-depleted cells. We found that 

Cul5-depleted cells require EGFR kinase activity to grow in EGF-free media and displayed an 

increase EGFR autophosphorylation and total pY-EGFR in EGF-free media. The increased 

EGFR autophosphorylation required EGFR kinase activity and increased gradually after the cells 

were transferred to EGF-free media. The Cul5-depleted cells had increased transcription of three 

EGFR ligands (AREG, HB-EGF and EREG) after 72 hours in EGF-free media. The EGFR 

ligand binding domain was required for the growth of Cul5-depleted cells and ligand 

sequestration slightly inhibited growth. MAPK was required for the increased expression of 

EREG but not AREG or HB-EGF, and was required for EGF-independent growth.  

 
Our data suggest that Cul5 removal induces transcription of genes for EGFR ligands, which are 

then translated and secreted, activating the EGFR and cell proliferation. Because EGF 

withdrawal decreases ligand gene expression in control cells, EGF may normally induce ligand 

expression, as reported for HB-EGF (329). In this case, removal of Cul5 may induce expression 

of EGFR ligands, which activate the EGFR and in turn activate more ligand expression. 

Interestingly, AREG and EREG induce EGFR recycling rather than degradation and lead to 

continuous signaling through repeated rounds of receptor activation (44). By inducing these 

ligands, Cul5 depletion may keep EGFR signaling high in EGF-free media. 

 

While we did not directly show EGFR kinase activity was required for the higher transcription of 

AREG, HB-EGF and EREG in Cul5-depleted cells, the requirement of EGFR kinase activity for 

the growth and increased pY845-EGFR phosphorylation suggests EGFR kinase activity may be 

required for increased ligand expression as well. The requirement of MAPK for EREG 

transcription provides further evidence for this model. In future work, we should test if EGFR 

activity is required to induce endogenous ligands. In addition, we were unable to fully inhibit 

EGF-independent growth of Cul5-deficient cells by adding neutralizing antibodies to AREG, 

HB-EGF and EREG. It is possible that these antibodies are not very potent, or that autocrine 

EGFR activation occurs within the secretory pathway. An alternative would be to knockdown all 

three ligands simultaneously.  
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The protein(s) that are directly regulated by Cul5 and increase ligand expression still need to be 

identified. An approach we could take to identify these factors would be a targeted siRNA 

screen. If EGFR is shown to be required for ligand induction, the screen could target 

transcription factors downstream of EGFR. If EGFR is not required for ligand induction then the 

screen could be against transcription factors known to bind the promoter region of these ligands. 

Any transcription factor identified in this screen could then could then be used to work up the 

signaling pathway to identify the direct substrate. Hopefully this targeted approach would 

identify the signaling proteins that are directly regulated by Cul5.  
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Chapter 5. CONCLUSIONS & FUTURE DIRECTIONS 

The previous chapters report the results of a screen for phosphotyrosine proteins whose 

abundance is regulated by Cul5 and a screen for SOCS2- and 6-binding partners. I provide 

detailed investigation of some candidate CRL5 substrates, with an emphasis on RTKs, 

specifically the INSR/IGF-IR, EphA2 and EGFR. The main conclusion is that CRL5SOCS can 

indirectly affect RTK levels or activity and it remains unclear whether CRL5SOCS is directly 

involved in ubiquitylation and degradation of RTKs.  

 

Many independent labs have discovered SOCS-RTK interactions but their functions have not 

been shown in a convincing manner. Some RTKs have even been shown to bind multiple SOCS 

proteins. There are papers that have shown changes in steady state receptor levels or activity, and 

suggested that CRL5SOCS is regulating RTK ubiquitylation and degradation. However, the work 

in this dissertation shows CRL5 regulates many processes that can indirectly alter the steady-

state abundance, phosphorylation, and ubiquitylation of RTKs; without the appropriate controls, 

one may incorrectly conclude that CRL5/SOCS regulate RTK abundance, phosphorylation, and 

ubiquitylation directly. We found that CRL5 depletion and SOCS overexpression can increase 

RTK ligand mRNA expression for both the EphA2 and EGFR receptors. Increased ligand 

expression can give one of two phenotypes depending on whether the ligand targets the RTK to 

the recycling pathway or the lysosome. If the receptor recycles, RTK phosphorylation but not 

steady state abundance may be altered, as for the EGFR when Cul5 expression was inhibited. On 

the other hand, if ligand induces RTK degradation, RTK steady state abundance may decrease, 

as we found for EphA2 when SOCS2 was over-expressed. In both situations CRL5SOCS may only 

be regulating ligand expression and only indirectly regulating the RTK. Our results suggest that 

the literature on RTK CRL5 biology should be analyzed with care. My results suggest that a 

SOCS-RTK paper must include the appropriate controls, such as: measurement of RTK and 

ligand mRNA abundance, direct SOCS binding and in vitro ubiquitylation.  
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5.1 SOCS & CRL5 REGULATION OF RTK UBIQUITYLATION AND DEGRADATION 

Most of the work completed in this dissertation started with the hypothesis that CRL5SOCS 

regulates IGF-IR, EphA2 or EGFR ubiquitylation and degradation. We tested this hypothesis in 

steady-state conditions (normal growing cells) and after acute stimulation of the RTK with its 

most preferred ligand. In data not shown we observed no change in the degradation kinetics of 

EphA2 after acute EfnA1-Fc stimulation in Cul5- and SOCS2-depleted cells compared to a 

control cell line. However, many other things can activate RTK ubiquitylation that we were 

unable to test due to time constraints. Our hypothesis may very well still be valid, under different 

stimulation conditions or in a different cellular context. 

 

One possibility is that we were using the incorrect ligand to stimulate EphA2. The exogenous 

EfnA1-Fc ligand induced relatively slow EphA2 degradation (t1/2 280min). The slow degradation 

of EphA2 is most likely because only 50% of EfnA1-Fc remains bound to EphA2 at pH 5.5 and 

higher (48); the pH of the late endosome/MVB is between pH 5-6 (330). Perhaps EphA2 has a 

long half-life after EfnA1-Fc stimulation because 50% EphA2 is routed to the slow recycling 

pathway after EfnA1-Fc dissociation in the late endosome/MVB. If this is true, then only 30-

40% of total EphA2 was being targeted to the lysosome after our acute EfnA1-Fc stimulation. 

The large amount of recycling EphA2 may mask any changes in degradation kinetics induced by 

CRL5SOCS2. Four other EfnA ligands can bind to EphA2, presumably with different binding 

affinities (236). Perhaps another EfnA ligand will more potently route EphA2 to the lysosome. If 

this is true, measuring EphA2 half-life in control and Cul5/SOCS2-depleted cells after acute 

stimulation with a different EfnA ligand may show a more robust phenotype.  

 

Another possibility is that Cul5 or SOCS2 depletion would affect EphA2 degradation if EfnA1 

was presented on a cell membrane. In a normal cellular context, Eph-Efn receptor-ligand pairs 

are endocytosed from one cell to the next in a mechanism called trans-endocytosis. The Efn 

ligands are bound to Eph’s on the membranes of adjacent cells. Trans-endocytosis is Rac-

mediated endocytosis of plasma membrane from the adjacent cell into the endocytic cells. Trans-

endocytosis can go into either the Eph- or Efn-expressing cell (232, 331). Maybe activation of 

Rac and other signals needed to pinch off the adjacent EfnA membrane would cause synergistic 



 88 

signaling and additional SOCS-EphA2 interactions that must work together to produce more 

potent EphA2 degradation. Indeed, our results showed that increased expression of endogenous 

EfnA1, in SOCS2 overexpressing cells, potently downregulated EphA2 protein via the lysosome. 

Perhaps we should have analyzed the effect of Cul5 or SOCS2 depletion on receptor traffic in 

cells overexpressing EfnA1, rather than using recombinant EfnA1-Fc.  

 

Another option is that EfnA1-Fc was the correct stimulus, but we were testing the effect of 

depleting SOCS2 and Cul5 depletion in the wrong cells or environment. We used exogenous 

SOCS2 to detect an association with endogenous EphA2. MCF10A, HeLa and MDA-MB-231 

cells were used for all of our EphA2 degradation experiments, but SOCS2 expression is 

relatively low in these cells (data not shown). Unfortunately, we were unable to determine if 

endogenous SOCS2 bound to endogenous EphA2 due to technical difficulties. We do not know 

if endogenous SOCS2 can bind to and potentially regulate EphA2. Cytokine receptor or RTK 

activation activates transcription of SOCS proteins; for example, SOCS1-3, CisH mRNA 

expression is not detectable until cytokine stimulation in immune cells, SOCS2 is induced in 

cells expressing constitutively active FLT3, and SOCS6 increases 5-fold after insulin stimulation 

(142, 332-335). We did not check to see if EfnA1-Fc stimulation induced SOCS2 mRNA 

expression in our cell lines. If high levels of SOCS2 expression are required for a functional 

effect on EphA2, and there was no induction of SOCS2 or not enough endogenous SOCS2 in the 

cell lines analyzed, then our hypothesis may have been correct, but we would have needed to 

analyze the function in a cell line or context that had higher SOCS2 expression.  

 

One way we could induce SOCS2 expression is through the simultaneous or sequential exposure 

to cytokine(s) and EfnA1-Fc. Cells in the organism are not exposed to one cytokine or growth 

factor in isolation. Many times, they are exposed to multiple ligands at the same time or 

sequentially. To recapitulate this in a cell line we could stimulate control, Cul5- and SOCS2-

depleted cells with a cytokine or growth factor that has been shown to increase SOCS2 levels 

and is commonly seen at the same time as EfnA1 in the body. Simultaneous stimulation of cell 

lines would induce SOCS2 expression and stimulate EphA2 activation, giving us a simple 

reductionist system to study SOCS2 regulation of EphA2. A more physiological method would 
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be to analyze the function of EphA2-SOCS2 in a developmental context where both the proteins 

are highly expressed and required.  

 

There are many developmental contexts that require EphA2, however only a few of these have 

been shown to have high SOCS2 as well. Mammary gland development in preparation for 

lactation is one developmental system where SOCS2 and EphA2 are both expressed at high 

levels. SOCS2 expression in the mammary gland has been shown to increase after pregnancy and 

during lactation when the breast is undergoing branching and morphogenesis (110). EphA2 

expressed in the terminal end buds of the mammary gland ductal network where it plays a role in 

development (336). It would be interesting to see if removal of SOCS2 has an effect on EphA2 

levels or downstream pathway activation in this developmental context. EphA2, IGF-IR, and 

EGFR have been shown to play a role in many developmental pathways. It may be more useful 

to study SOCS regulation of these RTKs in their relevant developmental contexts rather than in 

tissue culture cells. 

 

Finally, CRL5SOCS2 may also regulate lysosomal targeting of EphA2 through non-ligand 

mediated methods. The virus KSHV binds to integrins and EphA2, which stimulates 

macropinocytosis-based entry of the virus and the associated receptors into the cells. The virus 

does this through the activation and assembly of many putative and confirmed SOCS-binding 

partners (FAK, Cas, Crk, PI3K) on the cytoplasmic side of the receptor (248, 337). Multiple 

SOCS proteins will be bound to a KSHV-EphA2 early endosome, potentially at the same time. 

Perhaps this would lead to synergistic ubiquitylation of the RTK or associated proteins that 

would help target the virus-containing early endosomes to the late endosome/lysosome. Many 

other viruses use EphA2 and EGFR for entry into the cell. The signal coordination initiated by 

virus binding to these RTKs may very well be regulated by SOCS or Cul5. Recently, researchers 

showed that SOCS5 knockout lung tissue and primary cells infected with influenza have 

increased levels of EGFR, and this increases influenza infection (140). It is unclear at this time if 

the increase is due to inhibition of CRL5SOCS5 ubiquitylation and degradation of EGFR, but it 

very well may be. Virus-containing endosomes often have multiple RTKs and receptors 

clustered together that can potentially cross-talk with one another. EphA2 can be activated 

through cross-talk with other receptors, such as E-Cadherin (338). Activation through this 
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ligand-independent mechanism would most likely stimulate Y772 phosphorylation and 

presumably SOCS2 binding as well. Maybe cross-talk with another receptor could target EphA2 

to the lysosome more potently.  

 

5.2 FUNCTIONS INDEPENDENT OF RTK UBIQUITYLATION AND DEGRADATION 

SOCS proteins and Cul5 may be brought to RTKs to serve a function independent of endocytosis 

and degradation. In our studies and other RTK SOCS binding studies, researchers did not 

determine if the interaction between a SOCS protein and RTK is direct. All of the observed 

SOCS-RTK and Cul5-RTK binding interactions could be mediated through a signaling molecule 

bound directly to the RTK. If this is the case, Cul5 and SOCS proteins may not regulate any 

RTK function, instead, they are binding and regulating one of the many downstream signaling 

proteins directly bound to the receptor. A quick scan of the cytosolic proteins known to bind to 

SOCS proteins reveals many well-known RTK binding partners (see Table 1.2). It is possible 

that these cytosolic proteins are the direct binders of SOCS proteins and the RTKs just appear to 

interact. In future work, it will be important to understand if the SOCS-RTK binding is direct or 

indirect to help elucidate the true function of these interactions.  

 

If the interaction between a SOCS and RTK is direct, then there may be degradation-independent 

functions of SOCS-RTK binding. SOCS proteins could be competing with downstream signaling 

proteins for pY binding sites on the receptor like has been shown for some STAT-cytokine 

receptor interactions. For EphA2 specifically, the pY772 binding site is in the activation loop. 

This tyrosine has no reported binding partners in the literature, so we were unable to test this 

hypothesis without a screen. Another possibility is that SOCS2 binding to the activation loop 

tyrosine could block substrate access to the active site of the kinase domain, or protect the site 

from dephosphorylation. Kinase inhibition could occur through ubiquitylation as well. 

CRL5SOCS2 binding could inactivate EphA2 by ubiquitylating residues in the active site. Indeed, 

ubiquitylation of EphA protein has been detected near the activation loop (339). In data not 

shown we checked pY588 or pY772 levels in SOCS2-depleted cells after acute EfnA1-Fc 

stimulation and did not observe a difference in the autophosphorylation of EphA2. However, the 
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low SOCS2 expression in the three cell lines used could have been the reason for this negative 

result.  

 

Perhaps, SOCS binding plays a role in trafficking to a location other than the lysosome. EGFR 

has been shown to traffic from endosomes to other organelles in the cell, such as the nucleus, 

mitochondria, and Golgi (340). We found SOCS2 and SOCS6 bound to membrane proteins from 

a variety of different organelles in the cell, including the nucleus, mitochondria, and Golgi. 

Maybe SOCS proteins traffic RTK-containing endosomes to other organelles in the cell by 

acting as a bridge. The SOCS protein could be simply acting as a scaffold linking the endosome 

to organelle proteins. 

 

5.3 SOCS-RTK-STAT FUNCTIONS  

SOCS proteins are most well known for their regulation of STAT functions (334). Many RTKs 

can bind to and activate STATs (341, 342). Perhaps the entire function of SOCS-RTK binding is 

to regulate STAT activity through competition for STAT binding sites on an RTK, STAT 

ubiquitylation, or by increasing the local concentration of the SOCS proteins, so it can bind to a 

STAT as soon as it is released from the receptor and before it can form a dimer with another 

activated STAT. 

 

EphA2 has not been shown to bind to STATs in the literature. However, there is a putative 

STAT SH2 binding site in the C-terminus of SOCS2 and SOCS2 has been shown to be 

phosphorylated after acute growth factor stimulation (7, 153). If EphA2 activation stimulates 

phosphorylation of SOCS2 at this putative STAT binding site, then STAT recruitment to EphA2 

and possibly activation would be delayed until SOCS2 binds at the early endosome. The RTK 

MET must be trafficked to a perinuclear compartment before it can bind and activate STATs. 

The delayed activation of STATs provides stronger STAT activation because of the short 

distance the STAT needs to travel the nucleus to activate transcription (343). Constitutively 

active FLT3 potently activates STAT5 when it is in the ER (344). If EphA2 activation of a STAT 

must occur near the nucleus, then pY-SOCS2 recruitment of a STAT may be how this occurs.  
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Chapter 6. MATERIALS AND METHODS 

6.1 PLASMIDS 

pCAG-T7-mCul5 K799R, pCAG-T7-mSOCS1, pCAG-T7-mSOCS2, pCAG-T7-mSOCS3, 

pCAG-T7-mSOCS4, pCAG-T7-mSOCS5, pCAG-T7-mSOCS6, pCAG-T7-mSOCS7 and 

pCAG-T7-mCisH constructs have been previously described (143, 145). The LC-QQ mutants 

were made using PfuTurbo DNA Polymerase (Agilent Technologies) to perform site directed 

mutagenesis and the following primers: mSOCS1 LC-QQ, mSOCS2 LC-QQ and mSOCS6 LC-

QQ (Table 6.1). The pCAG-ElgC-T2A-ElgB were described earlier (145).  

 

Table 6.1  SOCS Cloning & SDM Primers 

PRIMER  SEQUENCE 
hSOCS2 R73K Fwd 5’-GGCACCAGAAGGAACTTTCTTGATTAAAGATAGCTCGCATT-3’ 
hSOCS2 R73K Rev 5’-AATGCGAGCTATCTTTAATCAAGAAAGTTCCTTCTGGTGCC-3’ 
hSOCS2 LCQQ Fwd 5’-TCAGCACCATCTCAGCAGCATCTCCAAAGGCTCACCATT-3’ 
hSOCS2 LCQQ Rev 5’-AATGGTGAGCCTTTGGAGATGCTGCTGAGATGGTGCTGA-3’ 
attB1 hSOCS2 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGACCCTGCGGTGCCTT-3’ 
attB2 hSOCS2 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTTCATACCTGGAATTTATATTCTTCC-3’ 
mSOCS2 R73K Fwd 5’-GAATGCGAACTATCTTTAATCAAGAAAGTTCCTTCTGGAGCC-3’ 
mSOCS2 R73K Rev 5’-GGCTCCAGAAGGAACTTTCTTGATTAAAGATAGTTCGCATTC-3’ 
mSOCS1 LCQQ Fwd 5’-GCC GCA GCA GGA GCT GCA GCG CCA GCG CAT CGT G-3’ 
mSOCS1 LCQQ Rev 5’-GCT GGC GCT GCA GCT CCT GCT GCG GCC GCA CGC G-3’ 
mSOCS2 LCQQ Fwd 5’-CAGCACCCACTCAGCAGCATTTCCAGCGACTCGCCATTAAC-3’ 
mSOCS2 LCQQ Rev 5’-CGAGTCGCTGGAAATGCTGCTGAGTGGGTGCTGATGTATAC-3’ 
mSOCS3 LCQQ Fwd 5’-GCC ACC CAG CAG CAT CTT CAG CGG AAG ACT GTC AAC GG-3’ 
mSOCS3 LCQQ Rev 5’-AGT CTT CCG CTG AAG ATG CTG CTG GGT GGC CAC GTT GG-3’ 
mSOCS4 LCQQ Fwd 5’-ACC GTT CTC TGA ATA TGC TGC TGG GAA AAG GGG AAC GTC C-3’ 
mSOCS4 LCQQ Rev 5’-ACC GTT CTC TGA ATA TGC TGC TGG GAA AAG GGG AAC GTC C-3’ 
mSOCS5 LCQQ Fwd 5’-CTT TCA GCC AGC AGT ATA TCC AGC GCG CAG TGA TCT GC-3’ 
mSOCS5 LCQQ Rev 5’-CTG CGC GCT GGA TAT ACT GCT GGC TGA AAG GGA AAG TTC-3’ 
mSOCS6 LCQQ Fwd 5’-GCTCGCAGCAGTACCTGCAGCGCTTTGTTATCCGTCAG-3’ 
mSOCS6 LCQQ Rev 5’-TAACAAAGCCGTGCAGGTACTGCTGCGAGCGCAAATGC-3’ 
mSOCS7 LCQQ Fwd 5’-TCAGCAATGTCAAGTCCCAACAGCATCTTCAAAGATTCCGGATCCGGCAGCT-3’ 
mSOCS7 LCQQ Rev 5’-AGCTGCCGGATCCGGAATCTTTGAAGATGCTGTTGGGACTTGACATTGCTGA-3’ 
mCISH LCQQ Fwd 5’-AGT GCC CGC AGC CAA CAA CAT CTG CAG CGG CTA GTC ATC-3’ 
mCISH LCQQ Rev 5’-GAT GAC TAG CCG CTG CAG ATG TTG TTG GCT GCG GGC ACT-3’ 

 

The pMXpuroII and pMXpuroII-shCul5 constructs were previously described (143). 

 

pHAGE-Flag-HA-hSOCS2WT, pHAGE-Flag-HA-hSOCS2LCQQ, pHAGE-Flag-HA-hSOCS4WT, 

pHAGE-Flag-HA-hSOCS5WT and pHAGE-Flag-HA-hSOCS6WT plasmids were made as 

follows. hSOCS2 was PCR amplified using Phusion taq polymerase (Thermo Fisher Scientific) 
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from MCF10A cDNA by Sashcha Straight. The hSOCS2 PCR product was then PCR amplified 

using PfuTurbo (Agilent Technology) with flanking attB sties. The attBhSOCS2 PCR product 

was moved it into the pDONR221 vector using a BP reaction (Thermo Fisher Scientific).  

 

The pDONR221-hSOCS2LCQQ was made using PfuTurbo DNA Polymerase (Agilent 

Technologies) to perform site directed mutagenesis using the following primers: hSOCS2 LC-

QQ (Table 6.1). pLX304-hSOCS4, pLX304-hSOCS5, pLX304-hSOCS6 were obtained from the 

human ORFome (345) and moved it into the pDONR221 vector using a BP reaction (Thermo 

Fisher Scientific). The pDONR221-hSOCS2WT, pDONR221-hSOCS2LCQQ, pDONR221-

hSOCS4WT, pDONR221-hSOCS5WT, and pDONR221-hSOCS6WT were moved into the Gateway 

destination vector pHAGE-N-Flag-HA-IRES-PURO, a kind gift from Wade Harper (182), using 

a LR reaction (Thermo Fisher Scientific). The pHAGE-Flag-HA-hSOCS2 R73K was made by 

mutating pHAGE-Flag-HA-hSOCS2 WT using PfuTurbo DNA Polymerase (Agilent 

Technologies) to perform site directed mutagenesis using the following primers: hSOCS2 R73K 

(Table 6.1). 

 

The pcDNA3.1-Myc-BirA-mSOCS2 and pcDNA3.1-Myc-BriA-mSOCS6 vectors were made as 

follows. The pcDNA3.1-Myc-BirA was purchased through Addgene (35700). The T7-mSOCS2 

and T7-mSOCS6 were PCR amplified with 5’ EcoRI and 3’ KplI flanking sites from pCAG-T7-

mSOCS2 and mSOCS6 using PfuTurbo (Agilent Technology). The PCR products were then 

subcloned into pcDNA3.1-Myc-BirA vector downstream of BirA.  

 

The pcDNA5-Myc-BirA FRT/TO, pcDNA5-Myc-BirA-T7-mSOCS2 FRT/TO and pcDNA5-

Myc-BirA-T7-mSOCS6 FRT/TO vectors were made as follows. The pcDNA5/FRT/TO vector 

(V6520202) was purchased from Thermo Fisher Scientific. A unique NheI site was introduced 

into the polylinker of the pcDNA5/FRT/TO vector. The Myc-BirA, Myc-BirA-T7-mSOCS2 and 

Myc-BirA-T7-mSOCS6 were PCR amplified with 5’-EcoRV and 3’-SpeI primers using 

Herculase II Fusion polymerase (Agilent) using the appropriate pcDNA3.1-Myc-BirA vector as a 

template. The PCR product was cut with EcoRV and SpeI and ligated into the altered 

pcDNA5/FRT/TO vector between EcoRV and NheI.  
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The pcDNA5-N-3xFlag-hSOCS2 FRT/TO and pcDNA5-N-3xFlag-mSOCS6 FRT/TO plasmids 

were made as follows. The mSOCS6 WT was PCR amplified with flanking attB sties from 

pCAG-T7-mSOCS6 using PfuTurbo (Agilent Technology) and moved into the pDONR221 

vector using a BP reaction (Thermo Fisher Scientific). The destination vector pDEST-5'-

TripleFlag pcDNA5 FRT TO with stop codon was a kind gift from Anne-Claude Gingras. The 

pDONR221-hSOCS2 and pDONR221-mSOCS6 were moved into pDEST-5'-TripleFlag 

pcDNA5 FRT TO using a LR reaction (Thermo Fisher Scientific).  

 

pLKO.1-nontarget small hairpin RNA (shRNA) control vector (SHC002), pLKO.1-shSOCS2 

vector (TRCN0000057058) and pLKO.1-shEphA2 vector (TRCN0000006403) were purchased 

from (Sigma Aldrich).  

 

The Igk–Myc hEphA2 WT, hEphA2-ΔKD (aa 1–606 and 906–976), and hEphA2-ΔSAM (aa 1–

886) were a kind gift from Hironori Katoh (346). Igk–Myc hEphA2-ΔJM (aa 1-565 and 613-

975) was made using PfuTurbo DNA Polymerase (Agilent Technologies) and the following 

primers: hEphA2 ΔJM (Table 6.2). The Igk–Myc EphA2 single amino acid mutants were made 

using PfuTurbo DNA Polymerase (Agilent Technologies) and the primers listed in (Table 6.2).  
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Table 6.2 EphA2 SDM Primers 

PRIMER  SEQUENCE 

hEphA2_Y588F_Fwd 5’-TGG GGG TCC ACG AAT GTC TTC AGG GGC-3’ 

hEphA2_Y588F_Rev 5’-GCC CCT GAA GAC ATT CGT GGA CCC CCA-3’ 

hEphA2_Y594F_Fwd 5’-GTT GGG GTC CTC AAA TGT GTG GGG GTC CA-3’ 

hEphA2_Y594F_Rev 5’-TGG ACC CCC ACA CAT TTG AGG ACC CCA AC-3’ 

hEphA2_K464M_Fwd 5’-CCG GTG GCC ATC ATG ACG CTG AAA GCC-3’ 

hEphA2_K464M_Rev 5’-GGC TTT CAG CGT CAT GAT GGC CAC CGG-3’ 

Y685F_hEphA2_Fwd 5’-CAT CAT GGG CTT GAA TTT GGA GAT GAC GCC CTC T-3’ 

Y685F_hEphA2_Rev 5’-AGA GGG CGT CAT CTC CAA ATT CAA GCC CAT GAT G-3’ 

Y652F_hEphA2_R 5’-GCT GCT TCT CTG TGA AGC CGG CTT TCA GC-3’ 

Y652F_hEphA2_F 5’-GCT GAA AGC CGG CTT CAC AGA GAA GCA GC-3’ 

Y729F_hEphA2_F 5’-GTT GGC CAG GAA CTT CAT GCC AGC TGC GAT-3’ 

Y729F_hEphA2_R 5’-ATC GCA GCT GGC ATG AAG TTC CTG GCC AAC-3’ 

Y847F_hEphA2_Rev 5’-CAT GAG CTG GAA GAT GGC GGA GGG GC-3’ 

Y847F_hEphA2_Fwd 5’-GCC CCT CCG CCA TCT TCC AGC TCA TG-3’ 

Y818F_hEphA2_Fwd 5’-GAC AAC TCC CAG AAG GGC CGC TCG C-3’ 

Y818F_hEphA2_Rev 5’-GCG AGC GGC CCT TCT GGG AGT TGT C-3’ 

hEphA2_Y772F_Fwd 5’-CCG AGG CCA CCT TCA CCA CCA GTG G-3’ 

hEphA2_Y772F_Rev 5’-CCA CTG GTG GTG AAG GTG GCC TCG G-3’ 

hEphA2_Y735F_Fwd 5’-AGT ACC TGG CCA ACA TGA ACT TTG TGC ACC GTG-3’ 

hEphA2_Y735F_Rev 5’-CAC GGT GCA CAA AGT TCA TGT TGG CCA GGT ACT-3’ 

hEphA2_Y628F_Fwd 5’-CTT CAG CAT GCC CTT GAA CAC CTC CCC AAA CTC-3’ 

hEphA2_Y628F_Rev 5’-GAG TTT GGG GAG GTG TTC AAG GGC ATG CTG AAG-3’ 

hEphA2_Y694F_Fwd 5’-GGG CCC CAT TCT CCA TGA ACT CAG TGA TGA TCA TC-3’ 

hEphA2_Y694F_Rev 5’-GAT GAT CAT CAC TGA GTT CAT GGA GAA TGG GGC CC-3’ 

hEphA2_Y791F_Fwd 5’-GAA CTT CCG GAA GGA AAT GGC CTC CGG G-3’ 

hEphA2_Y791F_Rev 5’-CCC GGA GGC CAT TTC CTT CCG GAA GTT C-3’ 

hEphA2_Y813F_Fwd 5’-CGC TCG CCA AAG GTC ATC ACC TCC CAC-3’ 

hEphA2_Y813F_Rev 5’-GTG GGA GGT GAT GAC CTT TGG CGA GCG-3’ 

hEphA2_dJM_Fwd 5’-CAGCGTGCCCGCGTCACTCGGCAG-3’ 

hEphA2_dJM_Rev 5’-CTGCCGAGTGACGCGGGCACGCTG-3’ 

 
pEF-BOS-FLAG-mSOCS2 WT, mSOCS2 ΔNT, and mSOCS2 ΔSB were a kind gift from 

Amilcar Flores-Morales(94). The pEF-BOS-FLAG-mSOCS2 R73K was made using PfuTurbo 

DNA Polymerase (Agilent Technologies) and the following primers: mSOCS2 R73K (Table 

6.1). 

 

The pCAG-Flpe was purchased from Addgene (#13787). pOG44 was a kind gift from Anne-

Claude Gingras.  
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The pCMV-dsRed-IRES-GFP-DEST, pCMV-dsRed-IRES-GFP-d1, pCMV-dsRed-IRES-GFP-

d4, pCMV-dsRed-IRES-GFP-d24 and pCMV-dsRed-IRES-GFP-PolR2A plasmids were a kind 

gift from Sherry Yen (174).  

 

The pCMV-dsRed-IRES-GFP-Cas WT was made as follows. Cas was PCR amplified using 

PfuTurbo (Agilent Technology) with flanking attB sties from pCAG-T7-Cas described 

previously (171). The attBCas PCR product was moved it into the pDONR221 vector using a BP 

reaction (Thermo Fisher Scientific). A LR reaction (Thermo Fisher Scientific) was performed to 

move Cas into the pCMV-dsRed-IRES-GFP-DEST vector.  

 

6.2 CELL LINES 

Flp-IN T-Rex 293 cells were purchased (Thermo Fisher Scientific) and grown in DMEM 10% 

FBS, 100 µg/mL Zeocin, 15 µg/mL Blasticidin. The Flp-IN T-Rex 293 cells were transfected 

with a corresponding FRT/TO vector and either pCAG-Flpe or pOG44 to flp in the gene of 

interest. The transfected cells were then selected in DMEM 10% Tet-Free FBS, 150 µg/mL 

Hygromycin B, 15 µg/mL Blasticidin and grown in this media from then on.  

 

MCF10A cells were cultured in DMEM/F12 (Thermo Fisher Scientific) supplemented with 5% 

horse serum (Thermo Fisher Scientific), 20 ng/ml EGF (Thermo Fisher Scientific), 0.5 µg/ml 

hydrocortisone (Sigma-Aldrich, St. Louis, MO), 0.1 µg/ml cholera toxin (EMD Millipore, 

Billerica, MA), 10 µg/ml insulin, and penicillin/streptomycin both at 100 U/mL (Thermo Fisher 

Scientific). MCF10A cells stably expressing pMXpuroII empty vector or pMXpuroII-shCul5 

have been previously described (143), they were grown in the presence of 2 µg/ml puromycin. 

The MCF10A cells stably expressing pLKO.1 shSOCS2 RNA were made as follows. 

Recombinant lentiviruses were packaged using HEK 293T cells, and infection carried out by 

standard protocols. After selection with 2 µg/ml puromycin cells were maintained in the 

presence of antibiotic.  

 

HeLa, 293T, and MDA-MB-231 cells were cultured in DMEM supplemented with 10% FBS and 

penicillin/streptomycin both at 100 U/ml. Recombinant lentiviruses containing pLKO.1-shScrm, 
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shSOCS2, or shEphA2 were packaged using HEK 293T cells, and infections were carried out by 

standard protocols. After selection with 10µg/ml puromycin cells were maintained in the 

presence of antibiotic. Recombinant retroviruses containing pMXpuroII-shCul5 were packaged 

using HEK 293T cells, and infections were carried out by standard protocols. The cells were then 

selected and grown in 10µg/mL puromycin. 

 

Cul5 CRISPR knockout MCF10A cells were made as follows. Double stranded DNA templates 

for in vitro transcription of guide RNAs were created by annealing and extending synthetic 

oligonucleotides (T7 promoter and CUL5-specific target sequence: 

TAATACGACTCACTATAggtgcatgcagtctgtctttGTTTTAGAGCTAGAA, guide RNA scaffold: 

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAA

CTTGCTATTTCTAGCTCTAAAAC) using Q5 DNA polymerase (NEB M0491). Guide RNAs 

were transcribed using the T7 HiScribe kit (NEB E2040) and purified by phenol-chloroform 

extraction and isopropanol precipitation. MCF10A cells at passage 13 from ATCC were plated in 

12 well plates in standard growth media at ~50% confluence the day before transfection. Cells 

were transfected with 1µg Cas9 mRNA (5meC, Ψ, Trilink bio L6125) and 1 µg sgRNA using the 

Ribojuice mRNA transfection kit (EMD Millipore TR1013). Single cell clones were isolated by 

serial limiting dilution in 96 well plates, expanded into 24 well plates, and screened by Western 

blot using an antibody to cullin 5 (Abcam, ab184177). Genomic DNA was isolated using the 

QuickExtract™ DNA Extraction Solution (EpiBio QE09050) and the targeted region of CUL5 

was amplified by PCR using Immomix Red DNA polymerase (Bioline 25022) and the primers 

(forward: atgtgaggcaattacaagcgt, reverse: ctgtgtggactgatgtgtagcc). PCR products were cloned 

using the pGEM-T easy kit (Promega A1360). Twelve clones were sequenced and showed an 

equal distribution of two alleles with either a 2 or 20 bp deletion immediately 5’ to the 

protospacer adjacent motif. Both deletions were predicted to produce early stop codons 

(W53Gfs*2 and D46Lfs*3 respectively). 

 

The Flag-HA-SOCS2 MDA-MB-231 cells used to visualize SOCS2 localization were made as 

follows. Recombinant lentiviruses containing pHAGE-Flag-HA-hSOCS2WT, pHAGE-Flag-HA-

hSOCS2R73K and pHAGE-Flag-HA-hSOCS2LC-QQ were packaged using HEK 293T cells, and 
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infections of MDA-MB-231 cells were carried out by standard protocols. After selection with 5 

µg/ml puromycin cells were maintained in the presence of antibiotic.  

 

The Flag-HA-SOCS 2, 4, 5, 6 MCF10A cell lines used for PAC proteomics were made as 

follows. Recombinant lentiviruses containing pHAGE-Flag-HA-hSOCS2WT, pHAGE-Flag-HA-

hSOCS4WT, pHAGE-Flag-HA-hSOCS5WT, and pHAGE-Flag-HA-hSOCS6WT were packaged 

using HEK 293T cells, and infections of MCF10A cells were carried out by standard protocols. 

After selection with 2 µg/ml puromycin cells were maintained in the presence of antibiotic 

 

The GPS cell lines were made as follows. Recombinant lentiviruses containing pCMV-dsRed-

IRES-GFP-Cas, pCMV-dsRed-IRES-d1GFP, pCMV-dsRed-IRES-d4GFP, pCMV-dsRed-IRES-

d24GFP and pCMV-dsRed-IRES-GFP-PolR2A were packaged using HEK 293T cells, and 

infections were carried out by standard protocols. After selection with 1 µg/ml puromycin cells 

were maintained in the presence of antibiotic. 

 

6.3 REAGENTS AND ANTIBODIES 

The following chemicals and recombinant proteins were used: AG1478 and Lapatinib (Cell 

Signaling Technology, Beverly, MA) SU6656 (EMD Millipore) U0126 and Sodium 

orthovanadate (Sigma-Aldrich, St Louis, MO) EfnA1-Fc (R&D Systems) and MLN4924 (Active 

Biochem).  

 

The following antibodies were used: mouse anti-paxillin, mouse anti-EEA1, rabbit anti-Crk (BD 

Biosciences, San Jose, CA), rabbit anti-ElgB, mouse anti-IRS4, rabbit anti-Cas, rabbit anti-FAK, 

rabbit anti-GAPDH, rabbit anti-Cul5, mouse anti-Myc (9E10), IGF-IRa (G-5), mouse anti-

EGFR (528), rabbit anti-p-EGFR (Tyr 845) and mouse anti-tubulin (Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA), mouse anti-vinculin, rabbit anti-b-catenin, mouse anti-Flag (M2) (Sigma-

Aldrich), mouse anti-EphA2 (8B6), rabbit anti-EphA2 (D4A2), and rabbit anti-EphA2 (pY588), 

rabbit anti-EphA2 (pY772), rabbit anti-EEA1, rabbit anti-Phospho-EGF Receptor (Tyr1045), 

rabbit anti-Phospho-EGF Receptor (Tyr1173), rabbit anti-IGF-I Receptor b (D23H3), rabbit anti-
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Ezrin and rabbit anti-phospho-IGF-I Receptor b (Tyr 1135) (Cell Signaling Technology, 

Beverly, MA); mouse anti-T7 (EMD Millipore), mouse anti-HA (HA.11) (BioLegend, Dedham, 

MA) and rabbit anti-HA and rabbit anti-BCAR3 (Bethyl, Montgomery, TX) goat anti-human 

IgG Fc (Jackson ImmunoResearch Inc.) Insulin Receptor beta (Novusbio, Littleton, CO) mouse 

anti-EGFR AB-12 (Thermo Scientific) goat anti-human HB-EGF, goat anti-human 

amphiregulin, goat anti-human Epiregulin, (R&D Systems). 4G10 was made in house from the 

4G10 hybridoma. 

 

6.4 SIRNA SEQUENCES 

The sequence of the siRNAs used in this dissertation are listed in Table 6.3. 

Table 6.3 siRNA Sequences 

SIRNA TARGET SEQUENCE SOURCE 

Control siRNA 5’-AATTCTCCGAACGTGTCACGT-3’ Qiagen 

EphA2 siRNA Pool 5’-CAGCGCCAAGTAAACAGGGTA-3’ 
5’-AAGCGCCTGTTCACCAAGATT-3’ 
5’-AAGGAAGTGGTACTGCTGGAC-3’ 
5’-CGAGGTGATGAAAGCCATCAA-3’ 

Qiagen 

SOCS2 siRNA Pool 5’-AACGGCACTGTTCACCTTTAT-3’ 
5’-CGCATTCAGACTACCTACTAA-3’ 
5’-CCAACTAATCTTCGAATCGAA-3’ 
5’-AAGAGGTAGCTAGGTGTTTAA-3’ 

Qiagen 

Cul5 siRNA Pool 5’-GACACGACGTCTTATATTA-3’ 
5’-CGTCTAATCTGTTAAAGAA-3’ 
5’-GATGATACGGCTTTGCTAA-3’ 
5’-GTTCAACTACGAATACTAA-3’ 

GE 
Dharmacon 

SOCS1 siRNA Pool 5’-TACCCAGTATCTTTGCACAAA-3’ 
5’-TAAAGTCAGTTTAGGTAATAA-3’ 
5’-TAGGATGGTAGCACACAACCA-3’ 
5’-CTGGTTGTTGTAGCAGCTTAA-3’ 

Qiagen 

EGFR siRNA Pool 5’- CCCATCCAATTTATCAAGGAA-3’ 
5’- AAGCTCACGCAGTTGGGCACT-3’ 
5’- TACGAATATTAAACACTTCAA-3’ 
5’- ATAGGTATTGGTGAATTTAAA-3’ 

Qiagen  

siCul5-586 5’-GGCAUACUUGGAUUCAACATT-3’ Thermo 
siCul5-587 5’-CCCUCGUAUUUACAACAAATT-3’ Thermo 
siCul5-588 5’-GGAAUAGUUCAACUACGAATT-3’ Thermo 

 



 100 

6.5 PROLIFERATION ASSAY 

MCF10A cells were plated at 2,000 cells/well in a 96 well plate. Immediately after plating 

60µmol of pooled siRNA was transfected in using Lipofectamine2000. Sixteen hours following 

the siRNA transfection one plate was fixed with formalin for a zero-time point. The media was 

removed from the second plate and assay medium (DMEM/F12, 2% horse serum, 0 ng/ml EGF, 

0.5 µg/mL hydrocortisone, 100 ng/mL cholera toxin, 10 µg/mL Insulin) was added to the cells. 

Cells with assay media were left in the incubator for 72 hours. At the end of the 72 hours the 

plate was fixed, each time point was stained with Crystal Violet, solubilized, measured and the 

fold increase in cell number was calculated.  

 

6.6 QPCR OF RNA ABUNDANCE 

RNA was extracted using the Qiagen RNeasy Mini kit. cDNA was synthesized using the iScript 

kit (BioRad). The abundance of the cDNA was measured by qPCR using the iTaq Universal 

SYBR Green Supermix kit (BioRad), and run on the 7900HT Real Time PCR System or 

QuantStudio 5 Real Time (qPCR) System using the SDS software or QuantStudio respectively 

(Applied Biosystems). The primers used are listed in Table 6.4. 
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Table 6.4 qPCR Primers 

PRIMER  Sequence 
EPHA2 FORWARD 5’-CTGGTCTGCAAGGTGTCTGA-3’ 
EPHA2 REVERSE 5’-TTGGACAACTCCCAGTAGGG-3’ 

EFNA1 FORWARD 5’-CACACCGTCTTCTGGAACAG-3’ 

EFNA1 REVERSE 5’-CTCATGCTCCACCAGGTACA-3’ 

CUL5 FORWARD 5’-TTTTATGCGCCCGATTGTTTTG-3’ 

CUL5 REVERSE 5’-TTGCTGGGCCTTTATCATCCC-3’ 

SOCS2 FORWARD 5’-CAGATGTGCAAGGATAAGCGG-3’ 

SOCS2 REVERSE 5’-GCGGTTTGGTCAGATAAAGGTG-3’ 

GAPDH FORWARD 5’-CAGCCTCAAGATCATCAGCA-3’ 

GAPDH REVERSE 5’-TGTGGTCATGAGTCCTTCCA-3’ 

EGF FORWARD 5’-GCC AAG CAG TCT GTG ATT GA-3’ 

EGF REVERSE 5’-CTG ATG GCA TAG CCC AAT CT-3’ 

HB-EGF FORWARD 5’-GGC AGA TCT GGA CCT TTT GA-3’ 

HB-EGF REVERSE 5’-CCC CTT GCC TTT CTT CTT TC-3’ 

BTC FORWARD 5’-TGG GAA TTC CAC CAG AAG TC-3’ 

BTC REVERSE 5’-CCT TTC CGC TTT GAT TGT GT-3’ 

EREG FORWARD 5’-CGT GTG GCT CAA GTG TCA AT-3’ 

EREG REVERSE 5’-AGT GTT CAC ATC GGA CAC CA-3’ 

EPGN FORWARD 5’-TGA CAG CAC TGA CCG AAG AG-3’ 

EPGN REVERSE 5’-ATC TTC CAG GCA AAG GTG TG-3’ 

TGF-a FORWARD 5’-TCG CTC TGG GTA TTG TGT TG-3’ 

TGF-a REVERSE 5’-GGG AAT CTG GGC AGT CAT TA-3’ 

NRG2 FORWARD 5’-TTC CTA CCG TTG GTT CAA GG-3’ 

NRG2 REVERSE 5’-TCC TCC ACC TTC ACC TTG TT-3’ 

NRG4 FORWARD 5’-GGT CCC AGT CAC AAG TCG TT-3’ 

NRG4 REVERSE 5’-GAG CCT GGG AGA AAA ACC TC-3’ 

NRG1 FORWARD 5’-TAC ATC CAC CAC TGG GAC AA-3’ 

NRG1 REVERSE 5’-ACT CCC CTC CAT TCA CAC AG-3’ 

INSR FORWARD 5’-TGCCAGTGATGTGTTTCCAT-3’ 

INSR REVERSE 5’-TGAGGAACTCAATCCGCTCT-3’ 

IGF-IR FORWARD 5’-ATG CTG ACC TCT GTT ACC TCT-3’ 

IGF-IR REVERSE 5’-GGCTTATTCCCCACAATGTAGTT-3’ 

 

6.7 DNA TRANSFECTIONS, CELL LYSIS, WESTERN ANALYSIS 

HeLa cells were plated at 80% confluence in either a 6cm or 6-well plates. A 

DNA/Lipofectamine 2000 (Thermo Fisher Scientific) mixture, made according to manufacture 



 102 

protocol, was added to the cells immediately after plating and left on the cells for 4hrs. Around 

24 or 48hrs later cells were washed two times in phosphate-buffered saline (PBS) and lysed in X-

100 buffer (1% X-100, 150mM NaCl, 10mM HEPES (pH 7.4), 2mM EDTA, 50mM NaF) with 

fresh protease inhibitors (10µg/mL Aprotinin, 10µg/mL Leupeptin, 1mM Sodium Vanadate, 

1mM PMSF). 

 

Proteins were resolved by SDS-PAGE using a 30:1 acrylamide:bisacrylamide ratio and 

subsequently transferred onto nitrocellulose membrane. The membrane was blocked in Odyssey 

Blocking Buffer (PBS) (LI-COR Biosciences-U.S.) for phosphotyrosine antibodies or 5% non-

fat dry milk in Tris-buffered saline with 0.1% Tween (all other antibodies), probed first with the 

indicated primary, followed by either IRDye 680RD goat anti-mouse or IRDye 800CW goat 

anti-rabbit conjugated secondary antibodies and visualized using the Odyssey Infrared Imaging 

System (LI-COR Biosciences-U.S.). 

 

6.8 FLOW CYTOMETRY  

293T cells stably expressing GPS constructs were transfected with the indicated constructs using 

Lipofectamine2000. Twenty-four hours after transfection the cells were then treated with the 

indicated drugs for the indicated amount of time. Cells were then trypsinized, spun down, 

washed and re-suspended in PBS. 

 

Cells were analyzed on a Becton Dickinson LSRII machine. Ratio scaling was used in Diva 

software (BD Bioscience) to get a GFP/dsRed ratio. Plots were made using FlowJo software 

(FLOWJO, LLC).  

6.9 IMMUNOPRECIPITATION 

Immunoprecipitation of T7, EphA2, EGFR, Myc tagged proteins was performed as described in 

(143). The Flag immunoprecipitation was performed as previously described with the following 

changes: anti-Flag M2 magnetic beads (Sigma-Aldrich) were used instead of antibody and AG 

beads. Unless otherwise noted all immunoprecipitations were stimulated with 1 mM pervanadate 

for 30 min prior to cell lysis. Immunoprecipitation from cells stimulated with EfnA1-Fc (R&D 
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Systems) or hIgG1 Fc (Life Technologies) had the following changes. T7-tagged SOCS2 or GFP 

proteins were transfected into HeLa cells using Lipofectamine2000. Twenty-four hours after 

transfection, cells were washed twice with PBS and starved in DMEM 0.5% BSA overnight. The 

following day cells were stimulated with either 1 µg/mL EfnA1-Fc or Fc for the corresponding 

amount of time, lysed on ice in cold X-100 buffer containing fresh protease inhibitors, followed 

by centrifugation for 15 minutes at 14,000 g. Lysates were rotated with mouse anti-T7 antibody 

for 2 hours at 4°C. Anti-mouse IgG Sepharose Bead Conjugate (Cell Signaling Technology) was 

added to the lysate and antibody mix for 1 hour at 4°C. After centrifugation, the protein–

antibody–bead complex was washed three times in lysis buffer, re-suspended in Laemmli buffer, 

then resolved by SDS-PAGE.  

6.10 IMMUNOFLUORESCENCE 

MDA-MB-231 cells were plated on 12 mm glass coverslips, coated with 1 mg/mL poly-L-lysine 

(Sigma Aldrich) in borate buffer (40 mM boric acid, 19 mM sodium tetraborate, pH 8.5) for 24 

hr. Cells were washed twice with PBS and starved in DMEM, 0.5% BSA, 10 mM HEPES for 4 

hr. The cells were then moved onto wet ice, washed one time in ice cold PBS followed by the 

addition of DMEM 0.5% BSA, 10 mM HEPES containing 1 µg/mL EphrinA1-Fc or 1 µg/mL 

Fc. The plate was incubated with the ligand on wet ice at 4°C for 1 hr. At the end of the hour the 

coverslips were washed three times with ice cold PBS, followed by the addition of 37°C DMEM 

0.5% BSA, 10 mM HEPES. The coverslips were moved to a water bath in an incubator. Cells 

were fixed in 4% PFA in PBS at 4°C for 30 minutes at each corresponding time point. Cells were 

then permeabilized with 0.1% Triton X-100 in PBS for 5 min at 25°C, washed in PBS and 

blocked for 1 hr in 5% normal goat serum or 5% BSA in PBS before primary antibody was 

added for either for 1 hr at 25°C or overnight at 4°C. Coverslips were rinsed in PBS before the 

addition of Alexa Fluor 488-, Alexa Fluor 568- or Alexa Fluor 647-conjugated secondary 

antibodies, diluted (1:1,000), for 1 h at 25°C. After several PBS rinses, coverslips were mounted 

in ProLong Gold with DAPI solution. For the stainings containing the anti-hFc antibody, a two-

step staining protocol was followed to prevent cross reactivity with the rabbit primary. Briefly, 

cells were blocked, incubated with anti-hFc, Alexa Fluor 568- secondary, blocked, incubated 

with rabbit and mouse primary antibodies and finally with Alexa Fluor 488- and Alexa Fluor 

647-conjugated secondary antibodies. 
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6.11 IMAGING AND IMAGE ANALYSIS 

Fixed cells were visualized using a 40x, 60x or 100× numerical aperture (NA) 1.4 oil objective 

on a DeltaVision IX70 microscope (Olympus). Images were recorded using fixed camera 

settings (IX- HLSH100; Olympus). Images were acquired and deconvolved using softWoRx 

(Applied Precision, Issaquah, WA), and all exposure times were equal within an experiment. 

Deconvolved images from single plane in the cells or maximum intensity z-projections were 

used in the figures. Image scaling was equal for all images in a panel with the following 

exceptions Figure 3.6a 488 channel upper contrast, 594 upper contrast; Figure 3.6b 488 channel 

upper contrast, 594 upper contrast; Figure 3.6c 488 upper and lower contrast and 594 upper 

contrast. Figures were assembled using Canvas (ACD Systems) software.  

 

To quantify co-localization between EphA2 and Flag-HA-SOCS2LCQQ entire z-sections were 

moved into Volocity software (PerkinElmer) and EphA2 vesicles were identified using the find 

object function with these settings (Intensity=1750-Max and Size>0.2 µm). The mean EphA2 

and Flag intensity in these objects are reported on the graphs.  

6.12 QUANTITATIVE PHOSPHOTYROSINE MASS SPECTROMETRY  

6.12.1 Reduction, Alkylation, and Tryptic Digestion 

Cells were lysed in 8 M urea (Sigma) and were quantified using BCA assay (Pierce). Proteins 

were reduced with 10 mM dithiothreitol (Sigma) for 1 hour at 56oC and then alkylated with 55 

mM iodoacetamide (Sigma) for 1 hour at 25oC in the dark. Proteins were then digested with 

modified trypsin (Promega) at an enzyme/substrate ratio of 1:50 in 100 mM ammonium acetate, 

pH 8.9 at 25oC overnight. Trypsin activity was halted by addition of acetic acid (99.9%, Sigma) 

to a final concentration of 5%. After desalting using a C18 Sep-Pak Plus cartridge (Waters), 

peptides were lyophilized and store at -80oC.  
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6.12.2 TMT labeling 

Peptide labeling with TMT 6plex (Thermo) was performed per manufacturer’s instructions. 

Lyophilized samples were dissolved in 70 µL ethanol and 30 µL of 500 mM triethylammonium 

bicarbonate, pH 8.5, and the TMT reagent was dissolved in 30 µL of anhydrous acetonitrile. The 

solution containing peptides and TMT reagent was vortexed and incubated at room temperature 

for 1 hour. Samples labeled with the six different isotopic TMT reagents were combined and 

concentrated to completion in a vacuum centrifuge. 

6.12.3 Phosphopeptide enrichment 

For immunoprecipitation, protein G agarose (60 µL, Millipore) was incubated with anti-

phosphotyrosine antibodies (12 µg 4G10 (Millipore), 12 µg PT66 (Sigma), and 12 µg PY100 

(CST)) in 400 µL of IP buffer (100 mM Tris, 100 mM NaCl, and 1% Nonidet P-40, pH 7.4) for 8 

hours at 4oC with rotation. The antibody conjugated protein G was washed with 400 µL of IP 

buffer. The TMT labeled peptides were dissolved in 400 µL IP buffer and the pH was adjusted to 

7.4. The TMT labeled peptides were then incubated with the antibody conjugated protein G 

overnight at 4oC with rotation. The agarose was washed with 400 µL IP buffer followed by four 

rinses with 400 µL rinse buffer (100 mM Tris, pH 7.4). Peptides were eluted with 70 µL of 100 

mM glycine, pH 2 for 30 minutes at 25oC. Offline immobilized metal affinity chromatography 

(IMAC) was used to further enrich for phosphotyrosine peptides (347).  

6.12.4 LC-MS/MS 

Peptides were loaded on a precolumn and separated by reverse phase HPLC using an EASY- 

nLC1000 (Thermo) over a 140 minute gradient before nanoelectrospray using a QExactive Plus 

mass spectrometer (Thermo). The mass spectrometer was operated in a data-dependent mode. 

The parameters for the full scan MS were:  resolution of 70,000 across 350-2000 m/z, AGC 3e6, 

and maximum IT 50 ms. The full MS scan was followed by MS/MS for the top 10 precursor ions 

in each cycle with a NCE of 34 and dynamic exclusion of 30 s. Raw mass spectral data files 

(.raw) were searched using Proteome Discoverer (Thermo) and Mascot version 2.4.1 (Matrix 

Science). Mascot search parameters were: 10 ppm mass tolerance for precursor ions; 15 mmu for 

fragment ion mass tolerance; 2 missed cleavages of trypsin; fixed modification were 

carbamidomethylation of cysteine and TMT 6plex modification of lysines and peptide N-termini; 
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variable modifications were methionine oxidation, tyrosine phosphorylation, and 

serine/threonine phosphorylation. TMT quantification was obtained using Proteome Discoverer 

and isotopically corrected per manufacturer’s instructions, and were normalized to the mean 

relative protein quantification ratios obtained from a total protein analysis. For the total protein 

analysis, 0.2% of the supernatant from the phosphotyrosine peptide immunoprecipitation was 

analyzed via LC-MS/MS. This analysis serves as a loading control as it gives quantitation for the 

most abundant non-phosphorylated peptides. Mascot peptide identifications, phosphorylation site 

assignments, and quantification were verified manually with the assistance of CAMV(190). The 

validated data was analyzed in excel using a one sided two-sample equal variance T-Test.  

 

6.13 BIRA AND TRIPLE FLAG AFFINITY PURIFICATION MASS SPECTROMETRY 

6.13.1 Triple Flag Affinity Purification 

For the FLAG pull-downs, 2x150 cm2 dishes of 3xFLAG, 3xFlag-SOCS2 or 3xFLAG-SOCS6 

293 T-REx cells were grown to 80% confluence then treated with 75 µM vanadate, 1 µM 

MLN4924, 1 µg/mL Doxycycline for 24 hr. They were then washed twice in 20 mL PBS, 

scraped into PBS, pooled and collected by centrifugation at 5,000xg for 5 min at 4°C. Cell 

pellets were snap frozen in dry ice and stored at −80 °C until lysis. The cell pellet was weighed 

and 1:4 pellet weight/lysis buffer (by volume) was added. Lysis buffer consisted of 50 

mM HEPES-KOH (pH 8.0), 100 mM KCl, 2 mM EDTA, 0.1% Nonidet P-40, 10% glycerol, 1 

mM PMSF, 1 mM DTT and 1x protease inhibitor mixture tablet (Sigma-Aldrich). Upon addition 

of lysis buffer, cells were incubated in a 37°C water bath with continuous agitation until the 

pellet melted, then transferred to dry ice for 10 min, subjected to one additional freeze-thaw 

cycle, and centrifuged at 16,000×g for 20 min at 4°C. Supernatant was transferred to a fresh 

conical tube and 25 µL of a 50% slurry FLAG-M2 magnetic beads (Sigma-Aldrich) were added. 

The mixture was incubated for 2 hr at 4°C with end-over-end rotation. Beads were pelleted by 

centrifugation at 100 × g for 1 min, magnetized, supernatant was removed and transferred with 1 

mL of lysis buffer to a fresh centrifuge tube. Beads were washed three times with 1mL rinsing 

buffer (20 mM Tris-HCl pH 8.0, 2 mM CaCl2). After the last wash, the beads were pelleted at 

500xg for 1 min and all the liquid was removed. The beads were re-suspended in 20 mM Tris-
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HCl pH 8.0 with 500 ng trypsin (T6567, Sigma-Aldrich) and incubated with end over end 

rotation at 37°C for 4hr. The supernatant was then removed and the beads were re-suspended in 

20 mM Tris-HCl pH 8.0 with 500 ng trypsin and incubated overnight at 37°C. Following the 

overnight trypsin digestion, the supernatant was removed, combined, formic acid was added to 

the peptides to 2% final concentration and then the peptides were stored at -20°C before analysis. 

 

6.13.2 BirA Affinity Purification 

For the BirA pull downs, 4x150 cm2 dishes of Myc-BirA, Myc-BirA-T7-SOCS2 or Myc-BirA-

T7-SOCS6 293 T-REx cells were grown to 80% confluence then treated with 75 µM vanadate, 1 

µM MLN4924, 1 µg/mL Doxycycline and 2 mM Biotin for 24 hr. At the end of the 24 hr they 

were washed twice in 20mL PBS, scraped into PBS, pooled and collected by centrifugation 

at 5,000xg for 5 min at 4°C. Cell pellets were snap frozen in dry ice and stored at −80°C until 

lysis. Pellets were lysed in 2 mL of RIPA lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 

mM EDTA, 1 mM EGTA, 1% NP-40, 0.1% SDS, 10 mM NaF, 250 µM vanadate,1x cOmplete 

mini EDTA-free protease inhibitor cocktail (Sigma-Aldrich), 250 U Benzonase Nuclease (Santa 

Cruz Biotechnology)) at 4°C for 1 hr with agitation, then sonicated (10 sec on and 3 sec off a 

total of three times at 35% power) to disrupt visible aggregates. The lysate was centrifuged at 

21000×g for 30 min. Clarified supernatants were incubated with 30 µL packed, pre-equilibrated 

streptavidin-Sepharose high performance beads (GE) with end over end agitation at 4°C for 3 hr. 

Beads were collected by centrifugation 400xg 1 min, supernatant was removed and transferred 

with 1 mL of RIPA lysis buffer to a fresh centrifuge tube. Beads were washed one more time 

with RIPA, two times with 1 mL TAP buffer (50 mM HEPES-KOH pH 8.0, 100 mM KCl, 10% 

glycerol, 2 mM EDTA, 0.1% NP-40) and washed three times with 50 mM ammonium 

bicarbonate pH 8.0. After the last wash the beads were pelleted at 500xg for 1 min and all the 

liquid was removed. The beads were re-suspended in 50 mM ammonium bicarbonate pH 8.0 

with 1 µg trypsin (T6567, Sigma-Aldrich) and incubated at 37°C with end over end agitation 

overnight. The supernatant containing the tryptic peptides was collected and lyophilized. The 

next morning 500 ng of trypsin was added to the beads and incubated at 37°C for two more 

hours. The supernatant was removed from the beads, the beads were washed two times with 

mass spec grade water. The washes and supernatant were combined and lyophilized in the speed 
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vac. The lyophilized peptides were cleaned using ZipTip™ C18 (Millipore Corporation) before 

the MS analysis. 

 

6.13.3 LC-MS/MS 

LC-MS/MS analysis was performed with an Easy-nLC 1000 (Thermo Scientific) coupled to an 

Orbitrap Elite mass spectrometer (Thermo Scientific). The LC system configured in a vented 

format (348) consisted of a fused-silica nanospray needle (PicoTip™ emitter, 75 µm ID, New 

Objective) packed in-house with Magic C18 AQ 100Å reverse-phase media (Michrom 

Bioresources Inc.) (25 cm), and a trap (IntegraFrit™ Capillary, 100 µm ID, New Objective) 

containing Magic C18 AQ 200Å (2 cm). The peptide sample was diluted in 10 µL of 2% 

acetonitrile and 0.1% formic acid in water and 8 µL was loaded onto the column and separated 

using a two-mobile-phase system consisting of 0.1% formic acid in water (A) and 0.1% acetic 

acid in acetonitrile (B). A 90 minute gradient from 7% to 35% acetonitrile in 0.1% formic acid at 

a flow rate of 400 nL/minute was used for chromatographic separations. The mass spectrometer 

was operated in a data-dependent MS/MS mode over the m/z range of 400-1800. The mass 

resolution was set at 240,000. For each cycle, the 20 most abundant ions with +2 and +3 charges 

states from the scan were selected for MS/MS analysis using 35% normalized collision energy. 

Selected ions were dynamically excluded for 15 seconds.  

6.13.4 Max Quant Data Search 

The MaxQuant peptide identification and label-free quantification was performed as previously 

described with the following parameters (349). The UniProt Reviewed 9606 human proteome 

and the contaminats.fasta were used for searching. Variable modifications: Oxidation (M), 

Acetyl (Protein N-term), and Biotinylated (K). Fixed Modifications Carbamidomethyl (C). 

Enzyme Trypsin with 2 maximum missed cleavages. Peptide false discovery rate 0.01. Minimum 

peptide length 7 and maximum peptide mass 4600. Minimum delta score for unmodified 

peptides 0 and minimum score for unmodified peptides 0. Minimum delta score for modified 

peptides 6 and minimum score for modified peptides 40.  
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6.13.5 Data Filtration  

The average of the top three peptide intensities were used to estimate protein abundance in each 

biological replicate. The three biological replicate were then run through the SAINTq software 

with the default settings (263). Bona Fide Flag interacting proteins had a SAINT score >0.666, 

corresponding to a Bayesian false discovery rate <7.7%. Bona Fide BirA interacting proteins had 

a SAINT score >0.675, corresponding to a Bayesian false discovery rate <10%. 

 

The top interactions were then imported into Cytoscape and the STRING database was used to 

determine the interactions between the Bona Fide interacting proteins.  
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Supplement Figure 1-Cullin5 is depleted in cell Lines used in the quantitative phosphotyrosine 

mass spectrometry experiment 

The three MCF10A biological replicates used in the quantitative phosphotyrosine mass spectrometry 

experiment were lysed and Cullin5 depletions was checked using Western blotting.  
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Supplement Figure 2-Ezrin, EphA2, Crk, IRS4, b-Catenin, and CRL5 are strongly biotinylated 

by BirA-SOCS2.  

HeLa cells were transiently transfected with either Myc-BirA, Myc-BirA-SOCS6WT, Myc-BirA-

SOCS2WT or Myc-BirA-SOCS2R73K. Twenty-four hours after transfection the cells were stimulated 

with 75 µM sodium orthovandate, 2 mM Biotin and 1 µM MLN4924 (where indicated) for twenty-four 

hours. Following the stimulation, the cells were lysed and biotinylated proteins were pulled out using 

streptavidin agarose beads. The whole cell extract represents 2% of the lysate used for the pull down. 
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Supplement Figure 3- Myc-EphA2K646M is not autophosphorylated in shControl or shEphA2 

HeLa cells.  

HeLa shScrm or shEphA2 cells were transiently transfected with either Myc-EphA2WT or Myc-

EphA2K646M. Twenty-four hours after transfection the cells were stimulated with 1 mM pervanadate for 30 

min, lysed, immunoprecipitated with antibody to Myc and protein A/G beads. The whole cell extract 

represents 15% of the lysate used for the pull down. 
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Supplement Figure 4-Single YF mutations in the EphA2 kinase domain do not disrupt binding 

between EphA2 and SOCS2. 

(a) Cartoon crystal structure of the EphA2 kinase domain (PDB: 1MQB), with every tyrosine displayed in 

green. (b, c) Eleven single tyrosine to phenylalanine point mutants in Myc-EphA2 can all bind to T7-

SOCS2LCQQ. HeLa cells were transiently transfected with T7-SOCS2LCQQ and the indicated Myc-EphA2 

construct. Twenty-four hours after transfection the cells were stimulated with 1 mM pervanadate for 30 

min, lysed and immunoprecipitated with antibody to T7 and protein A/G beads. (d) The Myc-EphA2 

Y729F, Y772F and Y729/772F mutants are all phosphorylated in 293T cells. 293T cells were transiently 

transfected with the indicated Myc-EphA2 construct. Twenty-four hours after transfection the cells were 

stimulated with 1 mM pervanadate for 30 min, lysed and immunoprecipitated with antibody to Myc and 

protein A/G beads. The whole cell extract represents the following percent of the lysate used for the pull 

down: panel a 10%, panel c 5% and panel d 7.5%. 
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Supplement Figure 5-EphA2 pY588 antibody is specific but the pY771 antibody picks up 

background bands.  

(a) Analysis of the specificity of pY588 and pY772 EphA2 antibodies in whole cell extract. HeLa shScrm 

or shEphA2 cells were starved in DMEM 0.5% BSA 10 mM HEPES for 16 hrs then stimulated with 1 

µg/mL EprinA1-Fc or left un-stimulated for 5 min. The cells were lysed and analyzed with the indicated 

antibodies. (b) The pY588 and pY772-EphA2 antibodies are specific for their site when EphA2 is 

immunoprecipitated. HeLa cells were transiently transfected with the indicated Myc-EphA2 constructs. 

Twenty-four hours after transfection the cells were stimulated with 1 mM pervanadate for 30 min, lysed 

and immunoprecipitated with antibody to Myc and protein A/G beads. 
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Supplement Figure 6-EphA2 and EfnA1 expression levels in different cell lines, and 

stimulation of EphA2 phosphorylation by EfnA1-Fc at 0°C 

(a)  MDA-MD-231 cells have high EphA2 and low EfnA1 RNA compared to MCF10A and HeLa cells. 

RNA was harvested from un-stimulated HeLa, MCF10A and MDA-MB-231 cells. A SYBR green qPCR 

was performed on the cDNA from each of these cells lines and gene expression was calculated using the 

DDCt method. Bars are mean and standard deviation of three biological independent experiments. (b) 

EfnA1 stimulates EphA2 phosphorylation at 0°C. MDA-MB-231cells were starved in DMEM, 0.5% 

BSA, 10 mM HEPES for 4 hr followed by a 1 hr incubation with EfnA1-Fc or Fc (1 µg/mL) on ice. The 

ligand was washed off and the cells were placed at 37°C for the indicated times. Cells were lysed and 

immunoprecipitated with antibody to EphA2 and protein A/G beads.  
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Supplement Figure 7-EphA2 and EfnA1-Fc co-localize.  

MDA-MB-231 cells were starved in DMEM 0.5% BSA 10 mM HEPES for 4 hrs followed by a 1 hr 

incubation with EfnA1-Fc (1 µg/mL) on ice. The ligand was washed off the cells and the cells were 

moved to 37°C for the indicated amount of time before fixation. Fixed and permeabilized cells were 

stained with anti-EphA2, anti-Fc and appropriate secondary antibodies. Images are maximum intensity 

projections of three Z-sections. The EphA2 and EfnA1 brightness/contrast is unequal in some images to 

allow for easy visualization. Scale bar: 15 µm.  
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