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Abstract

The Cbl proteins (Cbl, Cbl-b, and Cbl-c) are a highly conserved family of RING finger ubiquitin ligases (E3s) that function as
negative regulators of tyrosine kinases in a wide variety of signal transduction pathways. In this study, we identify a new
Cbl-c interacting protein, Enigma (PDLIM7). This interaction is specific to Cbl-c as Enigma fails to bind either of its closely
related homologues, Cbl and Cbl-b. The binding between Enigma and Cbl-c is mediated through the LIM domains of
Enigma as removal of all three LIM domains abrogates this interaction, while only LIM1 is sufficient for binding. Here we
show that Cbl-c binds wild-type and MEN2A isoforms of the receptor tyrosine kinase, RET, and that Cbl-c enhances
ubiquitination and degradation of activated RET. Enigma blocks Cbl-c-mediated RETMEN2A ubiquitination and degradation.
Cbl-c decreased downstream ERK activation by RETMEN2A and co-expression of Enigma blocked the Cbl-c-mediated
decrease in ERK activation. Enigma showed no detectable effect on Cbl-c-mediated ubiquitination of activated EGFR
suggesting that this effect is specific to RET. Through mapping studies, we show that Cbl-c and Enigma bind RETMEN2A at
different residues. However, binding of Enigma to RETMENA prevents Cbl-c recruitment to RETMEN2A. Consistent with
these biochemical data, exploratory analyses of breast cancer patients with high expression of RET suggest that high
expression of Cbl-c correlates with a good outcome, and high expression of Enigma correlates with a poor outcome.
Together, these data demonstrate that Cbl-c can ubiquitinate and downregulate RETMEN2A and implicate Enigma as a
positive regulator of RETMEN2A through blocking of Cbl-mediated ubiquitination and degradation.
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Introduction

Receptor Tyrosine Kinase (RTK) signaling is essential for

normal biological processes and disruption of this regulation can

lead to tumor initiation and progression. Cbl proteins are a family

of RING finger ubiquitin ligases (E3) that negatively regulate a

variety of RTKs (including EGFR, MET, and RET), tyrosine

kinase dependent receptors such as the T-cell receptor, and non-

receptor tyrosine kinases such as Src. There are three mammalian

Cbl proteins: Cbl (a.k.a., c-Cbl, Cbl2, and RNF55), Cbl-b (a.k.a.,

RNF56), and Cbl-c (a.k.a., Cbl-3, Cbl-SL, and RNF57) [1,2]. Cbl

proteins have a highly conserved N-terminus consisting of a

tyrosine kinase binding (TKB) domain that binds to specific

phosphorylated tyrosines on substrates, a catalytic RING Finger

(RF) domain, and an alpha helical linker region separating the

TKB and RF domains [1,2]. The C-termini of the Cbl proteins

are the least conserved; however, each is comprised of a proline

rich (PR) region which mediates interactions with SH3-domain

containing proteins. The C-termini of Cbl and Cbl-b share

tyrosines that, upon phosphorylation, serve as sites of SH2 protein

interaction [3] as well as a ubiquitin associated (UBA) domain

which has been shown to mediate homodimerization and

ubiquitin binding [4,5].

While Cbl and Cbl-b have been well studied and characterized,

less is known about Cbl-c. Unlike the ubiquitous distribution of

Cbl and Cbl-b, Cbl-c is expressed exclusively in epithelial cells [6–

9]. Like Cbl and Cbl-b, the N-terminus of Cbl-c is composed of

the highly conserved TKB, RF, and linker region, but Cbl-c is the

most divergent of the three proteins from the Cbl sequence [2,7].

The C-terminus of Cbl-c diverges from the other two Cbl proteins

by its shorter PR domain, absence of C-terminal tyrosines, and

lack of a UBA domain. Cbl-c, like Cbl and Cbl-b, is a functional

E3 that can ubiquitinate and downregulate EGFR and v-Src in

cells [7,10,11]. Mice null for Cbl or Cbl-b have clear immuno-

logical and hematological defects that help to define their

physiological roles; however, mice null for Cbl-c are viable and

fertile with no apparent abnormalities [6,12–15]. Thus, the

physiological role of Cbl-c is not clear.

To elucidate the function of Cbl-c, we sought to determine Cbl-

c interacting proteins by utilizing a yeast two-hybrid screen and

subsequently identified Enigma (a.k.a., PDLIM7) as a Cbl-c

binding partner. Enigma is a member of the LIM family of

proteins and is comprised of an N-terminal PDZ domain, which

has been shown to mediate actin filament binding [16,17], and

three C-terminal LIM domains, which mediate protein-protein

interactions [18]. LIM1 is the least conserved of the three LIM

domains and thus was excluded from the original characterization

of Enigma and has no known interacting partner [19]. LIM2 and

LIM3 (originally LIM1 and 2) have been shown to bind RET [20]

and InsR [19] respectively. RET (REarranged during Transfection) is
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an RTK which binds members of the glial cell line-derived

neurotrophic factor (GDNF) family of extracellular signaling

molecules [21]. RET loss of function mutations are associated

with the development of Hirschsprung’s disease [22] while gain of

function mutations or translocations are associated with the

development of a variety of human cancers, including medullary

thyroid carcinoma, multiple endocrine neoplasias (MEN) type 2A

and 2B, pheochromocytoma, and parathyroid hyperplasia [23,24].

Previous reports demonstrate Enigma as a required component for

mitogenic signaling of RET/PTC [16], a rearranged oncogenic

isoform of RET found in papillary thyroid carcinomas. In general,

Enigma is considered a scaffold protein which, through an actin

binding PDZ domain and three protein-binding LIM domains,

serves as an adaptor to stabilize membrane associated signaling

complexes [17]. Here, we show that Enigma is a binding partner

of Cbl-c and that through its interactions with both Cbl-c and

RET blocks RET ubiquitination and degradation thereby serving

as a positive regulator of the oncogenic RETMEN2A isoforms.

Materials and Methods

Reagents
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine

serum (FBS), penicillin, and streptomycin sulfate were obtained

from Invitrogen (Carlsbad, CA). Dulbecco’s phosphate buffered

saline (D-PBS) was purchased from Mediatech Inc. (Herndon,

VA). Tissue culture plastic ware and other laboratory consumables

were purchased from commercial sources. Recombinant human

EGF (#354052) was obtained from BD Biosciences (Bedford,

MA). MG-132 (#474790) was purchased from Millipore (Billerica,

MA), and cycloheximide (#C7698) was purchased from Sigma

Aldrich (St. Louis, MO). Recombinant human RET ligand

(GDNF; #714-GR-100) and exogenous co-receptor (GFRa1;
#212-GD-010/CF) were purchased from R&D Systems (Min-

neapolis, MN).

Expression Constructs
The expression plasmids for full length HA epitope tagged Cbl,

Cbl-b, Cbl-c, and the control vector (pCEFL) have been described

previously [7,25]. The full-length human Enigma cDNA construct

was purchased from OpenBiosystems (MHS4771-202828331;

Huntsville, AL). FLAG-Enigma was constructed using PCR and

sub-cloned into pcDNA3.1. Point mutation and deletion con-

structs described above were created using the QuikChange II

Site-directed Mutagenesis Kit according to manufacturer’s

instructions (Stratagene, La Jolla, CA). Plasmids encoding human

RET9, RET51, their corresponding MEN2A (C634R) mutants

and the GFRa1 co-receptor were kindly provided by Carlos

Ibanez [26]. RET9MEN2A point mutation and deletion con-

structs were made using site-directed mutagenesis. All constructs

were confirmed by DNA sequencing.

Yeast Two-hybrid Screen
Yeast two-hybrid screening was carried out by Myriad Genetics

(Salt Lake City, UT), using a partial human Cbl-c cDNA

(representing amino acids 360–474) as the bait in a mating-based

screening method. The Cbl-c cDNA was cloned into pGBT.su-

perB creating an open reading frame for Cbl-c fused to the GAL4

DNA-binding domain. The bait plasmid was introduced into

Myriad’s ProNet yeast strain PNY200 (MATa ura3-52 ade2-101

trp1-901 his3-D200 leu2-3112 gal4D gal80D). Bait yeast cells were
mated with Myriad’s ProNet MATa yeast cells, BK100 (MATa
ura3-52 trp1-901 his3-D200 leu2-3112 gal4D gal80D GAL2-ADE2

LYS2::GAL1-HIS3 met2::GAL7-lacZ) containing three indepen-

dent cDNA libraries from human breast/prostate cancer, spleen

and brain. After mating, at least 5 million diploid yeast cells were

obtained from each library and selected on His- and Ade-lacking

medium. Prey plasmids were isolated from positive colonies, and

the interaction was confirmed by expression of a third reporter

gene (lacZ). Positive prey plasmid cDNAs were then sequenced.

Cell Culture and Transfections
All cell lines used in this study were originally obtained from

ATCC (Manassas, VA) and maintained in our laboratory through

regular passage and cryopreservation. The human embryonic

kidney (HEK293T) and the human pancreatic cancer (CFPac-1)

cell lines were maintained in culture using DMEM (Gibco, Grand

Island, NY) supplemented with 10% FBS, 100 U/ml penicillin,

and 100 mg/ml streptomycin sulfate. The breast cancer cell lines

MDA-MB-231 and T47D were maintained in culture using RPMI

(Gibco, Grand Island, NY) supplemented with 10% FBS, 100 U/

ml penicillin, and 100 mg/ml streptomycin sulfate. HEK293T cells

were transfected using calcium phosphate (Profection; Promega

Corp., Madison, WI). Transfections were incubated 18 h prior to

media change and grown for a total of 48 h prior to harvesting.

For cell treatments, all transfections were performed in replicate,

then pooled, and re-plated prior to treatment. Each cell-based

experiment was repeated at least 3 times.

Immunoblotting and Immunoprecipitation
To harvest proteins, cells were washed twice in ice-cold

Dulbecco’s-PBS containing 200 mM sodium orthovanadate (Fisher

Chemicals, Fairlawn, NJ) and then lysed in ice-cold lysis buffer

(10mM Tris-HCl pH 7.5, 150mM NaCl, 5mM EDTA, 1% Triton

X-100, 10% glycerol, 100mM iodoacetamide [Sigma-Aldrich

Corp., St. Louis, MO], 2mM sodium orthovanadate, and protease

inhibitors [Complete tabsH, Roche Diagnostics Corp., Indianapo-

lis, IN]). All whole cell lysates were cleared of cellular debris by

centrifugation at 16,0006g for 15m at 4uC. Supernatant protein
concentrations were determined using the Bio-Rad protein assay

(Bio-Rad, Hercules, CA). For immunoblotting, lysates (2 mg
protein/ml) were boiled in loading buffer (62.5mM Tris-HCl

pH 6.8, 10% glycerol, 2% SDS, 1mg/ml bromphenol blue,

0.3573M b-mercaptoethanol) for 5 m. For immunoprecipitations,

300 mg of each of the whole cell lysates were incubated with either:

a rabbit polyclonal anti-RET antibody (sc-13104; Santa Cruz

Biotechnology, Santa Cruz, CA) or rabbit anti-EGFR (Ab-3;

Millipore) with Protein A/G Plus-agarose beads (sc-2003; Santa

Cruz Biotechnology, Santa Cruz, CA). For HA immunoprecipi-

tations, 300 mg of whole cell lysates were incubated with HA-

affinity matrix (11815016001; Roche Diagnostics Corp., Indiana-

polis, IN). For Cbl-c immunoprecipitations, whole cell lysates were

incubated with agarose immobilized affinity rabbit anti-Cbl-c

(Rockland Immunochemicals, Gilbertsville, PA). For GST pull-

downs, 300 mg of each of the whole cell lysates were incubated

with Glutathione Sepharose 4B (Amersham Biosciences, Piscat-

away, NJ). All immunoprecipitations were incubated overnight at

4uC with tumbling. Immune complexes were washed five times in

1mL cold lysis buffer, then resuspended in 2X loading buffer,

boiled for 5m, then resolved by SDS-PAGE and transferred to

nitrocellulose membranes (Protran BA85; Whatman, Sanford,

MA). For immunoblot detection of proteins, the following

antibodies were used: rabbit anti-RET (sc-13104; Santa Cruz),

(C31B4; Cell Signaling), rabbit anti-EGFR (2232L; Cell Signal-

ing), rat monoclonal high affinity anti-HA-peroxidase, (clone

3F10; Roche), mouse anti-GST (sc-138; Santa Cruz), mouse anti-

Hsc70 (sc-7298; Santa Cruz), rabbit anti-GFP-FL (sc-8334; Santa

Cruz), goat anti-Cbl-c (sc-8372; Santa Cruz), rabbit monoclonal
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anti-p44/42 MAPK (4370; Cell Signaling), and rabbit polyclonal

anti-ERK2 (sc-154; Santa Cruz). Horseradish peroxidase linked

donkey anti-rabbit IgG (NA934V; GE Healthcare, Piscataway,

NJ), horseradish peroxidase linked donkey anti-mouse IgG

(NA931: GE Healthcare, Piscataway, NJ), or rabbit anti-goat (sc-

2768; Santa Cruz Biotechnology, Santa Cruz, CA) immunoglob-

ulin was used with SuperSignal (Pierce Biotechnology Inc.,

Rockford, IL) to visualize target proteins. Each experiment was

repeated at least 3 times. Densitometric analysis of immunoblot

band intensities was performed using Adobe Photoshop software

version 7.0 (Adobe Systems Inc., U.S.A).

Data Mining, Retrieval and Survival Analysis
The OncomineTM database was queried to observe expression

profiles for RET, Cbl-c and Enigma in clinical breast cancer

microarray datasets that also had survival data. Based on this

analysis, two breast cancer microarray datasets: GSE25066 [27]

and GSE20685 [28] were chosen for further analysis. Both the

microarrays were processed on the Affymetrix HG-U133 chip and

the normalized log-intensity expression values were retrieved from

NCBI GEO database. The merged cohort for these datasets

consisted of 835 samples. RET, Cbl-c and Enigma log-intensity

values were available for this cohort. Based on a median cutoff of

8.0 for expression of RET across these samples, a subset of 459

patients were extracted that had RET expression above the

median value. The Survival Risk Group Prediction module on

BRB-ArrayTools (v 4.3) was used to analyze whether Cbl-c,

Enigma and RET have a statistically significant association to the

survival data for breast cancer patients within the chosen datasets.

A supervised principal components model was used in this study to

analyze the censored survival data. The evaluation of the

predictive method was further validated using the 10-fold cross-

validation. The Kaplan-Meier curves were plotted based on the

low and high expressing groups predicted by the computations

done above, with the statistical significance for survival being

derived by calculating the log-rank statistical p-value based on

1000 permutations.

Results

Yeast Two-hybrid Screen Identifies Enigma as a Cbl-c
Interacting Protein
We identified the LIM protein Enigma as a potential interacting

protein of Cbl-c using a yeast two-hybrid screen of human cDNAs

against a 114 amino acid C-terminal bait construct of human Cbl-

c (encoding amino acids 360–474). To confirm this interaction,

full-length cDNAs of GST-tagged human Cbl-c (GST-Cbl-c) or

GST alone were co-expressed with untagged human Enigma in

HEK293T cells. Subsequent GST pull-downs of GST-Cbl-c from

whole cell lysates co-precipitated Enigma, but GST pull-downs of

GST alone did not, thereby confirming the interaction between

Cbl-c and Enigma (Figure 1A). This interaction was further

validated by immunoprecipitation of FLAG-tagged Enigma which

co-immunoprecipitated HA-tagged Cbl-c from whole cell lysates

of HEK293T cells expressing each plasmid (Figure 1B). The

interaction between endogenous proteins was established by

specific co-immunoprecipitation of Enigma with immunoprecip-

itated Cbl-c from lysates of cells that express both proteins (CFPac-

1, Figure 1C, top panel, lane 3) but not from cells that express high

levels of endogenous Enigma (MB231, Figure 1C top panel, lane

1) or Cbl-c alone (T47D, Figure 1C, top panel, lane 2).

Since Cbl-c is the most divergent of the three mammalian Cbl

proteins [2,7], we next tested whether this interaction is specific to

Cbl-c or is conserved among all the human Cbl proteins. To test

the interaction of Enigma with each of the human Cbl proteins, we

co-expressed FLAG-Enigma with HA-tagged constructs of Cbl,

Cbl-b, and Cbl-c in HEK293T cells, followed by immunoprecip-

itation of each of the Cbl proteins with an anti-HA affinity matrix.

Enigma co-precipitated with Cbl-c (Figure 1D, top panel, lane 8)

but not with Cbl or Cbl-b (Figure 1D, top panel, lanes 4 and 6

respectively) indicating a selective interaction between Cbl-c and

Enigma.

The LIM Domain of Enigma is Required for Cbl-c
Interaction
Enigma is comprised of three carboxyl-terminal LIM domains

which serve as primary sites of protein-protein interaction [18].

LIM1 is the most divergent of the three LIM domains and was not

recognized in the original characterization of Enigma. The LIM1

domain of Enigma has no known interacting partner [19,29].

LIM2 and LIM3 have been shown to mediate binding to RET

and InsR respectively [19,20]. To determine if the interaction

between Enigma and Cbl-c is mediated through LIM domain

binding, we constructed a series of FLAG-Enigma constructs with

C-terminal truncations to sequentially delete each of the three

LIM domains, denoted as DLIM3, DLIM2-3 and DLIM1-3

(Figure 1E). Whole cell lysates immunoblotted for the FLAG

epitope demonstrated the reduced size for each of the C-terminal

truncation mutants (Figure 1F; third panel). Each of the FLAG-

Enigma transfections also revealed a common band migrating to a

size similar to that of the DLIM1-3 mutant. While this band

appears to include a FLAG epitope, it did not co-precipitate with

GST-Cbl-c and may represent a non-interacting product of

FLAG-Enigma degradation or incomplete translation. GST pull-

downs from whole cell lysates of HEK293T cells expressing GST-

Cbl-c in the presence of each of the Enigma constructs revealed

that Enigma co-precipitation is abrogated in the absence of all

three of the C-terminal LIM domains (Figure 1F, top panel, lane

10). Enigma lacking LIM domain 3 or lacking LIM domains 2 and

3 retained Cbl-c interaction (Figure 1F, top panel, lanes 6 and 8,

respectively) indicating that the region including LIM1 is sufficient

for Cbl-c interaction.

Cbl-c Binds RET Kinase
Enigma is known to bind RET directly through its LIM2

domain [19]. Cbl and Cbl-b, as negative regulators of RTKs, have

been shown to bind to, ubiquitinate, and downregulate RET

[26,30]. The binding of Cbl and Cbl-b to RET is mediated by an

indirect interaction where the Cbl protein binds to Grb2 or Shc

which in turn bind to RET [26]. More recently, Cbl-c has been

shown to interact with RET; however, the mechanism of binding

and the physiological relevance of this interaction remain unclear

[31]. There are several isoforms of RET which differ by

alternative splicing of the C-terminus [32]. To confirm the

interaction between Cbl-c and RET, we co-expressed GST-Cbl-c

with the two most abundant isoforms of RET, RET9, RET51, and

their corresponding constitutively active MEN2A (C634R) mutant

isoforms. GST pull-downs confirmed the interaction between Cbl-

c and each of the RET isoforms (Figure 2A, top panel, lanes 4, 6,

8, and 10). The interaction between Cbl-c and this RTK was

further supported by the observation of tyrosine phosphorylation

of Cbl-c in the presence of each RET isoform. This is indicated by

the presence of a slower migrating Cbl-c band when RET is

present (Figure 2A, third panel, compare lanes 4, 6, 8, and 10 to

lane 2) and by direct immunoblotting of GST pull-downs for

tyrosine phosphorylation (Figure 2A, second panel, compare lanes

4, 6, 8, and 10 to lane 2). To test whether this interaction was

dependent upon RET activation, we employed Sorafenib, a
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multikinase inhibitor, which inhibits RET and is being used to

currently treat RET-driven renal cancers [33,34]. Cells treated

with Sorafenib prior to lysis showed reduced RET phosphoryla-

tion indicating effective kinase inhibition (Figure 2B, top panel,

lanes 5 and 6). GST pull-down of GST-Cbl-c demonstrated that

despite effective RET inhibition, the interaction between Cbl-c

and RET was maintained in the presence of Sorafenib (Figure 2B,

third panel, lanes 3 and 6). These results suggest that this

interaction is independent of RET phosphorylation. Immunoblot-

ting also revealed a significant reduction of Cbl-c tyrosine

phosphorylation in the presence of Sorafenib (Figure 2B, fifth

panel, compare lanes 3 and 6) again consistent with RET

dependent phosphorylation of Cbl-c.

Figure 1. Enigma interacts with Cbl-c. (A) HEK293T cells were transfected with GST, or GST-Cbl-c with and without untagged human Enigma as
indicated above each blot. All transfections were balanced with empty vector controls and whole cell lysates were collected at 48 h post-transfection.
GST pull-downs were performed using 300 mg of whole cell lysates. GST pull-downs (GST ppt.) and whole cell lysates (WCL) were immunoblotted (IB)
as indicated to the right of each blot. Molecular weight standards in kDa are indicated to the left of each panel and Hsc70 is shown as a loading
control. (B) HEK293T cells were transfected with HA-Cbl-c with and without FLAG-Enigma as indicated above each blot. Immunoprecipitations were
performed using anti-FLAG-M2 agarose with 300 mg of whole cell lysates. IPs and WCL were immunoblotted as indicated to the right. Molecular
weight standards are indicated to the left of each panel and Ponceau S staining serves as a loading control. (C) Immunoprecipitation of endogenous
Cbl-c was performed on whole cell lysates from three human cell lines: 30mg of MB-231, a triple negative breast cancer cell line; 30mg of T47D, a
human ER+ breast cancer cell line; and 20mg of CFPac-1, a human pancreatic cancer cell line. Immunoprecipitations using rabbit anti-Cbl-c
conjugated sepharose, were immunoblotted for endogenous Cbl-c (indicated by arrow) and for endogenous Enigma as indicated. Rabbit
immunoglobulin is indicated with an asterisk (*) and molecular weight standards are indicated on the left of each panel. Whole cell lysates were
immunoblotted for endogenous Enigma and Hsc70 which serves as a loading control. (D) HEK293T cells were transfected with HA-Cbl, Cbl-b, or Cbl-c
with and without FLAG-Enigma. Cbl immunoprecipitations were performed on 300 mg of each of the whole cell lysates using anti-HA affinity matrix
and immunoblotted for co-immunoprecipitation of Enigma, as indicated. Whole cell lysates were immunoblotted as indicated and molecular weight
standards are indicated on the left of each panel. b-actin serves as a loading control. (E) Enigma truncation constructs used for mapping Cbl-c
interaction site. (F) HEK293T cells were co-transfected with GST-Cbl-c along with FLAG-Enigma, DLIM3, DLIM2-3, or DLIM1-3. Whole cell lysates were
collected and immunoblotted for Enigma constructs with anti-FLAG and for Cbl-c as indicated on the right. GST pull-downs were immunoblotted for
GST-Cbl-c with anti-GST and for each of the FLAG-Enigma proteins as indicated. Arrow indicates expected position of DLIM1-3 protein. Molecular
weight standards are indicated on the left of each panel and Ponceau S staining serves as a measure of protein loading.
doi:10.1371/journal.pone.0087116.g001
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Cbl-c Enhances RET Ubiquitination
Like Cbl and Cbl-b, Cbl-c can ubiquitinate activated EGFR

[35,36]. While Cbl and Cbl-b are reported to negatively regulate

RET [30], the ability of Cbl-c to ubiquitinate RET has not yet

been clearly established. To test whether RET is a substrate of

Cbl-c ubiquitin ligase function, we used the lysates described in

Figure 2B in which we co-expressed GST-Cbl-c with the

constitutively active mutant RET9MEN2A in HEK293T cells.

To facilitate the detection of ubiquitinated RET, all transfections

included an equal amount of HA-tagged ubiquitin [37]. We used

the constitutively active RET9MEN2A isoform since this allows

assessment of activated RET ubiquitination in the absence of both

ligand and the RET co-receptor, GFRa [38]. Ubiquitination of

RET9MEN2A in the presence and absence of GST-Cbl-c was

assessed by RET immunoprecipitation and immunoblotting with

and anti-HA HRP conjugated antibody. In the presence of GST-

Cbl-c, RET9MEN2A showed enhanced ubiquitination indicating

that Cbl-c can mediate ubiquitination of this constitutively active

RET isoform (Figure 3A, top panel, compare lane 3 to lane 2). In

addition to enhanced ubiquitination, protein steady state levels of

both the receptor and Cbl-c were reduced when co-expressed

suggesting enhanced and coordinated degradation of RET and

Cbl-c (Figure 2B panels 7 and 8, lanes 1–3). Reduced steady state

levels of Cbl-c in the presence of RET was consistent and most

apparent in transfections with higher relative levels of RET to Cbl-

c (not shown). While Sorafenib showed no effect on the ability of

Cbl-c to bind RET (Figure 2B), ubiquitination was reduced in the

presence of Sorafenib (Figure 3A, top panel, compare lane 6 to

lane 3) indicating that, unlike Cbl-c recruitment, Cbl-c-mediated

ubiquitination requires receptor activation. Interestingly, the

downregulation of RET9MEN2A and GST-Cbl-c was attenuated

in the presence of Sorafenib consistent with inhibition of

downregulation of both proteins (Figure 2B, panels 7 and 8,

compare lanes 4–6 to lanes 1–3).

Figure 2. Cbl binds RET and MEN2A kinases. (A) HEK293T cells were transfected separately with pJ7V plasmids encoding each of the following
four RET kinase isoforms: RET 9, RET 51, and their MEN2A (C634R) mutant isoforms. Each was transfected both with and without GST-Cbl-c. Whole cell
lysates were collected at 48h post-transfection and GST pull-downs were performed on 300 mg of whole cell lysates and immunoblotted (IB) as
indicated. Whole cell lysates were immunoblotted as indicated and molecular weight standards are indicated on the left of each panel b-actin serves
as a loading control. (B) HEK293T cells were transfected with GST-Cbl-c both with and without RET9MEN2A. Replicate plates were treated with either
500 mM Sorafenib (+) or DMSO as vehicle control (-) for 90m prior to collection. Whole cell lysates were immunoblotted as indicated on the right. RET
immunoprecipitations were performed on 300 mg of whole cell lysates using anti-RET antibody with Protein A/G Sepharose and immunoblotted for
RET and phosphotyrosine (pY) as indicated. GST pull-downs were performed, as described above, and immunoblotted (IB) for RET, phosphotyrosine
(pY), and GST-Cbl-c as indicated. Molecular weight standards are indicated to the left of each panel and Hsc70 serve as loading controls.
doi:10.1371/journal.pone.0087116.g002
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Enigma Abrogates RETMEN2A Ubiquitination and
Degradation
Previously Enigma has been shown to bind RET at tyrosine

1062 in a phosphorylation independent manner [16,20] and to be

required for RET-mediated mitogenic signaling [16,20]. Consid-

ering the interaction of Enigma with Cbl-c shown here and the

ability of Cbl-c to ubiquitinate RET, we next tested whether the

presence of Enigma had any effect on Cbl-c-mediated RET

ubiquitination. Co-transfection of HEK293T cells with RE-

Figure 3. Enigma abrogates RETMEN2A ubiquitination. (A) RET immunoprecipitations were performed on 300 mg of each of the whole cell
lysates described above and immunoblotted for HA-ubiquitin and phosphotyrosine (pY) as indicated on the right. (B) HEK293T cells were transfected
with GST-Cbl-c with and without FLAG-Enigma along with either RET9MEN2A or RET51MEN2A. Cells were collected 48h post-transfection, and whole
cell lysates were immunoblotted as indicated on the right. RET immunoprecipitations were performed on 300 mg of each of the whole cell lysates and
immunoblotted for RET and HA-ubiquitin as indicated on the right. Molecular weight standards are indicated on the left and Ponceau S staining
serves as a measure of protein loading. (C) HEK293T cells were transfected with RET9MEN2A with GST-Cbl-c and FLAG-Enigma both alone and in
combination as indicated above the blots. All transfections were performed in triplicate. At 24h post-transfection, triplicate plates were pooled and
replated. At 40h post-transfection, replicate plates were treated with 100ng/mL cycloheximide (CHX) for either 3 or 5h as indicated. Control plates
received an equivalent volume of DMSO vehicle control for 5h prior to cell collection. A total of 20 mg of each of the whole cell lysates was
immunoblotted as indicated. RET steady state levels were then assessed using b-actin as a loading control. (D) Densitometric analysis of RET steady
state levels in the presence of GST-Cbl-c and Enigma, either alone or in combination. Levels were all compared to Vector transfected cells in the
absence of cycloheximide. Error bars denote mean 6 SE (n = 3). (E) HEK293T cells were transfected with RET9MEN2A with GST-Cbl-c and FLAG-
Enigma both alone and in combination as indicated above each blot. At 24h post-transfection, all cells were starved of FBS for 24h prior to cell
harvesting. A total of 20 mgs of each of the whole cell lysates were immunoblotted as indicated to the right of each panel. Phospho-MAPK steady
state levels were assessed using MAPK and Hsc70 as loading controls. Molecular weight standards are indicated on the left of each panel. (F) HEK293T
cells were transfected with wild-type RET and the RET co-receptor, GFRa1 along with GST-Cbl-c and Enigma both alone and in combination. Vector
controls included empty GST vector and all transfections were performed in duplicate and included HA-tagged ubiquitin. At 24h post-transfection,
duplicate plates were pooled and re-plated to allow reattachment overnight. At 40h post-transfection, plates were rinsed and starved in media
lacking FBS for 24h, then stimulated as described previously [43], using 30ng/mL GDNF and 100ng/mL exogenous GFRa1 (+) or water control (-) for
15m as indicated prior to collection and lysis. Whole cell lysates were immunoblotted as indicated. To assess RET ubiquitination, RET
immunoprecipitations were performed on 300ugs of whole cell lysate and immunoblotted for HA-ubiquitin as indicated on the right. (G) HEK293T
cells were transfected with EGFR along with GST-Cbl-c and Enigma both alone and in combination. All transfections were performed in duplicate. At
24h post-transfection, duplicate plates were pooled and replated to allow reattachment overnight. At 40h post-transfection, plates were rinsed and
starved in media lacking FBS for 8h, then stimulated with 100ng/mL EGF (+) or water control (-) for 10m as indicated prior to collection and lysis.
Whole cell lysates were immunoblotted as indicated. To assess EGFR ubiquitination, EGFR immunoprecipitations were performed on 300 mg of whole
cell lysate and immunoblotted for EGFR and HA-ubiquitin as indicated on the right. Molecular weight standards are shown to the left of each panel
and tubulin serves as loading control.
doi:10.1371/journal.pone.0087116.g003
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T9MEN2A, RET51MEN2A, and GST-Cbl-c confirmed the

enhanced ubiquitination of the activated RETMEN2A isoforms

by Cbl-c (Figure 3B, top panel, compare lane 6 to lane 4 and lane

10 to lane 8). In the presence of Enigma, Cbl-c-mediated

ubiquitination of both RETMEN2A isoforms was significantly

reduced (Figure 3B, top panel compare lane 7 to lane 6 and lane

11 to lane 10). Enigma also reduced the ubiquitination of both

RETMEN2A isoforms seen in the absence of GST-Cbl-c

(Figure 3B, top panel, compare lane 5 to lane 4 and lane 9 to

lane 8). The expression of Enigma also affected Cbl-c-mediated

RET degradation (Figure 3C). Co-transfection studies, using the

protein synthesis inhibitor, cycloheximide, showed reduced RET

steady state levels in the presence of ectopic Cbl-c (Figure 3C, top

panel, compare lanes 7–9 to lanes 1–3 and Figure 3D) indicating

that Cbl-c ubiquitination promotes RET degradation. Densito-

metric analysis of RET band intensities from 3 independent

experiments demonstrated that in the absence of Cbl-c (Figure 3C

vector lanes 1–3 and Enigma lanes 4–6 and Figure 3D) there was

no significant downregulation of the RET protein upon cyclohex-

imide treatment. A consistent reduction in RET steady state levels

in the presence of Cbl-c and further reduction upon cycloheximide

treatment was observed (Figure 3C lanes 7–9 and Figure 3D). This

is consistent with Cbl-c mediated ubiquitination and degradation

of activated RET. In the presence of Enigma, RET steady state

levels were reduced but the time dependent reduction upon

cycloheximide treatment was not observed (Figure 3C lanes 10–12

and Figure 3D), consistent with the ability of Enigma to partially

abrogate Cbl-c-mediated ubiquitination and subsequent downreg-

ulation of RET. In whole cell lysate immunoblots, RET appears as

two distinct bands corresponding to the 175kD mature and 155kD

immature forms [39,40]. RET degradation, in the presence of

ectopic Cbl-c, appears most dramatic on the larger, mature form

(Figure 3C, top panel, lanes 7–9) indicating that Cbl-c mediates

degradation of the mature, glycosylated form of the receptor. As

with ubiquitination, the presence of Enigma blocks Cbl-c-

mediated RET degradation (Figure 3C; compare lanes 10–12 to

lanes 7–9). Enigma alone had little effect on RET steady state

levels (Figure 3C, compare lanes 4–6 to lanes 1–3). RET9MEN2A

activated downstream MAPK signaling in starved cells as

evidenced by the increase in phospho-ERK 1/2 compared to

starved cells without RET9MEN2A (Figure 3E; compare lanes 1

and 2). Phospho-ERK 1/2 was reduced when Cbl-c was expressed

with RET9MEN2A, supporting the role of Cbl-c as a negative

regulator of RET signaling (Figure 3E; compare lanes 2 and 3).

Consistent with previously published work showing that Enigma is

a positive regulator of oncogenic RET signaling [16,20], ectopic

expression of Enigma enhanced the activation of phospho-ERK

by RET9MEN2A (Figure 3E; compare lanes 4 with lane 2). When

Enigma and Cbl-c were co-expressed with RET9MEN2A, the

phospho-ERK signaling was increased compared to cells trans-

fected with Cbl-c and RET9MEN2A and in fact phospho-ERK

was at the same level as seen in RET9MEN2A alone (Figure 3E;

compare lane 5 to lanes 3 and 2 respectively). The enhanced

MAPK signaling seen when Enigma is co-transfected with Cbl-c

and RET9MEN2A is consistent with the inhibitory effects of

Enigma on Cbl-c-mediated downregulation of RET.

Since these studies utilized the constitutively active, mutant

form of RET, we tested whether Cbl-c and Enigma can similarly

regulate ubiquitination of wild-type RET following ligand

activation. To test this, we employed plasmids encoding wild-type

RET9 and the RET co-receptor, GFRa1, which have been used

successfully to assess GDNF induced activation previously in

transfected cells [41]. Co-transfection of HEK293T cells with

wild-type RET9 and GFRa1 along with GST-Cbl-c confirmed

enhanced ubiquitination of wild-type RET9 following GDNF

stimulation in ther presence of Cbl-c (Figure 3F, lanes 5–6). As

illustrated with RETMEN2A, Cbl-c mediated ubiquitination of

wild-type RET9 was abrogated in the presence of Enigma

(Figure 3F, lanes 9–10).

To determine if the effect of Enigma on Cbl-c-mediated RET

ubiquitination is a general phenomenon, we next tested whether

Enigma similarly abrogated Cbl-c-mediated ubiquitination of

activated EGFR. As previously demonstrated, Cbl-c enhanced

EGFR ubiquitination upon EGF treatment (Figure 3G; top panel,

compare lane 4 to lane 2). However, the presence of Enigma did

not inhibit Cbl-c-mediated ubiquitination of activated EGFR

(Figure 3G, top panel, compare lane 8 to lane 4).

To elucidate the mechanism by which Enigma inhibits Cbl-c-

mediated ubiquitination of RET, we transfected HEK293T cells

with RET9MEN2A, GST-Cbl-c, and either full-length FLAG-

Enigma or a mutant lacking both the RET binding domain, LIM2

and LIM3 (DLIM2-3). As described above, the DLIM2-3 mutant

maintains Cbl-c binding but lacks the RET binding site [19].

Immunoprecipitation of RETMEN9A confirmed that full length

Enigma co-precipitated with RET9MEN2A while the DLIM2-3

mutant did not (Figure 4A, fourth panel, compare lane 2 and 3).

As shown in Figure 3B, expression of Enigma with GST-Cbl-c

inhibited Cbl-c mediated RET9MEN2A ubiquitination

(Figure 4A, top panel, compare lanes 1 and 2). By contrast, co-

transfection of DLIM2-3, which cannot bind to RET, resulted in

significant recovery of ubiquitination of RET9MEN2A in the

presence of GST-Cbl-c (Figure 4A, top panel, compare lane 3 to

lanes 2). However, the Cbl-c-mediated ubiquitination of RE-

T9MEN2A in the presence of DLIM2-3 was consistently less than

that seen with Cbl-c alone suggesting that even when Enigma

cannot bind to RET9MEN2A, it can still partially inhibit Cbl-c-

mediated ubiquitination. Subsequent immunoblotting of RE-

T9MEN2A immunoprecipitated proteins for GST-Cbl-c showed

that co-immunoprecipitation of GST-Cbl-c with RET9MEN2A

was inhibited when Enigma was present (Figure 4A, third panel,

compare lane 2 to lane 1). DLIM2-3, which did not show any

detectable co-precipitation with RET9MEN2A, also did not

prevent the co-precipitation of GST-Cbl-c with RET.

The data in Figure 4A suggest that one mechanism by which

Enigma prevents Cbl-c induced RET ubiquitination and down-

regulation is by blocking the binding of Cbl-c to RET. To

determine whether Cbl-c and Enigma share the same binding

regions on RET, we next mapped the binding of Enigma and Cbl-

c to RET. To map the binding of Enigma to RET, HEK293T

cells were co-transfected with wild-type and a series of mutant

RET9MEN2A constructs (Figure 4B). GFP-tagged Enigma was

employed to facilitate detection following RET immunoprecipita-

tion since Enigma has a similar molecular weight of immuno-

globulin proteins used for immunoprecipitation. Mutation of RET

Y1062 to F or the deletion of any portion of the cytoplasmic tail

that included Y1062 abrogated detectable Enigma co-immuno-

precipitation with RET (Figure 4C; top panel, compare lane 8 to

lanes 9–12), consistent with previous reports mapping RET Y1062

as the binding site for Enigma [16,20]. To determine the binding

site of Cbl-c on RET, HEK293T cells were co-transfected with

GST-Cbl-c and the RET9MEN2A mutant constructs and GST

pull-downs were performed. In contrast to the interaction between

Enigma and RET9MEN2A, the association between Cbl-c and

RET9MEN2A was maintained when Y1062 of RET9MEN2A

was mutated to F (Figure 4D, top panel, compare lane 9 to lane 8).

Deletion of the cytoplasmic tail by introducing a stop codon at

Y1015 (Y1015*) of RET9MEN2A resulted in decreased binding of

Cbl-c but not complete loss of binding (Figure 4D, top panel,
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Figure 4. Enigma blocks Cbl-c-mediated RET9MEN2A ubiquitination. (A) HEK293T cells were transfected with RET9MEN2A along with GST-
Cbl-c, FLAG-Enigma or FLAG-EnigmaDLIM2-3 alone and in combination as indicated above the blots. All transfections included an equal amount of
HA-ubiquitin. At 40h post-transfection, all cells were treated with 20nM MG-132 for 5h prior to cell collection. A total of 20 mg of each of the whole
cell lysates were immunoblotted as indicated on the right. RET immunoprecipitations were performed on 300 mg of whole cell lysate and
immunoblotted for RET and HA-ubiquitin. Co-immunoprecipitation of Cbl-c and Enigma were evaluated as indicated on the right. Molecular weight
standards are indicated to the left of each panel and Hsc70 serves as a loading control. (B) RET truncation constructs used for mapping Cbl-c and
Enigma interaction sites. Structural domains include the extracellular cadherin-like repeats (C1-4), a cysteine rich region (CR), a hydrophobic
transmembrane region (TM), a split cytoplasmic tyrosine kinase domain (TK1 and TK2), and intracellular tyrosines subsequently mutated to an F or
stop (*) to create each construct used in this study. (C) HEK293T cells were transfected with GFP-tagged Enigma both alone and in combination with
RET9MEN2A or one of a series of RET9MEN2A mutant constructs as indicated above each blot. A total of 20 mg of each of the whole cell lysates were
immunoblotted as indicated on the right. RET immunoprecipitations were performed on 300 mg of each of the whole cell lysates and immunoblotted
for GFP-Enigma. Molecular weight standards are indicated on the left of each panel and Hsc70 serves as loading control. (D) HEK293T cells were
transfected with each of the RET9MEN2A constructs both alone and in combination with GST-Cbl-c as indicated above each blot. All transfections
were balanced with empty vector controls, and cells were collected 48 h post-transfection. A total of 20 mg of each of the whole cell lysates were
immunoblotted as indicated on the right. GST pull-downs were performed on 300 mg of each of the whole cell lysates and immunoblotted for Cbl-c,
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compare lane 10 to lane 8). Similarly, introducing a stop codon at

Y900 (Y900*) of RET9MEN2A resulted in decreased binding of

Cbl-c compared to the full length RET9MEN2A (Figure 4D, top

panel, compare lane 11 to lane 8). However, there was still

detectable binding similar to the Y1015* truncation (Figure 4D,

top panel, compare lane 11 to lane 10). Truncation of

RET9MEN2A near the membrane (Y600*) abrogated the

interaction between Cbl-c and RET9MEN2A (Figure 4D, top

panel, compare lane 12 to lane 8). Thus, while Enigma binds to

the RET9MEN2A by an interaction mediated by Y1062, Cbl-c

does not. Instead, Cbl-c interacts with RET9MEN2A through at

least two regions, one between Y1015 and the end of the protein

and another between the membrane and Y1015.

Cbl-c and Enigma Expression have Opposing Correlations
with Survival Outcome
While activating RET mutations are associated with thyroid

carcinomas and multiple endocrine neoplasias, there are no

publicly available datasets that would allow us to correlate clinical

outcome with the expression of Enigma and Cbl-c. However,

several recent studies have shown that RET is expressed in a

subset of breast cancers [42–44] and that high RET expression is

associated with poor prognosis [45]. To assess the effects of

Enigma and Cbl-c expression on outcomes in patients whose

tumors express RET, we combined two publicly available breast

cancer datasets for which RET, Cbl-c and Enigma expression and

outcome data were available [27,28]. Both studies included

patients with early stage breast cancer treated with chemotherapy.

The merged cohort consisted of 835 samples. Based upon a

median cut-off for expression of RET across these samples, a

subset of 459 patients were extracted that had higher than median

levels of RET expression. Among those with high RET expression,

patients expressing high levels of Enigma showed reduced survival

(Figure 5A). By contrast, patients expressing high levels of Cbl-c

showed prolonged survival (Figure 5B). The survival of patients

with low levels of RET expression showed no statistically

significant correlation with the expression of Cbl-c or Enigma.

Discussion

RET is an RTK which binds members of the glial cell line-

derived neurotrophic factor (GDNF) family of ligands [21]. RET

gain of function mutations and translocations are associated with

the development of a variety of human cancers, including

medullary thyroid carcinoma, multiple endocrine neoplasias

(MEN) type 2A and 2B, pheochromocytoma, and parathyroid

hyperplasia [23,24]. Also previous reports have demonstrated the

LIM protein Enigma as a required component for mitogenic

signaling of RET/PTC [16], a rearranged oncogenic isoform of

RET found in papillary thyroid carcinomas. Cbl proteins are a

family of ubiquitin ligases that negatively regulate RTKs,

including RET [1,2]. Using a yeast two-hybrid screen, we

identified Enigma as a new Cbl-c interacting protein (Figure 1)

which abrogates Cbl-c-mediated ubiquitination and downregula-

tion of RET9MEN2A, a RET isoform associated with multiple

endocrine neoplasia (MEN) type 2A.

Enigma is a member of the LIM family of proteins, consisting of

an N-terminal PDZ domain and three C-terminal LIM domains,

which mediate protein-protein interactions. This LIM protein is

considered a scaffold protein through which coordinated assembly

of proteins can occur and has been implicated as an adapter that

localizes LIM-binding proteins to actin filaments through its PDZ

domain [17]. Enigma has three LIM domains. LIM1 is the most

structurally diverse and has no known interacting partners [29]

while LIM2 and LIM3 bind RET and InsR respectively [19,20].

The interaction between Cbl-c and Enigma appears to be LIM-

mediated as deletion of the C-terminus, which contains LIM1-3,

abrogates this interaction while the region including LIM1 is

sufficient for binding Cbl-c (Figure 2). This interaction is specific to

Cbl-c as Enigma did not co-precipitate with either Cbl or Cbl-b

(Figure 2). The yeast two-hybrid screen used the C-terminal

portion of Cbl-c as bait. The three human Cbl proteins are most

divergent through their C-termini and these differences likely

account for the specificity of Enigma binding to Cbl-c.

Like Cbl and Cbl-b, Cbl-c is an E3 which has been shown to

ubiquitinate and downregulate activated RTKs (e.g., EGFR) and

non-receptor TKs (e.g. Src) [11,35,36]. In addition to its adaptor

function, Enigma has been reported to bind and modulate the E3

function of MDM2 [46]. MDM2 can auto-ubiquitinate leading to

proteasomal degradation of MDM2 [47,48]. Also, MDM2 binds

to and ubiquitinates p53 resulting in degradation of p53 [47].

Recently it has been shown that binding of Enigma enhances

ubiquitination of p53 while reducing auto-ubiquitination thereby

enhancing p53 degradation [46]. Thus, we tested whether Enigma

could modulate the E3 activity of Cbl-c. Co-expression of Enigma

appeared to have little to no detectable effect on the ability of Cbl-

c to ubiquitinate activated EGFR (Figure 2). This suggests that

binding of Enigma to Cbl-c does not directly affect its E3 activity.

Cbl proteins have been shown to bind to and downregulate

RET, an RTK which is activated by glial cell derived

neurotrophic factor family ligands. RET is involved in numerous

cellular processes including proliferation, neuronal navigation,

migration, and differentiation. Gain of function mutations of RET

are responsible for most cases of MEN2. Here, we show that Cbl-c

can bind the wild-type RET9, RET51, and the mutant MEN2A

isoforms (Figure 3). Precipitated Cbl-c is tyrosine phosphorylated

in the presence of RET suggesting that Cbl-c may be a substrate of

RET kinase function. While treatment with Sorafenib, a known

RET inhibitor, does block Cbl-c phosphorylation, it remains

unclear whether RET is directly phosphorylating Cbl-c or if other

kinases downstream of RET are responsible for Cbl-c phosphor-

ylation. Cbl and Cbl-b binding to activated RET is indirect and

mediated by Shc and Grb2, which bind to Y1062 and Y1096 on

RET respectively. The shorter RET9 lacks Y1096 and this may be

at least in part why Cbl and Cbl-b show preferential association

with the longer RET51 isoform [26]. Cbl-c binds both isoforms

and their MEN2A mutants in the absence of ligand activation or

co-receptor expression suggesting that Cbl-c recruitment may be

constitutive and independent of the RET isoform. Treatment with

Sorafenib did not block the association of Cbl-c with the RET

isoforms, further supporting a constitutive interaction. However,

Sorafenib treatment did block phosphorylation of Cbl-c and Cbl-

c-mediated ubiquitination of RET indicating that, while associa-

tion is constitutive, ubiquitination is dependent upon receptor

activation. In addition to enhanced ubiquitination, protein steady

state levels of both the receptor and Cbl-c were consistently

reduced when co-expressed suggesting enhanced and coordinated

degradation of RET and Cbl-c (Figure 2B). Coordinated

degradation of Cbl proteins with their RTK substrates has been

phosphotyrosine (pY), and RET as indicated on the right. Molecular weight standards are indicated to the left of each panel and Hsc70 serves as a
loading control.
doi:10.1371/journal.pone.0087116.g004
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previously reported by our lab and others and is consistent with an

interaction between these two proteins [49,50].

Enigma has been shown to bind to RET and is required for

mitogenic signaling of an oncogenic form of RET [19,20].

Interestingly, Enigma blocks Cbl-c-mediated RETMEN2A ubi-

quitination, downregulation (Figure 3B-D and 4A) and promotes

RET signaling through MAPK (Figure 3E). The ability of Enigma

to abrogate Cbl-c-mediated downregulation of RET likely

accounts for the increase in MAPK phosphorylation observed in

the presence of Enigma (Figure 3E). Our data suggest that Enigma

inhibits Cbl-c-mediated RETMEN2A ubiquitination at least in

part by preventing Cbl-c binding to RET (Figure 4C). We show

here that the opposing actions of Cbl-c and Enigma demonstrated

on RETMEN2A ubiquitination is conserved in ligand activated

wild-type RET9 (Figure 3F), and that this effect is specific to RET

as Enigma does not similarly abrogate Cbl-c-mediated ubiquitina-

tion of activated EGFR (Figure 3G). Through mapping of the

RET binding sites for each of these proteins, we show that Enigma

and Cbl-c bind at different sites within the intracellular portion of

RET (Figure 4). As previously reported, a point mutation or

deletion of residue Y1062 of RET disrupts all detectable

interaction between RET and Enigma [16,20]. Based on our

mapping with a series of truncation mutants, RET-Cbl-c binding

is maintained in the Y1062 mutant and is mediated through

several sites within the intracellular domain of RET (Figure 4).

This suggests that the inhibition of Cbl-c binding to RET by

Enigma is through steric hindrance and not via a direct

competition for the binding site. However, the data also suggest

that some of the effect of Enigma on Cbl-c-mediated RET

ubiquitination is via sequestration of Cbl-c by Enigma. This is

supported by the only partial rescue of Cbl-c-mediated RET

ubiquitination when Enigma DLIM2-3 (which lacks the RET

binding site but maintains Cbl-c binding) is expressed along with

Cbl-c. If Enigma was acting solely through competitive binding of

RET, then the deletion of LIM2 should completely restore Cbl-c-

mediated RET ubiquitination.

RET expression is associated with poor outcome in a subset of

breast cancers [45]. In a merged dataset of breast cancer outcome

following early treatment [27,28], high Cbl-c expression correlated

with increased survival, while high Enigma expression correlated

with reduced survival (Figure 5). The contrasting effects of

expression on clinical outcome in high RET breast cancers

support the role of Cbl-c as a negative regulator of RET signaling

and of Enigma opposing this action and potentiating RET

signaling.

Overall, our data demonstrate the interaction between a

positive and negative regulator of an oncogenic form of RET.

We show that Cbl-c negatively regulates RET by ubiquitinating

and downregulating the activated RTK while Enigma positively

regulates activated RET by preventing Cbl-c binding to RET and

thus preventing RET ubiquitination and degradation while

promoting RET mitogenic signaling. This is supported by clinical

data among high RET expressing breast cancers. In light of recent

data demonstrating the role of Enigma in modulating degradation

of p53, this data illustrates another mechanism highlighting the

oncogenic nature of Enigma. Understanding this interaction, and

its role in RTK regulation, has potential implications in further

understanding RET-driven tumorigenesis.
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