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ABSTRACT
As a fundamental player in the cell signaling, the Ron receptor tyrosine kinase (RTK) mediates a
number of biological events such as cell proliferation, motility, survival and regulation of
immune responses. Deregulated expression and/or activation of the Ron receptor has been
observed in a variety of pathogenic conditions including cancer, therefore understanding the
molecular mechanisms governing Ron receptor activity is of great significance. Recently, the
juxtamembrane domain of RTKs has gained increasing attention because of its significant but
diverse regulatory role in receptor activation. The studies described herein demonstrate that the
juxtamembrane domain of Ron is a crucial regulator of receptor activity. We have identified
several critical regions in the juxtamembrane domain which collaboratively mediate Ron receptor
autoinhibition. We have characterized the functionally important interplay among different
protein segments, and proposed a molecular model of the autoinhibited and active Ron structure.
These studies provide a better understanding of the mechanisms governing Ron activation, which
will lay the groundwork for the development of novel clinical approaches for the treatment of
Ron-related human malignancies.
Although the sequence and structure of the juxtamembrane domain vary greatly among RTKs, a
central role for tyrosines in the juxtamembrane domain in regulation of receptor activity has been
demonstrated in a number of RTKs. However, unlike other RTKs described to date, tyrosines in
the juxtamembrane domain of Ron are inconsequential for receptor activation. Rather, we have
identified an acidic JM-C region in the juxtamembrane domain which plays a central role in Ron
autoinhibition. We propose that the JM-B region where the tyrosines are located modulates Ron
activity indirectly by affecting the steric configuration of the JM-C region.
The JM-D region at the C terminus of the Ron juxtamembrane domain is relatively conserved
between family members, and crystallographic studies show that it forms a helical structure in the
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vicinity of the αC helix in the kinase N lobe. We have uncovered potential hydrogen bonding
linkages between the charged residues in the JM-D and the αC helix. We propose that these
interactions inhibit receptor activity by stabilizing the distorted conformation of the αC helix in
the kinase domain. Interestingly, we have also uncovered an essential role for the JM-D helix in
promoting receptor activation. We propose that the structural integrity of the JM-D helix and van
der waals contacts between hydrophobic residues in the JM-D and the αC helix are indispensable
for the kinase activation. As far as we know, this is the first example of a juxtamembrane domain
which contributes to both receptor autoinhibition and activation.
Interplay between the juxtamembrane domain and the kinase domain of Ron is not limited to
direct contacts. Studies of the Met and the murine Ron receptor have demonstrated a critical role
for the homologous residues of Y1198 in the Ron kinase C lobe. Here we highlight the necessity of
an intact Y1198 for Ron activation and show that release of the autoinhibition mediated by the
juxtamembrane domain overcomes the essential role of Y1198 in Ron activation. These data
suggest that the primary role of Y1198 in the kinase domain is to alleviate the autoinhibition
imposed by the juxtamembrane domain.
Based on experimental data and crystallographic studies of Ron, we have developed a novel and
comprehensive molecular model for the role of the juxtamembrane domain in mediating Ron
activation. In this model, the JM-C region primarily coordinates with protein segments around the
active site including the αC helix, P loop and activation loop to promote the stabilization of Ron
in the autoinhibited state. The JM-D region, by forming intensive contacts with the αC helix, is a
crucial mediator of both the receptor autoinhibition and activation. We propose that
phosphorylation of Y1198 facilitates movement of the αC helix and the closely associated JM-D
helix, which in turn promotes displacement of the JM-C region and consequent realignment of the
active site for kinase catalysis.
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Taken together, the work presented in this dissertation has unveiled a novel mechanism by which
the juxtamembrane domain regulates Ron receptor activity. Our studies also provide a new
perspective regarding the regulation of RTK activity by precise utilization of conformational
plasticity and the functional cooperation of different protein segments, and may provide a
platform for development of the next-generation anti-cancer therapies.

v

TABLE OF CONTENTS
List of Figures ................................................................................................................................. x
List of Tables ................................................................................................................................ xii
List of Abbreviations.....................................................................................................................xiii
Acknowledgements........................................................................................................................xvi
Chapter 1 Literature Review ........................................................................................................... 1
1.1 Overview of the RON receptor and its ligand, MSP............................................................1
1.1.1 Structure of the Ron receptor. ............................………………… …………………1
1.1.2 Structure of MSP. .......................................................................................................4
1.2 Activation of the Ron receptor..............................................................................………..5
1.2.1 Ligand induced receptor dimerization. .......................................................................5
1.2.2 Conformational changes in the Ron kinase domain during receptor activation. ........6
1.2.2.1 Activation loop. ...................................................................................................7
1.2.2.2 Recruitment of ATP and substrates…..................................................................8
1.3 Downstream signaling of the Ron receptor.…..........................................................…..….9
1.3.1 Gab proteins.................................................................................................................9
1.3.2 Activation of the MAPK and PI3K cascades by Ron. ..............................................11
1.4 Expression of the Ron receptor and MSP...........................................................................12
1.4.1 Ordinary expression of the Ron receptor and MSP...................................................12
1.4.2 MSP/Ron expression and autocrine/paracrine activation mode. ..............................13
1.5 Biological effects of Ron/MSP signaling. ........................................................................14
1.5.1 Ron and cell motility. ...............................................................................................14
1.5.2 Ron and wound healing. ...........................................................................................16
1.5.3 Ron and macrophage activation................................................................................17
1.5.3.1 Ron attenuates classical macrophage activation.................................................17
1.5.3.2 Ron promotes alternative macrophage activation. ............................................19
1.5.3.3 Ron regulates arginine metabolism. ..................................................................19
1.6 Ron and cancer................................................................... ................................................20
1.6.1 Ron and breast cancer................................................................................................22
1.6.2 Ron and colon cancer................................................................................................23
1.6.3 Ron and lung cancer..................................................................................................25
1.6.4 Sf-Ron and leukemia.................................................................................................26
1.6.5 Ron and inflammatory bowel diseases......................................................................28
1.6.6 Ron and the tumor microenvironment. .....................................................................28

vi

1.6.7 Ron and HIV..............................................................................................................29
1.7 Ron is a promising target for cancer therapy. ....................................................................31
1.7.1 Antibodies against Ron..............................................................................................31
1.7.2 Antibodies against Ron..............................................................................................32
1.8 The juxtamembrane domain of Ron...................................................................................33
1.8.1 The regulatory role of the juxtamembrane in RTKs..................................................33
1.8.1.1 The juxtamembrane domain of the PDGF family of receptors..........................34
1.8.1.1.1 The Flt3 receptor.......................................................................................35
1.8.1.1.2 The Kit receptor........................................................................................36
1.8.1.1.3 Effects of the juxtamembrane domain on downstream signal transduction..
.............................................................................................................….36
1.8.1.2 The juxtamembrane domain of the Eph receptor..............................................37
1.8.1.3 The juxtamembrane domain of the Met family of receptors..............................37
1.8.2 Therapeutic potential of the JM domain....................................................................38
1.8.2.1 Drug resistance faced by conventional inhibitors..............................................38
1.8.2.2 Novel inhibitors based on the juxtamembrane domain......................................39
Chapter 2: Autoinhibition of the Ron Receptor Tyrosine Kinase by the Juxtamembrane
Domain…..................................................................................................................................…..42
2.1 Abstract...............................................................................................................................42
2.2 Introduction……………………………………..………………………………………...43
2.3 Materials and Methods………………..…………………………………………………..48
2.3.1 Cell culture, antibodies and reagents…………………………………………..…...48
2.3.2 Gene Construction and Mutagenesis……………………………….........................48
2.3.3 Cell transfection and luciferase assays……………………………………………..48
2.3.4 Western blot analysis……………….........................................................…………49
2.3.5 Flow Cytometry.........................................................................................................49
2.3.6 Evaluation of surface conservation and potential…………………………………..50
2.3.7 Molecular modeling of the JM-C region……...........................................................50
2.3.8 Structure-based sequence analysis.............................................................................50
2.4 Results……………………………..…………….……………………………………..…52
2.4.1 Tyrosines in the juxtamembrane domain of Ron are dispensable for Ron receptor
activation.………...............................................................................................................52
2.4.2 The length, rather than the primary amino acid sequence, of the Ron JM-B region
is important for receptor autoinhibition.…. ..........................................................55

vii

2.4.3 The acidic JM-C region of the Ron juxtamembrane domain plays a critical role in
promoting receptor autoinhibition. .......................................................................58
2.4.4 The JM-B region regulates receptor activity indirectly through its impact on the
spatial orientation of the JM-C constraint. ...........................................................60
2.4.5 Serines in the JM-C region play a subsidiary role in the regulation of Ron receptor
activation. .............................................................................................................62
2.4.6

Y1198 in the αE helix of the Ron kinase domain regulates receptor autoinhibition
imposed by the JM-C region. ...............................................................................64

2.4.7

The juxtamembrane domain and activation loop collaborate to strengthen receptor
autoinhibition........................................................................................................ 67

2.5 Discussion………..………………………………………………………...……………..71
Chapter 3 The JM-D region in the juxtamembrane domain plays a dual role in regulation of Ron
activity………...........................................................................................................................…..81
3.1 Abstract........................................................ ......................................................................81
3.2 Introduction……………………………………..……………………………...................82
3.3 Materials and Methods………………..…………………………………………………..88
3.3.1 Cell culture, antibodies and reagents………………………………..……………...88
3.3.2 Gene Construction and Mutagenesis……………………………….........................88
3.3.3 Cell transfection and luciferase assays……………………………………………..89
3.3.4 Western blot analysis……………………………………………………………….89
3.3.5 Flow Cytometry.........................................................................................................90
3.3.6 Molecular modeling...................................................................................................90
3.3.7 Structure-based sequence analysis.............................................................................90
3.4 Results……………………………..…………………………………………..………….92
3.4.1 The structural integrity of the JM-D helix and the hydrophobic residues are essential
for the Ron receptor activation. .........................................................................................92
3.4.2 The structural and functional integrity of the JM-D region are essential for
activation of a constitutively active Ron variant. .................................................95
3.4.3 Charged residues in the Ron JM-D region play a critical role in promoting receptor
autoinhibition. .......................................................................................................98
3.4.4 Release of the inhibition mediated by the charged residues in the JM-D region
overcomes the requirement of Y1198 phosphorylation for the Ron receptor
activation. ...........................................................................................................100

viii

3.4.5 The hydrogen bond between the charged residues in the JM-D and the αC helix
promote Ron autoinhibition.................................................................................102
3.5 Discussion.......................................................................................................................107
Chapter 4 Conclusion and Discussion.........................................................................................117
Appendix................................................................... ...................................................................130
Appendix A-The role of the juxtamembrane domain in the interplay between Ron and cSrc...........................................................................................................................................132
A1 Introduction.................................................................................................................132
A2 Materials and Methods...............................................................................................135
A3 Results.........................................................................................................................136
A4 Discussion...................................................................................................................140
Appendix B-The intracellular region of Ron participates in receptor dimerization………...142
B1 Introduction.................................................................................................................142
B2 Materials and Methods................................................................................................145
B3 Results and Discussion...............................................................................................146
Reference......................................................................................................................................152

ix

List of Figures
FIGURE 1.1: Structure of Ron, the downstream signaling cascades and biological effects………3
FIGURE 1.2: Crystal structure of the Ron kinase domain…………………………………….......4
Figure 1.3: Sequence alignment of the juxtamembrane domain of RTKs including human Ron,
murine Ron, murine Met, chicken Met, EphR, EGFR, Flt3, Kit, and cFms……………………...34
FIGURE 2.1: Schematic diagram of the Ron receptor…………………………………………...44
FIGURE 2.2: Tyrosines in the juxtamembrane domain of Ron are dispensable for the regulation
of receptor activity………………………………………………………………………………..53
FIGURE 2.3: The length of the JM-B region is critical in maintaining the autoinhibited form of
the Ron receptor. ............................................................................................................................57
FIGURE 2.4: Acidic residues in the JM-C region of Ron promote receptor autoinhibition……..59
FIGURE 2.5: The JM-B region modulates Ron receptor activation via affecting the orientation of
the JM-C region. ............................................................................................................................61
FIGURE 2.6: Serines in the JM-C region play a subsidiary role in the regulation on Ron receptor
activation, while the phenylalanine is not functionally involved in receptor activation………….63
FIGURE 2.7. Y1198 in the kinase domain of Ron is essential for receptor activation…………….65
FIGURE 2.8. Y1198 in the kinase domain of Ron regulates the autoinhibitory constraints on
receptor activation imposed by the JM-C region. ..........................................................................66
FIGURE 2.9: The juxtamembrane domain and activation loop contribute to the receptor
autoinhibition by different means. .................................................................................................69
FIGURE 2.10: Active mutation M1254T in the activation loop overcomes the requirement of
Y1198 phosphorylation for the Ron receptor activation. ..................................................................70
FIGURE 2.11: Conserved surface residues and surface potential of the Ron kinase domain……78
FIGURE 2.12: Predicted structure of the autoinhibited and active form of Ron…………………79
FIGURE 2.13: Ron variants with mutations discussed herein express on the cell membrane at a
similar level as the wild type Ron………………………………………………………………...80
FIGURE 3.1: Schematic diagram of the Ron receptor. .................................................................84
FIGURE 3.2: A) Overlay of the Ron and Met crystal structure. B) Secondary structure prediction
of the Ron JM-D region. ................................................................................................................86
FIGURE 3.3: The structural and functional integrity of the JM-D helix are essential for receptor
activation. .......................................................................................................................................94
FIGURE 3.4: Catalytic activity of Ron1254M-T requires structural integrity of the JM-D helix and
potential protein/protein interactions mediated by the hydrophobic residues in the JM-D helix...96

x

FIGURE 3.5: Catalytic activity of Ron1254M-T requires potential protein/protein interactions
mediated by the hydrophobic residues in the JM-D helix………………………………………..97
FIGURE 3.6: Charged residues in the JM-D region promote Ron receptor autoinhibtion………99
FIGURE 3.7: Release of the inhibition mediated by the charged residues in the JM-D region
overcomes the requirement of Y1198 phosphorylation for Ron activation……………………....101
FIGURE 3.8: E1069 in the JM-D helix and R1130 in the αC helix are inclined to form hydrogen
bonds in the inactive (left) but not active (right) Ron modeling………………………………...103
FIGURE 3.9: Formation of hydrogen bonds between the JM-D and the αC helix promotes Ron
autoinhibition, while the E1069R mutation abrogates the Ron variants response to MSP……..104
FIGURE 3.10: The 1069E-R mutation inadvertently causes ER retention of Ron, rendering it
incapable of responding to MSP. .................................................................................................106
FIGURE 3.11: Leu1066, Leu1067, Val1070 (JM-D helix) and Leu1129, Leu1133 (αC helix) possess high
potential to participate in the van der waals interactions between the JM-D and αC helix of both
inactive and active Ron. ...............................................................................................................110
FIGURE 3.12: Predicted structural modeling of the autoinhibited and active Ron receptor…...111
FIGURE 4.1: Secondary structure prediction of the Ron juxtamembrane domain by using seven
algorithms. ...................................................................................................................................120
FIGURE 4.2: Predicted activation process of the Ron receptor………………………………...131
FIGURE A1: c-Src is an important mediator of the Ron receptor phosphorylation and activation
of downstream signaling. .............................................................................................................137
FIGURE A2: c-Src is an important mediator of the Ron variants phosphorylation and activation
of downstream signaling. .............................................................................................................138
FIGURE A3: Predicted structural modeling of the Ron dimerization and description of the
potential receptor interface. ..........................................................................................................149
FIGURE A4: Mutations of residues putatively participating in receptor dimerization abrogates
receptor responses to MSP and ligand induced AP-1 transactivation…………………………..150
FIGURE A5: Ron variants with mutations potentially affecting receptor dimerization express on
the cell membrane at a similar level as the wild type Ron, both in the presence and absence of
MSP. .............................................................................................................................................151

xi

LIST OF TABLES
Table 1.1: Expression of Ron in human epithelial cancers............................................................ 22
Table 2.1: List of primers used for mutation constructs……………………………………….....51
Table 3.1: List of primers used for mutation constructs………………………………………….91

xii

List of Abbreviation
A-loop

Activation Loop

AML

Acute Myeloid Leukemia

ATP

Adenosine Triphosphate

AKT/PKB

Protein kinase B

AP-1

Activation Protein-1

ATCC

American Type Culture Collection

BiFC

Biomolecular Fluorescence Complementation

BAC

Bronchioloalveolar Carcinoma

M1 Macrophage

Classically Activated Macrophage

M2 Macrophage

Alternatively Activated Macrophage

Cbl

Casitase b-lineage Lymphoma

CDK

Cyclin Dependent Kinase

CML

Chronic Myelogenous Leukemias

CRC

Colorectal Cancer

DMEM

Dulbecco’s Modified Eagle’s Medium

DTT

Dithiothreitol

ECM

Extracellular Matrixes

EGFR

Epidermal Growth Factor Receptor

EMT

Epithelial to Mesenchamal Transition

Env

Envelope Protein

EphR

Ephrin Receptor

EpoR

Erythropoietin Receptor

ER

Endoplasmic Reticulum

Erk1/2

Extracellular Response Kinase

FGFR

Fibroblase Growth Factor Receptor

Flt

Fms-like Tyrosine Kinase

Gab

Grb2 Associated Binder

GIST

Gastrointestinal Stromal Tumor

G loop

Glycine-rich Loop

Grb2

Growth Factor Receptor Binding Protein-2

GST

Glutathione S-Transferase

HEK

Human Embryonic Kidney

xiii

HGF

Hepatocyte Growth Factor

hRon

Human Ron

HPRC

Hereditary Papillary Renal Carcinoma

IBD

Inflammatory Bowel Diseases

IKK

IκB Kinase

iNOS

Inducible Nitrite Oxide Synthase

IGF1R

Insulin-like Growth Factor 1 Receptor

IgG

Immunoglobulin

IL

Interleukin

IPT

Immunoglobulin, Plexin, and Transcription factor

IRS

Insulin Receptor Substrate

JAK

Janus Activating Protein

JNK

Jun N terminal Kinase

JM

Juxtamembrane

JMB

Juxtamembrane Binding otif

JMS

Juxtamembrane Switch region

JMZ

Juxtamembrane Zipper peptide segment

JSRV

Jaagsiekte Sheep Retrovirus

LPS

Lipopolysaccharide

IFN-γ

Interferon-γ

ITD

Internal tandem duplications

MAPK

Mitogen Activated Protein Kinase

MBD

Met binding domain

MEN2B

Multiple Endocrine Neoplasia type 2B

mRon

Murine Ron

MSP

Macrophage Stimulating Protein

NFκB

Nuclear Factor kappa B

NO

Nitric Oxide

RasGAP

Ras GTPase Activating Protein

PBS

Phosphate Buffered Saline

PCR

Polymerase Chain Reaction

PDGFR

Platelet derived Growth Factor Receptor

PH

Plexstrin Homology

PI3K

Phosphotidylinositol 3-Kinase

xiv

PIP3

Phosphatidylinositol (3,4,5)-trisphosphate

P loop

Phosphate binding loop

PLC

Phospholipase C

PMSF

Phenyl-methylsulfonyl-fluoride

PTB

Phosphotyrosine Binding Domain

PTK

Protein Tyrosine Kinases

PSI

Plexin Semaphorin Integrin

PTP

Protein Tyrosine Phosphatase

Ron

Receptor d’ origine nantais

RTK

Receptor Tyrosine Kinase

SAHB

Stabilized α-helix of BCL-2 Domain

SAPK

Stress-Activated Protein Kinase

SDS

Sodium Dodecyl Sulfate

Sema

Semaphorin

SFKs

Src family tyrosine kinases

SH2

Src Homology Domain 2

SH3

Src Homology Domain 3

SHP

Short Heterodimeric Partner

SHP2

Src Homology 2 Domain-containing Inositol Phosphatase

Sos

Son of Sevenless

Src

Sarcoma inducing gene

STAT

Signal Transducer and Activator of Transcription

Stk

Stem Cell Derived Tyrosine Kinase

TAM

Tumor-Associated Macrophage

TCRα

T cell antigen receptor

TKI

Tyrosine Kinase Inhibitor

TLR

Toll-Like Receptor

VEGF

Vascular Endothelial Growth Factor

xv

ACKNOWLEDGEMENTS

I knew from the very beginning that the journey through graduate school would come to an end,
someday. However, as time goes by, I become so much focusing on sailing forward, but forget
about the destination sometimes. Therefore, when the time is really coming, optimistic and
frustrated, energetic and exhausted, flurried and determined—all kinds of feelings influx and
mingle, back and forth. When the clock is really ticking and all these feelings fade away, I start to
realize how precious the past six years are, and how grateful I am to have professional and
spiritual support from so many colleagues, friends and family members.
First and foremost, I would like to say thank you to my advisor, Dr. Pamela Hankey. Always
being encouraging and open-minded, she not only gives me plenty of instructive advice on my
research, but also inspires me with great strength and enthusiasm all the time. Thanks to the
research freedom she advocates, I have developed my independent scientific thinking and
research manner. Besides, I extremely appreciate the opportunities and recognition she has
offered for my scientific writing, which enlightens me with a new potential career path. I would
like to say thank you to all my committee members and Dr. Yennawar as well, for their
instructive suggestions on my research.
Working in such a joyful and harmonious lab with so many friendly colleagues is a great
experience. I feel truly thankful for the first lesson about Ron Dan gave to me, for the
experimental tips Shihan shared with me, for the experimental helps and encouraging talks Mike
offered when I was frustrated, for the enthusiasm for apple products Sashi shared with me, for the
communication in science and life I had with Shan and friends in surrounding labs, and for the
convenience the ladies in the front offices provided.

xvi

Lastly, I would genuinely say thank you to all my friends and family members for your
accompanying and supports in the past few years. Thank you all for always being there, to share
my laugh and tears, and to back me up no matter what decision I have made. To my loved parents
and grandma: Baba, Mama, Popo, Xie Xie, Wo Ai Ni Men!

xvii

Chapter 1

Literature Review

1.1 Overview of the RON receptor and its ligand, MSP.
The Ron receptor tyrosine kinase (RTK) Recepteur d'origine nantais was originally identified by
Ronsin et al in 1993 (1), and later confirmed to be the receptor for Macrophage Stimulating
Protein (MSP) by two independent groups (2,3). The Ron receptor belongs to the Met protooncogene family, which includes the hepatocyte growth factor receptor (Met) and Ron (called
STK in mice and Sea in chickens) (4). While Ron shares 63% homology with the Met receptor in
the intracellular domain, the sequence of Ron and STK are highly conserved, with 73.6%
homology at the amino acid level on the whole, and more than 88% homology in the kinase
domain (5).
1.1.1

Structure of the Ron receptor.

The majority of RTKs are single polypeptides with a few exceptions, such as the Met family of
receptors and the insulin receptor. While the insulin receptor is a α2β2 heterotetramer (6), the Ron
receptor is a α1β1 heterodimer. Initially synthesized as a 180Kd single chain precursor, Ron is
proteolytically cleaved into a 40kD α chain and a 150kD transmembrane β chain with intrinsic
protein kinase activity, which form a membrane spanning disulfide-linked heterodimer (1-3,7).
The α chain is located entirely in the extracellular region of RON, while the β chain is a
transmembrane protein that contains both extracellular and intracellular regions. Like most RTKs,
the Ron receptor contains three basic regions: the extracellular region that recognizes its ligand,
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the transmembrane region that anchors the receptor to the membrane, and the intracellular region
which maintains kinase activity (Figure 1.1A).
The extracellular region of Ron contains several globular domains, including an N-terminal
semaphorin (Sema) domain which is required for ligand binding and receptor dimerization (8), a
plexin semaphorin integrin (PSI) motif and four IPT (Immunoglobulin, Plexin, and Transcription
factor) domains which are critical for receptor activity (9,10). The unique combination of
domains in the extracellular region enables the receptor to recognize environmental stimuli with
sufficient selectivity and affinity.
The intracellular region consists of the juxtamembrane domain, the highly conserved kinase
domain, and the non-catalytic c-terminal tail (1,11) (Figure 1.1A). Although the regulatory
mechanisms and substrate specificities vary among RTKs, the kinase domains of RTKs are highly
conserved. The kinase domain of Ron consists of a small N-lobe and a large C-lobe. The N lobe
contains a twisted five-strand anti-parallel β sheet and an α helix, while the C lobe contains three
β strands, seven α helices and a flexible activation loop, which is buried in the cleft between the N
and C lobe in the inactive receptor (12,13). These secondary structures are termed as β1–5, αC,
β6–8 and αD, E, EF, F-I, based on the standard kinase nomenclature (14) (Figure 1.2). The major
function of the kinase domain is to catalyze the transfer of the γ phosphate of ATP to the
hydroxyl group of a target protein. The non-catalytic c-terminal tail provides docking sites for
downstream phospho-tyrosine or serine binding molecules. Conserved within the Met family of
receptors (15), two tyrosines (Y1353 and Y1360) in the c-terminal tail of Ron are important for
recruitment of adaptor proteins and activation of downstream signaling pathways (3) (Figure
1.1A).
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FIGURE 1.1: Structure, downstream signaling cascades and biological effects of Ron.
1A) Schematic diagram of the Ron receptor (blue). The mature Ron receptor is a membrane
spanning disulfide-linked αβ heterodimer. The receptor consists of the extracellular domain, the
transmembrane domain, the juxtamembrane domain, and the kinase domain. The extracellular
domain contains an N-terminal Sema domain, a PSI motif and four IPT domains. The kinase
domain includes a small N-lobe and a large C-lobe. MSP binding to Ron induces receptor
dimerization, phosphorylation of two tandem tyrosines in the activation loop (P-2Y), and
subsequent phosphorylation of two docking site tyrosines in the c-tail.
1B) Recruitment of adaptor proteins, such as Src, Grb2 and Gab1 (yellow), is through tyrosines in
the kinase domain and c-tail of Ron respectively. Signaling transduction cascades initiated by
Ron include MAPK (purple), PI3K (blue), Integrins (green), and JAK/STAT (pink) pathways.
1C) The Ron/MSP signaling mediates a variety of biological activities, including cell growth,
motility, survival, adhesion, EMT, and inflammatory response. The signaling pathways and the
biological responses they regulate are labeled as the same color.
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FIGURE 1.2: Crystal structure of the Ron kinase domain (3PLS). The kinase domain of Ron
consists of a small N lobe and a large helical C lobe. The N lobe contains a twisted five-strand
anti-parallel β sheet and an α helix (β1–5 and αC). The C lobe contains three β strands (β6–8),
seven α helices (αD, E, EF, F-I) and a flexible activation loop (yellow), which is buried in the
cleft between the N and C lobe in the inactive receptor. The AMP-PNP is shown as stick. The P
loop (orange loop between β1 and β2 strand), invariable Lys in the β3 strand and Glu in the αC
helix (side chain as sticks) required for ATP recruitment are highlighted.

1.1.2

Structure of MSP.

The ligand for Ron, MSP (2,3,16), belongs to the plasminogen-related kringle domain family (17).
Similar to its receptor Ron, MSP is originally secreted as an inactive single-chain peptide, and
then proteolytically processed into an active α–β chain heterodimer linked by a disulfide bridge
(2,16,18). The α chain of MSP consists of four kringle domains, and the β chain contains a serine
protease-like domain (19,20). MSP is devoid of enzymatic activity (21), due to substitution of
three residues in the active site of its serine–protease-like domain (16,22). MSP was initially
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fractionated from serum by gel filtration and ion exchange chromatography in 1976 (23), and
named HGF-like protein due to the sequence similarity with hepatocyte growth factor (HGF)
(19,20). Two years later it was re-named macrophage stimulating protein due to its capacity to
induce migration of and phagocytosis by macrophages (23-25). Although the sequence homology
is not as high as that of their receptors, MSP and HGF share 50% amino acid homology, resulting
in 80% sequence similarity (19,20).

1.2 Activation of the Ron receptor.
Signaling through RTKs is a complex communication process which regulates cellular responses
to environmental stimulants. Tyrosine phosphorylation plays a crucial role in the regulation of
cellular signaling and subsequent biological consequences (26). Tyrosine phosphorylation is not
only the means by which signals are transduced, but also play a critical role in the process of
receptor activation. In cells stimulated with growth factors, the receptors are actually the majority
of

phosphor-tyrosine

(p-Y)

containing

proteins.

Following

receptor

activation,

autophosphorylation sites then become binding platforms for the next layer of signaling effectors.
The phosphotyrosines are recognized by scaffold modules containing Src Homology 2 (SH2) or
phosphotyrosine-binding (PTB) domains (27), and mediate diverse downstream signaling
networks (28).
1.2.1

Ligand induced receptor dimerization.

For many years, it was widely believed that RTKs exist on the cellular membrane mainly in the
monomeric form, and ligand binding induces receptor dimerization. For instance, a vascular
endothelial growth factor (VEGF) molecule can bind to the second and third IgG-like domains in
the extracellular region of the VEGF receptor, and two VEGFs then bring their cognate receptors
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together to form a dimer (29). While FGF induced oligomerization of the fibroblast growth factor
receptor (FGFR) is a 1:1 ligand-receptor complex, an additional molecule, heparin sulfate
proteoglycan is required for the dimerization process (30). However, increasing evidence has
indicated that this might not be applicable to all RTKs. Epidermal growth factor receptor (EGFR),
insulin-like growth factor 1 receptor (IGF1R), the insulin receptor and erythropoietin receptor
(EpoR) have shown the ability to spontaneously form inactive homodimers, and ligand
stimulation is responsible for receptor activation (31-38).
Based on the structural characteristics of MSP and Ron, it has been proposed that a bivalent
ligand engages binding sites of two Ron receptors, in a manner similar to growth hormone
induced receptor dimerization (39). However, the mechanism of Ron dimerization has not been
fully characterized. The β chain of MSP has been demonstrated to have high affinity for the Ron
receptor (40), and its critical role has been supported by the finding that a C672A mutation in the
serine protease domain enhances MSP potential by as much as 20 fold, through stabilizing
intramolecular disulfide bonding (41). However, the β chain of MSP alone failed to induce Ron
activation, which indicates that the α chain and the N-terminal kringle domains of MSP are
required to promote the activation of Ron (7). While studies from the Wang group suggest that
the α-chain and the kringle domains of MSP are incapable of binding to the Ron receptor (40),
other studies indicate that the kringle domains are capable of triggering receptor phosphorylation
(3). To date, only the crystal structure of the β chain, not the α-chain of MSP or the extracellular
domain of RON, has been resolved (42). Therefore, further studies will be required before there is
a thorough understanding of MSP induced Ron dimerization.
1.2.2

Conformational changes in the Ron kinase domain during receptor activation.

MSP binding to the extracellular domain of the Ron receptor induces receptor dimerization,
leading to a major conformational change in the intracellular region of the Ron receptor. The
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activation loop embedded in the cleft between the N and C lobe is a major constraint maintaining
the receptor in an autoinhibited structure. Therefore, during Ron receptor activation the activation
loop is released, triggered by phosphorylation of two tandem tyrosines within the activation loop.
Consequently the N and C lobe of the kinase domain are able to rotate against each other,
permitting alignment of the key active site residues on the cleft surface of the two lobes, which
enables recruitment of ATP and peptide substrates, including its own docking site tyrosines in the
c-terminal tail (14). Thus, the receptor is catalytically activated and able to induce downstream
signaling networks (3).
1.2.2.1 The role of the activation loop in receptor activation.
In contrast to the well-organized helical structure in the rest of the C lobe, the activation loop of
RTKs is a flexible and mobile peptide segment of 20-30 residues in length, suggested by the
poorly defined electron density map of this region in X-ray studies (43). A significant
characteristic of the activation loop conserved in most RTKs is the existence of 1–3 tyrosines in
its central region. The activation loop, which disrupts access of substrates to the active site by
burying into the lobe cleft, is the major structural restraint ensuring receptor autoinhibition. For
example, one of the three unphosphorylated tyrosines (Y1162) in the activation loop of the insulin
receptor forms a hydrogen bond with the aspartate and arginine in the catalytic loop, consequently
blocking substrate binding (44). Although the precise autoinhibitory mechanism mediated by the
activation loop varies from receptor to receptor, phosphorylation of the highly conserved
tyrosines is a major means by which the occlusive activation loop is thereby moved out of the
lobe cleft, followed by reorientation of the active sites, recruitment of ATP and substrates, and
consequent receptor activation.
The activation loop plays an important role not only in receptor activation, but also in peptide
substrate binding (45). The phosphorylated active insulin receptor was previously crystallized in
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complex with ATP and a peptide substrate containing a short YM×M motif. The YM×M motif
forms an anti-parallel β strand with the highly conserved PVKWMA motif at the C terminus of
the activation loop, indicating the substrate binding mode and specificity determination are
correlated to the conserved sequence of activation loop. Only the aromatic ring of tyrosine, but
not the short side chain of serine or threonine, fits well into the backbone interaction between the
activation loop and the substrate peptide. The methionines in the YM×M motif are buried in two
small hydrophobic pockets on the surface of the N lobe, indicating that the side chain of residues
on the C terminus of the substrate tyrosine determine motif selectivity of the kinase (45).
1.2.2.2 Recruitment of ATP and substrates.
According to X-ray studies of the kinase domain of multiple RTKs, the N and C lobes are able to
rotate independently relative to their flexible connection (13). The N and C lobes of an inactive
receptor are usually separated by the activation loop stuck into the lobe cleft, which consequently
interrupts the access of ATP and substrates (13). A lysine residue in the β3 strand of the Ron N
lobe is conserved in all protein tyrosine kinases (PTKs) (14), and the lysine plays an essential role
in kinase catalysis by forming a salt bridge with the α and β phosphate of ATP. Between the β1
and β2 strand of the receptor N lobe, there exists another critical active site, the phosphate
binding loop (P loop), also called glycine-rich loop (G loop) due to the conserved G×G×ϕG motif
(ϕ is usually tyrosine or phenylalanine). The lack of bulky side chains in the P loop allows the
backbone atoms to closely approach and coordinate an ATP molecule prepositioned by the
conserved lysine. Correct orientation of ATP for kinase catalysis requires and is strengthened by
another strictly conserved residue, a glutamic acid in the αC helix of the kinase N lobe. Release of
the activation loop from the cleft region allows reorientation of the N and C lobe, which promotes
proper alignment of the key residues. Therefore, a salt bridge between the glutamate and lysine is
formed that is essential for the recruitment of ATP (Figure 1.2).
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1.3 Downstream signaling of the Ron receptor.
The activated Ron receptor has been shown to transduce multiple signals, and phosphorylation of
the docking site tyrosines (Y1353 and Y1360) in the c-terminal tail is crucial for the biological
functions of Ron (3) (Figure 1.1B). Mutation of these tyrosines to phenylalanine abrogates the
transforming potential of the activated receptor (15). These tyrosines are located in a Yhydrophobic-X-hydrophobic-(X3)-Y-hydrophobic-N-hydrophobic motif conserved within the
Met family (15), and mediate high-affinity interactions with a number of signal transducers,
including the adaptor protein Gab1 (46,47), the Grb2/Sos (son of sevenless) complex (48),
STAT-3 (49), PLC-γ, Shc, Src, FAK (50), and the p85 subunit of PI-3-kinase (15). Other
signaling proteins involved in Ron signaling include JNK (jun N-terminal kinase)/stress-activated
protein kinase (SAPK) (51), integrins (52), β catenin (53), nuclear factor-kB (NF-kB) (53) and
Smad (10). These proteins effectively participate in many biological activities mediated by Ron,
including cell growth, transformation, survival, scattering, migration and invasion of epithelial
cells, epithelial to mesenchamal transition (EMT), and regulation of inflammatory responses
(50,54,55).
1.3.1

Gab proteins.

Grb2-associated binder (Gab) proteins belong to a family of large scaffolding proteins that are
conserved evolutionarily from worms to mammals (56,57). Although Gabs do not possess
catalytic activity, they provide a broad binding platform for the next layer of signal transducers.
Gab proteins commonly consist of a pleckstrin-homology (PH) domain, several proline rich
motifs and multiple tyrosine, serine or threonine phosphorylation sites (58). The PH domain
targets Gab proteins to the cell membrane via binding lipid products of Phosphotidylinositol 3Kinase (PI3K), such as phosphatidylinositol (3,4,5)-trisphosphate (PIP3). The proline rich motifs
can recruit Grb2 and Src through their SH3 domains. The tyrosines function as docking sites for
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the recruitment of downstream signaling molecules such as p85 and Shp2, which activate the
PI3K and mitogen activated protein kinase (MAPK), respectively (59).

As the major Gab proteins expressed ubiquitously in human cells, Gab1 and Gab2 are both
downstream signaling molecules of the Ron receptor, and provide a platform for the formation of
a multi-protein signaling complex downstream of Ron. Gab1 can be recruited to Ron directly via
its unique Met binding domain (MBD) to the first phosphorylated docking site tyrosine (Y1353) in
the Ron c-terminal tail (60,61). However, Gab2 can only transduce Ron signaling indirectly
through Grb2. Grb2 is an important signaling effector of Ron, consisting of a SH2 domain which
is flanked by two SH3 domains (62). The SH2 domain of Grb2 can be recruited by the second
docking site tyrosine of Ron embedded in the consensus SH2 binding sequence YXNX (63). The
c-terminal SH3 domain of Grb2 then can recruit Gab2 by interacting with its proline-rich motif,
while the N-terminal SH3 domain is responsible for interaction with the guanine nucleotide
exchange factor, SOS and activation of the Ras/MAPK pathway (48,64,65).
Direct recruitment of Gab1 to Ron by Y1353 leads to phosphorylation of Gab1, reinforced
phosphorylation of Ron and a strong downstream signal. On the other hand, recruitment of Grb2
to Ron by Y1360 stabilizes the Ron receptor in a hypo-phosphorylated state. Binding of Grb2 also
interrupts binding of Gab1 to Ron due to the reduced phosphorylation of Y1353, further attenuating
Ron signal transmission. Coordinately, disruption of the Ron/Grb2 interaction was found to
enhance signal transduction, while perturbation of the direct Gab1/Ron interaction abrogated
downstream signaling. Thus, while Gab1 plays a major effector role in the context of RON
signaling, Grb2 can act as an antagonist of Ron signaling (66). Thus, it is possible that
recruitment of the Grb2/Gab2 complex to Ron promotes transient MAPK activation, while Gab1
mediates sustained activation of the MAPK signaling pathway, thus having the potential to
promote distinct biological results.
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1.3.2

Activation of the MAPK and PI3K cascades by Ron.

Recruitment of Gab proteins to the RON receptor amplifies MAPK and PI3K cascades by
providing docking sites for a variety of signaling molecules such as p85/PI3K, CrkL and the
tyrosine phosphatase, SHP2 (67), which in turn activate Akt, Rap1, and Erk, critical factors for
promoting cell survival, migration, proliferation and differentiation (67) (Figure 1.1B&C). Our
previous studies indicate that Ron signaling through the Grb2/Gab2 complex mediates
transformation induced by Friend erythroleukemia virus (59,65). The p85 and shp2 binding sites
in Gab2 are important for cell transformation not only by Ron, but also by v-Sea (68,69). The
requirement of Gab2 in transformation by BCR/Abl has provided additional support for a critical
role of the Grb2/Gab2 complex in the progression of leukemia (70).
The Ras/MAPK pathway is a major downstream signaling pathway activated by Ron (48,55,71).
Our previous studies of murine Ron (mRon) suggest that activation of the MAPK pathway and
induction of cytokine-independent growth of primary hematopoietic progenitors in response to
MSP requires the docking site tyrosines, which are dispensable for ligand-independent activity of
the Ron receptor (62). However, three tyrosines in the mRon kinase domain are involved in
ligand-independent activation of the MAPK pathway and hematopoietic cell growth induced by
Ron (62). These different modes of MAPK activation by Ron are consistent with distinct
biological functions promoted by Ron in breast epithelial cells in the presence or absence of
ligand (68). While the MSP-independent Ron signaling is capable of inducing cell spreading and
evasion of cell death, stimulation with MSP is indispensable for both Ron mediated cell
proliferation and migration. Altogether, Ron is suggested to trigger two alternative modes of
signaling which result in the distinct oncogenic behaviors of the breast epithelial cells.
Activation of the PI3K/Akt pathway by Ron regulates MSP/Ron induced cell adhesion and
motility, as well as inhibition of cell apoptosis and anoikis (10,55). Docking site tyrosines are
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required for Ron-induced cell scattering and migration (51). Mutation of either one of the two
tyrosines reduced cell migration by approximately two fold, while the double mutants failed to
induce cell migration (72). Activation of the PI3K pathway by Ron provides a positive feedback
for Ron by leading to the phosphorylation of S1394 in the Ron c-terminal tail in an AKT-dependent
manner (73). The phosphorylated S1394 binds to the scaffold protein, 14-3-3, which in turn serves
as a docking protein for the α6β4 integrin (the ligand for laminin). The subsequent
phosphorylation of α6β4 integrin activates p38 MAPK and nuclear factor κB (NFκB) signaling,
which are required for transcriptional upregulation (73). MSP stimulation results in relocalization
of α6β4 from the hemidesmosomes (structures supporting cell adhesion) to the lamellipodia. In
the lamellipodia, association of α6β4 and actin triggers cell migration responses (73).

1.4 Expression of the Ron receptor and MSP.
1.4.1

Normal expression of the Ron receptor and MSP.

The human Ron (hRon) cDNA was cloned from human foreskin keratinocytes (1), while the
mRon was originally isolated from hematopoietic stem cells (5). Expression of mRon in the
embryo proper is first observed relatively late during embryonic development at embryonic day
12.5, and its distribution is mostly restricted to neuronal structures (74,75). In the adult, Ron is
widely expressed in the epithelium of the digestive tract, breast, colon, pancreas, liver, lung,
prostate and bladder (3,75). Ron expression is also detected in neuroendocrine tissues (75) and in
discrete cells in developing bones (74). Ron is expressed in all resident macrophages of normal
human dermis (76,77), but not in peripheral blood monocytes (77).
As a serum protein, MSP is predominantly secreted from the liver (16,18), with limited
expression found in the lungs (19), kidney and pancreas (22). Maturation of MSP requires
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proteolytic cleavage, fulfilled by members of the serine protease family, such as coagulation
enzymes (kallikrein, factor XIIa, and factor XIa) (21), and by nerve growth factor-γ and
epidermal growth factor-binding protein (78). Cleavage of pro-MSP is blocked by α1antichymotrypsin at relative high concentrations. For instance, blood clotting itself is unable to
induce MSP processing, because the concentration of α1-antichymotrypsin in blood is 7μM (79),
which is high enough to block the cleavage of pro-MSP. In contrast, pro-MSP can be activated in
extracellular regions where concentration of α1-antichymotrypsin is approximately 0.4μM (80).
Tissue-resident macrophages produce a pro-MSP convertase which is capable of cleaving proMSP and a second protease which induces MSP degradation (79). While the low concentration of
α1-antichymotrypsin is insufficient to interrupt function of the pro-MSP convertase, it is capable
of interfering activity of the second protease. Consequently, MSP is always accumulated and
activated at local sites of action (81).
1.4.2

MSP/Ron expression and autocrine/paracrine activation mode.

MSP is primarily produced by hepatocytes, however, expression of MSP is also frequently
observed in the cells that also express Ron, or in cells neighboring Ron expressing cells,
suggesting the potential for autocrine and/or paracrine activation respectively. For example, MSP
is expressed in tubular kidney cells, while Ron is expressed in mesangial cells both in vitro, and
in vivo. MSP produced by tubular cells not only enhances growth of tubular cells in an autocrine
manner, but also promotes proliferation and migration of the mesangial cells in a paracrine
manner, probably through the activation of Ron (82). Similar autocrine or paracrine activation of
MSP/Ron signaling may also play a critical role in promoting the pathophysiology of
endometriosis, where MSP stimulation promotes proliferation, survival of eutropic endothelium,
while attenuating inflammatory responses (83).
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1.5 Biological effects of Ron/MSP signaling.
Activation of Ron in epithelial cells by MSP induces cell migration and invasion (84-86), and
promotes epithelial-to-mesenchymal transition (87,88). Ron also plays a critical role in cell
proliferation, survival (84), and prevention of epithelial cell anoikis (89) via activation of either
the MAPK pathway, the PI3K pathway, or both (84,90) (Figure 1.1C). A unique characteristic of
Ron/MSP signaling is its role in the regulation of macrophage activity, wound healing, and
inflammatory responses in lung, skin and liver (10,91). Ron is also critical for normal
development of the ovaries (92), and for the survival of NGF-dependent sensory neurons in the
trigeminal ganglia in the postnatal period (93).
1.5.1

Ron and cell motility.

Both MSP and HGF, the ligands for Ron and Met respectively, are called ‘scatter factors’, due to
their ability to induce cellular motile-invasive phenotypes, which are featured by diminished
polarization and tight junctions (94-96). Ron regulates cellular dissociation, scattering, branching
morphogenesis, migration and matrix invasion (71,97). Ron also mediates cell motile activities in
macrophages characterized by the quick adhesion and spreading of macrophages stimulated with
MSP (24,25). Rearrangement of the cytoskeleton and establishment of new cell substratum
contacts is also promoted by MSP (98,99). These findings indicate that activation of MSP/Ron
signaling triggers cell chemotactic motility (24,25), resulting in cell locomotion.
Migration of epithelial cells is determined by their adhesion to extracellular matrixes (ECM)
(100), and interaction between the cells and ECM is largely regulated by integrin receptors (101).
Signaling of the Ron/14-3-3/α6β4 integrin complex induces migration of keratinocytes (73). Ron
also plays an important role in the regulation of the expression and localization of claudins, which
are integral membrane proteins essential in tight junction formation and function (102). Ron
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induced downregulation of claudin1 and upregulation of claudin3 and claudin4 results in
attenuated tight junction and enhanced migration of epithelial cells (102). MSP stimulation not
only accelerates integrin-dependent migration but also adhesion of epithelial cells to the ECM,
which in turn induces MSP-independent Ron phosphorylation (52,103). The mutually beneficial
circuit further enhances cell adhesion and migration (52,103), supported by the fact that type IV
collagen in the extracellular matrix can induce the phosphorylation of Ron. Further studies
indicate that the type IV collagen regulates Ron function via its receptor β1 integrin (52), which
activates Src, subsequently leading to Ron activation, and ultimately PI3K activation and cell
migration (50). Ron is also capable of inducing cell migration and morphological change through
crosstalk with the IL-3 receptor in Ba/F3 pro-B cells, which requires the ligand binding capacity
and kinase activity of Ron, the c-terminal signaling tail of the IL-3 βc chain, but not the docking
site tyrosines of Ron (98).
Epithelial-to-mesenchymal transition (EMT) is a complicated biological process characterized by
loss of epithelial features and acquisition of mesenchymal characteristics (94,104), which only
occurs during embryonic development and tumor progression toward metastasis (94,104-107).
Smad2 is a critical signaling transducer of TGFβ induced EMT (108). Activation of Ron leads to
elevated expression and phosphorylation of Smad2 (10), and phenotypes similar to TGFβ induced
EMT, such as expression of N-cadherin, redistribution of E-cadherin, cell migration, invasion,
and scattering with clear spindle shaped morphology (10). In addition, the presence of Ron is
required for both MSP and TGFβ induced production of a mesenchymal cellular marker, α
smooth muscle actin, in MDCK cells (10). Thus, Ron plays an essential role in cell differentiation
toward EMT (3), probably via the TGFβ/Smad signaling pathway.
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1.5.2

Ron and wound healing.

In our studies, deletion of Ron expression in mice lead to full developmental viability (12), and
the Ron deficient mice appear to develop normally, except for the smaller ovaries and fewer
corpus lutea (92). Noticeably, however, when these mice encounter inflammatory stimuli, they
are more susceptible to inflammatory-induced damage due to greater susceptibility to cytotoxic
insult (12). These studies suggest that Ron plays a crucial role in the maintenance of homeostasis
and prevention of excessive inflammatory activities. The close correlation between Ron
expression and environments exposed to pathogens supports the involvement of Ron in immune
responses. For example, expression of Ron is only found in the apical, but not basal surface of the
lung epithelium (109). Similarly, Ron is expressed in kupffer cells, dermal and alveolar
macrophages in the skin, where these cells readily respond to environmental attacks.
Accumulation and activation of Ron and MSP at wound sites suggest a critical role for Ron in
wound healing (77,110). Wound fluids also trigger cleavage of pro-MSP and leading to activation
of MSP/Ron signaling cascades (77). Ron promotes wound healing by promoting proliferation,
migration and survival of epithelial cells at the wound site (110). MSP/Ron signaling induces
activation of α3β1, as well as binding of both Ron and α6β4 integrin to 14-3-3 through
phosphorylated 14-3-3 binding sites (73). Formation of the Ron/α6β4 complex leads to
transportation of α6β4 from hemidesmosomes to lamellipodia, suggesting that Ron may play a
critical role in the regulation of keratinocyte motility and adhesion during the epidermal wound
healing process (73). In addition to promoting cell proliferation and migration (111), Ron/MSP
enhances wound healing by protecting epithelial cells from apoptosis (89). MSP/Ron signaling
leads to phosphorylation of MAPK, which is retained in the cytoplasm of cells in suspension. Cell
adhesion generates an additional signal, which triggers translocation of the phospho-MAPK from
the cytoplasm into the nucleus, thereby promoting anti-apoptotic responses (89).
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1.5.3

Ron and macrophage activation.

Inflammation plays a central role in the wound healing process, and Ron plays an important role
in the regulation of the inflammatory response (25,91,112). Ron is found in diverse types of
terminally differentiated resident macrophages from either normal or wounded skin (76,77,113),
and its expression is elevated during macrophage differentiation (5). Macrophages are ubiquitous
cells of the immune system which plays an important role in the response to a variety of stimuli.
Macrophage activation is generally classified into two distinct programs, termed classical (M1)
and alternative (M2) (114,115). Both activation programs are exclusive, since they promote
differentiation of neighboring macrophages to the same activation state and strongly inhibit
maturation of the other (116).
1.5.3.1 Ron attenuates classical macrophage activation.
Classically activated macrophages (M1 macrophages) are usually present at the early stages of an
immune response, and plays a key role in the clearance of intracellular pathogens (115,117,118).
M1 macrophage activation is induced by products related to bacterial infections, including
lipopolysaccharide (LPS) and interferon-γ (IFN-γ) (115,118).
Ron inhibits classical macrophage activation, in part, through the attenuation of Toll-like receptor
(TLR)-induced NFκB, a central regulator of pro-inflammatory gene expression. While Ron does
not inhibit receptor proximal signals, stimulation of primary peritoneal macrophages with MSP
results in a decrease in IκB kinase (IKK) activity and reduces DNA binding of NFκB, while
promoting LPS-induced Map kinase activation (119). Recent studies have suggested that
inhibition of NFκB signaling by Ron is due to the induction of the orphan nuclear receptor short
heterodimeric partner (SHP) (120). Unlike other nuclear receptors, SHP lacks a DNA binding
domain. SHP interacts directly with NFκB and blocks its DNA binding activity, and inhibits the
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ubiquitination of Traf6 resulting in decreased IKK activity. In addition, Ron inhibits the serine
phosphorylation of p65 which promotes the transcriptional activity of NFκB, and inhibits the
upregulation of the nuclear IκB family member, IκBζ, a positive regulator of secondary response
genes including IL-12p40 (119).
Peritoneal macrophages isolated from Ron deficient mice fail to down-regulate the increased
levels of NO in response to infection or injury (12,112,121,122), and Ron deficient mice are more
sensitive to sublethal doses of LPS. Ron downregulates the production of interleukin-12 (IL-12)
in vivo and subsequent IFN-γ production by natural killer cells in response to LPS (123). Ron also
inhibits IFN-γ-induced Stat1 phosphorylation, associated with the upregulation of SOCS1
expression (123). Thus, Ron regulates endotoxin induced innate immune responses both by
modulating the production of IFN-γ, and by regulating the response of macrophages to IFN-γ
(123). In addition, Ron signaling plays a protective role in the pathogenesis of acetaminopheninduced hepatotoxicity, which is closely associated with liver macrophage activation states (123).
Ron signaling in myeloid cells plays a critical role in the regulation of the acute lung
inflammatory response. Depletion of Ron expression in vivo leads to increased activation of
NFκB and consequent increased production of TNF-α and NO. Ron deficient mice also exhibit
elevated recruitment of neutrophils and increased lung damage upon LPS stimulation (124,125).
Interestingly, mice that are engineered to lack Sf-Ron, a naturally-occuring N-terminally
truncated form of Ron, while retaining expression of the full-length receptor similarly exhibit
increased IFN-γ production by splenocytes and increased hepatic damage in response to
concanavalin A, suggesting that Sf-Ron also plays a critical role in the regulation of inflammation
(126).
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1.5.3.2 Ron promotes alternative macrophage activation.
Alternatively activated macrophages (M2 macrophages) dominate the later stages of an immune
response during the repair process (117) and in response to products associated with parasitic
infections, such as Schistosoma egg antigen and IL-4 and IL-13 (127). M2 macrophages promote
resolution of inflammation, tissue repair and remodeling (127), via secretion of extracellular
matrix proteins and polyamines, which promote epithelial cell growth, affect cytokine production,
and prevent expansion of lymphocytes (117). Anti-inflammatory cytokines and pattern
recognition receptors are upregulated in M2 macrophages.
Activation of the Ron receptor by MSP promotes the chemotaxis of macrophages, which undergo
rapid shape changes and migrate to sites of infection (16,128). MSP induces macrophage
migration (23) and phagocytosis of C3bi coated erythrocytes, dependent on the activation of
PKCζ by Ron (129,130). MSP promotes binding of C3bi coated erythrocytes to the αMβ2
integrin (CD11b), by activating the PI3K cascade which leads to phosphorylation of PKCδ and
subsequent actin rearrangement (130). MSP activation of Ron in primary peritoneal macrophages
in vitro also attenuates the expression of proinflammatory cytokines, including IL-12p40 and
TNFα, in response to IFN-γ and LPS (112,131), while inducing expression of the antiinflammatory cytokine, IL-1 receptor antagonist and the pattern recognition receptor, Scavenger
receptor A (91).
1.5.3.3 Ron regulates arginine metabolism.
Among the various differentially expressed genes by which these two activation programs can be
discriminated, metabolism of arginine is the most striking (127). In M1 macrophages, inducible
nitric oxide synthase (iNOS) drives production of nitric oxide (NO) and citrulline from arginine.
Alternatively, in M2 macrophages, expression of iNOS is downregulated, and arginine is
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catabolized to urea and ornithine through the upregulation of arginase 1 expression (132,133).
The polyamine precursor urea and ornithine promote collagen synthesis and cellular proliferation,
respectively. However, aberrant expression of iNOS by M1 macrophages can also lead to
inflammatory damage (134,135), while overexpression of arginase 1 by M2 macrophages
prohibits the clearance of pathogens (136). Therefore, proper regulation of the balance between
M1 and M2 macrophage activation is crucial in order to promote immunity to infection and
prevent collateral tissue damage. Increasing evidence supports a critical role for Ron in
attenuating inflammatory M1 macrophage activation and promoting alternative activation of
tissue-resident macrophages (12,92).

Most importantly, activation of Ron up-regulates the

mRNA, protein and activity of arginase 1, while downregulating expression of iNOS (91). Hence,
metabolism of arginine in macrophages shifts away from production of NO to the production of
ornithine, by Ron (91,137).
Taken together, in addition to its regulation of epithelial cell activity, Ron may also limit
excessive inflammation in epithelium at wound sites by means of regulating macrophage
activation. The Ron receptor functions to alter the balance of macrophage activation away from
the classically activated phenotype and promotes hallmarks of alternative macrophage activation.
Thus, Ron likely promotes wound repair via its effects on multiple cell types within the wound
microenvironment.

1.6 Ron and cancer.
Dysregulated activation of RTKs has been tightly correlated with various types of human
malignancies, particularly those with poor prognosis by conventional therapies (138-140). The
genes encoding Ron and MSP are both located on chromosome 3p21, a region with frequent
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alterations in cancers (1,22). 15-42% amplification of this region in lung, renal and breast cancer
samples suggests that the consequential overexpression of Ron and/or MSP might attribute to
tumorigenesis and metastasis (141). Although Ron is transcribed in a variety of epithelial cells,
normal expression levels are relatively low (75,111,142). However, the expression of Ron is
dramatically elevated in a large percentage of cancers derived from breast, colon, lung, thyroid,
skin, and bladder (143) (Table 1). While Ron expression is rarely detected in normal thyroid cells,
and moderately expressed in adenoma samples, overexpression of Ron was detected in about 50%
of papillary and follicular cancer specimens, associated with lymph node metastasis (143).
Overexpression of Ron also occurs in 79-93% of human pancreatic tissue samples, and in 83% of
metastatic lesions (144,145). Ron also forms heterodimers with Met in gastroinstestinal tumor
GTL-16 cells (3), suggesting that cross-talk and transactivation might contribute to the
progression of epithelial cancers by the Ron receptor. Clinical studies suggest that the
overexpression and constitutive activation of Ron is an important pathogenic factor that
contributes to tumorigenesis and malignancy (10,54), and is commonly correlated with more
aggressive phenotypes and poor patient prognosis (146-148). Interference of aberrant Ron
expression using siRNA or antibodies can alleviate the malignant phenotype (149). Inactivation
of Ron was shown to greatly postpone tumor initiation and development in murine models of
breast and skin cancer (150,151).
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Table 1
Expression of Ron in Human Epithelial Cancers

Cancer type
Breast
Cancer
Colorectal
Cancer
Lung Cancer
Pancreatic
Cancer
Bladder
Cancer
Ovarian
Cancer
Skin Cancer
Thyroid
Cancer
Prostate
Cancer

1.6.1

Percentage of Tumor
with Ron
overexpression

Comments

47-60

Sf-Ron detected in tumor specimens.

51-65

Ron overexpression in colorectal cancer cell lines.
Three mutants with increased metastatic potential.

48
80-93
33
55-60

Overexpression in 62% of NSCLC cell lines.
Increased expression in pancreatic cell lines: FG,
BxPC-3, CFPAC-1, and L3.6 pl.
Crosstalk between Ron and Met/EGFR found in
bladder cancer cell lines.
Ron/Met heterodimers identified, sf-Ron detected.

Reference
(152)
(51,153,154)
(155-157)
(144,145)
(146,148)
(158)

37

(143)

42

(143)

92

(149)

Ron and breast cancer.

Around 20% of women diagnosed with breast cancer will eventually develop metastatic
carcinomas which are rarely curable (159). Activation of Ron is thought to be an event that occurs
at later stages of tumor progression, due to its role in cell migration, invasion, and epithelial-tomesenchymal transition (88,160). Indeed, while it is comparatively low in normal breast epithelial
cells and even cells from benign lesions (adenomas and papillomas), expression of Ron is
increased dramatically in a large portion of primary breast cancer samples (152). The
significantly elevated level of Ron expression in the malignant cells, from 2- to 20- fold as
compared with benign epithelium, was strongly associated with tumor growth, angiogenesis and
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metastasis (152). Thus, Ron may provide an important therapeutic target in metastatic breast
cancer.
Elevated expression of Ron is also observed in many established breast cancer cell lines.
Expression of Ron promotes oncogenic behaviors of MCF-10A breast epithelial cells. MSP
independent activation of Ron in these cells promotes cell survival and spreading, while MSP
induced Ron signaling promotes cell proliferation and migration. Therefore, while overexpression
of Ron may contribute to oncogenic progression, further activation of Ron by MSP likely
dominates cancer development at later stages (68). No activating mutations in Ron have been
identified in breast cancer to date. Thus, overexpression of the wild type receptor is likely to be
sufficient to promote tumor development.
Previous studies using mouse models demonstrated that engineered overexpression of Ron in
mammary tissue not only induces mammary hyperplasia, but also further leads to the
development of adenocarcinoma (161). Furthermore, tumors initiated by the overexpression of
Ron spontaneously metastasized to liver, lung or bone in approximate 90% of the mice (162). The
function of Ron in metastasis of breast cancer was further shown to be a ligand-dependent event.
Ectopic expression of MSP resulted in spontaneous metastasis of primary tumors from
the mammary gland to the bone, and the metastatic cells were osteolytic, similar to the phenotype
observed in human breast cancer patients (163). Thus, co-overexpression of Ron and MSP could
be a critical prognostic factor for tumor metastasis and decreased survival of breast tumor patients.
1.6.2

Ron and colon cancer.

Overexpression of RON occurs in colorectal cancer (CRC) and contributes to its carcinogenesis
and pathogenesis (51,153,154). Similar to the expression pattern observed in breast carcinomas,
the expression level of Ron is moderate in normal colorectal mucosa, but increases dramatically
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in approximate 60% of primary human colorectal adenocarcinoma samples (154), as well as in
colorectal carcinoma cell lines (51). The accumulated Ron receptor in colorectal cancer is
constitutively active, which could be attributed to receptor overexpression, spontaneous receptor
dimerization, aberrant phosphorylation, or post-translational modification of the kinase domain
(51,154). Previous studies have shown that the aberrant expression of Ron induces migration and
matrix invasion of colon epithelial CoTr cells and prohibits apoptotic death of these cells induced
by a Fas activating monoclonal antibody (51). In addition, the abnormal accumulation and
activation of RON in colon cancer cells enables the cells to penetrate through an artifical
membrane (51,153), resembling the metastatic phenotype displayed by malignant tumors. Thus,
Ron likely plays a critical role in the acquisition of motile-invasive phenotypes during the
progression of colorectal adenocarcinomas, especially at the metastatic stage (154).
Active variants of Ron (Ron∆165, Ron∆160 and Ron∆155) have also been identified in colon
cancer samples (154). These variants are derived from abnormal mRNA splicing, and harbor
deletions of varying lengths in the extracellular region of the Ron β chain (154). Functional
studies demonstrate that these variants facilitate tumor progression toward malignancy (54,154).
They are capable of inducing ligand-independent cell scattering, focus formation and anchorage
independent growth of transfected NIH3T3 cells, and tumor formation in athymic nude mice with
colonization of the lungs (10).
Initially discovered in human gastric cancer KATO III cells (9), Ron∆165 has also been found in
diverse cancer samples and cell lines (10). Ron∆165 is a splice variant generated by an in-frame
deletion in exon 11 (9), which leads to an in frame deletion of 49 residues in the fourth IPT
domain (11). However, unlike wild type Ron and Ron∆160, Ron∆165 accumulates in the
cytoplasm as a single chain protein. Receptor oligomerization is favored due to the aberrant
intracellular disulfide bridges, resulting in constitutive receptor activation (9). Ron∆165 is
capable of facilitating motile and invasive phenotypes in cancer cells (9).

24

Ron∆160, another Ron variant with an in frame deletion of 109 residues, leading to exclusion of
the first extracellular IPT unit, has been observed in primary colon cancer samples as well as
established cell lines, such as HT29 and SW837 (9,153,154). Deletion in the cysteine rich Sema
domain results in formation of aberrant disulfide bonds, which leads to constitutive receptor
phosphorylation and increased kinase activity (153). Ron∆160 induces activation of the β catenin
pathway (14,164), promotes colorectal cancer cell to escape from apoptosis (164), initiates cell
transformation in vitro (154), promotes tumor growth in athymic nude mice (14,153,154,165) and
drives EMT of colonic cells (14,160,164). SiRNA against Ron and Ron∆160 expression in
colorectal cancer cells weakens tumorigenic and invasive activities (164).
RonΔ155 is a Ron splicing variant with both the 49 and 109 residue deletions, and was found in
two primary colorectal adenocarcinoma samples (154). Like RonΔ165, RonΔ155 is constitutively
activated in the cytoplasm, but as a monomer (154). Both RonΔ165 and RonΔ155 have been
identified in glioblastomas, but not normal brain tissues (166). In vitro studies also indicate that,
compared to wild type Ron, expression of RonΔ160 and RonΔ155 enhances focus formation in
NIH3T3 cells and cell scattering in MDCK cells (154).

Taken together, the dysregulated

expression of Ron variants may be a causative or pathogenic factor contributing to the
carcinogenesis and malignancy of colorectal cancer.
1.6.3

Ron and lung cancer.

Ron is expressed on the apical surface of ciliated epithelia of the lung, and the expression level is
increased in lung cancer. Co-expression of Ron and MSP was found in lung cancer cell lines,
suggesting a possible autocrine/paracrine activation related to the development of lung cancer
(157,167). The potential involvement of Ron/MSP in tumor formation and progression in the lung
is supported by the finding that MSP protein levels are up-regulated upon application of
nitrosamine carcinogens (157,167). Patients with bronchiectasis caused by microbial triggered
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inflammation, have double the normal amount of MSP in their sputum (109). Application of MSP
results in increased ciliary beat frequency, suggesting that MSP/Ron may be a potential
homeostatic guardian against excessive epithelial inflammation (142). However, as a major
consequence of redundant inflammatory responses, constitutive activation of NFκB may promote
Ron expression by binding to the NFκB sites in the Ron promoter. Therefore, overexpression of
Ron driven by the excessive inflammation may trigger its oncogenic potential, and lead to
inflammatory driven lung carcinoma.
Studies using transgenic mice have shown that ectopic expression of Ron in distal lung epithelial
cells induces development of multiple lung adenomas and adenocarcinomas (53). Overexpression
of autophoshorylated Ron has been found in tumor cells (53), resulting in genomic instability (53)
and formation of a unique morphology and growth pattern of the lung tumor cells (53). These
pathological phenotypes are similar to those described in human bronchioloalveolar carcinomas
(BAC) (168), suggesting a possible link between Ron and the abnormalities described in BAC.
Jaagsiekte sheep retrovirus (JSRV) promotes ovine pulmonary adenomatosis, a model of sheep
BAC (169). Hyaluronidase 2 (HYAL2), the cellular receptor for JSRV, is also a negative
regulator of Ron in human bronchial epithelial cells (170). However, binding of the envelope
protein (Env) of JSRV to HYAL2 interrupts its interaction with Ron, and consequently results in
increased Ron induced oncogenic development (170). Taken together, these studies suggest that
the altered expression and/or activation of Ron identified in human BAC samples and cell lines
(10) likely plays an important role in the progression of BAC.
1.6.4

Sf-Ron and leukemia.

Dysregulation of RTK activity is closely associated with a cohort of human leukemias (12). For
instance, alterations in the Flt3 receptor (171), the PDGFβ/FGF1 receptors (172) and the Kit
receptor (173,174), which promote receptor kinase activity, have been found in acute myeloid
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leukemia (AML), chronic myelogenous leukemias (CML), and mast cell leukemia, respectively.
Previous studies have shown that Ron plays an essential role in promoting the progression of
erythroleukemia in mice, following injection with Friend erythroleukemia virus (175,176).
An N-terminally truncated form of murine Ron (Sf-STK), produced as a result of an internal
promoter in exon 10, is encoded by the Friend virus susceptibility 2 locus (Fv2) (176). Binding of
the viral glycoprotein, gp55 through the cysteines in the extracellular domain leads to cell surface
localization and constitutive activation of Sf-STK (10). Gp55 activation of Sf-STK drives
erythropoietin (Epo)-independent expansion of Friend virus-infected erythroblasts, mediated by
the Grb2/Gab2-dependent phosphorylation of Stat3 and the upregulation of Pu.1 expression
(59,65,177,178). MSP is also capable of enhancing the proliferation of primary erythroblasts in
response to Epo, by promoting activation of the MAPK pathway (179). C-sea, the chicken
homologue of Ron, is the cellular homologue of the avian retroviral oncoprotein v-sea, which
triggers erythroblastosis and anemia in chickens (180). V-sea consists of two subunits (85kD and
70kD respectively) linked by disulfide bonds. The 85kD env subunit can regulate interaction
between SEA molecules and subsequently leads to constitutive kinase activation (136). Hence,
promotion of leukemic transformation through the constitutive kinase activation mediated by viral
envelop proteins is a conserved feature of this family.
A human homologue of Sf-STK, Sf-Ron, also called Ron∆55, has been identified in AML (181).
Sf-Ron, like its murine homologue, contains intact transmembrane and cytoplasmic domains, but
lacks the extracellular domain of the receptor, due to its translational initiation from an ATG
codon in exon 11 (3). Sf-Ron shows strong intrinsic kinase activity, and is constitutively
phosphorylated independent of ligand (182). Overexpression of Sf-Ron in NIH3T3 and MDCK
cells induces cell growth, transformation and migration (165,182). High protein levels of Sf-Ron
have been observed in human cancers including ovarian carcinomas and leukemias, as well as cell
lines derived from a variety of cancers, including breast and pancreatic cancer specimens (182).
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Sf-Ron promotes spontaneous breast cancer metastasis (183), suggesting that the truncated Ron
receptor may also contribute to the invasive phenotypes of epithelial cancers. Since Sf-STK and
v-sea are both involved in leukemia progression, and human and murine Sf-Ron shares
approximate 88% sequence similarity (5), it is likely that Sf-Ron also plays a regulatory role in
leukemic transformation of human cells. This speculation is supported by the fact that Met/Ron
inhibitors exhibit anti-leukemic activity in AML cells expressing Sf-Ron (181).
1.6.5

Ron and inflammatory bowel diseases.

The genes coding Ron and MSP both map to chromosome3p21 (1,22), which is tightly related to
inflammatory bowel diseases (IBD) such as Crohn’s disease (CD) and ulcerative colitis (UC)
(184,185). Consistent with its role in the resolution of inflammation, two non-synonymous single
nucleotide polymorphisms (SNPs) within the RON gene, rs2230590 and rs1062633, resulting in
Arg523Gln and Gly1335Arg coding variants respectively, have been identified from a genome
wide linkage study performed with a group of CD patients (186). Another study performed with a
group of IBD patients revealed a nonsynonomous SNP within the MSP gene, rs3197999, leading
to an Arg698Cys substitution, which is associated with both CD and UC (185). This substitution
is predicted to prevent binding of MSP to Ron. These observations suggest a possible relationship
between MSP/Ron signaling and inflammatory bowel disease (185). It is possible that Ron plays
a protective role in the progression of inflammatory bowel disease due to its expression in both
intestinal epithelial cells and intestinal macrophages, to hold inflammation in check and to
promote the healing process.
1.6.6

Ron and HIV.

Dysregulated inflammatory activities of macrophages contribute to the development of AIDS
(187,188). Ron negatively regulates transcription and replication of HIV in macrophages by
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inhibiting the binding of NFκB to the proviral LTR (102,189). In addition, Ron inhibits RNA
polymerase II processivity, associated with increased binding of factors that negatively regulate
transcription elongation, and nucleosome remodeling (102,189). Alternatively, the viral protein,
Tat, downregulates Ron expression in HIV-infected monocytic cells by targeting Ron for
ubiquitin-mediated proteosome degradation (190). Ron is expressed in microglia in the brain and
plays a protective role in experimental autoimmune encephalitis, a murine model for multiple
sclerosis. In the brain of AIDS patients, expression of Ron is dramatically decreased (189),
suggesting the possibility that the downregulation of Ron by HIV could contribute to
inflammation and CNS damage associated with AIDs. By targeting Ron, a crucial regulator of
inflammation, HIV may facilitate the formation of an optimal microenvironment for HIV
replication and progression of AIDS-related diseases, such as dementia (189).
1.6.7

Ron and the tumor microenvironment.

MSP/Ron not only plays a causal role in tumor development, but also plays a regulatory role in
the type of inflammation that occurs in the tumor microenvironment (123,191). Studies of breast
cancer have shown that Ron functions in different types of cells within the breast tumor
microenvironment, including the tumor cells and inflammatory cells (192). Recently we have
shown that Ron is expressed by tumor-associated macrophages (TAMs) (137), which are a
substantial compartment of the growing tumor and usually associated with tumor progression and
poor prognosis (193-195). TAMs function disparately during tumor development, based on their
phenotypic properties. Our studies indicate that Ron is preferentially expressed on TAMs with an
M2 pro-tumoral phenotype, and that expression of Ron in the tumor microenvironment
significantly enhances tumor growth (137). Alternatively activated TAMs support tumor
progression by promoting neo-angiogenesis, tumor cell growth and survival, matrix remodeling,
tumor invasion and metastasis. Elevated arginase 1 expression in TAMs depletes its substrate, Larginine, from the extracellular environment, leading to the downregulation of the CD3ζ chain
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and inhibition of antigen-specific T cell proliferation (196). TAMs from Ron deficient mice fail to
upregulate arginase 1, associated with enhanced splenic T cell activity in Ron deficient tumor
bearing mice. These results are consistent with the ability of Ron to promote phosphorylation of
STAT3 (123), which is essential for the immunosuppression and tumor promotion by TAMs
(178). These studies suggest, for the first time, that targeting Ron in cancer could have a dual
effect of directly inhibiting tumor cell growth and survival in tumors overexpressing Ron and
indirectly attenuating tumor growth by limiting arginase 1 expression by TAMs and promoting
anti-tumor immunity.
In addition to TAMs, Ron is expressed in osteoclasts, specialized macrophages residing in the
bone, where it promotes bone resorption. In addition, MSP/Ron signaling stimulates production
of PTHrP and IL-11 from tumor cells metastasizing to the bone. Subsequently, activity of
osteoclasts is enhanced, followed by induced bone resorption (197). Release of calcium and
growth factors such as TGFβ during bone resorption further promote tumor growth, which in turn
promotes bone resorption. Thus, a ‘vicious cycle’ is formed (198). 70-80% of patients with breast
cancer experience bone metastasis (198,199). Studies in mice demonstrated that activation of the
MSP/Ron signaling in mammary tumors lead to increased spontaneous development of osteolytic
bone metastasis, compared to those without MSP/Ron signaling (163). The contribution of
MSP/Ron to activation of osteoclasts cannot be replicated by HGF/Met signaling, indicating a
unique role for RON in regulating osteoclast function and progression of metastatic breast cancer
(197).
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1.7 Ron is a promising target for cancer therapy.
Mutations in, or over-expression of, RTKs have been implicated in a variety of human
malignancies. Thereby, understanding the complex mechanisms by which RTKs are regulated is
of clinical significance due to potential applications for therapeutic intervention against a broad
range of cancers (200,201). Elevated expression or constitutive activation of Ron has been
implicated in the tumorigenesis and invasiveness of a number of epithelial carcinomas (74).
Activation of Ron promotes cell motility and matrix invasiveness of epithelial tumor cells,
characterized by diminished polarization and tight junctions (9,55,152). Ron also promotes EMT,
which is observed during embryonic development and in tumor progression toward metastasis
(88,160). Moreover, Ron expression in the tumor microenvironment promotes tumor growth by
promoting the pro-tumoral activities of TAMs (137). Inhibition of Ron expression using Ronspecific siRNA dramatically decreased β-catenin expression and tumorigenic and invasive
activities in colorectal carcinoma cells (164). A small molecule kinase inhibitor of Ron that has
antitumor activity in vivo has also been described (202). Consequently, Ron is a promising target
for therapeutic intervention against tumorigenic activities and malignant phenotypes (143).
1.7.1

Antibodies against Ron.

Humanized, chimerized or completely human antibodies to RTKs have already been approved for
clinical use. For instance, trastuzumab, an antibody against HER2/ERBB-2, has been approved to
treat breast cancer (203). Cetuximab and panitumumab, antibodies against EGFR/ERBB-1 have
been approved for treatment of colorectal cancer and head and neck cancer. Likewise,
Bevacizumab, an antibody against VEGF, has been approved for treatment of colorectal cancer
(203). These monoclonal antibodies prevent cancer progression either via antibody-dependent
cell-mediated cytotoxicity (204), or non-immune mechanisms that intercept tumorigenesis, such
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as disruption of tumor-promoting signaling pathways, induction of cell apoptosis and inhibition
of angiogenesis (205).
Thus, development of monoclonal antibodies against Ron could be a therapeutic approach for
treating epithelial cancers. Toward that end, IMC-41A10, a human monoclonal antibody with
high affinity to Ron was developed by a group from ImClone (149). The antibody significantly
interfered with MSP binding to Ron, and it has shown effective inhibition of tumor growth
regulated by cancerous cells derived from lung, colon and pancreas in a tumor xenograft mode
(149). 2F2, a IgG mAb specific against Ron, promotes internalization of Ron and consequential
downregulated signaling activities (165). Treatment with 2F2 indeed dramatically prevented
tumor formation and growth in the mice injected with 3T3 cells with enforced expression of an
active Ron variant (165).
1.7.2

Tyrosine kinase inhibitors against Ron.

Tyrosine kinase inhibitors, low-molecular-weight compounds that block the ATP-binding sites of
RTKs, have also been approved for the clinic. For example, Gleevec (Imatinib), an inhibitor of cKIT and BCR-ABL, has been approved for the treatment of chronic myelogenous leukemia and
gastrointestinal stromal tumors (GIST). Gefitinib and erlotinib, inhibitors of EFGR, have also
been approved for treatment of non small cell lung cancer. Sorafenib and sunitinib, inhibitors of
VEGF receptors, have shown promise in the treatment of advanced renal cell carcinoma (206).
The quinoline based compound I discovered by Amgen (102) and BMS-777607 disclosed by
Bristol-Myers Squib (207) against Ron have shown partial anti-tumor efficacy. Treatment with
these small molecular inhibitors decreased proliferation and migration potential of several tumor
cell lines, by inhibiting phosphorylation of Ron and Met (102,207). However, due to the high
sequence similarity between the kinase domain of Ron and Met, development of small molecule
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inhibitors exclusively targeting Ron is still challenging (208). Recently, discovery of several Ron
selective inhibitors exhibiting only minor inhibition of Met and no effect on VEGFR2 from a
series of novel synthesized chemical compounds (209), shows potential for the development of
anti-cancer therapeutics against the Ron tumor promoting activities.

1.8 The juxtamembrane domain of Ron.
1.8.1

The regulatory role of the juxtamembrane in RTKs.

While the basic mechanisms of catalytic activation are largely conserved among RTKs, the
autoinhibitory structure of receptors and the mechanisms by which they are relieved differ
significantly (210). Recently, the juxtamembrane domain of RTKs has garnered increasing
attention for several reasons (Figure 1.3). Firstly, mutations in the juxtamembrane domain,
resulting in the relief of autoinhibitory constraints, are a common mechanism by which RTKs are
constitutively activated in tumor cells. Secondly, an increasing number of studies have shown that
the juxtamembrane domain is actively involved in the receptor activation process. Last but not
least, the juxtamembrane domains of different RTKs vary considerably in length and in sequence,
indicating that they may not be indispensable for kinase activity, rather, they may play unique
regulatory roles in receptor activation. Therefore, understanding and targeting this layer of
regulation may provide a platform for development of novel anti-cancer therapies.
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Figure 1.3: Sequence alignment of the juxtamembrane domain of RTKs including human
Ron, murine Ron, murine Met, chicken Met, EphR, EGFR, Flt3, Kit, and cFms. The
juxtamembrane domain of Ron is significantly longer than other RTKs and is divided into four
regions for clarification: JM-A, JM-B, JM-C and JM-D. The primary sequence difference
between hRon and mRon lies in the deletion of JM-B region in mRon. The acidic characteristics
of the JM-C region is conserved within the Met family receptors. The c-terminal JM-D region is
relatively conserved.

1.8.1.1 The juxtamembrane domain of the PDGF family of receptors.
The PDGF family of receptors contains platelet-derived growth factor receptor (PDGFR) α,
PDGFRβ, c-Kit, Flt3, FMS and colony stimulating factor 1 receptor. In human gastrointestinal
stromal tumors, mutations in the juxtamembrane domain have been identified in both the Kit (58)
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and the PDGF receptors (211). The juxtamembrane domain of the PDGF family of receptors
contains approximate 30 residues, the hallmark of which is a conserved YϕY motif (ϕ represents
a hydrophobic residue). Mutation of a conserved valine to alanine in the juxtamembrane domain
induces constitutive receptor activity independent of ligand (212). In the same region, two
anchoring points of the JMB region, Y572 and L576, have been identified by alanine scanning
mutatgenesis. Further studies indicate that this region contains a WW-like motif, which binds to
its consensus recognition sequence PPXY in the kinase domain. Mutations in this region thereby
disrupt the inhibitory contacts between the WW-like motif and kinase domain, subsequently
promoting receptor activation (212).
1.8.1.1.1

The Flt3 receptor

Based on the orientation with respect to the kinase domain, the juxtamembrane (JM) domain of
Flt3 is divided into three subunits: the JMB, JMS and JMZ regions (213). Deeply embedded into
the cleft between the N and C lobe of the kinase domain, the N-terminal JM binding motif (JMB)
forms extensive interactions with residues essential for kinase activity in the active site,
consequently retaining the receptor in an inactive state. The conserved YϕY motif is located in
the sequential JM switch region (JMS). The side chains of the tyrosines protrude into the space
between the JMS and kinase C lobe, promoting the formation of a rigid inhibitory structure. Upon
tyrosine phosphorylation, the additional phosphate cannot be accommodated in the tight space,
consequently leading to collapse of the inhibitory interaction between the juxtamembrane domain
and the kinase domain. The C terminus of the juxtamembrane domain is the zipper or linker
peptide segment (JMZ), which forms extensive contacts with the αC helix in the N lobe. Internal
tandem duplications (ITD) in the juxtamembrane domain of Flt3 that disrupt the inhibitory
constraints of the juxtamembrane domain have been found in approximately 20% of AML
patients, rendering Flt3 the most frequently mutated protein in acute myeloid leukemia (214).
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1.8.1.1.2

The Kit receptor

The crystal structure of the inactive Kit receptor demonstrates that the juxtamembrane domain
contributes to the autoinhibited conformation by forming extensive contacts with the kinase N
lobe. Receptor activation is also driven by phosphorylation of tyrosines in the juxtamembrane
domain, which triggers release of the juxtamembrane domain from the kinase N lobe (215,216).
Abnormal activity of the Kit receptor is tightly associated with cancers such as mastocytosis and
gastrointestinal stromal tumors (58,217). Activating mutations in these tumors are primarily in the
juxtamembrane domain, including tandem duplications, point mutations and deletions (218). In
addition, a constitutively active Kit mutant harboring a deletion of 21 bp in the juxtamembrane
domain has been isolated from a murine mastocytoma cell line (173). These mutations
successfully weaken the autoinhibitory contacts between the juxtamembrane domain and kinase
domain, resulting in constitutive activation of the receptor.
1.8.1.1.3

Effects of the juxtamembrane domain on downstream signal transduction

In addition to enhancing receptor activity, alterations in the juxtamembrane domain of some
RTKs results in changes in downstream signal transduction. Unlike receptors harboring activating
mutations in the kinase domain (Flt3 KD), Flt3ITD mutations promote the activation of Stat5 and
suppress CEBPα and PU.1 activity (171). Accordingly, different phenotypes induced by Flt3 KD
and Flt3 ITD were observed in a murine bone marrow transplantation model (219). Mutations in
the juxtamembrane domain of Kit also promote activation of Stat proteins, which cannot be
achieved by wild type Kit (220). The complex consequences caused by mutations in the
juxtamembrane domain of RTKs suggest a likely explanation for the poor prognosis of patients
with these oncogenic alterations.
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1.8.1.2 The juxtamembrane domain of the Eph receptor.
The juxtamembrane domain of the Ephrin receptor (EphR) contains a conserved segment with
two tyrosines (Y604 and Y610). Ligand induced transphosphorylation of these tyrosines is required
for receptor activation, and Y-F mutations in the juxtamembrane domain significantly abrogate
receptor activation (221). Structural studies suggest that the tyrosines are directly involved in the
interaction between the juxtamembrane and kinase domain. The side chain of Y604 interrupts
rotation of Y750 in the activation loop between the catalytic loop and αE helix, consequently
prohibiting the ability of the activation loop to adopt an active orientation. Unphosphorylated Y610
forms extensive contact with the αC helix, and prevents formation of the crucial salt bridge
between the β3 lysine and the glutamic acid located in the αC helix (221). Consequently,
transphosphorylation of tyrosines in the juxtamembrane domain is one of the initial steps in
receptor activation. Sequentially, the autoinhibitory juxtamembrane domain is released from the
kinase domain, and the side chain of the residues at the exterior of the molecular surface are
exposed for recruitment of adaptor proteins containing SH2 domains.
1.8.1.3 The juxtamembrane domain of the Met family of receptors.
The Met receptor harboring a P1009S mutation in the juxtamembrane domain has been isolated
from patients with primary gastric adenocarcinomas (222). Though not constitutively active, the
mutant displayed increased and sustained receptor phosphorylation upon ligand binding,
demonstrated enhanced focus-forming activity, and was highly tumorigenic in athymic nude mice
(222). Activating mutations in the Met juxtamembrane domain ((R988C and T1010I)) have also
been identified in small cell lung cancer (223), and in human papillary renal cancer (224). An
alternatively spliced form of Met (Met-SM) lacking 47 residues in the juxtamembrane domain
also demonstrated transforming ability (225). Ectopic expression of Met-SM in NIH3T3 cells
resulted in colony formation in soft agar, and were tumorigenic in athymic nu/nu mice. The Met
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variant also escaped ubiquitin-mediated degradation and accumulated in cells treated with HGF
(226). Likewise, a splice variant of RON, lacking exon 14 (BG289902) in the juxtamembrane
domain, was found in a bladder papilloma cell line.
1.8.2

Therapeutic potential of the JM domain.

1.8.2.1 Drug resistance faced by conventional inhibitors.
While potentially promising, the use of monoclonal antibodies to target RTKs has some
drawbacks. The observation that Sf-Ron is expressed in human cancers and plays an important
role in the regulation of inflammation suggests that targeting full length Ron may not be sufficient
to inhibit tumor growth or to inhibit the pro-tumoral effects of Ron in the tumor
microenvironment. Sf-Ron lacks most of the extracellular domain, therefore it would not be
amenable to antibody targeting. Similarly, monoclonal antibodies would not inhibit Ron∆165
which accumulates in the cytoplasm rather than at the cell surface. In addition, extensive crosstalk between Ron and other cell surface receptors including Met, EGFR, integrins, cytokine
receptors and G protein-coupled receptors has been demonstrated. Formation of heterodimers
with other RTKs may alter the spatial organization of the receptors in cancer cells. This could
promote ligand-independent or kinase-independent activation of Met or EGFR by Ron, which
may not be inhibited by ligand blocking antibodies or antibodies that target the Ron homodimer
(227).
Tyrosine kinase inhibitors (TKIs) transverse the cell membrane, and bind to the ATP- or
substrate-binding site in the kinase domain. However, the kinase domains of RTKs are highly
conserved in both sequence and structure, therefore TKIs targeting the highly conserved active
site do not possess highly selective properties. Consequently, lack of drug specificity is a
challenging issue in the development of TKIs. Mutations in the kinase domain that allow the
RTKs to overcome normal regulatory constraints can also enable the oncogenic receptors to
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escape inhibition by TKIs. For example, Gleevec, a small molecule inhibitor of the Kit receptor,
has been used as therapeutic treatment for GISTs. However, compensatory mutations of the
conserved aspartic acid in the activation loop to a hydrophobic residue triggers release of the
autoinhibitory activation loop from the lobe cleft, thus promoting receptor activation and
resistence to gleevec. Therefore, drug resistance is another challenge in the development of TKIs
for the therapeutic applications. In addition, binding of TKIs may interfere with receptor
autoinhibition normally maintained by the juxtamembrane domain. Hence, the development of
inhibitors targeting different levels of kinase regulation may help to reduce the emergence of drug
resistant variants, as well as to increase targeting efficiency and selectivity.
1.8.2.2 Novel inhibitors based on the juxtamembrane domain.
RTKs generally exist in one of three activation states: the autoinhibited receptor in which the
juxtamembrane domain is engaged, the inactive receptor in which autoinhibition by the
juxtamembrane domain is released but the kinase domain remains in the inactive conformation,
and the active receptor in which inhibitory constraints by both the juxtamembrane domain and the
activation loop are alleviated (228). While the majority of TKIs developed to date target either the
active or the inactive receptors, few of these TKIs can bind the autoinhibited RTKs (229). For
tumors driven by constitutively activating mutations in the kinase domain, the use of TKIs
targeting the active kinase would be more efficacious, whereas for tumors in which receptor
activation is promoted by mutations in the juxtamembrane domain, the use of TKIs targeting the
inactive receptor might be preferable. Alternatively, for diseases driven by overexpression of wild
type RTKs, the autoinhibited state could provide an attractive drug target. It has been suggested
that small molecule inhibitors that bind the autoinhibited form of RTKs would be expected to
have greater potency since this state lacks significant ATP binding affinity. In addition, the
diversity of juxtamembrane domain sequences promoting autoinhibition in various RTKs could
provide an opportunity to develop drugs with greater selectivity (229). Thus, understanding the
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molecular mechanism by which the juxtamembrane domain of Ron regulates kinase activity will
be essential for the development of next-generation kinase inhibitors structurally distinct from the
conventional inhibitors.
In addition to potential applications in the development of TKIs, the therapeutic potential of the
juxtamembrane domain has been supported by the finding that a synthetic peptide representing
sequences in the Kit juxtamembrane domain could largely suppress activity of the Kit receptor in
trans (215). Ectopic expression of the peptide in cells harboring an oncogenic form of Kit
reduced cell growth by forming tight contacts with the kinase N lobe. Biophysical studies indicate
that the juxtamembrane peptide is well folded as an autonomous domain, while introducing a
juxtamembrane mutation identified in GISTs or pre-phosphorylation of the juxtamembrane
tyrosines results in loss of the secondary structure and the ability of the peptide to interfere with
receptor activation. The recent development of stapled peptides based on α-helical conformation
that is more stable and membrane permeable has rendered the potential usage of peptides as
therapeutics with increased feasibility (230,231). These peptides have been used successfully as
BH3 mimetics to promote apoptosis of tumor cells. Thus, the development of peptides that could
either mimick the autoinhibitory functions of the juxtamembrane domain or further promote the
stability of the autoinhibitory constraints imposed by the juxtamembrane domain may have
therapeutic potential.
In summary, the juxtamembrane domain is significantly less conserved than the kinase domain,
and the regulatory mechanisms governing kinase activity by the juxtamembrane domain vary
dramatically among RTKs. Therefore, targeting this layer of regulation may promote exploration
of novel inhibitors with increased specificity. However, the molecular mechanism by which the
juxtamembrane domain regulates Ron receptor activity is still not understood. Therefore,
exploration into the potential for the juxtamembrane domain to regulate the activity of wild-type
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or oncogenic mutants of Ron is a critical prerequisite for the generation of novel therapeutic drugs
targeting the overexpressed or constitutively activated Ron in various cancers.
This dissertation will address questions regarding the regulatory role of the Ron juxtamembrane
domain at the structural and biochemical levels. The data presented herein indicate that the
mechanism by which the juxtamembrane domain regulates Ron receptor activity is complex, with
the juxtamembrane domain playing both positive and negative regulatory roles in receptor
activation. The studies addressed in this dissertation will not only clarify the regulatory role of the
Ron juxtamembrane domain, but will also provide a platform for the development of a novel class
of inhibitors based on the structure and function of the Ron juxtamembrane domain.
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Chapter2
Autoinhibition of the Ron Receptor Tyrosine Kinase by the Juxtamembrane Domain

2.1 Abstract
Abnormal expression or activation of the Ron receptor tyrosine kinase (RTK) has been observed
in various carcinomas, thus understanding of the regulatory mechanisms governing its activity is
of potential therapeutic significance. A critical role for the juxtamembrane domain in regulating
RTK activity is emerging, however the mechanism by which this regulation occurs varies
considerably from receptor to receptor. Here we demonstrate that, unlike other RTKs described to
date, tyrosines in the juxtamembrane domain of Ron are inconsequential for receptor activation.
Rather, we have identified an acidic JM-C region in the juxtamembrane domain of Ron that plays
a central role in promoting receptor autoinhibition. Deletion of the JM-C region or mutation of
the acidic residues significantly enhances receptor activity, while the previously described JM-B
region appears to regulate Ron kinase activity indirectly through its impact on the spatial
orientation of the JM-C region. Furthermore, tyrosine (Y1198) in the αE helix of the kinase domain
plays an essential role in receptor activation. While mutation of this tyrosine to phenylalanine
abolishes receptor activity, alterations of the acidic JM-C region in the context of RonY1198F fully
restore receptor activity, suggesting that phosphorylation of Y1198 is likely required to relieve the
autoinhibition imposed by the acidic JM-C region. Based on our experimental data and molecular
modeling, we have proposed a novel mechanism for the autoinhibition of the Ron receptor
mediated by the juxtamembrane domain.
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2.2 Introduction
In addition to regulating animal development, dysfunction of RTK activity is closely associated
with a number of human malignancies. Thereby, understanding the complex mechanisms by
which RTKs are regulated is of clinical significance due to potential applications for therapeutic
intervention against a broad range of cancers (200,201). Elevated expression or constitutive
activation of Ron has been implicated in the tumorigenesis and invasiveness of a number of
epithelial carcinomas (74). The oncogenic potential of Ron is represented by its capacity to
induce migration, invasion, EMT, growth and survival of epithelial tumor cells, as well as
promote pro-tumoral activities of TAMs (55,71,88,137,152,160). Inhibition of Ron expression
using Ron specific siRNA dramatically decreases β-catenin expression and tumorigenic and
invasive activities in colorectal carcinoma cells (232). A human neutralizing antibody against Ron
exhibits partial inhibition of colon, lung and pancreatic tumor growth in xenograft models (233),
and a small molecule kinase inhibitor of Ron that has antitumor activity in vivo has been
described (202). Consequently, Ron is a promising target for therapeutic intervention against
tumorigenic activities and malignant phenotypes (143).
As one of the two members in the Met proto-oncogene family, Ron (called STK in mice) is
originally synthesized as a single chain precursor (4). After proteolytic cleavage, Ron is processed
into a disulfide-linked heterodimer with a transmembrane β chain and an extracellular α chain
(3,7). The binding of MSP to the extracellular domain of Ron induces receptor dimerization,
conferring catalytic activity to the receptor (234). The intracellular region of Ron includes the
juxtamembrane domain, the highly conserved kinase domain which consists of a small N-lobe
and a large C-lobe, and the non-catalytic c-terminal tail. Phosphorylation of two tandem tyrosines
(Y1238 and Y1239) in the C-lobe activation loop of Ron is essential to promote the catalytic activity
of the receptor, while subsequent phosphorylation of two docking site tyrosines in the noncatalytic c-terminal tail mediates the biological functions of Ron (3) (Figure 2.1A).
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FIGURE 2.1: Schematic diagram of the Ron receptor. A) Domains of the Ron receptor. αC
helix in the kinase N lobe and activation loop in the C lobe are notified. Critical tyrosines in the
activation loop (P-2Y: Y1238, 1239) and c-terminal tail (P-Y: Y1353,1360) are indicated. B) The
juxtamembrane domain of Ron is divided into four regions for clarity. Residues discussed herein
are indicated.
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Although murine Ron (mRon) and human Ron (hRon) share 88% sequence similarity in the
intracellular domain, these species specific homologues exhibit distinct biological and
biochemical properties (235). Human Ron exhibits reduced kinase activity than murine Ron,
supported by the observation that activation of hRon is ligand dependent, while mRon is
constitutive phosphorylated in the absence of MSP, while ligand binding further enhances
activation of mRon (235). In addition, while expression of mRon promotes NIH3T3
transformation (92), overexpression of hRon, or even a constitutively dimerized hRon fails to
induce transformation of NIH3T3 cells (9). Previous studies in our lab mapped the different
biological consequences to different capabilities of these receptors to induce mitogenic signaling
(62). Although both mRon and hRon possess the potential to induce activation of the RAS-MAP
kinase pathway and cell migration in the presence of MSP, only mRon is constitutively
phosphorylated and promotes activation of MAP kinase independent of MSP. While there is a
striking difference in the ability of the two orthologous receptors to promote MAP kinase
signaling, both mRon and hRon induce mild activation of the PI3K pathway (62). Our previous
studies indicate that Sf-STK, the naturally occurring N-terminally-truncated form of mRon plays
a crucial role in the progression of Friend erythroleukemia virus induced transformation of
primary erythroid progenitor cells (59,176). MSP induced activation of a chimeric hRon is also
able to promote the proliferation of erythroid progenitor cells independent of Epo (236). However,
only mRon, but not hRon promotes formation of erythroid colonies (CFU-E and BFU-E) from
primary bone marrow cells in the absence of MSP (62). The fact that kinase-inactive mRon
(K1091M) fails to induce the erythroid progenitor cell growth suggests that the intact receptor
kinase activity is essential for this response. In conclusion, mRon and hRon possess different
catalytic abilities to induce downstream signaling consequently leading to divergent biological
responses.
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In order to account for the functional difference between the two Ron orthologs, a series of
chimeric proteins were constructed (235). Notably, replacing the juxtamembrane domain of hRon
with that of mRon in the context of hRon was sufficient to induce Erk phosphorylation, AP-1
transactivation and induction of c-Fos expression in the absence of MSP. These studies provide
strong evidence that variations in the juxtamembrane domain are the major cause of the different
signaling capacity and correlated functional responses between mRon and hRon, and that the
hRon juxtamembrane domain might play a central role in impeding activation of the receptor in
the absence of ligand.
While differences in catalytic capability of mRon and hRon has been mapped to the
juxtamembrane domain (235), how the relatively variant juxtamembrane domain leads to
alterations in kinase activity is still unknown. The most notable difference between human and
murine Ron exists in the relatively diverse juxtamembrane domain, where mRon harbors a
deletion of 27 residues compared to its human counterpart (235). The large deletion in the
juxtamembrane domain is caused by exclusion of a potential exon 13 in the mRon transcript,
while genomic sequence comparison indicates the sequence encoded by this exon is shared by
transcripts of all other known Ron orthologs. In addition, investigation of the Expressed Sequence
Tag data base suggests that this exon exists in all hRon transcripts, but not mature mRon
transcripts. Sequence comparison reveals a similar 5’-splicing donor and 3’-splicing acceptor
sequence surrounding this exon in all Ron gene orthologs. However, the pseudo-exon in the
mRon gene contains a 1-base pair frameshift, consequently generating a premature stop codon,
which, if expressed, would result in production of a severely truncated protein. The potential stop
codon is conserved in two independent mouse strains, 129/SvJ and C57BL/6. Consequently, the
potential exon is excluded in the mRon transcript, and results in a deletion of 27 residues in the
juxtamembrane domain (235).
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Our previous studies suggest that the catalytic variation between murine and human Ron maps to
sequences in the juxtamembrane domain encoded by exon 13 in human, but not murine, Ron.
Considering that sequences of the juxtamembrane domain vary significantly among RTKs, these
studies highlight a possible regulatory role for the juxtamembrane domain in the regulation of
receptor activation and signaling capacity. However, understanding of the molecular mechanisms
by which the juxtamembrane domain regulates Ron receptor activity is still quite limited. Herein,
we investigate the mechanism by which the juxtamembrane domain contributes to the
autoregulation of Ron receptor activity. Through structure/function analysis, we have identified a
key regulatory region in the juxtamembrane domain of Ron, and provided evidence for a
previously undescribed regulatory mechanism of RTK activity. Our data suggest that an acidic
region in the juxtamembrane domain (JM-C region) imposes autoinhibitory constraints on the
activation of the Ron kinase. We have also identified an essential tyrosine (Y1198) in the kinase
domain of Ron, phosphorylation of which is predicted to play an essential role in relieving the
autoinhibition of the receptor conferred by the juxtamembrane domain.
The critical role of the juxtamembrane domain in the regulation of RTK activity has become
increasingly evident. Several studies have identified aberrancies in the juxtamembrane domain of
RTKs that contribute to the constitutive activation of these receptors in cancers. Studies of some
RTKs, including Met, Kit, Flt3, and EphR suggest that their juxtamembrane domains play a
negative regulatory role in receptor activation (226,237-239). The mode of regulation however,
varies significantly, due to the varied length and lack of sequence similarity among RTKs.
Therefore, understanding the regulation of Ron activity by its juxtamembrane domain may
provide an opportunity to develop inhibitors that would exploit the unique aspects of the
juxtamembrane domain regulation conferred upon individual receptors and reduce the possibility
for the emergence of drug resistant clones.

47

2.3 Materials and Methods
2.3.1 Cell Culture, Antibodies, and Reagents—Human embryonic kidney (HEK) 293 cells
(ATCC) were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum. The TransIT-293 transfection reagents were purchased from Mirus Bio, LLC
(Madison, WI). The dual-luciferase reporter assay system was purchased from Promega
Corporation (Madison, WI). Antibodies against Ron 1238/9 phospho-tyrosine, phospho-Erk, Erk
and the HA epitope (262K) were purchased from Cell Signaling. Goat anti-rabbit IgG-HRP was
purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Recombinant MSP was
purchased from R&D Systems. The AP-1 luciferase reporter cDNA was kindly provided by Dr.
Avery August (Cornell University). All PCR primers were ordered from Eurofins MWG Operon,
Inc. (Huntsville, AL). PfuTurbo DNA polymerase was purchased from Agilent Tech. ECL Plus
Western blotting detection reagents were purchased from GE Healthcare (Piscataway, NJ).
2.3.2 Gene Construction and Mutagenesis—Human RON and mutants were expressed by the
mammalian pcDNA3.1 vector or the murine stem cell virus (MSCV) retroviral vector. Mutants
were generated from pcDNA-RON-HA or MSCV-RON-HA, with the QuikChange mutagenesis
kit (Stratagene) according to the manufacturer’s instructions. The following PCR protocol was
used and primers for the mutants are listed in table 1: 95 °C 30 s, followed by 95 °C 30 s, 55 °C 1
min, 68 °C 12 min for 20 cycles, and a final 68 °C 12 min.
2.3.3 Cell Transfection and Luciferase Assays—For the luciferase assay, 5X104 HEK 293
cells/well were seeded into 24-well plates. Twenty four hours later, a designated mixture of 60ng
of wild type or mutant forms of RON, 60ng of AP-1 luciferase reporter plasmid, and 0.5ng renilla
were used for transient transfection with the Mirus-293 transfection reagent according to the
manufacturer’s protocol. MSCV-neo or PCDNA3.1-neo plasmid were used as control vectors for
each transfection. Cells were stimulated with 50ng/ml (50ug/ml stock) MSP 24 h following
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transfection. Luciferase assays were performed at 24 h later according to the manufacturer’s
instructions (Promega). The fold increase is calculated as the firefly luciferase activity divided by
the renilla luciferase activity.
2.3.4 Western blot analysis—A total of 2.5X105 HEK 293 cells/well were plated into six-well
plates. Twenty four hours later, the cells were transiently transfected with 300ng RON or its
derivatives per well. Cells were stimulated with 200ng/ml MSP for 48 h following transfection.
10 minutes later, cells were suspended in 400ul ice-cold cell lysis buffer containing 150 mM
NaCl, 20 mM Tris-HCl (pH 7.5), 5 mM EDTA, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride,
1 mM Na3VO4, and 10 mM NaF. Cell lysates were centrifuged at 12,000 rpm for 20 min, and the
supernatant lysates were transferred to prechilled tubes. Cell lysates were mixed with 4X
denaturing SDS loading buffer and heated at 100°C for 8 min. Samples were resolved on an SDSPAGE gel and then transferred to polyvinylidene difluoride membranes. Membranes were then
blocked with 5% nonfat milk or Bovine Serum Albumin in Tris-buffered saline with 0.1% Tween
20 (TBST) for 1 h and probed with primary antibody at 4°C overnight. Membranes were washed
three times in TBST and incubated with secondary goat anti-rabbit IgG-HRP for another hour.
Membranes were washed three times in TBST before ECL plus Western blotting detection
reagents were applied for visualization. For reprobing, membranes were stripped with 62.5 mM
Tris-HCl (pH 6.8), 2% SDS, and 0.7% β-mercaptoethanol at 55°C for 30 min.
2.3.5 Flow Cytometry— A total of 1.2X105 HEK 293 cells/well were plated into 12-well plate.
Twenty four hours later, the cells were transiently transfected with 200ng RON or its derivatives
per dish. PCDNA3.1-neo plasmid was used as control vectors for each transfection. Flow
cytometry analysis was performed at 48 h later. 106 cells were incubated per tube in 50ul FACS
buffer (ice cold PBS + 2% FBS). Non-specific binding was blocked by the addition of 50 μL
HAB for 2 minutes at room temperature. Cells were incubated on ice with 5ug/ml anti-Ronβ
(DX07) or IgG (control) for 30 min. Cells were washed twice with 1ml FACS buffer and
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resuspended once more in 50 μL of FACS buffer. 50 μL HAB per tube was added again for
blocking of non-specific binding. Cells were incubated with 5ug/ml PE anti-mouse IgG1 as a
secondary antibody to Ron for 30 min on ice. Cells were washed twice, resuspended in 1mL of
FACS buffer and analyzed for FLOW on a Beckman-Coulter FC500.
2.3.6 Evaluation of surface conservation and potential—A comparison of 150 receptor kinase
domain sequences was mapped onto the crystal structure of the Ron kinase domain (PDB code
3pls) using the CONSURF web server (http://consurf.tau.ac.il/). Surface conservation and surface
potential of the Ron kinase domain were illustrated. Potential JM-C binding site was proposed
based on residue/sequence characteristics and relative distance.
2.3.7 Molecular modeling of the JM-C region—Modeling of the autoinhibited and the activated
conformation of Ron was based on the crystal structure of the kinase domains of Ron (PDB code
3PLS) and Met (PDB code 3Q6U) respectively. The modeling was done manually using the
COOT software (240). Hydrogen bonds between side chains were manually optimized and the
resultant model was energy minimized by using the Yasara server (241).
2.3.8 Structure-based sequence analysis—Seven algorithms, BPS(202), D_R(242), DSC(243),
GGR(244), GOR(245), G_G(246), H_K(247), K_S(248), L_G(249), and Q_S(51), were used for
secondary structure prediction. The Joint prediction (JOI) is the prediction made by the program
that assigns the structure using a “winner takes all” approach.
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Table 2.1: Primers.

MUTANT

FORWARD PRIMER

Ron1012Y-A

5’-CCCCTGCCTATTCTGGCCTCGGGCTCTGAC-3’

Ron1012Y-E

5’-CCCCTGCCTATTCTGGAATCGGGCTCTGAC-3’

Ron1012Y-F

5’-CCCCTGCCTATTCTGTTCTCGGGCTCTGAC-3’

Ron1017Y-A

5’-GTACTCGGGCTCTGACGCCAGAAGTGGCCTTGC-3’

Ron1017Y-E

5’-GTACTCGGGCTCTGACGAAAGAAGTGGCCTTGC-3’

Ron1017Y-F

5’-GTACTCGGGCTCTGACTTCAGAAGTGGCCTTGC-3’

Ron1013AGSAYA

5’-CCTGCCTATTCTGTACGCGGGCTCTGCCTACGCAAGTGGCCTTGC-3’

Ron∆1020-1029

5’-CTGACTACAGAAGTGATTCCACCACTTG-3’

Ron1044E-A

5’-CCTTCTCCGATAGTGCAGATGAATCCTGTGTGCCAC -3’

Ron1045D-A

5’-CCTTCTCCGATAGTGAAGCTGAATCCTGTGTGCCAC -3’

Ron1046E-A

5’-CCTTCTCCGATAGTGAAGATGCATCCTGTGTGCCAC-3’

Ron1044EDE-AAA

5’-CCTTCTCCGATAGTGCAGCTGCATCCTGTGTGCCAC-3’

Ron3S-A

5’-GTCCATGGAGCAGCCTTCGCCGATGCTGAAGATGAATCC-3’

Ron4S-A

5’-GAAGATGAAGCCTGTGTGCCACTGCTGCG-3’

Ron1040F-A

5’-CCATGGAGCATCCGCCTCCGATAGTGAAG-3’

Ron1198Y-F

5’-CCGCGGCATGGAGTTCCTGGCAGAGCAG-3’

Ron1254M-T

5’-CCTGTGAAGTGGACGGCGCTGGAGAGCC-3’
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2.4 Results
2.4.1

Tyrosines in the juxtamembrane domain of Ron are dispensable for Ron receptor
activation.

The juxtamembrane domain of Ron consists of approximately 100 residues, and the sequence is
significantly longer than that of most RTKs. For clarity, we divide it into four sequential regions:
JM-A (982-1008), the region at the N terminus; JM-B (1009-1035), the region corresponding to
the sequence deleted in mRon; JM-C (1036-1047), the region with an acidic patch of residues;
and JM-D (1048-1081), the region at the c-terminus of the juxtamembrane domain (Figure 2.1B).
Previous studies indicate that the major sequence difference between mRon and hRon is the JM-B
region, and Y1012 and Y1017 in the JM-B region are the only tyrosines in the juxtamembrane
domain of Ron (Figure 2.2A). Based on the conserved regulatory role mediated by tyrosines in
the juxtamembrane domain of RTKs such as the EphR, Flt3 and Kit (215,237,239), we
hypothesized that the tyrosines in the juxtamembrane domain of Ron would be important in
maintaining structural constraints on the inactive kinase domain, and that tyrosine
phosphorylation would relieve the autoinhibition and promote receptor activation. In order to test
this hypothesis, Y1012 and Y1017 were mutated individually or in combination into phenylalanine,
glutamic acid or alanine in the context of Ron. HA-tagged wild-type Ron and Ron harboring
mutations at Y1012 and/or Y1017 were transiently expressed in HEK 293 cells. Phosphorylation of
the activation loop tyrosines (Y1238 and Y1239), a hallmark of kinase activation, and induction of a
major signaling cascade downstream of Ron, the Ras-Map kinase pathway, were examined.
Unexpectedly, all the mutant receptors exhibited levels of receptor autophosphorylation and
induced phosphorylation of downstream Erk similar to that of wild-type Ron (Figure 2.2B).
Further, the mutants were transiently transfected into 293 cells with an AP-1 luciferase reporter in
the presence and absence of MSP, and the induced AP-1 transcriptional response was measured.
Likewise, the mutants and wild type Ron receptor exhibit similar capacity to induce activation of
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FIGURE 2.2: Tyrosines in the juxtamembrane domain of Ron are dispensable for the
regulation of receptor activity. A) Schematic diagram of mutants. Y1012 and Y1017 in the JM-B
region are highlighted in bold. Residues mutated near Y1017 are underlined. B) & D) 293 cells
were transiently transfected with HA-tagged wild-type or mutant Ron in the presence and absence
of MSP. Lysates were blotted for p-Ron1238/9, HA, p-Erk and total Erk. C) & E) Relative
luciferase activity in 293 cells co-transfected with wild-type or mutant Ron, and an AP-1
luciferase reporter in the presence and absence of MSP. Representative of three independent
experiments.

the transcription factor AP-1 (Figure 2.2C). These results indicate that, unlike other RTKs,
tyrosines in the juxtamembrane domain of Ron may not be required for receptor activation.
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c-Cbl is a phosphotyrosine-activated mammalian E3 ubiquitin ligase that promotes receptor
endocytosis and lysosomal degradation by conjugating ubiquitin to activated RTKs (250). A
conserved DYR motif (equivalent to DY1017R in Ron) in the juxtamembrane domain of the Met
receptor is a c-Cbl binding site (251), and mutation of this tyrosine in Met enhances the duration
of MAPK phosphorylation and consequently increases cell proliferation (252). Previous studies
have demonstrated that Cbl was recruited to the docking sites tyrosines in the c-terminal tail as
well as to Y1017 in the juxtamembrane domain of Ron upon MSP stimulation, resulting in
polyubiquitylation and endocytosis of the Ron receptor (253). However, consistent with the
previous findings in our lab, our mutagenesis analysis indicates that either mutations of Y1017 or
deletion of the JM-B region of Ron encompassing Y1017 does not result in changes in protein
levels of the Ron receptor (data not shown). Consistent with the previous studies (235,253), we
conclude that Y1017 in the juxtamembrane domain of Ron participates in, but does not play a
central role in Cbl-sorted protein ubiquitylation, hence alterations of Y1017 do not have a
significant influence on the degradation of the Ron protein. Thus, Cbl-mediated protein
degradation is not the major means by which the juxtamembrane domain regulates Ron receptor
activity.
RTKs are also regulated at the level of dephosphorylation by protein tyrosine phosphatases
(PTPs). Previous studies point out that the tyrosine corresponding to Ron Y1017 in the Met
juxtamembrane domain also serves as a TC-PTP binding site. However, rather than the tyrosine
itself, the neighboring residues (E999, D1002 and R1004 in Met) are essential for the recruitment of
TC-PTP (254). In order to determine whether the potential recruitment of TC-PTP to the same
region of the Ron juxtamembrane domain affects receptor activity, the equivalent residues (S1013,
D1016 and R1018) in the Ron juxtamembrane domain were mutated to alanines (Ron1013AGSAYA).
However, these mutations did not result in a significant difference in receptor phosphorylation,
induced Erk phosphorylation (Figure 2.2D) or AP-1 luciferase activity (Figure 2.2E) when
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compared with wild-type Ron. These results indicate that, either the juxtamembrane domain of
Ron is not involved in the recruitment of TC-PTP, or the recruitment of TC-PTP to the
juxtamembrane domain does not play an essential role in the regulation of Ron receptor activity.
2.4.2

The length, rather than the primary amino acid sequence, of the Ron JM-B region is
important for receptor autoinhibition.

Length alterations in the juxtamembrane domain, resulting in the relief of inhibitory constraints,
are a common mechanism by which RTKs can become constitutively activated in tumor cells. For
instance, in human gastrointestinal stromal tumors, deletions in the juxtamembrane domain have
been identified in both KIT (58) and the platelet-derived growth factor receptor (PDGFR) (211).
Another example was observed in the Flt3 receptor, internal tandem duplications in the
juxtamembrane domain of which have been found in about one-third of patients with acute
myeloid leukemia (172). In addition, an alternatively spliced form of Met lacking exon 14, which
encodes part of its juxtamembrane domain (225), exhibited enhanced focus forming activity in
NIH3T3 cells, and was highly tumorigenic in nude mice based on both the number of mice with
tumor growth and the size of the tumors developed in vivo (226).
Taking into consideration that receptor autoinhibition of Ron mediated by the juxtamembrane
domain could not be ascribed to specific residues, including Y1012 and Y1017, we reasoned that the
JM-B region may play a structural role in the maintenance of the Ron inactive conformation.
Ron∆J, hRon with a deletion of the entire JM-B region, which corresponds to the missing region in
mRon, was generated (Figure 2.3A). Previous immunoprecipitation studies demonstrated that
Ron∆J, was constitutively tyrosine phosphorylated in a manner similar to mRon (235). Consistent
with these studies, deletion of the entire JM-B region (Ron∆J), resulted in higher receptor intrinsic
catalytic activity, represented by a dramatic increase in phosphorylation of tyrosines in the
activation loop (pRon1238/9), as well as a tyrosine at the c-tail docking sites (pRon1360) in both
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the presence and the absence of ligand (Figure 2.3B). In addition, expression of Ron∆J induced
ligand-independent activation of the MAPK pathway and promoted expression of the AP-1
luciferase reporter to a level higher than that induced by the wild-type Ron (Figure 2.3C).
The juxtamembrane switch region in the Flt3 receptor promotes the kinase autoinhibited
conformation indirectly by positioning its c-terminal conserved region in the correct spatial
orientation, where the conserved juxtamembrane region interacts with and locks the non
productive kinase domain. These constraints are abrogated by insertions or deletions in the JMS
region (214). The increased kinase activity of Ron∆J suggests that stabilization of the inactive
kinase by the juxtamembrane domain of Ron requires presence of the JM-B region, whereas
specific residues within this region do not appear to be required for its function. In order to
determine whether the length of the JM-B region is important for promoting receptor constraints
conferred by the juxtamembrane domain, a Ron variant with a smaller internal deletion that does
not remove Y1012 and Y1017 (Ron∆1020-1029) (Figure 2.3A) was constructed. Surprisingly, while
expression of Ron∆J resulted in enhanced receptor activity, activity of Ron∆1020-1029 was almost
completely abrogated, even in the presence of MSP. Ron∆1020-1029 exhibited significantly
decreased receptor phosphorylation and activation of downstream signaling when compared with
wild-type Ron (Figures 2.3C&D). Based on these observations, we conclude that the JM-B region
plays an important role in the stabilization of the auto-inhibited conformation of the Ron receptor,
and deletions in the JM-B region affect the kinase activity differently depending on the length
rather than the primary sequence of the deletion.
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measurements per experiment. Wild type Ron -/+MSP was used as controls, unless denoted with
‘︹’. The significant differences of values at p < 0.05, p < 0.01, and p < 0.001 levels are indicated
by *, ** and *** respectively. (Applicable to all figures)
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2.4.3

The acidic JM-C region of the Ron juxtamembrane domain plays a critical role in
promoting receptor autoinhibition.

While the primary sequence differs, the negatively charged residues (glutamic acid and aspartic
acid) in the Ron JM-C region, interspersed with serines (Figure 2.4A), are relatively conserved in
the closely related Met receptor, suggesting that this region might serve a conserved function. A
S1058P mutation in the corresponding acidic region of Met was isolated from a non small cell
lung cancer tumor tissue sample (195). In order to determine the function of the electro-negative
residues in the JM-C region, a Ron mutant with nine residues in the JM-C region deleted
(Ron∆1039-1047) was constructed (Figure 2.4A). Compared with the wild type receptor, Ron∆1039-1047
exhibited a significant increase in receptor autophosphorylation, induced Erk phosphorylation
(Figure 2.4B) and AP-1 transcriptional activity both in the presence and absence of MSP (Figure
2.4C). In order to further assess whether the negative electrostatic nature of the JM-C region is
responsible for Ron receptor autoinhibition, E1044, D1045 and E1046 in the JM-C region were
mutated to alanine individually and in combination. Single mutants triggered slightly increased
AP-1 transactivation, although receptor phosphorylation was not markedly increased (data not
shown). However, expression of the triple mutant (Ron1044EDE-AAA) resulted in enhanced receptor
autophosphorylation, Erk phosphorylation, and AP-1 transcriptional activation to a level
comparable to that induced by Ron∆1039-1047 (Figure 2.4B&C). Based on these observations, we
have identified a novel segment in the juxtamembrane domain of Ron, the JM-C region, which
plays a central role in promoting kinase autoinhibition, primarily depending on the acidic residues.
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FIGURE 2.4: Acidic residues in the JM-C region of Ron promote receptor autoinhibition. A)
Schematic of mutants. Mutations are highlighted in bold. The site of deletion is indicated by
arrows and residues deleted are underlined. B) 293 cells were transfected with HA-tagged wildtype or mutant Ron as indicated in the presence and absence of MSP. Lysates were blotted for pRon1238/9Y, HA, p-Erk and Erk. C) Relative luciferase activity in 293 cells co-transfected with
wild-type or mutant Ron as indicated, and an AP-1 luciferase reporter in the presence and absence
of MSP.
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2.4.4

The JM-B region regulates receptor activity indirectly through its impact on the
spatial orientation of the JM-C constraint.

Since the electro-negative JM-C region of Ron lies c-terminal to the JM-B region and the length
of the JM-B region appears to be a critical determinant for maintenance of receptor autoinhibition,
we hypothesized that the JM-B region might modulate receptor activity indirectly by positioning
the c-terminal JM-C region in the correct spatial orientation. In order to test this hypothesis, the
1044EDE-AAA mutation in the JM-C region was generated in the context of Ron∆J and Ron∆10201029

(Figure 2.5A). Since both ∆J and 1044EDE-AAA are able to relieve Ron autoinhibition, as

expected, Ron∆J&1044EDE-AAA exhibited enhanced catalytic activity both in the presence and absence
of MSP, represented by increased receptor autophosphorylation and activation of the MAPK
pathway (Figure 2.5B&C). However, the enhanced activity of Ron∆J&1044EDE-AAA is not a
combination of Ron∆J and Ron1044EDE-AAA, rather, the double mutant performed more similarly to
Ron1044EDE-AAA, suggesting that the deletion of JM-B region and neutralization of the JM-C region
may facilitate receptor activation in an analogous manner. To our surprise, although the partial
deletion in the JM-B region (Ron∆1020-1029) inhibited receptor activation, substitution of the acidic
residues in the JM-C region with alanines (Ron∆1020-1029&1044EDE-AAA) largely restored receptor
auto-phosphorylation, activation of MAPK, and induction of the AP-1 transcriptional response
(Figure 2.5B&C). Taken together, these data provide strong evidence for the hypothesis that the
JM-B region modulates activation of the Ron receptor by affecting the spatial orientation of its cterminal acidic JM-C region, which places autoinhibitory constraints on the kinase due to its
electro-negative characteristics.
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FIGURE 2.5: The JM-B region modulates Ron receptor activation via affecting the
orientation of the JM-C region. A) Schematic of mutants. Mutated residues are highlighted in
bold. Deletions of different lengths in the JM-B region are indicated by arrows. B) 293 cells were
transfected with HA-tagged wild-type or mutant Ron as indicated in the presence and absence of
MSP. Lysates were blotted for p-Ron1238/9, HA, p-Erk and Erk. C) Relative luciferase activity
in 293 cells co-transfected with wild-type or mutant Ron as indicated, and an AP-1 luciferase
reporter in the presence and absence of MSP.
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2.4.5

Serines in the JM-C region play a subsidiary role in the regulation of Ron receptor
activation.

Serines (S1039, S1041, S1043, S1047) are major components of the electronegative JM-C region, the
first three of which were predicted to be potential phosphorylation sites (NetPhos 2.0 Server)
(Figure 2.6A). We hypothesized that phosphorylation of these serines would strengthen the
negative electrostatic environment in this area, thus mutation of these serines to alanines was
expected to weaken the inhibitory activity mediated by the juxtamembrane domain. In order to
determine whether potential serine phosphorylation could contribute to Ron autoinhibition
mediated by the JM-C region, the serines were mutated to alanines individually and in
combination. Individual and double mutants performed similarly as wild-type Ron (data not
shown). However, the triple and quadruple mutants (Ron3S-A and Ron4S-A) prompted
phosphorylation of the receptor and Erk, and induced a slightly higher AP-1 transcriptional
response (Figure 2.6B&C). Consequently, we conclude that while the acidic residues (1044EDE) in
the JM-C region primarily maintain autoinhibitory constraints on the Ron receptor, serines in this
region may also contribute to the autoinhibition of receptor activity by the JM-C region.
Based on the data presented above, we hypothesized that the acidic JM-C region of Ron could
stabilize the receptor in an autoinhibited conformation, possibly by forming intramolecular
interactions with the kinase domain. Studies of Flt3 and EphR demonstrate that the presence of a
phenylalanine in the juxtamembrane domain is critical for the interaction between the
juxtamembrane domain and kinase domain (239,255). In the JM-C region there is a F1040 (Figure
2.6A), which does not exist in the same region of mRon. Considering the higher kinase activity of
mRon compared to hRon, we hypothesized that the benzyl side chain of the phenylalanine might
contribute to the inhibitory interactions. Ron1040F-A was constructed in an attempt to free the
potential spatial encumbrance. However, we failed to detect any significant difference in receptor
phosphorylation or activation of downstream signaling between Ron1040F-A and the wild-type
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receptor (Figure 2.6D&E), suggesting that, unlike other RTKs, the phenylalanine residue in the
JM-C region is not essential for the Ron receptor autoinhibition conferred by the juxtamembrane
domain.

A

SFSDSEDES

JM-A JM-B

B

3S-A 4S-A
-

WT
-

WT
+

JM-D

Ron 1040

D

Ron
control
MSP
-

JM-C

control WT F-A

3S-A 4S-A
+
+

MSP

-

WT

+

F-A

+

HA

HA

p-Erk

p-Erk

Erk

Erk

*

8
6
4

**

**

2
0

MSP

—

+

control
WT
3S-A
4S-A

5

E
Fold Increase

10
Fold Increase

-

p RON1238/9Y

p RON1238/9Y

C

-

4

control
WT
Ron1040F-A

3
2
1
0
MSP

—

+

FIGURE 2.6: Serines in the JM-C region play a subsidiary role in the regulation on Ron
receptor activation, while the phenylalanine is not functionally involved in receptor
activation. A) Schematic of mutants. Mutations are highlighted in bold or by underline. B) & D)
293 cells were transfected with HA-tagged wild-type or mutant Ron as indicated in the presence
and absence of MSP. Lysates were blotted for p-Ron1238/9Y, HA, p-Erk and Erk. C) & E)
Relative luciferase activity in 293 cells co-transfected with wild-type or mutant Ron as indicated,
and an AP-1 luciferase reporter in the presence and absence of MSP.
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2.4.6

Y1198 in the αE helix of the Ron kinase domain regulates receptor autoinhibition
imposed by the JM-C region.

Previous studies indicate that Y1194 in Met, the equivalent site of Y1198 in Ron, is one of the three
major receptor autophosphorylation sites, in addition to the two strictly conserved tandem
tyrosines in the activation loop (Y1234 and Y1235). A Y-F mutation at this residue in Met resulted in
dramatically decreased receptor activity (256,257). Our previous studies also suggest that
phosphorylation of the corresponding tyrosine in mRon is tightly associated with ligandindependent receptor activity (62). In order to explore the potential role of Y1198 in the kinase C
lobe, the tyrosine was mutated to phenylalanine to determine whether Y1198 regulates Ron kinase
activity (Figure 2.7A). Interestingly, this mutation abolished the kinase activity both in the
presence and absence of MSP (Figure 2.7B&C), indicating that phosphorylation of Y1198 is
required for the activation of the wild type Ron receptor.
To determine whether Y1198 in the αE helix and the JM-C region of Ron are functionally
interrelated, Y1198 was mutated to phenylalanine in the context of Ron1044EDE-AAA and Ron∆1039-1047
(Figure 2.8A). The alterations in the JM-C region, which are predicted to relieve receptor
autoinhibition, successfully rescued the loss of kinase activity caused by the 1198Y-F mutation.
The double mutants recovered catalytic activity to a level comparable to wild type Ron, and
responded to stimulation by MSP (Figure 2.8B&C). These studies suggest that phosphorylation of
Y1198 may play an essential role in relieving the inhibitory constraints on Ron receptor activation
imposed by the JM-C region.
Lastly, in order to determine that the different receptoractivities exhibited by the Ron variants
discussed above is not due to their accessibility to the ligand, membrane expression level of these
mutants was evaluated. The flow cytometry analysis indicates that all the Ron variants expressed

64

on the cell membrane at a similar level as the wild type Ron (Figure 2.13), which indicates that
the mutations does not affect the ability of the receptor to localizeto the plasma membrane.
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FIGURE 2.7. Y1198 in the kinase domain of Ron is essential for receptor activation. A)
Schematic of the Ron receptor. Y1198 in the kinase domain is highlighted in bold. B) 293 cells
were transfected with HA-tagged wild-type or mutant Ron as indicated in the presence and
absence of MSP. Lysates were blotted for p-Ron1238/9Y, HA, p-Erk and Erk. C) Relative
luciferase activity in 293 cells co-transfected with wild-type or mutant Ron as indicated, and an
AP-1 luciferase reporter in the presence and absence of MSP.
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FIGURE 2.8. Y1198 in the kinase domain of Ron regulates the autoinhibitory constraints on
receptor activation imposed by the JM-C region. A) Schematic of the Ron receptor. The JM-C
region and Y1198 in the kinase domain are highlighted in bold. B) 293 cells were transfected with
HA-tagged wild-type or mutant Ron as indicated in the presence and absence of MSP. Lysates
were blotted for p-Ron1238/9Y, HA, p-Erk and Erk. C) Relative luciferase activity in 293 cells
co-transfected with wild-type or mutant Ron as indicated, and an AP-1 luciferase reporter in the
presence and absence of MSP.
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2.4.7

The juxtamembrane domain and activation loop collaborate to strengthen receptor
autoinhibition.

Point mutations are common means by which RTKs become constitutive activated and oncogenic.
Two highly conserved residues (aspartic acid and methionine) in the activation loop are
commonly found mutated in RTKs, resulting in significant structural reorientation of the kinase
domain facilitating receptor activation. Mutation of the conserved aspartic acid to a neutral
residue has been identified in the Kit and Met receptors, as well as substitution of the methionine
with threonine in the Met and Ret receptors. Moreover, mutations of these conserved residues in
the Kit, Met and Ret receptors are separately correlated with human mast cell leukaemia and
human mastocytosis (258), human papillary renal carcinoma (224), and multiple endocrine
neoplasia type 2B (MEN2B) (259). The Ron receptor can also acquire oncogenic potential
through mutation of the equivalent conserved residues (M1254T and D1232V), which are critical
for the maintenance of receptor autoinhibition by the activation loop (260). These mutants are
constitutively phosphorylated with increased catalytic efficiency compared to the wild type
receptor (260,261). The mutants also display transforming ability in NIH3T3 cells, and endow the
transformed cells with high metastatic potential (260). Injection of 3T3 cells with RonM1254T
expression also lead to tumor growth in the lung and later metastasis in nude mice (260).
To determine whether the juxtamembrane domain and the activation loop cooperate to promote
Ron receptor autoinhibition, an M1254T mutation was generated in the context of Ron∆J,
Ron1044EDE-AAA and Ron∆1039-1047 respectively. Although the M1254T mutation endowed ligandindependent kinase activity to Ron, Ron1254M-T was less active than wild type Ron upon MSP
stimulation, reflected by decreased Erk phosphorylation and AP-1 transactivation (Figure
2.9A&B). However, when alterations in the juxtamembrane domain (∆J, 1044EDE-AAA, or
∆1039-1047) were introduced into Ron1254M-T, the resulting double mutants were strongly
autophosphorylated even in the absence of ligand, and the kinase catalytic activity was enhanced
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several fold (Figure 2.9A&B). Our findings demonstrate the importance of synergistic effects on
receptor autoinhibition mediated by the juxtamembrane domain and activation loop, although
they probably stabilize the non productive kinase conformation through distinct but
complementary molecular mechanisms.
To determine whether the M1254T mutation affects the requirement for phosphorylation of Y1198
in the activation of Ron, the Y1198F was generated in the context of Ron1254M-T. Surprisingly, the
M1254T mutation rescued the loss of receptor activity caused by the Y1198F mutation (Figure
2.10A&B). These results suggest that phosphorylation of Y1198 may play a dual role in the
activation of Ron by relieving the autoinhibition imposed by the juxtamembrane domain and the
inhibitory constraints mediated by the activation loop. Subsequently, disruption of the inhibitory
constraints mediated by either the juxtamembrane domain or the activation loop is able to
alleviate the requirement of Y1198 phosphorylation in the activation of Ron receptor activity.
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FIGURE 2.9: The juxtamembrane domain and activation loop contribute to the receptor
autoinhibition by different means. A) 293 cells were transfected with HA-tagged wild-type or
mutant Ron as indicated in the presence and absence of MSP. Lysates were blotted for pRon1238/9, HA, p-Erk and Erk. B) Relative luciferase activity in 293 cells co-transfected with
wild-type or mutant Ron as indicated, and an AP-1 luciferase reporter in the presence and absence
of MSP.
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FIGURE 2.10: Active mutation M1254T in the activation loop overcomes the requirement
of Y1198 phosphorylation for the Ron receptor activation. A) 293 cells were transfected with
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2.5 Discussion
RTKs are functionally involved in the progression of a variety of human malignancies. Mutations
in the juxtamembrane domain, resulting in the relief of autoinhibitory constraints, are a common
mechanism by which RTKs are constitutively activated in tumor cells. In human gastrointestinal
stromal tumors, mutations in the juxtamembrane domain have been identified in both Kit (58) and
PDGFR (211). Germ line point mutations in the juxtamembrane domain of Met have been
identified in small cell lung cancer and gastric cancer (222,223). The juxtamembrane domain of
RTKs varies in length and lack apparent sequence similarity, suggesting that it may contribute to
specific aspects of regulation within individual receptor families. Our studies demonstrate that,
like other RTKs, the juxtamembrane domain of Ron plays a central role in the regulation of
receptor activation. However, the mode of regulation conferred by the juxtamembrane domain of
Ron appears to be novel compared with other RTKs described to date.
Previous studies suggest that the divergence of exon usage among different species may endow a
protein with unique characteristics and subsequently enrich the complexity of molecular signaling.
For example, an alternatively spliced form of Met, missing exon 14 which encodes part of its
juxtamembrane domain (225), exhibits a highly tumorigenic phenotype both in vivo and in vitro
(226). In addition, deletion of part of the juxtamembrane is required for the transforming activity
of the Tpr/Met fusion protein (262). Likewise, previous studies in our lab mapped the difference
in biological and biochemical properties between the murine and human Ron receptor to the
juxtamembrane domain (235). These studies highlight a fundamental role for the juxtamembrane
domain in the regulation of the Met/Ron family of receptors. However, while the c-Cbl binding
site in the juxtamembrane domain of Met plays a critical role in regulating receptor activity,
mutation of the potential Cbl binding site in Ron is non-consequential in the regulation of Ron
kinase activity. Thus, the mechanism by which the juxtamembrane domain regulates Ron receptor
activity is entirely unknown.
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The juxtamembrane domain of many RTKs provides an important autoinhibitory switch that sets
the receptor in a closed conformation as a default state (210), and phosphorylation of tyrosines in
the juxtamembrane domain is required for the transition of the kinase domain from an
autoinhibited to an active conformation. For example, disruption of the inhibitory interaction
between the juxtamembrane domain and kinase domain, and subsequent adoption of an active
structure of the Kit, Flt3 and Eph receptor are achieved by phosphorylation of tyrosines in the
juxtamembrane domain (215,237,239). We have shown that deletion of the JM-B region
containing two tyrosines (Y1012 and Y1017) facilitated receptor activation. However, mutation of
both tyrosines in the Ron JM-B to phenylalanine, glutamic acid or alanine had no significant
effect on receptor phosphorylation or activation of the MAPK pathway. Thus, we concluded that
mediation of receptor autoinhibition by the juxtamembrane domain of Ron is independent of
tyrosine phosphorylation.
Internal tandem duplications in the juxtamembrane domain of Flt3 have been identified in
patients with acute myeloid leukemia (172). Although the lengths of duplications vary from 4 to
68 residues, by affecting the orientation of the JMB and JMS region, they all result in abrogation
of the inhibitory interactions between the juxtamembrane segments and the kinase domain (213).
Therefore, we speculated that the influence on receptor activity could be determined by the length
of the JM-B region, rather than the specific amino acid residues therein. This hypothesis is
supported by our finding that introduction of a shorter deletion of only 10 residues in the JM-B
region (∆1020-1029) attenuated receptor activity, even in the presence of MSP. Thus, we
hypothesized that other, as yet unidentified, undefined regions of the juxtamembrane domain
cooperate with the JM-B region to regulate the Ron receptor activity.
Through sequence comparison, we identified a relatively conserved JM-C region clustered with
acidic residues (1039SFSDSEDES1047) located downstream of the JM-B region of Ron. The
equivalent site in the Met receptor was found to contain a mutated neutral residue in a sample
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from the non small cell lung cancer (195). Our mutagenesis analysis indicates that deletion of the
JM-C region (Ron∆1039-1047) or neutralization of the acidic residues (Ron1044EDE-AAA) in Ron
resulted in significantly increased receptor activity and enhanced activation of downstream
signaling, indicating that the acidic residues may play a fundamental role in Ron autoinhibition
mediated by the juxtamembrane domain.
An analogous electronegative cluster (D606-E619) in the juxtamembrane domain of the EphR has
been reported to approach and to distort the N lobe of the kinase domain, consequently preventing
productive ATP binding and sterically blocking the activation loop from adopting an active
conformation (PDB code: 2phk), while phosphorylation of tyrosines in the acidic cluster triggers
repositioning of the juxtamembrane domain and receptor activation (239). For understanding of
the inhibitory constraints imposed by the JM-C region of Ron, we compared the kinase domain
sequences of 150 receptors by mapping them onto the crystal structure of the Ron kinase domain
(3PLS) (263) (using the Consurf web server) (Figure 2.11). Based on surface accessibility and
locational relations, a conserved region in the N lobe of the Ron kinase domain was predicted to
be a putative JM-C binding region (orange in Figure 2.11A). It locates adjacent to the strictly
conserved active site (red in Figure 2.11A), with a predominantly positive surface potential (blue
in Figure 2.11B). Based on the crystal structure of the kinase domain of Ron (3PLS) (263), our
molecular modeling (264-266) of the inactive Ron (Figure 2.12A) suggests that the JM-C region
(magenta) could make close contacts with the P loop (orange) and activation loop (yellow). The
acidic residues in the JM-C region (Glu1044-Asp1045-Glu1046) are likely to make close contact with
His1092 in the P-loop, Tyr1238 and Gln1243 in the activation loop, and the side-chains of Ser1117 and
Arg1118 (stick model in figure 2.12A). The P-loop is rich in glycines, the short side chain of which
makes this region perfect for accommodation of ATP. However, when the Ron receptor is in the
autoinhibited structure, the overlaying JM-C region might interfere with the recruitment of ATP
and substrates. Meanwhile, the rigid activation loop is stuck in the kinase lobe cleft, and prevents
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rotation of the lobes to the productive conformation. In addition, Ser1117 and Arg1118 are located
between the β3 strand and the αC helix, close to the strictly conserved Lys1114 required for the
recruitment of ATP. Taken together, our experimental results and molecular modeling strongly
suggest that the unreleased JM-C region may form dynamic interactions with the activation loop
and the nearby P-loop, thus sterically hindering the activation loop and active site from adopting a
productive conformation.
The potential interactions among the juxtamembrane domain, activation loop and active site of
Ron are supported by studies of other RTKs. The juxtamembrane domain of the Flt3 receptor
forms extensive interactions with residues essential for kinase activity in the active site,
consequently retaining the receptor in an inactive state (213). Structural studies of the Eph
receptor suggest that tyrosines in the juxtamembrane domain interact with residues in the catalytic
lobe as well as in the activation loop, preventing them from adopting an active conformation
(221). Consequently, it is reasonable to deduct that these segments coordinate to stabilize the
inactive orientation of the kinase domain. Our studies indicate that the JM-C region of Ron
(magenta in Figure 2.12A) could theoretically stabilize the receptor in an auto-inhibited
conformation by occluding access of ATP and substrate to the active site, and by restricting
rearrangement of the activation loop and P-loop (yellow and orange in Figure 2.12A). Thus,
neutralization or deletion of the acidic residues in the JM-C region would diminish the potential
hydrogen bonds holding the JM-C region in the vicinity of the active site and relieve inhibitory
constraints imposed by the juxtamembrane domain.
Our findings that neutralization of the acidic residues (1044Glu-Asp-Glu) in the JM-C region did
not cause a significant catalytic increase in the context of Ron∆J, but rescued the loss of receptor
activity caused by a short deletion in the JM-B region (∆1020-1029), suggest a functional
correlation between the JM-B and JM-C region. Since the JM-B and JM-C regions are contiguous,
deletions in the JM-B region are likely to affect localization of the JM-C region. Deletion of the
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whole JM-B region (Ron∆J) could potentially cause a large shift in the position of the JM-C region,
subsequently releasing the inhibitory interactions among the JM-C region, the activation loop and
the active site, consequently promoting receptor activation. Thus mutations in the acidic residues
in the JM-C in this context would not be expected to further enhance kinase activity.
We have proposed that the JM-C region coordinates with the activation loop to interfere the
catalytic attack of ATP and substrates, as well as reorientation of the kinase lobes. However, the
roles of the juxtamembrane domain and activation loop are not identical, and the regulatory
mechanisms underlying their activity are likely to vary as well. The activity of the double mutants
we generated (Ron1254M-T&∆J, Ron1254M-T&1044EDE-AAA and Ron1254M-T&∆1039-1047) were strikingly
enhanced, to levels even higher than those induced by the single mutants. Therefore, rather than
possessing overlapping function, the juxtamembrane domain and activation loop may contribute
to receptor autoinhibition by different mechanisms. Substitution of the methionine by threonine
with a smaller side chain provides more free space for the reorientation of the activation loop,
facilitating its shift out of the lobe cleft. Furthermore, the Met receptor harboring the equivalent
mutation (M1268T) requires only phosphorylation of the second tyrosine in the activation loop
for receptor activation (267). Therefore, we propose that the M1254T mutation in the activation
loop reduces the threshold for receptor activation in the absence of ligand and alters substrate
specificity, while release of the juxtamembrane constraints promotes receptor activity both in the
presence and absence of MSP.
Y1198 in the Ron receptor is relatively conserved among RTKs, and the equivalent Y1194 in the Met
receptor is a major autophosphorylation site, phosphorylation of which correlates with receptor
activation (256,257). Our studies suggest that Y1198 in the αE helix of the kinase domain regulates
the autoinhibition of Ron conferred by the JM-C region. In the crystal structure of the Ron kinase
domain (3PLS) (263) as well as in our molecular model of the auto-inhibited Ron receptor, Y1198
(cyan stick in figure 2.12A) forms a hydrogen bond with the backbone amide of N1139 at the c-
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terminus of the αC helix (cyan helix in figure 2.12A). The only other hydrogen bond that the αC
helix participates in occurs between R1231 and Q1124 at the n-terminus of the αC helix, which holds
the helix in the nonproductive position. Phosphorylation of the side chain hydroxyl of Y1198 could
nudge the loosely held αC helix away from the C lobe, consecutively disrupting the inhibitory
interaction between the JM-C region and the kinase domain. We have modeled the activated
conformation of Ron based on the crystal structure of active c-Met receptor (3Q6U) (268) (Figure
2.12B). In the model of the activate form of Ron, the αC helix reorients significantly compared to
its position in the auto-inhibited model (cyan stick in figure 2.12A). This large scale movement of
the αC helix would be predicted to release the JM-C region (magenta in figure 2.12B) from the
area near the active site, followed by reorientation of the P-loop (orange in figure 2.12B) and
activation loop, and alignment of the crucial lysine and glutamic acid in the β3 strand and αC
helix respectively for ATP binding. The movement of the αC helix in this model is similar to that
observed in the structure of other activated protein kinases. Therefore, when Y1198 is mutated to
phenylalanine, the absence of phosphorylation at this residue would be predicted to fix the αC
helix in the kinked non-productive orientation, stabilizing the kinase in the inactive conformation.
However, when the inhibitory JM-C region is released by alterations in the juxtamembrane
domain (∆J, 1044EDE-AAA, or ∆1039-1047), phosphorylation of Y1198 is no longer required for
reorientation of the kinase segments and receptor activation. Moreover, although the M1254T
mutation primarily facilitates movement of the activation loop, it might also indirectly promote
release of the inhibitory juxtamembrane domain. Hence, the M1254T mutation would be
predicted to rescue the loss of kinase activity caused by Y1198F in Ron. This model for Ron
receptor activation is also supported by our observation that mutation of Y1198 to glutamic acid,
which would be predicted to form a stronger hydrogen bond with N1139, abolished receptor
activity even in the presence of activating mutations in the JM-C region (data not shown).

76

The critical role of the juxtamembrane domain in the regulation of RTK activity has become
increasingly evident. The mode of regulation however, varies significantly among RTKs, due to
the varied length and lack of sequence similarity among RTKs. Hence, targeting this tier of
regulation could provide an opportunity to develop inhibitors that would exploit the unique
aspects of juxtamembrane domain regulation conferred upon individual receptors and reduce the
possibility for the emergence of drug resistant clones. In that context, a synthesized peptide
representing the juxtamembrane domain of Kit is able to impede receptor activation in vitro and
delay growth of cells containing an oncogenic form of Kit (215). Consequently, development of
inhibitors based on the juxtamembrane domain of RTKs as a therapeutic approach holds some
promise. Our findings regarding the mode of regulation of the Ron receptor by the
juxtamembrane domain may provide important insights that could lead to the development of a
novel class of therapeutics for the treatment against a wide range of epithelial carcinomas.
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active site
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FIGURE 2.11: Conserved surface residues and surface potential of the Ron kinase domain
(3PLS) (263). The conserved region adjacent to the active site with a predominantly positive
surface potential is pointed out by arrows as the putative JM-C binding site. A) Conserved
residues on the surface of human kinase domains are indicated, with red/orange representing
highly conserved residues and blue/cyan representing highly variable residues. B) Surface
potential of the Ron kinase domain, with blue representing positive charges and red representing
negative charges.
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FIGURE 2.12: Predicted structure of the autoinhibited and active form of Ron. A) In the
inactive Ron model, the JM-C region (magenta) is predicted to pack against and interact with the
activation loop (yellow) and P-loop (orange) near the active site of the kinase domain. Potential
bondings among residues in the JM-C region (1044Glu-Asp-Glu) (magenta), the active stie (His1092
Ser1117 and Arg1118) (yellow) and the activation loop (Glu1237, Tyr1238 and Gln1243) (orange) are
labeled with black dash lines. The JM-D region (blue) interacts with the αC helix (cyan) in the
kinase N-lobe, and Y1198 (cyan stick) in the kinase C-lobe hydrogen bonds to the backbone amide
of N1139 at the c-terminus of the αC helix. B) In the active Ron model, phosphorylation of Y1198
results in reorientation of the αC helix and JM-D region. Consequently, the JM-C region is
released from the active site, which enables the ATP binding and reorientation of the activation
loop. The orange and cyan stick represents AMP-PNP. Figure was generated using the software
Pymol.
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∆1039-1047
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∆JM-B&1044AAA
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1198Y-F
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1198Y-F&∆1039-1047

Ron
FIGURE 2.13: Ron variants with mutations discussed herein express on the cell membrane
at a similar level as the wild type Ron. 293 cells were transiently transfected with wild-type or
mutated Ron as indicated. Cells were harvested 48h after transfection and analyzed by flow
cytometry for protein membrane expression.
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Chapter 3

The JM-D region in the juxtamembrane domain of Ron plays a dual role in
regulation of receptor activity

3.1 Abstract

Maintenance of the RTKs activity in a basal low level in the absence of ligand is crucial
for the appropriate operation of signaling networks. The modular characteristics of RTKs
representing as coordination of functional segments, evolutionarily guarantee the
combinatorial but precise regulation of receptor kinase activity. The juxtamembrane
domain of RTKs has gained increasing attention, due to its contribution to the regulatory
versatility. Receptor autosuppression through intramolecular contacts between the kinaseproximal juxtamembrane region and the kinase domain has been implicated in a number
of RTKs. The C terminal JM-D region in the Ron juxtamembrane domain is relatively
conserved within the family members, and is proposed to form helical structures situated
parallel to the αC helix in the kinase N lobe. We have identified a novel regulatory
mechanism mediated by the hydrophobic residues in the JM-D region, which contributes
to both autoinhibition and activation of the Ron receptor. While the van der waals
contacts between hydrophobic residues in the JM-D and the αC helix contribute to the
distorted non productive conformation of the kinase domain, the structural integrity of the
JM-D helix and the van der waals interactions it involved in are shown to be essential for
receptor activity as well. Besides, hydrogen bonds between the charged residues in the
two helices are suggested to be important contributors to the Ron receptor autoinhibition.
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To our knowledge, there is no preceded example exhibiting dual roles of the
juxtamembrane domain in the regulation of receptor activation. Therefore, our studies
provide a new perspective toward regulation of the RTKs activity by precise utilization of
the conformational plasticity and the cooperation of different protein functional segments.

3.2 Introduction
RTKs play a pivotal role in the initiation of signaling networks, which mediate a variety of
biological events, such as cell growth, differentiation, motility and metabolism. Accordingly,
even mild activation of RTKs would result in strong cellular responses via a series of signaling
amplifications. Dysregulation of receptor activities caused by either activating mutations, protein
overexpression, or autophosphorylation, has been implicated in various pathogenic conditions
including tumorigenesis and abnormal immune responses (140). Therefore, understanding the
molecular mechanisms by which receptor activity is controlled is of clinical significance.
In the absence of ligand, RTKs exist on the cell membrane as inactive monomers or dimers.
Receptor catalytic activity is strictly maintained in a basal, low-level state by several mechanisms
including autoinhibition, receptor dephosphorylation and receptor turnover and degradation.
Stabilization of the kinase domain in a stringent non productive conformation is critical for
receptor autoinhibition. The kinase domains of RTKs are highly conserved. Crystallographic
studies indicate that the Ron receptor, like most RTKs, adopts a typical bilobal structure, namely
the N and C lobe in the kinase domain (269). The primary function of the kinase domain is to
catalyze the transfer of the γ phosphate of ATP to the hydroxyl group of a target protein. Several
elements in the kinase domain, such as the strictly conserved lysine and glutamic acid, the αC
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helix, P loop and activation loop are essential in the coordination of ATP and substrates (Figure
3.1A).
Recruitment of ATP is mediated by a lysine residue in the N lobe β3 strand of the Ron receptor.
Conserved in all protein tyrosine, serine and threonine kinases, the lysine maintains a pivotal role
in kinase catalysis: forming an ionic bridge with the α and β phosphate of ATP (14). Correct
positioning of the ATP for catalysis is mediated by a glutamic acid in the αC helix, which forms a
salt bridge with the ATP bound lysine. ATP is recruited to the active site, the P loop between the
β1 and β2 strand of the receptor N lobe. The predominant characteristic of the P loop is the
conserved G×G×ϕG motif. Lack of bulky side chains in the P loop allow the backbone atoms to
approach closely and to coordinate the ATP prepositioned by the conserved lysine. Crystal
structure of the Ron kinase domain (3PLS) suggests that in the non productive receptor, the lysine
and glutamic acid are approximately 15.7Å away, preventing them from forming an ion pair
(14,269).
The central influence on kinase catalysis by the orientation of the αC helix has been demonstrated
in multiple kinases. When the cyclin dependent kinase (CDK) is autoinhibited, the αC helix
rotates outward relative to the rest of the N lobe and disables formation of the K-E ionic bridge.
Cyclin binding results in reorientation of the αC helix, and triggers subsequent formation of the
K-E salt bridge for ATP recruitment (270). The non-receptor tyrosine kinase, c-Src, is stabilized
in the non productive conformation by intra-molecular interactions between its SH3 domain and a
short SH2-kinase linker (271). A crucial tryptophan in the SH2-kinase linker fixes the stringent
architecture of the αC helix by inserting into the C terminal hydrophobic pocket of the αC helix.
Consequently, alteration of the relative position of the αC helix is one of the fundamental
mechanisms that control kinase catalytic activity.
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FIGURE 3.1: Schematic diagram of the Ron receptor. A) Domains of the Ron receptor. αC
helix and activation loop are notified. Critical tyrosines in the activation loop (P-2Y: Y1238/1239)
and c-terminal tail (P-Y: Y1353/1360) are indicated. B) The juxtamembrane domain of Ron is
divided into four regions for clarity. Residues discussed herein are indicated in bold.
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In the majority of RTKs, displacement of the activation loop away from the cleft between the N
and C lobe is an initial and crucial step in receptor activation. Based on the kinase crystal
structure of the insulin receptor and insulin-like growth factor 1 receptor, the embedded activation
loop blocks the access of ATP and substrates to the active site, thus maintaining the kinase in an
inactive conformation (45,272). Phosphorylation of tyrosines in the activation loop is a primary
means by which the restraint conferred by the activation loop is relieved, permitting subsequent
rotation of the N and C lobes, and proper alignment of the active site residues (13).
Conformational plasticity is a hallmark of kinase domains, and RTKs make full usage of this
plasticity to ensure precision in the activation of kinases. Consistent with other RTKs, comparison
of the crystal structures of unphosphorylated Ron1254M-T (3PLS) and phosphorylated Met (2WGJ)
suggest that large displacements during receptor activation occur in the P loop, αC helix and
activation loop (Figure 3.2A) (269). These significant shifts are likely to be important for the
reorientation of the key active site residues and subsequent ATP binding. However, unlike the P
loop, aC helix and activation loop, the reorientation of which is similar among RTKs, the
regulatory mechanisms mediated by the juxtamembrane domain varies significantly from kinase
to kinase. The crystal structures of Ron and Met indicate that a dramatic change in the
conformation of the C-terminal region of the juxtamembrane domain (JM-D region) also occurs
upon receptor activation. The close proximity of the JM-D region to the critical αC helix suggests
the possibility that reorientation of the JM-D region might influence the positioning of the αC
helix in the inactive and/or active conformation.
Receptor autoinhibition mediated by the kinase-proximal juxtamembrane domain has been
demonstrated in a number of RTKs including the Insulin receptor (273), Flt3 (237), the Eph
receptor (274), FGFR1 (275), VEGFR2 (276) and TIE2 (277) by crystallographic studies. Y984 in
the juxtamembrane domain of the Insulin receptor, located five residues away from the N
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FIGURE 3.2: A) Overlay of the unphosphorylated Ron crystal structure (green and red) with
phosphorylated Met crystal structure (white and yellow) (269,278) reveals large displacements
in the Juxtamembrane segment (1060-1071), the P loop (1089-1096), αC helix (1116-1136) and
the activation loop (1228-1250), indicated by red (Ron) or yellow (Met). Less but significant
shifts are also found in the P+1 loop. B) Secondary structure prediction of the Ron JM-D
region by using seven algorithms. H: α helices; E: β strands; C: coil. JOI: joint prediction. The
potential JM-D 310 helix is marked with a red rectangle.
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terminus of the kinase domain, is conserved in all insulin receptor family members. Mutation of
this tyrosine to phenylalanine or alanine leads to a significant increase in receptor catalytic
activity. Rather than acting as an autophosphorylation site, Y984 interrupts the formation of the
salt bridge essential for ATP coordination by lying between the αC helix and contiguous β sheet
(273). Flt3-ITDs, the most frequently occurring oncogenic mutations in AML, primarily arise in
the linker peptide segment (JM-Z) at the C terminal region of the Flt3 juxtamembrane domain
(237,255). Crystal structure of the autoinhibited Flt3 receptor indicates that the JM-Z region
forms extensive contacts with the αC helix in the N lobe (237). The β6 strand in the kinase N lobe
of Flt3 contributes to both the active and auto-inhibited conformation, respectively, depending on
whether it pairs with the β strand in the activation loop or in the juxtamembrane domain (237). In
the crystal structure of an inactive EphB2, the ordered α helical JMS intimately associates with
the αC helix in the N lobe and forces it to adopt a kinked structure not existing in the active state
(274).
Compared to the majority of RTKs, the juxtamembrane domain of Ron is considerably longer,
containing almost a hundred residues. For clarity, we divide the juxtamembrane domain of Ron
into four sequential regions (Figure 3.1B). We have shown that an acidic stretch of amino acids in
the JM-C region promotes Ron autoinhibition through its interactions with residues in the kinase
P-loop and the activation loop, while the JM-B region is likely critical for promoting the correct
orientation of the JM-C region. Located at the c-terminus of the Ron juxtamembrane domain, the
JM-D region is relatively conserved among Ron orthologs. By sequence comparison and the use
of structure prediction software, we propose that the JM-D region of Ron likely forms a small
helix (L1059-L1062) followed by a 310 α helix (D1063-V1073) (rectangle in figure 3.2B), which lies
approximately parallel to the αC helix in the kinase N lobe. Our deduction is supported by the
crystal structure of the unphosphorylated Ron1254M-T (3PLS), containing part of the
juxtamembrane domain (R1060-V1081), the entire kinase domain and part of the C terminal docking
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site (S1346-P1357) (Figure 3.2A) (269). The crystal structure suggests that the partial
juxtamembrane segment (equivalent to the C-terminal JM-D region) forms a helical structure,
locating close to the αC helix in the N lobe. Based on the relative positions of the JM-D region
and the αC helix in the kinase N lobe of Ron, we investigated whether the intra-molecular
interactions between the JM-D region and the αC helix in the kinase N lobe occur and how they
might contribute to receptor regulation. Our data indicate that the JM-D region plays both
positive and negative regulatory roles in Ron receptor activation.

3.3 Materials and Methods
3.3.1

Cell Culture, Antibodies, and Reagents—Human embryonic kidney (HEK) 293 cells

(ATCC) were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum. The TransIT-293 transfection reagents were purchased from Mirus Bio, LLC
(Madison, WI). The dual-luciferase reporter assay system was purchased from Promega
Corporation (Madison, WI). Antibodies against Ron 1238/9 phospho-tyrosine, phospho-Erk, Erk
and the HA epitope (262K) were purchased from Cell Signaling. Goat anti-rabbit IgG-HRP was
purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Antibody against Ronβ (DX07)
(Santa Cruz Biotechnology) and PE anti-mouse IgG1 (BD Pharmingen A85-1) were used for flow
cytometry. Recombinant MSP was purchased from R&D Systems. The AP-1 luciferase reporter
cDNA was kindly provided by Dr. Avery August (Cornell University). All PCR primers were
ordered from Eurofins MWG Operon, Inc. (Huntsville, AL). PfuTurbo DNA polymerase was
purchased from Agilent Tech. ECL Plus Western blotting detection reagents were purchased from
GE Healthcare (Piscataway, NJ).
3.3.2

Gene Construction and Mutagenesis—Human RON and mutants were expressed by the

mammalian pcDNA3.1 vector or the murine stem cell virus (MSCV) retroviral vector. Mutants
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were generated from pcDNA-RON-HA or MSCV-RON-HA, with the QuikChange mutagenesis
kit (Stratagene) according to the manufacturer’s instructions. The following PCR protocol was
used and primers for the mutants are listed in table 1: 95 °C 30 s, followed by 95 °C 30 s, 55 °C 1
min, 68 °C 12 min for 20 cycles, and a final 68 °C 12 min.
3.3.3

Cell Transfection and Luciferase Assays—For the luciferase assay, 5X104 HEK 293

cells/well were seeded into 24-well plates. Twenty four hours later, a designated mixture of 60ng
of wild type or mutant forms of RON, 60ng of AP-1 luciferase reporter plasmid, and 0.5ng renilla
were used for transient transfection with the Mirus-293 transfection reagent according to the
manufacturer’s protocol. MSCV-neo or PCDNA3.1-neo plasmid were used as control vectors for
each transfection. Cells were stimulated with 50ng/ml MSP 24 h following transfection.
Luciferase assays were performed 24 h later according to the manufacturer’s instructions
(Promega). The fold increase is calculated as firefly luciferase activity divided by renilla
luciferase activity.
3.3.4

Western blot analysis—A total of 2.5X105 HEK 293 cells/well were plated into six-well

plates. Twenty four hours later, the cells were transiently transfected with 300ng RON or its
derivatives per well. Cells were stimulated with 200ng/ml MSP 48 h following transfection. 10
minutes later, cells were suspended in 400ul ice-cold cell lysis buffer containing 150 mM NaCl,
20 mM Tris-HCl (pH 7.5), 5 mM EDTA, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride, 1 mM
Na3VO4, and 10 mM NaF. Cell lysates were centrifuged at 12,000 rpm for 20 min, and the
supernatant lysates were transferred to prechilled tubes. Cell lysates were mixed with 4X
denaturing SDS loading buffer and heated at 100°C for 8 min. Samples were resolved on an SDSPAGE gel and then transferred to polyvinylidene difluoride membranes. Membranes were then
blocked with 5% nonfat milk or Bovine Serum Albumin in Tris-buffered saline with 0.1% Tween
20 (TBST) for 1 h and probed with primary antibody at 4°C overnight. Membranes were washed
three times in TBST and incubated with secondary goat anti-rabbit IgG-HRP for another hour.
Membranes were washed three times in TBST before ECL plus Western blotting detection
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reagents were applied for visualization. For reprobing, membranes were stripped with 62.5 mM
Tris-HCl (pH 6.8), 2% SDS, and 0.7% β-mercaptoethanol at 55°C for 30 min.
3.3.5

Flow Cytometry— A total of 5X105 HEK 293 cells/dish were plated into 6cm dishes.

Twenty four hours later, the cells were transiently transfected with 400ng RON or its derivatives
per dish. PCDNA3.1-neo plasmid was used as a control vector for each transfection. Cells were
stimulated with 600ng/ml MSP 24 h following transfection. Flow cytometry analysis was
performed 24 h later. 2X106 cells were incubated per tube in 50ul FACS buffer (ice cold PBS +
2% FBS). Non-specific binding was blocked by the addition of 50 μL HAB for 2 minutes at room
temperature. Cells were incubated on ice with 5ug/ml anti-Ronβ (DX07) or IgG (control) for 30
min. Cells were washed twice with 1ml FACS buffer and resuspended once more in 50 μL of
FACS buffer. 50 μL HAB per tube was added again for blocking of non-specific binding. Cells
were incubated with 5ug/ml PE anti-mouse IgG1 as a secondary antibody to Ron for 30 min on
ice. Cells were washed twice, resuspended in 1mL of FACS buffer and analyzed by flow
cytometry on a Beckman-Coulter FC500.
3.3.6

Molecular modeling—Modeling of the autoinhibited and the activated conformation of

Ron was based on the crystal structure of the kinase domains of Ron (PDB code 3PLS) and Met
(PDB code 3Q6U) respectively. The modeling was done manually using the COOT software
(240). Hydrogen bonds between side chains were manually optimized and the resultant model
was energy minimized by using the Yasara server (241).
3.3.7

Structure-based sequence analysis—Seven algorithms, BPS(202), D_R(242), DSC(243),

GGR(244), GOR(245), G_G(246), H_K(247), K_S(248), L_G(249), and Q_S(51), were used for
secondary structure prediction. The Joint prediction (JOI) is the prediction made by the program
that assigns the structure using a “winner takes all” approach
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Table 3.1: Primers.

MUTANT

FORWARD PRIMER

Ron1066GGAEG

5’-GGACCTGGACTCTGCGGGCGGGGCTGAGGGCAAGGATGTGCTGATTC-3’

Ron1066AAAEA

5’-GGACCTGGACTCTGCGGCCGCGGCTGAGGCCAAGGATGTGCTGATTC-3’

Ron1070V-A

5’- GCTCTTGGCTGAGGCCAAGGATGTGCTG-3’

Ron1070V-C

5’-GCTCTTGGCTGAGTGCAAGGATGTGCTG-3’

Ron1129L-C

5’-GGTGGAGGCCTTCTGCCGAGAGGGGCTG-3’

Ron1069AVAA

5’-CTGCGCTCTTGGCTGCGGTCGCGGCTGTGCTGATTCCCCATG-3’

Ron1069E-A

5’-CTGCGCTCTTGGCTGCGGTCAAGGATGTGC-3’

Ron1069E-R

5’-CTGCGCTCTTGGCTAGGGTCAAGGATGTGC-3’

Ron1130R-A

5’-GGAGGCCTTCCTGGCAGAGGGGCTGCTC-3’

Ron1130R-E

5’- GGAGGCCTTCCTGGAAGAGGGGCTGCTC -3’
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3.4 Results
3.4.1

The structural integrity of the JM-D helix and the hydrophobic residues are
essential for the Ron receptor activation.

Partial structure (the kinase domain, part of the JM-D region, and c terminal docking site) of
Ron1254M-T (3PLS) was previously crystallized with AMP-PNP and Mg2+ (269). Structural
comparison of the unphosphorylated Ron mutant and the phosphorylated Met receptor (2WGJ,
with an inhibitor crizotinib) (278) indicates that, in addition to the well-known functionally
crucial P-loop, αC helix, and activation loop, a large displacement also occurs in the c-terminus of
the juxtamembrane domain (residues 1060-1071 in the JM-D region), (Figure 3.2A) (269).
However, the potential role of the JM-D in Ron receptor regulation is unknown.
Hydrophobic residues, such as leucine and valine, have high helix-forming propensities. Active
mutations of hydrophobic residues in the juxtamembrane domain leading to constitutive receptor
activation have been found in the PDGFR and Flt3, probably due to the structural collapse of the
inhibitory juxtamembrane domain and/or disruption of its interaction with the receptor kinase
domain (212,255). The c-terminal JM-D region of the Ron juxtamembrane domain is relatively
conserved among all Ron orthologs. It is predicted to contain a single turn α helix followed by a
longer 310 α helix. Sequence comparison indicates that leucine and valine residues dominate this
region and are conserved in the potential JM-D of other Ron orthologs (rectangle in figure 3.2B).
In order to test the functional significance of the integrity of the predicted α helical structure,
three of the conserved hydrophobic residues, L1066, L1067 and V1070 in the potential JM-D helix
were mutated to glycine (Ron1066GGAEG) (Figure 3.3A). These substitutions are predicted to disrupt
the potential helical structure of the JM-D region. To our surprise, autophosphorylation of
Ron1066GGAEG and the downstream activation of the MAPK pathway and AP1 transcriptional
response were completely abrogated, even in the presence of MSP, while the protein expression
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level of Ron1066GGAEG is similar to that of wild type Ron (Figure 3.3B&C). These results suggest
that the structural integrity of the JM-D region is essential for activation of the Ron receptor and
transduction of the downstream signaling.
Our molecular modeling of inactive Ron (including the JM-C region, JM-D region and the whole
kinase domain ) based on the crystal structure of Ron1254M-T (partial of the JM-D region and the
whole kinase domain) (Figure 3.2A) (269) suggests that the JM-D helix locates close to the
critical αC helix in the kinase domain, suggesting potential interactions between the two helices.
While mutation of the hydrophobic residues in the JM-D to glycine is predicted to disrupt the JMD helical structure, replacement of the hydrophobic residues with alanines of high helix-forming
propensities would be predicted to maintain the structural integrity of the JM-D helix region,
while disrupting any potential interactions mediated by the hydrophobic residues. In order to
determine whether the hydrophobic residues might participate in the possible protein/protein
interactions required for the activation of Ron, we mutated L1066, L1067 and V1070 to alanine
(Ron1066AAAEA). Similar to Ron1066GGAEG, receptor activity of Ron1066AAAEA was completely
abrogated (Figure 3.3B&D), suggesting that protein/protein interactions mediated by the face of
the JM-D helix containing L1066, L1067 and V1070 may be essential for either formation or
stabilization of the active Ron architecture.

93

C
SALLAEVKDV

JM-A JM-B JM-C

JM-D

3

Fold Increase

A

control
WT
1066GGAEG

2

***

1
0

MSP

B

+

—

D
Ron1066LLAEV

p RON1238/9Y
HA
p-Erk
Erk

10

Fold Increase

MSP

EA
A
EG
G
AE AE WT GGA AAA
trol WT
GG AA
con
+
+
+

8

control
WT
1066AAAEA

6
4

***

2
0

MSP

—

***

+

FIGURE 3.3: The structural and functional integrity of the JM-D helix are essential for
receptor activation. A) Schematic diagram of mutants. L1066, L1067 and V1070 in the JM-D region
are highlighted with underline. B) 293 cells were transiently transfected with HA-tagged wildtype or mutant Ron in the presence and absence of MSP. Lysates were blotted for p-Ron1238/9,
HA, p-Erk and total Erk. C) & D) Relative luciferase activity in 293 cells co-transfected with
wild-type or mutant Ron, and an AP-1 luciferase reporter in the presence and absence of MSP.
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3.4.2

The structural and functional integrity of the JM-D region are essential for
activation of a constitutively active Ron variant.

An M1254T mutation in the activation loop of Ron results in a constitutive active mutant with
increased catalytic efficiency (260,261). The M1254T mutation promotes receptor activation by
facilitating release of the autoinhibitory activation loop. Crystallographic studies indicate that the
localization of the JM-D region does not coincide in the structures of the unphosphorylated
Ron1254M-T (3PLS) and the phosphorylated Met (2WGJ) (269,278). Hence, in order to determine
whether the loss of kinase catalytic activity driven by mutation the of hydrophobic residues in the
JM-D region could be overcome by the activating M1254T mutation, 1066LLAEV-AAAEA or
1066LLAEV-GGAEG mutations were constructed in the context of Ron1254M-T. Surprisingly, the
doubly mutated receptors still failed to become autophosphorylated, or to activate downstream
signaling (Figure3.4). The lack of receptor activation in both the presence and absence of MSP,
suggests two possibilities; either mutations of the hydrophobic residues in the JM-D region cause
irreversible catalytic damage to the active receptor, or the JM-D mutations promote receptor
autoinhibition which cannot be alleviated by the activating M1254T mutation.
Our previous studies demonstrate that mutation of acidic residues in the JM-C region results in a
constitutively active mutant (Ron1044EDE-AAA) by promoting release of the inhibitory JM-C region
and sequential reorientation of the kinase domain. In order to determine whether the hydrophobic
residues in the JM-D are essential for the conformation of the active kinase or whether the mutant
residues cooperate with the JM-C region to irreversibly promote receptor autoinhibition, the
1066LLAEV-AAAEA mutation was constructed in the context of Ron1044EDE-AAA. The 1044EDEAAA mutation, like the 1254M-T mutation, was not capable of compensating for the loss of
receptor activity caused by 1066LLAEV-AAAEA (Figure3.5). These results suggest that the
structural integrity of the JM-D helix and potential protein/protein interactions mediated by the
hydrophobic residues in the JM-D helix are required for Ron receptor catalytic activity, even
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when the autoinhibition conferred upon Ron by the JM-C region is disrupted. Thus, the catalytic
activity of receptors with activating mutations in either the kinase domain or the juxtamembrane
domain, still depends on the functional integrity of the JM-D helix.
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FIGURE 3.4: Catalytic activity of Ron1254M-T requires structural integrity of the JM-D helix
and potential protein/protein interactions mediated by the hydrophobic residues in the JMD helix. A) 293 cells were transiently transfected with HA-tagged wild-type or mutant Ron in the
presence and absence of MSP. Lysates were blotted for p-Ron1238/9, HA, p-Erk and total Erk. B)
Relative luciferase activity in 293 cells co-transfected with wild-type or mutant Ron, and an AP-1
luciferase reporter in the presence and absence of MSP.

96

-

-

+

+

1044AAA

-

1044AAA

-

WT

-

1044AAA

WT

control

MSP

1066AAAEA&

1044AAA

1066AAAEA&

A

+

+

p RON1238/9
HA
p-Erk
Erk

B
control
WT
1166AAAEA
1066AAAEA
&1044AAA

25

Fold Increase

20
15

1044AAA

10

***

5
0

MSP

—

***

+
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mediated by the hydrophobic residues in the JM-D helix. A) 293 cells were transiently
transfected with HA-tagged wild-type or mutant Ron in the presence and absence of MSP.
Lysates were blotted for p-Ron1238/9, HA, p-Erk and total Erk. B) Relative luciferase activity in
293 cells co-transfected with wild-type or mutant Ron, and an AP-1 luciferase reporter in the
presence and absence of MSP.
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3.4.3

Charged residues in the Ron JM-D region play a critical role in promoting receptor
autoinhibition.

Comparison of the crystallized Ron1254M-T (269) and Met (278) demonstrate that the conserved
JM-D helix lies approximately parallel to the αC helix in the kinase N lobe, both in the active and
inactive protein architectures, although the relative orientation between the two helices appears to
shift during receptor activation.
In proximity to the hydrophobic residues in the JM-D region, there exist the charged residues
E1069, K1071 and D1072. In order to test the significance of the charged residues in the JM-D region,
E1069, K1071 and D1072 were mutated to alanine and activity of the mutant receptor (Ron1069EVKD-AVAA)
was evaluated (Figure 3.6A). Ron1069EVKD-AVAA exhibited a significant increase in activity, as
evidenced by enhanced receptor tyrosine phosphorylation, as well as increased activation of the
MAPK pathway and the AP1 transcriptional response, both in the presence and absence of MSP
(Figure 3.6B&C). These results suggest that charged residues in the JM-D region may contribute
to the auto-inhibited form of the Ron receptor through interactions with other protein segments
mediated by the ionic side chains. To further narrow down the functional residues essential for
receptor autoinhibition, a single mutation, E1069A, was generated. This mutant dramatically
triggered the AP-1 transcriptional response, although to a lesser extent than the 1069EVKDAVAA mutation (Figure 3.6D). These results suggest that, in contrast to the hydrophobic residues
in the JM-D region which are essential for receptor activation, charged residues in the JM-D
region, especially E1069, may play a role in sustaining the autoinhibited state of the Ron receptor.
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FIGURE 3.6: Charged residues in the JM-D region promote Ron receptor autoinhibtion. A)
Schematic diagram of mutants. E1069, K1071 and D1072 in the JM-D region are highlighted with
underline. B) 293 cells were transiently transfected with HA-tagged wild-type or mutant Ron in
the presence and absence of MSP. Lysates were blotted for p-Ron1238/9, HA, p-Erk and total Erk.
C) & D) Relative luciferase activity in 293 cells co-transfected with wild-type or mutant Ron, and
an AP-1 luciferase reporter in the presence and absence of MSP.
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3.4.4

Release of the inhibition mediated by the charged residues in the JM-D region
overcomes the requirement of Y1198 phosphorylation for the Ron receptor activation.

We previously demonstrated that, while Y1198 is required for activation of the wild type Ron
receptor, activating mutations in the JM-C region (1044EDE-AAA, ∆1039-1047) are able to
rescue the loss of receptor activity caused by the Y1198F mutation. Our molecular modeling
suggests that Y1198 phosphorylation could potentially trigger kinase activation by influencing the
orientation of the αC helix and releasing the inhibitory constraints imposed by the JM-C region
(Figure 2.12). To determine whether the activating mutations in the JM-D region are likewise
capable of promoting receptor activation independent of Y1198, receptors with double mutations
(1069EVKD-AVAA&Y1198F, 1069E-A&Y1198F) were generated. Unlike Ron1198Y-F, the
double mutants became phosphorylated and further responded to MSP stimulation. Activation of
the downstream MAPK pathway and induction of the AP-1 transcriptional response by the double
mutants were similar to that observed for the wild type Ron receptor (Figure 3.7A&B). Therefore,
similar to the results obtained for the JM-C mutations, release of receptor autoinhibition imposed
by the charged residues in the JM-D region can also alleviate the requirement for Y1198 in receptor
activation. Taken together, these results suggest a model in which phosphorylation of Y1198 plays
a role in the release of Ron receptor autoinhibition conferred by both the JM-C and the JM-D
regions.
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FIGURE 3.7: Release of the inhibition mediated by the charged residues in the JM-D region
overcomes the requirement of Y1198 phosphorylation for Ron activation. A) 293 cells were
transfected with HA-tagged wild-type or mutant Ron as indicated in the presence and absence of
MSP. Lysates were blotted for p-Ron1238/9Y, HA, p-Erk and Erk. B) Relative luciferase activity
in 293 cells co-transfected with wild-type or mutant Ron as indicated, and an AP-1 luciferase
reporter in the presence and absence of MSP.
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3.4.5

The hydrogen bond between the charged residues in the JM-D and the αC helix
promote Ron autoinhibition.

Based on sequence alignment and structural modeling, we predicted that a hydrogen bond
between E1069 in the juxtamembrane domain and R1130 in the αC helix may be the principle polar
interaction connecting the two helices in the inactive Ron conformation (Figure 3.8A). As
demonstrated, neutralization of the arginine in the αC helix (1130R-A), which would disrupt the
predicted hydrogen bond, resulted in enhanced kinase activity and higher AP-1 transactivation
than the wild type receptor (Figure 3.9A). Addition of the opposite charge to R1130 by a R1130E
mutation, which would be predicted to actively repel the interaction with E1069, resulted in a
further increase in the AP-1 transcriptional response (Figure 3.9A). The results imply that the
electropositive characteristics of R1130 favor the non productive kinase conformation, while
neutralization or reversal of the positive charge facilitates activation of the Ron kinase.
The phenotype displayed by Ron1130R-A and Ron1130R-E resembles that caused by the activating
mutation E1069A. Therefore, we predicted that the interaction between E1069 and R1130 promotes
stabilization of the rigid non productive structure of the αC helix. Thus, altering E1069 to
electropositive arginine should promote the Ron receptor activation, while swapping of the
residues would be expected to restore the inhibitory hydrogen bonds, and Ron1069E-R&1130R-E would
be expected to mimic the wild type Ron. As predicted, in the absence of MSP, the single mutation
E1069R resulted in a slight increase in the AP-1 transcriptional response, while Ron1069E-R&1130R-E
behaved similarly to wild type Ron (Figure 3.9B left column). However, MSP failed to further
activate the AP-1 transcriptional response induced by RonE1069R or Ron1069E-R&1130R-E (Figure 3.9B
right column). Thus, in addition to disrupting autoinhibition imposed by the JM-D region, the
E1069R mutation renders the Ron variants incapable of responding to MSP.
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104

Previous studies of the α chain of the T cell antigen receptor (TCRα) indicate that the
transmembrane sequence (GLRILLLKV) is responsible for retention of TCRα in the endoplasmic
reticulum (ER) (279). Electropositive residues, including lysine and arginine and the leucines in
the ER retention signal sequence are critical for ER retention (280). Based on similarities between
the ER retention signal and the sequence of the JM-D region with the 1069E-R mutation
(1066LLARVK), hence, we compared membrane expression levels of the wild-type and mutant
receptors. Flow cytometric analysis revealed that while a majority of Ron and Ron1069E-A was
expressed on the cell membrane, a significant less membrane expression of Ron1069E-R and
Ron1069E-R&1130R-E were detected, regardless of MSP stimulation (Figure 3.10). These results
suggest that the 1069E-R mutation inadvertently caused ER retention of Ron, rendering it
incapable of responding to MSP.
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FIGURE 3.10: The 1069E-R mutation inadvertently causes ER retention of Ron, rendering
it incapable of responding to MSP. 293 cells were transiently transfected with wild-type or
mutated Ron as indicated in the presence and absence of MSP. Cells were harvested 48h after
transfection and analyzed by flow cytometry for Ron expression.
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3.5 Discussion
As essential mediators of animal development, RTKs are also intimately involved in pathogenetic
processes. Activation of RTKs is the first step for initiation of signaling networks, which mediate
abundant cellular events including cell growth, motility and metabolism. Therefore, appropriate
and precise control of RTK activity is essential. Thus RTK activity is tightly controlled at several
levels including receptor autoinhibition, dephosphorylation and degradation. Collaboration and
remediation of these regulatory processes ensure low basal levels of kinase catalytic activity and
normal biological behaviors. Mutations that alleviate any of these inhibitory controls dysregulate
the critical balance of RTK activation, resulting in disruption of normal biological events and
progression of multiple diseases, including cancer (140).
Mutations that affect RTKs autoinhibition are often identified as causative factors in tumor
development and metastasis. Interactions between the juxtamembrane domain, especially its cterminal region, with the kinase domain have been appear to be pivotal in kinase autosuppression
in a number of RTKs. In the crystal structure of an inactive EphB2, the ordered α helical JMS
region intimately associates with the αC helix in the N lobe and forces it to adopt a kinked
structure not existing in the active state (274). Similar interactions have been shown in the Flt3
receptor between the kinase N lobe and the JM-Z segment at the C terminus of the
juxtamembrane domain (237). Mutations of residues such as Y591, V592 and F594 in the
juxtamembrane domain of Flt3, which destabilize the autoinhibitory conformation of the
juxtamembrane domain and add flexibility to the catalytic lobes, have been identified in patients
with AML (255). Therefore, clarification of the autoinhibitory mechanisms maintained by the
juxtamembrane domain may reinforce our understanding of the pathogenic activities of RTKs,
and provide a platform for the development of novel therapeutic treatments.
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Our previous studies have illustrated a critical role for the JM-C region in promoting receptor
autoinhibition. However, the potential role of the c-terminal JM-D region has not been explored.
The crystal structure of the entire intracellular region of Ron has not been solved. However, based
on crystallographic studies of the unphosphorylated Ron1254M-T (revealing the entire kinase
domain and part of the juxtamembrane domain and c-terminal tail) and the phosphorylated Met
receptor (Figure 3.2A) (269,278), our molecular modeling (Figure 3.12) proposes that the JM-D
region (blue) at the C terminus of the Ron juxtamembrane domain locates close to the catalytic
αC helix (cyan) in the kinase N lobe where it might influence on the orientation of the αC helix.
We also performed a structure-based sequence analysis for the JM-D region using seven
algorithms (51,202,242-249). The Joint Prediction (JOI) displays a high potential for formation of
helical structures in this region.
The α helix, a right-handed spiral coil, contributes to a tight folding protein configuration with
minimal overall free energy. Residues with different side chains have different propensities for
the formation of the α helical structure (281). Residues such as methionine, alanine, leucine,
uncharged glutamate and lysine all favor helical structures, while proline and glycine have poor
helix-forming propensities. The JM-D region contains a number of hydrophobic residues,
including L1066, L1067 and V1070. Replacement of the three residues with glycine leads to a nonproductive receptor in either the presence or absence of ligand. The short side chain of glycine
gives the JM-D region conformational flexibility, which makes it entropically expensive to adopt
the relatively constrained α-helical structure. Thus, our results suggest that the integrity of the
JM-D helical structure is required for the catalytic capability of the Ron receptor.
Structural comparison of the unphosphorylated Ron1254M-T and our modeling of the active Ron
based on the crystallized phosphorylated Met, shows that while the JM-D region lies next to the
αC helix regardless of the state of receptor activation, major reorientations occur in both helices
during Ron receptor activation (Figure 3.12). Therefore, the pivotal role of the Ron JM-D helix
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might be related its ability to affect the orientation of the αC helix. Sequence alignment and the
molecular modeling suggest the presence of several van der waals attractions between the JM-D
and the αC helix in both the inactive and active Ron receptor (Figure 3.11). Although individual
van der waals attractions are relatively weak, when a number of van der waals interactions are
formed between two protein segments, the net effect could be substantial for the intramolecular
linkage and regional stability. To investigate the potential role of hydrophobic interactions
mediated by the JM-D, L1066, L1067 and V1070 were mutated to another helix-favoring residue (282),
alanine. However, the short side chain of alanine may not be able to promote hydrophobic
interactions with residues in the αC helix. Like the glycine mutants, mutation of the hydrophobic
residues to alanine also resulted in complete abrogation of the Ron receptor activity, even in the
presence of MSP. These results suggest two possibilities; either the van der waals interactions
mediated by the leucines and valine are required for kinase activation, or the mutations enhance
receptor autoinhibition. The activating mutations, 1254M-T and 1044EDE-AAA, promote
receptor activation by relieving of the inhibitory activation loop and JM-C region, respectively. If
loss of receptor activity in the JM-D mutants is due to the reinforcement of a non-productive
kinase conformation, theoretically, 1254M-T and 1044EDE-AAA should be able to restore
receptor activity. However, introduction of the two activating mutations into the Ron1066AAAEA or
Ron1066GGAEG constructs did not result in recovery of Ron activity, indicating that van der waals
interactions mediated by the JM-D region are likely required for stabilization of the active kinase
conformation. The JM-D region of Ron locates parallel to the αC helix both in the autoinhibited
and active protein structure, although their relative orientation is altered following receptor
activation (Figure 3.12). Therefore, it is likely that the van der waals interactions within the two
helices exist but vary in the Ron receptors at different states (Figure 3.11).
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helix of both inactive (left) and active (right) Ron. In the inactive Ron, L1129 in the aC helix
locates close enough to form van der waals interactions with L1066, L1067 and V1070 in the JM-D
helix, while V1070 and L1133 are likely to attract each other as well. In the active Ron, van der
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Studies of other RTKs have shown similar interactions between the juxtamembrane domain and
kinase domain. However, these interactions mostly promote the autoinhibited conformation of
the kinase. In the crystallized kinase domain and juxtamembrane domain of the autoinhibited
EphB2 receptor, the four-turn helix in the juxtamembrane domain makes extensive contacts with
and distorts the conformation of the αC helix and β4 strand in the kinase N lobe. Hydrophobic
residues in the juxtamembrane domain of the EphB2 receptor involved in the interactions include
P607, F608, P613, V617 and F620 (239). Similarly, V592 and F594 in the juxtamembrane domain of Flt3
form a small hydrophobic contact face with the kinase domain (255). A cluster of point mutations
in the juxtamembrane domain have been identified from patients with AML, including V579A,
F590G&Y591D, Y591C, V592A and F594L (255). These point mutations destabilize the
autoinhibitory conformation of the juxtamembrane domain, consequently adding flexibility for
the reorientation of the catalytic N lobe. Overexpression of all the Flt3 variants with point
mutations induced constitutive activation of STAT5, increased cell survival and IL3 independent
cell growth. In conclusion, interactions between the hydrophobic residues in the juxtamembrane
domain and the kinase domain, especially the αC helix are not rare among RTKs. However,
almost all the studies to date indicate that the interactions impose inhibitory constraints on the
receptor, while disruption of the linkages promotes receptor activation. Our data suggest, for the
first time, that interactions among hydrophobic residues in the juxtamembrane domain and the
kinase domain of the Ron receptor do not only stabilize the autoinhibited protein structure, but
also occur in the active conformation, and that accurate helical interactions may be essential for
receptor activity, probably by stabilizing the active kinase architecture.
Formation of hydrogen bonds is an important contributor for the stability of entropically
unfavored protein folding. Hydrogen atoms in the amino group of positively charged residues
(lysine and arginine) and oxygen atoms in the carboxyl group of electronegative residues
glutamic acid or aspartic acid are likely to form hydrogen bonds when they are in close proximity.
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In the JM-D helical region of Ron, there are charged residues including E1069, K1071 and D1072,
which could be central contributors for helix formation as well as for helical interactions. The
enhanced kinase activities exhibited by Ron1069EVKD-AVAA and Ron1069E-A, suggest that the charged
side chains of the three residues plays a negative role in receptor activation, and neutralization of
these charged residues leads to the generation of active mutants. Moreover, the finding that the
activating mutations (1069EVKD-AVAA, 1069E-A) also overcome the requirement for
phosphorylation of Y1198 in the kinase domain, indicates that the constraints on receptor activation
mediated by the JM-D region are normally released by phosphorylation of Y1198 in the αE helix.
The distance required for the formation of a hydrogen bond is less than 3.5Å. Based on our
molecular modeling of the autoinhibited Ron receptor, the less than 3Å distance between E1069
and R1130 qualifies for the formation of a hydrogen bond (Figure 3.8A), which is likely to play a
role in the connection of the JM-D and the αC helix. The modeling also shows that the hydrogen
bond between E1069 and R1130 occurs only in the autoinhibited Ron protein structure, but no longer
exists after the spatial reorientation of kinase domain upon activation (Figure 3.8). Mutating the
electropositive R1130 to neutral alanine or glutamic acid with the opposite charge endows the
receptor enhanced catalytic activity in the absence of MSP, behaving similarly to Ron1069E-A or
Ron1069E-R. Furthermore, when these residues are swapped (Ron1069E-R&1130R-E), the normal
constraints on receptor activation are largely restored. In all, these results suggest that the charged
side chains of E1069 and R1130 support the non productive kinase conformation, probably by
forming hydrogen bonds, which prevent the αC helix from undergoing a pivoting motion required
for the alignment of the active site residues. Disruption of the hydrogen bonds by a single
mutation of either E1069 or R1130 alleviates the distortion of the αC helix conferred by the JM-D
region, resulting in subsequent kinase activation, whereas swapping these residues (1069ER&1130R-E) likely restores hydrogen bond formation as well as the autoinhibition mediated by
the JM-D region. Similarly, a hydrogen bond interaction (2.9Å) has been observed between N614
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in the juxtamembrane domain and R672 in the αC helix of the Eph receptor (239). Furthermore,
negatively charged residues, D606, E611, D612 and E619, in the juxtamembrane region of the Eph
receptor are also crucial for the stabilization of the inactive protein structure.
Although Ron variants harboring mutations at residues 1069E or 1130R exhibit enhanced ligandindependent receptor activity as predicted, variants with the mutation 1069E-R (Ron1069E-R or
Ron1069E-R&1130R-E) failed to respond to MSP stimulation. Since E1069 is located in the intracellular
juxtamembrane domain of Ron, it is unlikely that the 1069E-R mutation would abrogate the
ligand binding capability of the receptor. Rather, we speculated that it might affect the subcellular
localization of the protein. This hypothesis is supported by our flow cytometry studies, which
demonstrate that the membrane expression levels of the Ron variants with arginine at the 1069
site are significantly reduced when compared with the wild type Ron receptor. Previous studies
have revealed a growing number of ER retention signals, including the best characterized motifs
KDEL-COOH, KKXX-COOH, YXXLXXR-COOH, and NH2-RR (283-286). Studies of the T
cell receptor revealed a transmembrane sequence (GLRILLLKV), functioning as an ER retaining
signal (279). Coincidentally, the sequence of the mutant JM-D region with arginine at the 1069
site (LLAR1069VK) is strikingly similar to the ER retaining signal sequence in the T cell receptor.
Therefore, it is likely that we inadvertently generated an ER retaining signal in the JM-D region,
which retains the Ron variants in the ER abolishing their response to MSP.
Based on our molecular modeling of the Ron receptor, we propose that the JM-D region adopts a
helical structure and lies in close proximity to the αC helix (Figure 3.12). In the inactive Ron
receptor, charged residues in the JM-D region, especially E1069, by forming hydrogen bonds with
R1130 in the αC helix, strengthen the intimate association of the JM-D and the αC helix.
Consequently a significant curvature is imposed on the αC helix, and coordination of ATP and
substrates to the active site is prohibited. Ligand binding inducing Ron oligomerization and
spatial reorganization of pre-associated protein segments could drive phosphorylation of Y1198 in
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the αE helix of the kinase C lobe. Consequently the hydrogen bond between Y1198 and the
backbone amide of N1139 in the αC helix is disrupted, permitting motion of the αC helix.
Consequently, abolishment of the inhibitory E1069-R1130 hydrogen bonds is favored, leading to
collapse of the inhibitory interactions between the JM-D and the αC helix, and movement of the
αC helix is further facilitated. A series of reactions are then promoted, including reorientation of
the JM-D helix and the neighboring JM-C region, alignment of the key active site residues,
relocalization of the P-loop and activation loop, and coordination of ATP and substrates.
Our studies further demonstrate that the structural integrity of the JM-D helix and hydrophobic
residues in this region (L1066, L1067 and V1070) are indispensable for receptor activation. Based on
our molecular modeling we propose that, although displacement occurs in both the JM-D and the
αC helix of Ron during receptor activation, van der waals interactions with the αC helix,
mediated by the hydrophobic residues in the JM-D region, exist in both the inactive and the active
receptor. Thus, van der waals interactions with the aC helix mediated by the hydrophobic residues
could theoretically play a role in stabilization of both the inactive and active conformations, thus
promoting receptor autoinhibition as well as receptor activation. Charged residues such as E1069 in
the JM-D region can not only form hydrogen bonds with polar residues in the αC helix such as
R1130, but also are capable of hydrogen bonding with water molecules. Hence, exposure of the
charged residues on the protein surface and contact with water following receptor activation
would not be expected to affect Ron protein stability. However, when the leucines and valine in
the JM-D region are replaced by alanines with small side chains, van der waals interactions with
residues in the αC helix would be lost. Hence, the previously well-structured hydrophobic pocket
would be replaced by a cavity, and the hydrophobic residues would likely be exposed to water,
thus affecting regional protein stability and consequently the ability of the kinase to adopt the
active conformation. To our knowledge, this is the first example in which the juxtamembrane
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domain of a RTK is demonstrated to play both autoinhibitory and essential roles in kinase
activation.
The use of peptides as therapeutics has several limitations; low bioavailability, poor metabolic
stability, and inefficiency in crossing the cell membrane. In order to overcome these
disadvantages, synthetic peptides with nonnatural residues have been recently developed (287). A
promising example is the stapled peptides, called ‘stabilized α-helix of BCL-2 domains’ (SAHBs).
These modified peptides, generated from the BH3 domain of the BID protein, are shown to be
helical, bioactive, and cell membrane permeable (230,231). The improved pharmacologic
properties of the synthetic α-helical peptides provides promise for the development of peptides
against a large number of protein targets that employ α-helical motifs to engage in protein-protein
interactions. Here, we describe a novel mechanism by which Ron receptor activity is regulated by
a helical structure in the kinase proximal JM-D region of the Ron juxtamembrane domain. These
observations could lead to novel clinical applications for the treatment of human cancers
exhibiting abnormal Ron activity.
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Chapter 4

Conclusion and Discussion

Maintenance of the ligand independent activities of Ron at a low basal level guarantees normal
biological phenotypes, while abnormal Ron activities have been demonstrated to drive strong
oncogenic phenotypes in cancers derived from breast, colon, lung, and prostate (143). Hence,
understanding the multiple layers of receptor autosuppression is of great biological and clinical
significance. Recently, the juxtamembrane domain, which forms another layer of constraints
limiting promiscuous enzymatic activity of RTKs and is found frequently mutated in tumor cells,
has garnered increasing attention (211,223,288,289). Collectively, it is meaningful but
challenging to address the role of the juxtamembrane domain in receptor autoinhibition, due to its
variability in length and sequence, and lack of crystallized structures. In this study, we have
characterized regulatory mechanisms of the Ron receptor activity by the juxtamembrane domain,
and proposed a molecular modeling of the inactive and the active Ron structure, which may
expedite a better understanding of the Ron activation procedure and cast a new light on the
controlling of aberrant Ron transduced cell signaling.
Tyrosine phosphorylation is always a remarkable event in cell signaling, which is important for
promotion of enzymatic activity, besides acting as a signal transmitting vehicle (26). Studies of
RTKs including Kit, EphR, Flt3 and MuSK suggest that phosphorylation of tyrosine in the
juxtamembrane domain is a prerequisite for the relief of the inhibitory juxtamembrane domain
and the subsequent transformation of the kinase domain into a productive configuration. In
addition, some of the phosphorylated juxtamembrane tyrosines also function as docking sites for
downstream signaling proteins (212,215,216,221,290). However, the common rule that the
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juxtamembrane tyrosine matters could not be applied to the Ron receptor, since we have shown
that mutations of the juxtamembrane tyrosines did not result in generation of any Ron variants
catalytically different from the wild type receptor. Our studies point out, that phosphorylation and
the aromatic side chain of the juxtamembrane tyrosines are dispensable for Ron kinase activity.
Interestingly, although tyrosines in the Ron juxtamembrane domain are shown to be functionally
insignificant, length of the JM-B region they locate in has effects on receptor activation. Previous
studies indicate that the functional divergence of mRon and hRon is mapped to the
juxtamembrane domain, specifically, deletion of the JM-B region caused by exclusion of a
premature exon (235). Our data suggest that deletions at different lengths in the JM-B region
resulted in opposite effects on Ron activation. These studies highlight a regulatory role of the JMB region in Ron activation, while the detailed mechanism needs further exploration.
Our studies of the combined mutations have uncovered the role of the JM-B region, namely,
indirect modulation of Ron activation through impact on the spatial situation of the JM-C region.
We have discovered the acidic cluster in the JM-C region of Ron as a suppressor of receptor
activation. Tyrosines in the juxtamembrane domain of the EphB2 receptor are placed in a
negative electrostatic environment dominated by acidic residues. Phosphorylation of the tyrosines
would lead to release of the inhibitory juxtamembrane domain through the generated repulsive
forces against the acidic residues and the dimensional incompatibility of the additional
phosphates (239). Whereas, there is no tyrosine in the JM-C region of Ron, and serines with
phosphorylation potential in the region are demonstrated to play a subsidiary role in receptor
autoinhibition. Hence, unlike the EphB2 receptor, there seems no means for the JM-C region by
itself to disengage from the non productive kinase domain, which indirectly explains the low
basal level of activity of wild type Ron in the absence of MSP. However, the inhibitory role of the
JM-C region was demonstrated to depend on the length of the JM-B region. Murine Ron and
human Ron∆J both with exclusion of the JM-B region exhibit enhanced catalytic capacity.
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Neutralization of the acidic residues in the JM-C region of Ron∆J did not result in an additive
mitogenic signal, supporting the perspective that the JM-B and the JM-C region correlate in the
regulation of receptor activity. Unexpectedly, the short deletion (∆1020-1029) in the JM-B region
resulted in a loss of receptor activity, which whereas could be rescued by abolishment of the JMC acidic characteristics.
In order to understand the molecular mechanism underlying, we performed a structure-based
sequence analysis for the entire juxtamembrane domain using seven algorithms. The Joint
prediction (JOI) suggests that residues at the two ends of the JM-B region have the potential to
form short β strands (asterisk), and that the region deleted in Ron∆1020-1029 (rectangle) is located
between the two predicted β strands (Figure 4.1). Therefore, it is likely that the small deletion
shortens the physical distance between the β strands and facilitates formation of a putative β sheet
in the JM-B region, which further stabilizes the suppressive JM-C region and locks the receptor in
the inactive conformation. Whereas, neutralization of acidic residues relieves the inhibitory
interactions between the JM-C region and the kinase domain, consequently orientation of the JMC region mediated by the JM-B region would no longer influence receptor activation. Our studies
have provided strong evidence for the deduction that the primary role of the JM-B region is to
position the JM-C region in the correct configuration for Ron autoinhibition. Therefore, by simply
including or excluding an exon, or by alterations in a region not directly required or participating
in kinase activation (JM-B region), the genes can reorganize the functional motifs for acquisition
of new characteristics without taken the risk of lethal alterations in functionally critical regions.
From the evolutionary perspective, this might be beneficial for protein evolution and
diversification.
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FIGURE 4.1: Secondary structure prediction of the Ron juxtamembrane domain by using
seven algorithms. H: α helices; E: β strands; C: coil. JOI: joint prediction. The possible β
strands are marked with an asterisk. The small deletion (∆1020-1029) is indicated with a
rectangle. Residues at the two ends of the JM-B region are supposed to form β strands, marked
with asterisks.
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We have proposed a superficial region proximity to the active site with predominantly electropositive potential as a putative JM-C binding region. In particular, spatial relationship permits
formation of hydrogen bonds among residues in the JM-C region, the P-loop and the activation
loop. The tangled interactions among the different protein segments guarantee the receptor
autoinhibition from diverse aspects (Figure 4.2A). Together with the activation loop, the JM-C
region plugs into the active site and obstructs the ATP access. Spatial proximity of the JM-C
region may lock the activation loop in the inter-lobe cleft and prevent productive rotation of the N
and C lobe. In addition, the JM-C promoted rigid configuration of the β3 strand and αC helix in
the kinase N lobe puts the invariant Lys and Glu in catalytically disfavoring positions. Our
modeling suggests a triple whammy for stabilization of the Ron autoinhibited conformation by
the JM-C region. In conclusion, rather than a simple linear correlation, the receptor autoinhibition
seems to be a consequence of collaboration and mutual influence among different protein
segments. This hypothesis conforms to the evolutionary theory, so that deregulation of receptor
activity caused by accidental changes in one regulatory segment could be compensated
correspondingly by opposite actions of another segment.
It is widely acceptable that tyrosine transphosphorylation in the activation loop is an essential and
early-stage event during receptor activation. Whereas, since the juxtamembrane domain is only
included in limited number of RTK crystals, it is difficult to acquire a complete sequence of
events occurring during receptor activation. Given transphosphorylation in the activation loop is
the initial event, thus it may not only lead to the well-known ejection of itself, but also facilitate
movements of the inhibitory JM-C region, which together enable the substantial reorganization in
the catalytic region and generation of a viable active site allowing the entrance of ATP and
substrates. Adversely, although the juxtamembrane domain of the PDGFR family class III RTKs,
including CSF1R, Flt3, Kit and PDGFRα/β, stabilizes the catalytically inactive configuration of
the activation loop as well (216,237,291), the order of activation events is different. Crystal
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structure of the Kit cytoplasmic domain displays that phosphorylation of tyrosines in the
juxtamembrane domain and reorientation of the juxtamembrane domain occur earlier than
phosphorylation of tyrosines in the activation loop (292). Studies of Flt3 also indicate that
rearrangement of the inhibitory juxtamembrane domain is a prerequisite for the adoption of
correct orientation of the activation loop (237). All the observations highlight a spatial and
functional relationship between the juxtamembrane domain and the activation loop. While relief
of both inhibitory segments is required for receptor activation, it is unclear which rearrangement
comes first during Ron activation, and how far they would affect each other.
While the juxtamembrane domain and the activation loop are proposed to be functionally teamedup for receptor autoinhibition, they are also demonstrated to possess independent and
irreplaceable characters. Firstly, Met variants with oncogenic mutations in the activation loop
overcome the requirement of the second activation loop tyrosine phosphorylation for enzymatic
activity (267). In contrast, our unpublished data indicate that mutation of either activation loop
tyrosine is sufficient to abrogate Ron activity, and that the Ron variants with activating mutations
in the juxtamembrane domain still require phosphorylation of both activation loop tyrosines for
kinase activity. It suggests that relief of the inhibitory juxtamembrane domain is not sufficient for
receptor activation in the condition that normal performance of the activation loop is disrupted.
Considering the less active and oncogenic nature of Ron relative to Met, it is reasonable to
propose that the Ron autoinhibition is extremely severe and needs cooperation of different
regulatory segments for full activation. Secondly, replacement of methionine at the end of the
activation loop with threonine (M1254T in Ron) is a common activating mutation in RTKs.
Recently released crystal structure of RonM1254T indicates a tendency for cis phosphorylation of
the first tyrosine in the activation loop, distinct from the classical trans phosphorylation mode
(269). The large deviation of the αC helix from the productive orientation and absence of the
classical ion pair between the invariant lysine and glutamic acid in RonM1254T, suggest the
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emergence of a novel activating mechanism (269). In addition, combination of the M1254T
mutation and the activating mutations in the JM-B/JM-C region produced intensively activated
Ron variants with multiple fold increase of catalytic capacity. The synergistic effects of the
activating mutations provide evidence for the collaborative but also distinct roles of the
juxtamembrane domain and the activation loop in Ron autoinhibition.
Steric approach of the juxtamembrane helix to the αC helix is commonly found in RTKs. The cterminal αB′ helix in the EphB2 receptor wraps around the kinase αC helix and imposes dramatic
curvature on it (239). In the crystallized structure of the autoinhibited c-Fms, the juxtamembrane
domain is well ordered with its N terminus packed with the P loop and activation loop, similar to
the situation of the Ron JM-C region, while the C terminus of the c-Fms juxtamembrane domain
associates intimately with the αC helix (293). Likewise, our modeling displays the proximity of
the JM-D helix and the αC helix in the inactive Ron. We have identified charged residues,
primarily E1069 in the JM-D helix acting as negative mediators of the Ron kinase activation. The
close vicinity of residues with opposite charged side chains in the JM-D and the αC helix endows
them high potential to form hydrogen bonds, which are a major connection between the two
helices in the autoinhibited but not the activated Ron (Figure 4.2A). Existence of hydrogen bonds
between E1069 in the JM-D helix and R1130 in the αC helix is supported by the unchanged kinase
activity of the Ron mutant with swap of these two residues, although an ER retaining signal is
introduced to the protein inadvertently by the E1069R mutation. Generation of the ER retaining
signal provides several hints for prospective studies about correlations among activation,
localization and dimerization of Ron.
Ron is originally synthesized as a single chain precursor in the ER, and cleaved into α and β
chains which then form a αβ heterodimer linked by disulfide bonds in the extracellular domain.
Therefore, when we test for Ron or its variants by western blot analysis, there are usually double
bands representing the unprocessed receptor and the mature receptor respectively. Interestingly,
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the western blot results indicate that the Ron mutants with the ER retaining signal are mostly
unprocessed protein, and the protein amount is slightly less than other membrane located
receptors, both of which phenotypes resemble that of Ron1254M-T. Our unpublished flow cytometry
studies show that membrane expression of Ron1254M-T is less than wild type Ron, suggesting that
the protein non-cleavage, possible ER retention and induced degradation may be the reasons for
the less effective response of Ron1254M-T to the MSP stimulation in contrast to Ron. These studies
bring out several interesting questions to be addressed. It seems that protein cleavage of Ron is
not a must for receptor activation, but correlated with protein localization and responses to the
ligand. Therefore, understanding the different activation mechanisms of the membrane spanning
receptor and the ER retained receptor may conduce to development of clinical inhibitors with
increased target specificity. Besides, so far the localization and the dimerization status of Ron
have not been fully clarified. The enhanced ligand-independent kinase activity of Ron1254M-T,
which may exist in the ER as a single chain precursor, provides a hypothesis against the classical
view, that the Ron receptor may become activated in a monomer state. Therefore, whether the
Ron receptor exists on the cell membrane as an inactive monomer or a pair of non productive
dimer, and whether the activating mutations would affect Ron membrane expression and
dimerization, are interesting questions to address next. Although these prospective studies seem
not directly correlated with the juxtamembrane domain, they may enrich our understanding of the
regulation of the Ron activation process, not merely by the juxtamembrane domain, but more
likely by the partnership of different regulatory elements including the juxtamembrane domain
and the activation loop.
If the inhibitory role of the charged residues in the Ron JM-D region is comparable to the
juxtamembrane domain of other RTKs, the characteristics endowed by the hydrophobic residues
in the Ron JM-D region is novel and unique. The van der waals interactions among the
hydrophobic residues in the JM-D and the αC helix are proposed to promote both the
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autoinhibited and the activated Ron structure (Figure 4.2B). Although there are large
displacements in both helices during the receptor activation, leading to disruption of certain
interactions and also establishment of new interactions, overall the van der waals interaction is an
important tie between the JM-D and the αC helix. Our modeling indicates that in the inactive
receptor, the JM-D region may impose remarkable curvature on the αC helix, and this distortion
couples to local distortions in other parts of the kinase N lobe, including the P loop and the
invariant K-E salt bridge. Whereas, abolishment of the majority of van der waals interactions in
that region completely deprives receptor catalytic capability, indicating that the structural and
functional integrity of the JM-D helix are essential for receptor activity. Interactions among
hydrophobic residues are important for correct protein folding and biological activity, since
formation of hydrophobic cores prevents undesirable interactions of hydrophobic residues with
water and reduces protein surface area, thus resulting in decreased protein entropy and increased
protein stability. Therefore, the van der waals interactions among hydrophobic residues in the JMD and the αC helix are likely required for stabilization of the active Ron architecture. Taken
together, our studies demonstrate that activation of the Ron receptor requires occurrence of a
series of events in the JM-D region, including not only removal of ‘negative factors’ such as the
hydrogen bonds between the charged residues promoting the autoinhibited protein configuration,
but also preservation of ‘positive factors’ including the structural integrity of the JM-D helix and
the van der waals interactions it forms with the productive αC helix (Figure 4.2). Previous studies
of RTKs usually suggest a unilateral regulatory role of the juxtamembrane domain in receptor
activation, either positive or negative. The study here has for the first time illustrated the dual
roles of the juxtamembrane domain, which may shed light into understanding of the regulatory
diversification maintained by the juxtamembrane domain.
Our studies have signified the JM-C and the JM-D region as wedges that mainly stabilize the non
productive kinase structure of Ron, and there seem no means by which the inhibitory segments
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could become released automatically. Instead, Y1198 is indicated to functionally correlate with the
juxtamembrane domain mediated Ron autoinhibition. In vitro studies suggest that the equivalent
tyrosine in the Met receptor is a major phosphorylation site, and the Y-F mutation in Met wild
type and Met variant with activating mutation Y1235D in the activation loop leads to a
dramatically declined enzymatic activity by downregulating the kinase activation kinetics in
physiological circumstance (256). Our studies have also highlighted the necessity of an intact
Y1198 for Ron activation, similar to the requirement of homologous residue in Ret for the induced
transforming activity (294). Located at the interface between the αE and the αC helix, Y1198 of
Ron is highly conserved among RTKs (nearly 90%) and shares structural conservation among
close relatives including Met, Ret, the insulin receptor, IGF1R and FGFR (257,294-297). The
hydroxyl group of the tyrosine at this position was observed to form hydrogen bonds with
residues at the edge of the αC helix, and in vitro studies indicate that phosphorylation of the
tyrosine may disrupt the regional stability and trigger rearrangements of the N and C lobe
(291,298,299). Here our molecular modeling of Ron suggests that phosphorylation of Y1198 may
destroy its linkage with the αC helix and promotes displacements of the latter and related
juxtamembrane domain toward a productive conformation, required for activation of wild type
Ron (Figure 4.2). In addition, Ron variants with activating alterations in the juxtamembrane
domain are capable of loosening the strict dependence of kinase function on the canonical Y1198
phosphorylation, supporting the correlation of Y1198 and the inhibitory juxtamembrane domain
described in the modeling. A phenomenon worth to notify is that the activating mutations could
only partially recover the kinase activity in the presence of Y1198F, indicating that the function
of Y1198 phosphorylation is more than promoting release of the juxtamembrane domain. The
equivalent tyrosine in mRon was indicated responsible for the recruitment of c-Src and the MSPindependent receptor activity (62). Our unpublished data indicate that the catalytic capacity of cSrc has great impact on the activation and downstream signaling of Ron and Ron variants with
juxtamembrane activating mutations. Altogether, it highlights a putative role of Y1198
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phosphorylation in the activation of the Ron variants, although it is uncertain whether the function
is c-Src related. The other interesting experimental result is that the activating juxtamembrane
mutations failed to rescue the loss of receptor activity caused by Y1198A/E, suggesting the
necessity of an aromatic ring at that site. This hypothesis is supported by the sequence alignment
of 18 members from the major RTK subfamilies by the ClustalX1.8 software. It reveals that
residue at this position is a tyrosine in a majority of RTKs, while the rest RTKs contain a
phenylalanine with the similar phenyl side chain.
Centrally positioned as a mediator of various cellular events, Ron has significant effects on the
organism development and adult homeostasis (300). Abnormal expression and/or activation of
Ron have been identified as a substantial contributor to the tumorigenesis and invasiveness of
diverse epithelial carcinomas (74). Consequently Ron has been validated as a therapeutic target
for pharmacological interventions against a broad range of cancers (200,201). The ability to
simultaneously block several key pathways that contribute to tumor progression might lead to
more efficacious therapies. We suggest that the Ron signaling holds promising potential in this
regard, since blockade of Ron function may interfere with critical tumor-promoting pathways not
only in the tumor itself, but also in the tumor microenvironment. Considering that the aberrant
Ron activity in cancers is primarily attributed to its overexpression or constitutive activation, thus,
understanding of the Ron receptor activation procedures and regarded regulatory manners will
provide perspectives of potential clinical applications, besides knowledge of its physiological
functions.
The body of this work has provided compelling evidence for the fundamental but diverse
regulatory role of the juxtamembrane domain for the Ron kinase activity. We have also defined a
novel and comprehensive model of the juxtamembrane domain mediated Ron activation. The
juxtamembrane domain has been shown to contribute to both the autoinhibited and the active
state of the Ron kinase through impacts on and coordination with the αC helix, P loop, activation
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loop, and the conserved kinase tyrosine (Figure 4.2). Since alterations in the juxtamembrane
domain have been shown to tightly associate with the progression of diverse human epithelial
cancers, understanding and targeting this layer of regulation may provide a platform for
development of novel anti-cancer therapies. Besides, studies of the juxtamembrane domain may
also contribute to our understanding of pathogenetic mechanisms because the segments it has
mutual effects with are frequently mutated in cancers as well. For example, among the mutations
of Met identified from hereditary papillary renal cancer samples, M1131T in the αC helix is likely
to facilitate formation of the K-E salt bridge by reshaping the helix orientation, V1083I and
H1094R in the P loop may enhance the receptor affinity for ATP, V1188L in the αE helix
precedes and may affect the role of the tyrosine equivalent to Y1198 in Ron (224). In all, this study
has opened the door for the potential clinical applications of the knowledge of the Ron
juxtamembrane domain.
Although tyrosine kinase inhibitors targeting the ATP-binding sites are the first line of therapy
against oncogenic activities of RTKs, lack of selectivity and emergence of drug resistance bring
out the necessity for development of novel inhibitors that target different aspects of RTK
regulation. According to the activation status, RTKs can be divided into three groups: the
autoinhibited receptors with inhibitory docking of the juxtamembrane domain, the
nonautoinhibited receptors with released juxtamembrane domain but non productive kinase
conformation, and the active receptors with ejection of both the inhibitory juxtamembrane domain
and activation loop (229). An ideal inhibitor should only target specifically the disease-driving
receptors without interfering the normal RTKs biological function. Investigation in the
juxtamembrane domain with highly sequence and structural variability may facilitate strategic
inhibitor design from different aspects. For diseases driven by RTKs with activating
juxtamembrane mutations, inhibitors mimicking the structure and interactions of the
juxtamembrane domain may restore the autoinhibition of aberrant nonautoinhibited and active
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receptors (228,301). Adversely, there are a large number of cancers driven by wild type RTKs,
such as epithelial cancers promoted by Ron overexpression. Therefore, targeting the receptor at
the autoinhibited status would be therapeutically meaningful yet challenging to some extent.
Since their own juxtamembrane domain folds on the autoinhibited kinase, the affinity of ordinary
inhibitors would be significantly reduced (229). Therefore, acquaintance of the inherent role of
the juxtamembrane domain and the receptor activation process may provide a framework for the
structure-guided design of inhibitors. It may be feasible to design drugs cooperating with the
juxtamembrane domain for strict maintenance of receptor inactivity. Taken together,
understanding of the complex regulatory mechanisms governing the Ron activities by its
juxtamembrane domain may contribute to therapies against cancers through discovery of potential
treatment targets or development of novel strategies (200,201).
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FIGURE 4.2: Predicted activation process of the Ron receptor.
A) In the autoinhibited Ron structure model, the non productive orientation of the αC helix is
fixed by two groups of hydrogen bonds: Y1198-N1139 and R1231-Q1124. The inhibitory hydrogen
bond is formed between E1069 in the JM-D helix and R1130 in the αC helix. K1114 and E1131 are
localized far away from each other, and unable to form salt bridge required for recruitment of
ATP. Meanwhile, the JM-C region along with the activation loop (A-loop), pack against the P
loop, which blocks ATP entrance. By all these means, the kinase is stabilized in the kinked
inactive orientation.
B) Trans-phosphorylation of Y1198 disrupts the interaction with N1139 at the end of the αC helix,
and enables reorientation of the αC helix and paralleled JM-D helix. While the inhibitory
hydrogen bond between E1069 and R1130 is disrupted, the hydrophobic interactions between
leucines and valines in the αC helix and the JM-D helix are maintained. Reorientation of the
αC helix enables formation of salt bridge between E1131 and K1114.
C) Movement of the JM-D helix results in release of the linked JM-C region from the active site,
which also promotes reorientation of the activation loop out of the lobe cleft. Thus, the Ron
receptor kinase is in active state, and ATP is cruited to the active site (P loop and K1114).
Figures were generated using the software Pymol.
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Appendix A
The role of the juxtamembrane domain in the interplay between Ron and c-Src.

A1 Introduction
As the major non-receptor tyrosine kinases, the Src family tyrosine kinases (SFKs) consist of
eight members, c-Src, c-Yes, Fyn, c-Fgr, Lyn, Hck, Lck, and Blk (302). C-Src, the cellular
homologue of Src, was originally discovered as prototypes of avian retroviral oncogene products
v-Src (303,304). The primary structure of the SFKs contains an N-terminal myrsitoyl group, an
SH3 domain, an SH2 domain, a kinase domain and an autoinhibitory C-terminal extension (305).
The kinase domain of c-Src possesses a conserved bilobed structure, consisting of a small N lobe
and a large C lobe. Tyrosine phosphorylation is the determinant for the activation status of c-Src.
In the dormant condition, c-Src is phosphorylated on Y527 in the c-terminal extension, which
forms inhibitory interaction with the SH2 domain and stabilizes the distorted catalytic domain
(306). Upon exogenous ligand binding to the SH3 and SH2 domains, a significant conformational
change occurs in the kinase domain, dephoshorylation of Y527 releases the inhibition on the SH2
domain, and phosphorylated Y416 in the kinase C lobe promotes the productive kinase stability
(306).
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SFKs mediate a wide range of biological events, such as cell survival, proliferation,
differentiation, adhesion and migration (307-309). Deregulation of the SFKs has been widely
observed in carcinomas including colon, breast, and lung tumors (310,311). Activation of SFKs
usually occurs in concert with activation of RTKs, and numerous studies have indicated interplay
between the kinases, therefore it is likely that the SFKs and RTKs collaboratively contribute to
oncogenic transformations. Previous studies have provided considerable evidence for the close
relationship between the Ron homologous receptors and SFKs. For example, c-Src was shown to
participate in the Ron signaling in both breast epithelial cells (68) and human keratinocytes (52).
Inhibition of the c-Src kinase activity by a specific inhibitor PP2 resulted in reduced Ron
autophosphorylation in the MCF-10A breast epithelial cells (68). In addition, ECM-induced
integrin aggregation leaded to both Ron autophosphorylation and activation of c-Src, followed by
additional phosphorylation of Ron induced by the activated c-Src kinase (89). Thus, cooverexpression of Ron and c-Src might exert a gain-of-function effect in promoting the
progression of cancers toward a fully oncogenic state (310), and may therefore impact on the
choice of clinical treatment for cancer patients (312).
Our previous studies suggest an essential role of c-Src in the ligand-independent, but not liganddependent signaling through mRon (62). Ligand-independent activation of the MAPK pathway
by mRon requires catalytically active c-Src, and co-expression of a dominant negative c-Src
would abrogate the mRon signaling. Besides, c-Src is also actively involved in the Sf-Stk
mediated signaling activities (313). The gp55 and Sf-Stk mediated phosphorylation of
downstream signaling molecules including Gab1, Gab2 and Erk, requires the intact c-Src kinase
activity. However, phosphorylation of Sf-Stk upon gp55 stimulation is not affected by the c-Src
kinase integrity, which defines c-Src as upstream of Gabs but downstream of Sf-Stk. Interaction
between c-Src and Sf-Stk is indispensable for the Epo independent growth of primary
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erythroblasts in response to Friend virus infection, suggesting a role of c-Src in the Sf-Stk
promoting Friend erythroleukemia (62).
Later, the c-Src modulation of the mRon ligand-independent signaling activity was shown to
depend on three tyrosines in the kinase domain (Y1175, Y1265 and Y1294), but not the c-terminal
docking site tyrosines of mRon (62). Adversely, interactions of c-Src and Sf-Stk requires
presence of gp55, and the SH2 domain of c-Src is recruited by the C terminal docking site
tyrosines of Sf-Stk (314). Meanwhile, hRon was proved incapable of recruiting c-Src or
activating downstream cascades in the absence of MSP, although the three tyrosines are strictly
conserved in the hRon sequence. On the other hand, MSP induced activation of the MAPK
pathway downstream of hRon is partially regulated by c-Src (62). Altogether, although the tight
correlation between c-Src and the Ron homologous receptors is relatively conserved, the
interactive manners and representing phenotypes vary among receptors.
Since the major sequence and functional difference between mRon and hRon was mapped to the
juxtamembrane domain, presumably the juxtamembrane domain is responsible for their
interactive variations with c-Src. Studies of fusion proteins suggest that replacing the hRon
juxtamembrane domain with that of mRon conferred the hRon receptor ability to associate with cSrc, whereas introduction of the hRon juxtamembrane domain into the mRon construct
dramatically abrogated the receptor capability of binding to c-Src (62). In addition, the GST
pulldown assay results showed that interaction between mRon and c-Src was maintained by the cSrc SH2 domain. Taken together, these data suggest a permissive role of the juxtamembrane
domain in the Ron association with c-Src. As stated in previous chapters, the JM-B and JM-C
region in the Ron juxtamembrane domain plays a negative regulatory role in receptor activation,
and mutations in these regions endowed the receptor enhanced activities and promoted
downstream signaling. Hence, here we would explore the potential interactive mode between cSrc and the Ron variants, and the role of the juxtamembrane domain in the interplay.
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A2 Materials and Methods
Cell Transfection and Luciferase Assays—For the luciferase assay, 5X104 HEK 293 cells/well
were seeded into 24-well plates. Twenty four hours later, a designated mixture of 60ng of wild
type or mutant forms of RON, 60ng of AP-1 luciferase reporter plasmid, and 0.5ng renilla were
used for transient transfection with the Mirus-293 transfection reagent according to the
manufacturer’s protocol. MSCV-neo or PCDNA3.1-neo plasmid was used as control vectors for
each transfection. Cells were stimulated with 50ng/ml MSP (50ug/ml stock) 24 h following
transfection. Luciferase assays were performed at 24 h later according to the manufacturer’s
instructions (Promega). The fold increase is calculated as the firefly luciferase activity divided by
the renilla luciferase activity.
Western blot analysis—A total of 2.5X105 HEK 293 cells/well were plated into six-well plates.
Twenty four hours later, the cells were transiently transfected with 300ng RON or its derivatives
per well. Cells were stimulated with 200ng/ml MSP 48 h following transfection. 10 minutes later,
cells were suspended in 400ul ice-cold cell lysis buffer containing 150 mM NaCl, 20 mM TrisHCl (pH 7.5), 5 mM EDTA, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4,
and 10 mM NaF. Cell lysates were centrifuged at 12,000 rpm for 20 min, and the supernatant
lysates were transferred to prechilled tubes. Cell lysate was mixed with 4X denaturing SDS
loading buffer and heated at 100°C for 8 min. Samples were resolved on an SDS-PAGE gel and
then transferred to polyvinylidene difluoride membranes. Membranes were then blocked with 5%
nonfat milk or Bovine Serum Albumin in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1
h and probed with primary antibody at 4°C overnight. Membranes were washed three times in
TBST and incubated with secondary goat anti-rabbit IgG-HRP for another hour. Membranes were
washed three times in TBST before ECL plus Western blotting detection reagents were applied
for visualization. For reprobing, membranes were stripped with 62.5 mM Tris-HCl (pH 6.8), 2%
SDS, and 0.7% β-mercaptoethanol at 55°C for 30 min.
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A3 Results
Our previous studies highlight a central role of the juxtamembrane domain in the Ron receptors
association with c-Src (62). In contrast to the inhibitory juxtamembrane domain of hRon, the
juxtamembrane domain of mRon confers the receptor a productive structure and
autophosphorylation on the three kinase domain tyrosines which bind to the SH2 domain of c-Src.
Since the JM-B and JM-C region in the juxtamembrane domain of hRon maintain the
autoinhibited kinase conformation, it is assumed that release of the juxtamembrane domain
inhibitions may endow the hRon receptor capability of binding and responding to c-Src. In order
to test this hypothesis, c-Src or a dominant negative c-Src (Src-DN: K295M&Y528F,
simultaneous mutations of the ATP binding site and the C terminal tyrosine) was co-expressed
with Ron or Ron∆J in the presence and absence of MSP. Receptor autophosphorylation and
activation of downstream MAPK were evaluated.
Consistent with previous studies, expression of c-Src and Src-DN caused a dramatic change in the
Ron induced Erk phosphorylation in the presence MSP, but minor influence on the ligandindependent signaling (Figure A1-A). In addition, co-expression of catalytically intact c-Src with
Ron∆J resulted in dramatically enhanced Erk phosphorylation both in the presence and absence of
MSP, suggesting that deletion of the JM-B region enables the receptor to regain ability to interact
with c-Src regardless of MSP. The result is consistent with the previous finding that deletion of
the JM-B region in Ron partially restored the receptor binding ability to c-Src (62). Whereas cSrc was previously defined as a downstream molecule of the Ron signaling, surprisingly, we
show here that phosphorylation of the activation loop tyrosines and the c-terminal docking site
tyrosine of the receptors was tightly associated with the c-Src kinase capacity. Receptor
autophosphorylation was much stronger in the cells expressing c-Src compared to the ones
expressing Src-DN (Figure A1-A).
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We also compared the Ron or Ron∆J induced AP-1 transactivation with co-expression of the
empty vector, c-Src or Src-DN (Figure A1-B). Ron∆J mediated AP-1 transactivation was
dramatically enhanced when co-transfected with c-Src both in the presence and absence of MSP,
whereas expression of Src-DN diminished the AP-1 responses to the low basal level even in the
presence of MSP. On the other hand, while c-Src/Src-DN have little influence on the Ron induced
AP1 activation in the absence of MSP, co-expression of c-Src further enhanced performance of
the ligand-stimulating Ron, and Src-DN almost completely abrogated the MSP induced Ron
activation. Taken together, while c-Src primarily mediates the MSP induced Ron activity, it is a
predominant mediator of the Ron∆J signaling in disregard of the ligand. In addition to acting as a
downstream effector of the Ron signaling, c-Src also functions as an upstream regulator of Ron
and modulates receptor phosphorylation.
In this study we have shown that the enhanced receptor activity of Ron∆J is due to relief of the
inhibitory JM-C region caused by deletion of JM-B region. Therefore, in order to determine
whether the receptors harboring activating mutations in the JM-C region could overcome the
requirement of c-Src for receptor activation and signaling, Ron, Ron1044EDE-AAA or Ron∆1039-1047
were co-expressed with c-Src or Src-DN respectively. It is evident that expression of kinase
inactive Src-DN largely abrogated phosphorylation of the Ron variants and Erk, as well as the
induced AP-1 responses (Figure A2). These results indicate that the receptor activity and
downstream signaling capability of the Ron variants depend on involvement of a catalytically
active c-Src. While the activating mutations (∆J, 1044EDE-AAA and ∆1039-1047) may stimulate
the receptor association with c-Src which in turn further promotes the receptor activation, binding
of Src-DN to the Ron variants through the unchanged SH2 domain leads to decreased receptor
activity by certain unidentified mechanism.
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FIGURE A1: c-Src is an important mediator of the Ron receptor phosphorylation and
activation of downstream signaling. A) 293 cells were transfected with HA-tagged wild-type or
mutant Ron as indicated in the presence and absence of MSP. Lysates were blotted for pRon1238/9Y, p-Ron1260Y, HA, p-Erk and Erk. B) Relative luciferase activity in 293 cells cotransfected with wild-type or mutant Ron as indicated, and an AP-1 luciferase reporter in the
presence and absence of MSP.
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activation of downstream signaling. A) 293 cells were transfected with HA-tagged wild-type or
mutant Ron as indicated in the presence and absence of MSP. Lysates were blotted for pRon1238/9Y, p-Ron1260Y, HA, p-Erk and Erk. B) Relative luciferase activity in 293 cells cotransfected with wild-type or mutant Ron as indicated, and an AP-1 luciferase reporter in the
presence and absence of MSP.
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A4 Discussion
Interplay between RTKs and SFKs has been reported extensively. For example, through
interaction with the Kit juxtamembrane domain, c-Src further stimulated the Kit induced
melanogenesis and mast cell development (315). Y900 in Kit is not a receptor autophosphorylation
site, whereas it could be phosphorylated by c-Src and become a novel docking site for CrkII (316).
C-Src also modulates translocation of the EGFR from the cell membrane to the mitochondria
upon ligand stimulation. The c-Src induced phosphorylation of Y845 in the EGFR activation loop
can activate STAT5b, which mediates the receptor transportation (317). In addition, activity of cCbl is also modulated by the SFKs, which in turn regulates the ubiquitination and endocytosis of
RTKs (318). RTKs and c-Src have also shown reciprocally regulatory capability (319).
Phosphorylation of the EGFR by c-Src promotes its receptor activity, while activation of EGFR
conversely enhances the catalytic activity of c-Src (320,321).
Our study here has highlighted the intensive interactions between c-Src and the Ron receptors.
Unlike mRon, activity of hRon predominantly requires presence of MSP, and the MSP-induced
Ron activation largely depends on the catalytically active c-Src. Alterations in the juxtamembrane
domain of hRon could not overcome the requirement of c-Src for receptor activation and
downstream signaling. So far the molecular mechanisms of the c-Src mediated Ron activity are
not completely understood. Three tyrosines in the kinase domain of mRon were proposed as
binding sites for the SH2 domain of c-Src, and one of them is equivalent to Y1198 in hRon. Our
modeling shows that in the autoinhibited Ron structure Y1198 is partially buried and may form
hydrogen bonds with N1139 in the αC helix. When the Ron receptor becomes activated either by
ligand binding or mutations in the juxtamembrane domain, phosphorylation of Y1198 would
abrogate the linkage with the αC helix and expose the phosphorylated tyrosine, which might
explain the increased recruitment of c-Src by the activating mutants than wild type Ron.
Otherwise, it is possible that recruitment of c-Src might drive phosphorylation of tyrosines in Ron
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different from the autophosphorylation sites, which might become novel docking sites and expand
signaling capacity of Ron, similar to the interplay between c-Src and RTKs including EGFR,
PDGFR and c-Kit (316,317,322). Future studies are needed for the thorough understanding of the
relationship between Ron and c-Src, and the SYF cells lack of endogeneous SFKs might be a
good experimental system.
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Appendix B
The intracellular region of Ron participates in receptor dimerization.

B1 Introduction
RTKs are single-pass transmembrane proteins consisting of the extracellular domain, the
transmembrane domain, followed by the intracellular region including the juxtamembrane domain,
the kinase domain and a c-terminal tail (323). The N-terminal extracellular domain is
characterized as combinations of structural motifs, which enables the receptor to recognize
environmental stimuli with sufficient selectivity and affinity.
In the early days, it was generally believed that receptors existed on the cell membrane as
monomers with a low basal activity, and engagement of the ligand changed the monomer-dimer
equilibrium. The receptor dimerization results in a significant conformational change in the
intrinsically autoinhibited kinase domain, followed receptor transphosphorylation, which triggers
the kinase catalytic activity. Thus, dimerization is considered as a key trigger and also mediator of
the receptor activity, and constitutive dimerization caused by mutations is taken as a pathogenetic
causative factor. For instance, a variety of gain-of-function mutations in the extracellular domain
of c-Kit have been identified from samples of AML patients, all of which contain mutation of a
highly conserved D419 resulting in receptor oligomerization in the absence of ligand (174,324).
Besides, constitutive receptor activation caused by spontaneous dimerization has been found in
several RTKs including the TrkA and the Ret receptor (325-329). Hence, understanding of the
mechanisms underlying receptor dimerization would be helpful for modulation of the RTKs
activities and development of potential clinical applications.
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Theories have been raised regarding the mechanisms modulating receptor dimerization and
activation, and one possibility is that the dimer is stabilized upon ligand binding, as a
consequence the substrate concentration (the other receptor) for efficient phosphorylation in trans
is increased and the proximity of the kinase domains facilitates the catalytic activity. A good
example is the Tpr-Met, a naturally occurring dimerized form of the cytoplasmic region of Met,
which exhibits higher activity than the monomeric, phosphorylated Met (330). However, this
theory is challenged by a study shown that the dimerized insulin receptors by using glutathione Stransferase (GST) did not show distinct difference in receptor activity between the
phosphorylated monomeric and dimeric receptors (331). Altogether, with increasing knowledge
about the dimerization progress of different RTKs, it becomes eventually clear that mechanisms
governing receptor dimerization and activation are of great diversity and complexity.
How the ligand driving receptor dimerization leads to generation of a productive kinase is an
active area of investigation (33). Early studies of RTKs suggest a straightforward ligand-mediated
mode for the receptor dimerization. It was believed that RTKs usually exist on the cell membrane
as monomers, and two monomeric receptors simultaneously bind to a bivalent ligand through
their specific ligand-binding motifs so as to form a dimeric complex. RTKs fit in this theory
include the nerve growth factor (NGF)/neurotrophin receptor TrkA (332), CSF-1 receptor (333),
Kit (334), the Flt1 vascular endothelial growth factor receptor (335), Axl (336), Tie2 (337) and
the Eph receptor (338,339), although the detailed mechanisms vary among RTKs. For instance,
dimerization of TrkAs is an absolutely ligand-mediated event, and each receptor only makes
contacts with the dimeric NGF ligand (332), while dimerization of the CSF-1 receptors requires
direct receptor-receptor interactions (333). Besides involvement of the bivalent ligand and
interactions between receptors, an additional molecule, heparin sulfate proteoglycan is required
for the FGF induced oligomerization of the FGFR (30).
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On the other side, increasing evidence has indicated that the classical theory is not applicable to
all RTKs, as a subset of RTKs simultaneously form homo or heterodimers in the absence of
ligand, and ligand binding triggers the conversion of the inactive dimeric receptors to productive
structures (33,34). Evidence for this dimerization mode derives from studies of the IGF1, insulin
and Epo receptors, which are constitutively dimerized by the disulfide links. Binding of IGF1,
insulin and Epo respectively induces conformational changes and kinase activity of the dimeric
receptors (35,36). Studies using biomolecular fluorescence complementation (BiFC) assays
suggest that all the EGFR family members can form non productive dimers in the ER, and then
translocate to the plasma membrane and interact with the ligands (37). EGFR mutants lacking the
extracellular domain still exist as inactive dimer on the cell surface, suggesting that the
spontaneous dimerization of the EGFRs is mediated by the intracellular region of the receptors
(31,32). Overall, the means by which receptors dimerize is of great diversity and comprehensive
studies are needed for a thorough understanding of the mechanisms underlying.
The extracellular domain of Ron contains motifs for ligand recognition and receptor dimerization.
The Ron Sema domain and the MSP β chain are responsible for the receptor-ligand high affinity
association (40), and the Sema domain also forms interface of the dimeric receptors (340). The
current model for Ron dimerization is that a bivalent MSP engages binding sites for two Ron
receptors, consequently forming a 2:2 MSP: Ron complex with signaling competence (39).
However, the extracellular domain is not the only contributor for Ron dimerization. Previous
studies used a Ron agonist antibody to stimulate Ron dimerization, which however was abrogated
when the receptor c-terminal tail was deleted, suggesting a crucial role of the c-terminal tail for
Ron dimerization (341). Adversely, Sf-Stk was found spontaneously forming an inactive
oligomer in the cytoplasm, and would transform to an active conformation upon recruitment of
gp55 (313). This result suggests that the extracellular domain of mRon, deleted in Sf-Stk, might
impede the spontaneous receptor dimerization, and MSP stimulation may overcome this
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inhibition maintained by the extracellular domain of the full length Ron. In addition, as stated in
the previous chapters, hRon variants with activating mutations in the juxtamembrane domain of
Ron are able to become activated in the absence of ligand. Ligand independent Ron dimerization
and constitutive activation have been observed in a number of cancers (143,154). Taken together,
besides the extracellular domain which directly interact with the ligand, it is likely that
dimerization of Ron may also be regulated by multiple segments in the intracellular region
including the c-terminal tail and the juxtamembrane domain.

B2 Materials and Methods
Cell Transfection and Luciferase Assays—For the luciferase assay, 5X104 HEK 293 cells/well
were seeded into 24-well plates. Twenty four hours later, a designated mixture of 60ng of wild
type or mutant forms of RON, 60ng of AP-1 luciferase reporter plasmid, and 0.5ng renilla were
used for transient transfection with the Mirus-293 transfection reagent according to the
manufacturer’s protocol. MSCV-neo or PCDNA3.1-neo plasmid was used as control vectors for
each transfection. Cells were stimulated with 50ng/ml MSP 24 h following transfection.
Luciferase assays were performed at 24 h later according to the manufacturer’s instructions
(Promega). The fold increase is calculated as the firefly luciferase activity divided by the renilla
luciferase activity.
Flow Cytometry— A total of 5X105 HEK 293 cells/dish were plated into 6cm dishes. Twenty
four hours later, the cells were transiently transfected with 400ng RON or its derivatives per dish.
PCDNA3.1-neo plasmid was used as control vectors for each transfection. Cells were stimulated
with 600ng/ml MSP 24 h following transfection. Flow cytometry analysis was performed at 24 h
later. 2X106 cells were incubated per tube in 50ul FACS buffer (ice cold PBS + 2% FBS). Non-
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specific binding was blocked by the addition of 50 μL HAB for 2 minutes at room temperature.
Cells were incubated on ice with 5ug/ml anti-Ronβ (DX07) or IgG (control) for 30 min. Cells
were washed twice with 1ml FACS buffer and resuspended once more in 50 μL of FACS buffer.
50 μL HAB per tube was added again for blocking of non-specific binding. Cells were incubated
with 5ug/ml PE anti-mouse IgG1 as a secondary antibody to Ron for 30 min on ice. Cells were
washed twice, resuspended in 1mL of FACS buffer and analyzed for FLOW on a BeckmanCoulter FC500.

B3 Results and Discussion
Through alignment of the crystallized Ron1254M-T receptors dissolved with AMP-PNP and Mg2+,
we have identified two Ron molecules are most likely to form a dimer, based on their orientation
and distance (Figure A3-A). The receptor interface is primarily dominated by residues from the
αC and αF helix of Ron-1 (green) and the αG helix of Ron-2 (blue). Candidates putatively
involved in the dimerization interface have been revealed, and two groups of residues (side chain
shown as sticks) are likely to form hydrogen bonds (yellow dash) as colored respectively (Figure
A3-B). E1131 (yellow) in the αC helix of Ron-1 and R1304 (blue) near the αG helix of Ron-2 is the
strongest linkage between the two molecules, since there is a possibility to form three hydrogen
bonds. R1263 (pink) near the αF helix of Ron-1 is likely to form a hydrogen bond with D1295 (pink)
in the αG helix, as well as to form static interactions with H1298 (pink) in the αG helix of Ron-2. In
order to test whether these residues really contribute to the formation or stabilization of the Ron
dimer, a series of mutations were generated and the receptor activity was evaluated by the
induced AP-1 transactivation. Surprisingly, mutating E1131, R1304, R1263, D1295 and H1298
respectively to alanine or residue with opposite charged side chain disabled the receptor signaling
capability as well as the ligand-responding ability (Figure A4). Membrane expression level of
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these mutants was evaluated by flow cytometry analysis. Similar to the wild-type Ron, there was
no obstacle for the mutants to transport to the plasma membrane (Figure A5), which excludes the
conjecture that the disability of the mutants to respond to MSP is because of cytosol retention.
Undoubtedly further studies are needed for a thorough understanding of Ron dimerization process
and role of the residues discussed. Recently we have generated constructs of Ron with different
tags. Co-expression of the wild type and mutated Ron receptors with different tags in the cells
followed by immunoprecipitation analysis will be carried out for the further confirmation of the
involvement of the residues in receptor dimerization.
An allosteric mechanism for activation of the kinase domain of the EGF receptor was previous
demonstrated (342,343). Ligand binding stimulates rotation of the transmembrane helices and
rearrangement of the cytoplasmic domains of the EGF receptors. Particularly, juxtaposition of the
C-lobe of one kinase domain with the N-lobe of the other leads to alterations of the N-lobe αC
helix orientation, consequently permitting the receptor to adopt a catalytically active
conformation. Notably, the juxtamembrane domain plays a critical role in the allosteric kinase
activation and is required for productive monomer interactions within a dimer (344). Coexpression of Ron and the EGF receptor has been found in a third of patients with the bladder
cancer, and is tightly correlated with tumor invasion (148). Studies of the interplay between Ron
and the EGF receptor suggested a direct association of the two receptors irrespective of ligand
stimulation (148). Taken together, the EGF receptor and Ron are able to form dimers in the
absence of ligand. The EGF receptor dimerizes in a manner requiring contacts between the N lobe
and C lobe of two receptors, and the crystallographic studies of Ron1254M-T show similar position
of two Ron receptors as the dimerized EGF receptors. Therefore, although it is too early to
speculate that Ron dimerizes in a manner similar to the EGF receptor, at least it add some weights
to our model of Ron dimerization. In addition, we performed a sequence alignment of Ron and
other RTKs, and residues discussed here were shown conserved in Met, EGFR and the Eph
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receptor, indicating a possible role in the receptor activity. Considering that these residues are
unlikely to be involved in recruitment of downstream signaling transducers, it is therefore
proposed that interplays among these residues likely contribute to the dimerization of Ron.
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potential receptor interface. Figure was generated using the software Pymol. Details described
in the text.

149

4

- MSP

Fold Increase

+ MSP

3
2
1
0
control

WT

1131E-A

1304R-A 1304R-E

1263R-A 1295D-A
&1298H-A
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indicated in the presence and absence of MSP. Cells were harvested 48h after transfection and
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