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INTRODUCTION

Protein phosphorylation is probably the most important mechanism for regulation in
eukaryotic cells. The tightly regulated enzymes that catalyze the phosphorylation of
proteins, the protein kinases, are important components of signaling pathways that regulate
normal cellular functions such as the cell cycle, metabolism, differentiation, memory and
response to hormones, to name only a few. Over 400 are now known (1) and mutations
that geﬁerate unregulated or constitutively activated protein kinases are typically oncogenic.

One of the simplest members of the protein kinase family is the cAMP-dependent
protein kinase, cCAPK (2). Being one of the best understood members of the protein kinase
family, cAPK also serves as a template for the others since all of these enzymes have
evolved from a common ancestor and contain a conserved catalytic core. cAPK, in the
absence of cCAMP, contains two types of subunits, a regulatory (R) subunit and a catalytic
subunit (C). The RyCy holoenzyme is catalytically inactive. In the presence of CAMP the
complex dissociates into an Ry-(CAMP)4 dimer and 2 free and active C-subunits. The
crystal structure of the C-subunit, solved in our laboratory, serves as a structural template
for the entire family of protein kinases (3). It defines the folding of the polypeptide chain
as well as the positions of the invariant residues that mostly cluster around the active site
(4).

The objective of this grant is to characterize a novel oncogenic tyrosine kinase,
Ret/ptc2, found in human papillary thyroid carcinomas. Specifically, we want to
understand the molecular basis for its constitutive activation and the basis for its oncogenic
properties. Ret/ptc2 is a rearranged gene product composed of the cAMP-dependent
protein kinase (cAPK) regulatory subunit Io. (RIe) at its N-terminus fused to the tyrosine
kinase core of a receptor tyrosine kinase, the Ret receptor (RetR).

Ret Receptor

RetR was cloned from a THP-1 human monocytic leukemia cDNA library, and is
expressed in a number of human neuroblastoma and leukemia cell lines as 140-190 kDa
glycoproteins (5). Sequence analysis identified it to be a member of the receptor tyrosine
kinases, and in situ hybridization and mutations of the RetR gene show RetR function is
important for enteric neurogenesis and kidney organogenesis in the mouse (6-8) and for
normal development of motor and dopaminergic neurons (9). Activation of RetR requires
the binding of glial-derived neurotrophic factor (GDNF) to a glycosylphosphatidylinosital
linked receptor, GDNFo, and the association of this trimeric complex to RetR (9-12).
Homozygous knockout experiments of the GDNF gene result in both kidney agenesis and
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the absence of enteric innervation to the digestive system (13). Chromosomal
rearrangements of human RetR with other genes and point mutations of RetR have been

linked to a number of human cancers and Hirshsprung's disease.

The Ret Oncogene Family ,

The family of Ret oncogenes can be divided into three separate classes. The first
class was produced in vitro by transfecting NTH3T3 cells with high molecular weight DNA
from human cell lymphomas (14) human colon carcinoma (15) and human stomach cancer
tissue (16). The high propensity of the RetR gene to rearrange with other genes is reflected
in its name for rearranged upon fransfection (14).

The second class consists of missense mutations and truncated forms of RetR that
are proposed to result in either hyper- or hypoactivity. These are associated with three
dominantly inherited human cancer syndromes: MEN 2A (17), MEN 2B, familial
medullary thyroid carcinoma (FMTC) (17,18), and Hirschsprung's disease (19,20).

The third class of Ret oncogenes, isolated from human papillary thyroid carcinomas
(PTC) (21-24) consists of 3 subtypes: ret/ptcl, ret/ptc2 and ret/ptc3. The 5'end of the
each oncogene is a portion of an unrelated gene fused in frame to the identical splice site of
the RetR gene resulting in an intact and functional Ret tyrosine kinase.

The PTC-type oncogenes each encode 2 protein isoforms as a result of alternative
splicing at the 3' end, and unlike RetR, are completely cytosolic, phosphorylated on
tyrosine residues, and constitutively active (23). The 5'end of rew/ptcl is a fragment ofa
new gene designated, H4(DS10S170) (22,25) and the 5' end of ret/ptc3 encodes a gene
designated elel or ret-fused gene, whose gene product does not show sequence identity to
known proteins (23,26,27). Unlike ret/ptcl and ret/ptc3, the N-terminal sequence of
ret/ptc2 (23) encodes approximately 60% of a biochemically well characterized protein, the
Rlo subunit of cAPK. A comparison of RetR, Ret/ptc2 , and the cAPK Rla-subunit is

illustrated in Figure 1.
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Figure 1. Comparison of RetR, Ret/ptc2, and the cAPK Rla subunit

Regulatory Subunit of cAPK

The regulatory subunit of cAPK maintains the C-subunit in an inactive state by
forming a stable RoC; tetramer. A pseudo-substrate inhibition sequence in the R-subunit
mimics peptide substrates and fills the peptide binding site of the C-subunit. The binding
of cAMP to the R-subunit causes the complex to dissociate and release two active C-
subunits.

Although there are several unique gene products in the R-subunit family, all share a
well-defined domain structure. The Rlo subunit begins with a dimerization domain close
to its amino terminus followed by a pseudo-substrate inhibitory region and ends with two
tandem cAMP binding domains, A and B. The Rla dimerization domain is stabilized by
two antiparallel interchain disulfide bonds (28). Circular dichroism studies of the
proteolytically isolated Rlo. dimerization domain indicate it is predominantly o-helical, and
extremely stable to thermal denaturation (29). The crystal structure of a deletion mutant of
bovine Rlo was solved in our laboratory (30). The splice site of the Rlo fragment in
Ret/ptc2 is at the beginning of the «C-A helix, thus deleting the last 21% of the A-site
cAMP-binding domain and the entire B-site cAMP binding domain.

SPECIFIC AIMS
Our overall long-term goals are to understand the molecular basis for the
constitutive activation of Ret/ptc2 and to characterize the physiological function of both

Ret/ptc2 and RetR. Our specific aims are the following:

1. To model the kinase core of Ret/ptc2 based on the crystal structures of both the C-

subunit of cAPK and the kinase domain of the insulin receptor.
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2. To understand the structural features of Ret/ptc2 that are required for its oncogenic
properties. To achieve this we have developed an in vivo assay to measure the
mitogenic response of Ret/ptc2 by nuclear microinjection of ret/ptc2 into mouse
10T 1/2 fibroblasts.

3. To identify Ret/ptc2 associated proteins using a yeast two-hybrid screen.

4. To characterize the biochemical properties of Ret/ptc2 by overexpressing the protein in
E. coli and human kidney 293 cells. Phosphorylation sites will be mapped and kinetic

properties characterized.

5. To construct homologs of Ret/ptc2 using the tyrosine kinase domains of the EGF

receptor and the insulin receptor.

We have made excellent progress in each of these areas during the past four years.
In this final report, previous results which are detailed in prior annual reports will be briefly

summarized.

SUMMARY OF PREVIOUS RESULTS

Microinjection Assay
At the start of the Ret project we constructed a computer model of the RetR kinase

core based on the crystal coordinates of both the cAPK C-subunit and the inactive kinase

domain of the insulin receptor.
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Figure 2. Computer model of the Ret/ptc2 tyrosine kinase domain from residues 237-542.
The identified tyrosine residues have been shown to be important in eliciting a mitogenic
response in the microinjection assay. This model does not include tyrosine 586 which is
located at the C-terminus. Highlighted residues correspond to point mutants analyzed in
Figure 3.

We developed a nuclear microinjection assay of ret/ptc2 and mutants thereof into
mouse 10 T1/2 fibroblasts to quantitate DNA synthesis by 5-bromodeoxyuridine (BrdU)
incorporation (31). These studies confirmed the point mutations at S289P, R421Q and
R496G identified in Hirschsprung's disease inactivates Ret/ptc2. The MEN2B mutation at
M442T did not abolish the mitogenic response of Ret/ptc2 as expected. Microinjection of
epiderrmal growth factor receptor (EGFR) homolog, RIo/EGFR, consisting of the entire
EGFR cytoplasmic domain, showed this chimera was as mitogenically active as Ret/ptc2.
Truncation of the EGFR C-termnal tail which contains tyrosine residues necessary for
recruiting Src homology (SH2) domains of downstream signaling effectors abolished the
mitogenic response. The physiological consequences of C-terminal truncations of the wild-
type EGFR however, result in unaltered catalytic and signaling efficiency. The

Page 9



Principle Investigator: Susan S. Taylor

microinjection assay identified several key tyrosine residues in the kinase domain of
Ret/ptc2 at positions 505 and 586 which are presumably necessary for signal transduction.
These results are illustrated in Figure 3 and the mutated residues are shown in Figure 2.
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Figure 3. Mitogenic response of various constructs in the microinjection assay. pCATisa
chloramphenicol transferase reporter that was microinjected as a negative control.

The microinjection assay identified the dimerization domain within the Ret/ptc2 Rla

sequence to be critical for eliciting a mitogenic response in 10 T1/2 fibroblasts. Analysis of

Rl deletion mutants of Ret/ptcc2 are summarized in Figure 4.

Page 10




Principle Investigator: Susan S. Taylor

mitogenic activity:

g g g oot e o kgromn
RET/ptc2 100 yes
del 1-235 18 no
del 84-100 79 yes
del 100-228 82 yes
del 84-228 106 yes
del 84-238 70 yes
del 43-228 18 no
del 43-238 8 no
del 13-85 26 no

Figure 4. Mitogenic response of various Ret/ptc2 deletion constructs in the microinjection
assay.

Ret/ptc2 Associates with PLCy, Grbl0, and the Enigma LIM2/3 Domains
Using the kinase domain of Ret/ptc2 as the bait, we screened a murine embryonic
library using a yeast two-hybrid system (32). We identified the SH2 domains of Grb10
and phospholipase C y(PLCy) associates with residues Y429 and Y539 of Ret/ptc2,
respectively, which corroborated earlier reports (33,34). In addition, we found the C-
terminal LIM2/3 domains of Enigma (35) interact with Ret/ptc2 at residue Y586 (36).
Further refinement identified the Enigma LIM2 domain associates with a kinase inactive
Ret/ptc2 mutant, Ret/ptcY282R, whereas neither the SH2 domains of Grb10 or PLCy
interact with Ret/ptc2Y282R. These results indicate the Enigma LIM2 interaction is
independent of autophosphorylation at residue Y586. Full-length Enigma binds to both
Ret/ptc2 and the Ret/ptc2 kinase domain but not to a Ret/ptc2 mutant lacking Y586, C574,
(37). The interactions between Ret/ptc2 and the SH2 domains of Grb10 and PLCy and the
Enigma LIM2/3 domains were quantitated using a B-galactosidase assay (Figure 5).
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Grb10 SH2 PLCy SH2 Enigma LIM
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Figure 5. B-galactosidase activity of yeast co-transfected with constructs expressing
Ret/ptc2 as bait (wild-type or tyrosine to phenylalanine mutants) and with Grb10-SH2,
PLCy-SH2, or Enigma-LIM2/3 as prey.

Co-injection of ret/ptc2 and the three C-terminal LIM domains of Enigma, C275,
into mouse 10T 1/2 cells reduced the mitogenic response of Ret/ptc2 whereas co-injection
with full-length enigma or the N-terminal portion of Enigma, N279, did not alter the
mitogenic response (36). The Enigma LIM2 domain was found to specifically interact with
Ret/ptc2; LIM domains from zyxin failed to interact with Ret/ptc2. Co-injection of C275
or full-length Enigma, FL, with RIo/EGFR did not inhibit the induction of DNA
synthesis. These results are summarized in Figure 6.
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Figure 6. Mitogenic response of Ret/ptc2 co-injected with the control expression plasmid
(con), full-length Enigma (FL), C-terminal half of Enigma (C275), or N-terminal half of

Enigma (N279).

Enigma and Ret/ptc2 Co-Distribute in M icro-Injected Mouse 10 T1/2 Cells

The distribution of Ret/ptc2 concentrates about the cell periphery, including regions
resembling focal adhesions and the actin cytoskeleton (38). Full-length Enigma displayed a
distribution pattern similar to that of Ret/ptc2, with pronounced staining of the cell edges
and some cytoskeletal components. A deletion mutant of Enigma lacking the N-terminal
PDZ domain exhibited a diffuse, cytoplasmic staining pattern, while a mutant lacking all
three C-terminal LIM domains retained the wild-type distribution (Figure 7).
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Figure 7. A- C: Sequence requirements for the sub-cellular targeting of Ret/ptc2.
Fibroblasts microinjected with various Ret/ptc2 expression plasmids were fixed four hours
after injection and immunofluorescently stained using Ret antibodies. Constructs injected
coded for: (A) wild-type Ret/ptc2, (B) Ret/ptc2-C'574, a mutant where the last 22 amino
acid residues are deleted, including the Enigma binding site, and (C) Ret/ptc2-A13-84, a
dimerization domain deletion mutant. D-F: Sequence requirements for the sub-cellular
targeting of Enigma. Cells injected with constructs expressing HA-tagged forms of
Enigma were stained for immunofluorescence with anti-HA-tag monoclonal antibodies.
Plasmids expressed the following HA-tagged protein: (D) full-length Enigma, (E) the C-
terminal 275 residues of Enigma, which contain the three LIM domains, (F) the N-terminal
279 residues of Enigma, which contain the PDZ domain.

Further characterization of Enigma binding to Ret/ptc by confocal microscopy of

microinjected mouse 10 T1/2 cells show the two proteins co-distribute (Figure 8).
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Figure 8. Mouse 10T1/2 fibroblasts co-injected with expression plasmids of Ret/ptc2 and
HA-tagged Enigma were fixed four hours after injection, subjected to immunofluorescent
staining, and then imaged by confocal microscopy. (A) Enigma distribution shown by
fluorescein linked to anti-HA-tag monoclonal antibody. (B) Ret/ptc2 distribution shown by
fluorescence of Cy-5 linked to anti-Ret antibody, (C) digital overlay of the two fluorescent
signals.

Model for Enigma and Shc Binding to Ret/ptc2

Since the Ret/pt2 Enigma binding site was reported by a number of groups to bind
to the phosphotyrosine binding (PTB) site of the adaptor protein Shc (39,40), we wanted
to investigate whether Y586 is capable of binding to both proteins. Using a yeast two-
hybrid approach, we found Shc binds to Ret/ptc2 in a phosphorylation dependent fashion.
The catalytically inactive Ret/ptc mutant, Ret/ptc2Y282R, failed to interact with Shc PTB
domain as well as Ret/ptc2YS586F and the C-terminal truncation mutant, C'574. The Shc
SH2 domain did not interact with Ret/ptc2.

To elucidate the roles of Shc and Enigma binding to Ret/ptc2 we engineered a
chimeric form of Ret/ptc2 that would bind Shc and not Enigma and another chimera that
would bind Enigma and not Shc. To test the importance of Enigma anchoring of Ret/ptc2,
the "unanchored" C-terminal deletion form of Ret/ptc2, C'574, was fused to the N-terminal
279 residues of Enigma to make a chimeric protein referred to as C'574-PDZ. To engineer
a form of Shc that would bind to Ret/ptc2 in the absence of tyrosine 586, PLCyShc was
constructed in which the PTB domain of Shc was replaced with the N-terminal SH2
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domain of PLCy (Figure 9A). This SH2 domain of PLCy interacts with Y539 of Ret/ptc2
(36,41).

These chimeric proteins were first tested in the two-hybrid system and then further
characterized in transient transfections. Wild-type She interacted with Ret/ptc2, but failed
to interact with any of the Ret/ptc2 forms lacking tyrosine 586, including the chimeric
C'574-PDZ (Figure 9B, left panel). The PLCyShc chimeric adapter protein bound to all
forms of Ret/ptc2 except the unphosphorylated, kinase-inactive K282R mutant (Figure 9B,

right panel).
dimerization cAMP binding  Ret tyrosine kinase

gomain ___domain domain
Ret/pic2 SN -
Cs74 || BEENE 1

Erigms PDZ
domain
csra-poz 1 R R33
PTB SH2
gomain domain
She
PLCySH2

PLCYShe

200 residues

K282R

E Y586F

C'574

C'574-PDZ

PR -,

[ NS RS B v aeara bk I B B
0 50 100 150 200 250 300 0 100 200 300 400 500
B-Galactosidase Activity (min-1) B-Galactosidase Activity (min"?)

Figure 9. Characterization of interactions between Ret/ptc2 and Shc or PLCy-She. The
yeast two-hybrid system was used to monitor the interactions between various Ret/ptc2-
LexA constructs aand either Shc-VP16 or PLCy-She-VP16 fusions. (A) Schematic
representation of the fusion proteins constructed. B) B-galactosidase activity of yeast co-
transformed with the Ret/ptc2 and Shc constructs. Results shown are averages of units of
activity from four solution assays, with error bars representing the standard deviations.
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This pattern of interaction was confirmed in co-transfected human embryonic kidney 293
cells. Co-expression of Ret/ptc2 with Shc resulted in Shc tyrosine phosphorylation, while
Ret/ptc2 constructs incapable of binding to Shc were also unable to phosphorylate Shc
(Figure 10). In contrast, C'574 and C'574-PDZ were both able to phosphorylate

PLC+Shc.

Ret/pic2 + HA-PLCShe
Y C'574-PDZ + HA-PLCYShe

C'574-PDZ + HA-She
K282R + HA-PLC8Shc
C'574 + HA-PLCYShc

K282R + HA-Shc
C'574 + HA-She

3}
=
@
<
I

+
o
L

[
3

i}
o4

Jo—

anti-Ret

anti-HA

anti-phosphotyrosine

Figure 10. Phosphorylation of Shc and PLCy-She by Ret/ptc2 constructs. Kidney 293
cells were cotransfected with plasmids expressing a form of Ret/ptc2 and either HA-tagged
She (HA-Shc) or PLCy-She (HA-PLCyShc). The Ret/ptc2 constructs expressed wild-type
Ret/ptc2, a kinase-inactive point mutant (K282R), a C-terminal truncation mutant (C'574),
or a C-terminal replacement with the PDZ domain of Enigma (C'574-PDZ). Twenty-four
hours after transfection, the cells were harvested, and lysates were separated by SDS-
PAGE. Proteins were then transferred to PVDF membranes and detected with either anti-
Ret (upper panel), anti-HA (middle panel), or anti-phosphotyrosine (lower panel)
antibodies.

To test which of the interactions are required for Ret/ptc2 mitogenic signaling, the
chimeric proteins were evaluated in the mitogenic microinjection assay. As shown
previously (36), the C'574 mutant of Ret/ptc2, which does not bind to Enigma and She,
was not mitogenically active (Figure 11). Adding the Enigma PDZ domain to make C'574-
PDZ failed to increase mitogenic activity, despite the fact that this chimeric protein was sub-
cellularly localized in the same distribution as that of Enigma and wild-type Ret/ptc2 (data
not shown). PLCyShe did not exhibit any mitogenic activity in this assay, and its
interaction with C'574 was not sufficient to rescue the mitogenic activity of this non-
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Jocalized form of Ret/ptc2. Only co-expression of PLCyShe with C'574-PDZ resulted in
significant stimulation of mitogenic activity (Figure 11).
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Figure 11. Mitogenic activity of Ret/ptc2 constructs coexpressed with PLCy-She. In each
case, constructs were injected at 100 pg/ml, while background represents uninjected cells.
Cells were then assessed for entry into S-phase by immunofluorescent detection BrdU
incorporation. The fraction of injected cells positive for BrdU incorporation is shown with
error bars displaying the 95% confidence interval calculated using the standard error of
proportion. The numbers in parentheses are the total number of injected cells. The asterisk
(*) denotes cells co-injected with plasmids for C'574-PDZ and PLCyShc were significantly
above background in BrdU incorporation (p < .001).

To verify that a complex of Ret/ptc2 dimer binding to both Shc and Enigma was
formed in vivo, affinity precipitation experiments were carried out using lysates from
transfected 293 cells. The cells were co-transfected with constructs expressing HA-tagged
She and either Ret/ptc2, or Ret/ptc2 A13-84. Both Ret/ptc2 and the form lacking the
dimerization domain, Ret/ptc2 A13-84, bound to Enigma GST-LIM2 fusion protein.
However, Shc was only precipitated in the presence of dimeric, wild-type Ret/ptc2. This
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result demonstrates that a Ret/ptc2 dimer is capable of simultaneously binding to the LIM

domain of Enigma and to Shc. From these results, we propose a model for Ret/ptc2

signaling through its dual association with Shc and Enigma (Figure 12).

C'574-PDZ + She

Ret/ptc2 + Enigma + She

C'574-PDZ + PLCYShc

Enigma

PLCyShe
C'574 + PLCyShe x
5- Mitogenic
~3 Signaling
"
Mitogenic
Signaling
Legend
dimerization
PDZ
Torosi She PTB PLCYSH2 /
e rosine
9_°' ; Phosyphorylation ‘:i:r‘ / “ /
o ;j:.; a 1 ~—
- LiMs
Ret/ptc2 She PLCyShe Enigma

Figure 12. Proposed model for Ret/ptc2 mitogenic signaling. The left panel illustrates
functions of Enigma and Shc in Ret/ptc2 signaling. The center panel summarizes results
indicating that functions of either Enigma or Shc alone are insufficient for Ret/ptc2 activity.
The right panel shows restoration of Ret/ptc2 mitogenic activity by reconstitution of both

Enigma and Shc functions via chimeric molecules.
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Screening Ret/ptc2 Peptide Substrates
Expression of Ret/ptc2 in human embyronic kidney 293 cells (HEK293) provided a
source of unpurified protein to screen a number of peptide substrates. The following table

summarizes these results.

TABLE I. Peptide Substrate Screen

__ll’eptiﬁbstrate " Sequence umoles Pi incorporated
min-
angiotensin II DRVYHPF 2.1
35b RRKSRDVY424EEDS-NH? 0.089
36b RRKSEEMY 505RLML-NH?2 0.21
37 KRRDY539LDLA 1.6
21 KRRDY539LDLAASTPSDSL 0.83 !
39 RKVGPGY350LGSG-NH?2 0.01
42 KRRENKLY 586GRIS-NH? 0.42
43 KRRSRDVY424EEDSY429VKRS-NH?2 0.53
44 RPAQAFPVSY687SSSG 0 |
45 KRREEDSY429VKRS-NH? 0.11 |
49 AEEEEYFELVAKKKK 0.01

Although the angiotensin peptide appears to be a better substrate for Ret/ptc2, peptide 37is
a more specific substrate. Peptide substrate 37 contains Y539 which was found in the
yeast two-hybrid screen to associate with PLCy. Peptide 37 is a shorter version of peptide
21, however the degree of phosphorylation of peptide 37 by Ret/ptc2 is significantly
increased 2-fold. Mutation of Y350 to phenylalanine decreased the mitogenic response by
30 % (31), however, peptide 39 was poorly phosphorylated by Ret/ptc2 in vitro. Peptide
44 corresponds to the juxtamembrane sequence of RetR (42). Both Y350 and Y687 were
identified to be autophosphorylated by 2-dimensional phosphopeptide mapping of
immunoprecipitated RetR isolated from transiently transfected COS cells with proto-ret and
subsequently autophosphorylated in vitro with [y-32P]-ATP (43). Peptides 35b and 45
contain Y424 and Y429, respectively, of Ret/ptc2 which correspond to Y1158 and Y1162
in the insulin receptor (44). Phosphorylation of these residues in the insulin receptor is
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critical for activity. Phosphorylation of either tyrosine residue in peptide substrate 35b or
45 is minimal, however, when both residues are present within a single peptide, as in
peptide 43, there appears to be a synergistic effect. Peptide 49 represents a consensus
peptide substrate sequence for EGFR (45). This peptide substrate is not recognized by
Ret/ptc2. '

The ATP Km was determined to be 51-61 pM ATP for Ret/ptc2 expressed in 293
cells. The following plot (Figure 13) is a representative example of the kinase assay data.
Each point is the average of 3 data points, the standard errors for the data points is 9 % or

less, and the correlation factor is 0.997.
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Figure 13. ATP Km for Ret/ptc2 expressed in human kidney 293 cells.

Analysis of the RI&W/EGFR and Rlo/InsR Chimeric Proteins

In order to investigate the role of the Rla dimerization domain in the activation of
the tyrosine kinase domains of RTKs, we constructed chimeric genes of both the epidermal
growth factor receptor (EGFR) and the insulin receptor (InsR) to mimic the ret/ptc2 gene.
In the microinjection assay, the EGFR chimera elicited a mitogenic response similar to that
of Ret/ptc2, however, removal of the C-terminal tail, residues 959-1186, abrogated this
response (31). Similar to Ret/ptc2, the EGFR chimera is autophosphorylated when
expressed in 293 cells and the protein can be phosphorylated in vitro. The ATP Km was
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determined to be 62-79 UM in the kinase assay using the EGFR 1173 peptide substrate at 1
mM. The ATP Km for the EGFR kinase domain is 48-57 uM. These results indicate that
the contribution of the RIa subunit to the activity of the EGFR kinase activity is not
significant in vitro. However, the strong mitogenic response elicited by the EGFR chimera
suggests that the in vivo contribution of the dimerization domain is significant. We have
recent evidence that the RIo subunit dimerization domain interacts with an anchoring
protein, D-AKAP]1 (46) which serves to localize Rla within the cytosol. In contrast to the
EGFR chimera, expression of the InsR chimera in 293 cells resulted in an inactive,
unphosphorylated protein. These results suggest that the activation of the Ret/ptc2 and
EGFR kinase domains occurs via an intramolecular process whereas the InsR kinase may

be activated by an intermolecular event.

Expression and Purification of Hisg-Ret/ptc2

Although the expression of Ret/ptc2 in human embryonic kidney 293 cells, Sf9
insect cells, and E. coli was successful, the quantity of Ret/ptc2 produced in these
expression systems was too low for quantitative purification, and extensive biochemical
and biophysical characterization. We attempted the expression of Hise-Ret/ptc2 in the
wild-type strain, GS115 of the methylotrophic yeast, Pichia pastoris, in collaboration with
Jim Hoeffler and Tom Purcell at Invitrogen (Carlsbad, CA). Small-scale expression
preparations of either secreted or intracellularly expressed Hisg-Ret/ptc2 were analyzed by
SDS-PAGE and Western analysis using the Ret antibody. Intracellularly expressed Hisg-
Ret/ptc2 was overexpressed whereas the secreted protein was not detectable. We found
however expressed Hisg-Ret/ptc2 in the wild-type P. pastoris host strain degraded with
time at -80 °C. The degradation of Hisg-Ret/ptc2 in unlysed frozen cells was further
complicated by co-purification of over-expressed alcohol oxidase using our established

protocol of metal chelate affinity chromatography.

The following section of this report will concentrate on the work accomplished in
the last year. We have continued to work on the purification of Ret/ptc2 from the
methylotrophic yeast, Pichia pastoris, and to define how Ret/ptc2 signals in mitogenesis.
We present evidence on how Ret/ptc2 can initiate metastases of papillary thyroid

carcinomas by interfering with focal adhesion protein signaling pathways.
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MATERIALS AND METHODS
Plasmid Constructs
Ret/ptc2 was subcloned into the PmlI-NotI sites of the Pichia vector, pPICZb
(Invitrogen), containing a thrombin cleavage site at its 3' end, and expressed in the pep4-
his4- host strain SMD1168 (E. Komives, UC San Diego).

Expression in Pichia pastoris Strain SMDI1168

Ret/ptc2/pPICZB was linearized with Pmel (New England BioLabs) to transform
the pep4- his4-Pichia pastoris strain SMD1168 cells by electroporation in 0.2 cm cuvettes
(Bio-Rad) at 1500V, 25UF and 2000. Pulsed cells were incubated in 1 M sorbitol at 30
oC without agitation for 1 hour, and plated onto 2% agar YPDS (1% yeast extract, 2%
bacterial peptone, 2% dextrose, IM sorbitol) plates containing 100 mg/l zeocin (Invitrogen)
and incubated at 30 °C for 2 days. Colonies were purified by restreaking onto fresh
YPDS/zeocin plates. Single colonies were grown overnight at 30 °C and 300 rpm in
buffered glycerol complex medium (1% yeast extract, 2% peptone, 100 mM KH,PO4, pH
6.0, 1.34% yeast nitrogen base with ammonium sulfate without amino acids, 4 x 10-5% D-
biotin, 1% glycerol, BMGY). Cells were pelleted and resuspended in buffered methanol
complex medium (BMMY, replacing 1% glycerol in BMGY with 0.5 % methanol) to
induce Ret/ptc2-Hisg expression for 48 hours. Cells were pelleted, resuspended in the
lysis buffer described above, and lysed 8 times for 30 seconds each at room temperature in
a mini-beadbeater (BioSpec Prooducts) with 425-600 pm acid-washed glass beads
(Sigma). Proteins in the souble fraction were separated by SDS-PAGE followed by
Western analysis to determine Ret/ptc2-Hisg expression. Log-phase uninduced cultures of
high expression recombinants were frozen in 20% glycerol and stored at -80 °C.
Fermentation of ret/ptc2 /SMD1168 recombinants was accomplished in a basal salts
medium containing PTM salts (47) with the following exceptions: the pH of the culture was
maintained at 5.3,the medium was supplemented with 0.4% L-histidine every 24 hours at
25-40 ml/l, expression of Ret/ptc2-Hisg was induced for 4 days by growth in 100 %

methanol, cells were harvested by centrifugation, and the cell pellet was stored at -80 °C.

Purification of Ret/ptc2-Hisg

Eleven grams of frozen cells were thawed and rinsed briefly in the following lysis
buffer: 20 mM Tris-Cl, pH 8, 100 mM NaCl, 10 % glycerol, 5 mM EDTA, 5 mM B-ME,
50 pg/ml TLCK, 100 pg/ml TPCK, 1 pg/ml leupeptin, 0.1 mM PMSF, 0.1 mM 1, 10-o-
phenanthroline, 0.1 mM amino benzene ethyl sulfonyl fluoride (ABESF). Cells were
pelleted by centrifugation at 3000 x g for 10 minutes at 4 °C, resuspended in 30 mls lysis
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buffer, and lysed 10 times for 30 seconds each in an MSK cell homogenizer (B. Braun
Biotech Inc.) with 16 gms of 425-600 pm acid-washed glass beads, and cooling the
sample 2-3 minute in an ice water bath between lysing. Lysates were centrifuged at 31000
x g for 12 minutes at 4 oC, and the supernatant fraction, S1, was withdrawn and
precipitated with 55% NH4SOy4 at 4 °C for 30 minutes. Precipitated proteins were
removed by centrifuging the sample at 31000 x g for 10 minutes at 4 °C, and the
supernatant fraction, S2, was dialyzed (Spectra/Por 12-14,000 MW cutoff) extensively into
the lysis buffer described above. Proteins in the dialysate were bound to 20 mg DE-52
resin at 4 °C and eluted with a linear NaCl gradient (100-300 mM). Peak Ret/ptc2-Hisg
fractions were determined by SDS-PAGE and Western analysis, extensively dialyzed
against 20 mM Tris-Cl, pH 8, 100 mM NaCl, 5 mM EDTA, 5 mM g-ME, 10 % glycerol, 5
mM EDTA, 0.1 mM ABESF and filtered through a 0.8 um/0.2 pm Acrodisc PF syringe
filter (Gelman). Ret/ptc2-Hisg was purified by a second anion exchange chromatography
by binding onto an Uno Q6 column (Bio-Rad) and eluting with a linear salt gradient using a
BioLogic Workstation (Bio-Rad) at 4 °C. Peak fractions were determined by SDS-PAGE
and Western analysis as described above, concentrated in a stirred cell concentrator
(Amicon) at 4 °C, and purified to homogeneity by preparative gel filtration using the
BioLogic Workstation fitted with a Pharmacia Superdex 200 preparative gel filtration
column in 50 mM HEPES, pH 8, 200 mM NaCl, 5 mM B-mercaptoethanol and 10 %
glycerol at 4 °C.

Mammalian Cell Culture

HEK?293 and NIH3T3 cells were a generous gift from the laboratory of G.N.Gill (UC San
Diego) and maintained at 37 °C, 8% CO,. HEK293 cells were grown in Dulbecco's
Modification of Eagle's Medium (DMEM) containing 1 gm/1 glucose with L-glutamine, 5%
fetal bovine serum (FBS) , 5% enriched calf serum (ECS) and 1% fungibact . NIH3T3
cells were grown in DMEM containing 4.5 gn/1 glucose with L-glutamine, 10% ECS and
1% fungibact.

Plasmids and Site-Directed Mutagenesis

ret/ptc2 was a generous gift from M. A. Pierotti (Istituto Nazionale Tumori, Milan, Italy).
p2FTL and B-galactosidase/CMV were a generous gift from the laboratory of G. N. Gill
(UC San Diego). Murine p125FAKY397F-(HA)3 was a generous gift from D. D.
Schlaepfer (Scripps Research Institute). ret/ptc2Y586F was constructed using the
QuikChange kit (Stratagene) using the manufacturer's protocol.
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Transfection of HEK293 Cells

Plasmid DNA was amplified in the E. coli strains, DH5o or XLI-Blue (Stratagene), and
purified using the Qiagen endotoxin-free maxi plasmid kit according to the maufacturer's
protocol. NIH3T3 and HEK293 cells were transfected using either the calcium phosphate
method (48), or the Qiagen Effectene Transfection Kit using the manufacturer's protocol.
Cells were harvested 36-48 hours post-transfection in the existing medium, rinsed 2x with
phosphate buffered saline (PBS) and homogenized with a nylon microfuge tube pestle on
ice in 100 pl of the following lysis buffer: 50 mM HEPES, pH 8, 150 mM NaCl, 10 %
glycerol, 5 mM B-mercaptoethanol, 1 pg/ml leupeptin, 100 pg/ml TPCK, 50 pg/ml
TLCK, 0.01 mM 1,10-o-phenanthroline, 0.1 mM PMSF, 1 mM Na3VOy4, 0.1 mM
AEBSF. Cell lysates were cleared by centrifugation at 14,000 x g at 4 oC for 10 minutes
and the supernatant fraction (S1) was withdrawn for immunopreciptation, kinase assays, or
discontinuous sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(49).

Antibodies and Western Immunoanalysis

The peptide antigen sequence corresponding to residues 535-551 of Ret/ptc2 was
synthesized in the laboratory E. Komives (UC San Diego) on a Milligen 9050 PepSyn
peptide synthesizer using standard Fmoc methodology with the pentafluorophenyl esters of
the amino acids and either hydroxybenzotriazole or more lately hydroxyasabenzotriazole as
the activator. The peptide antigen was desalted by reverse-phase HPLC, and conjugated to
keyhole limpet haemocyanin (Calbiochem) with glutaraldehyde (50). Polyclonal antibodies
were isolated from rabbit serum (Cocalico Biologicals, Reamstown, PA), purifed from CM
Affi gel Blue Gel (BioRad), precipitated with 45% ammonium sulfate, and eluted from
protein A conjugated agarose (Pierce). Proteins separated by SDS-PAGE (10% T, 4.5%
C) were transferred to 0.45 um PVDF membranes (Millipore or Bio-Rad) in 10 mM
CAPS, pH 11, 10% methanol for 1 hour at 4 °C and 100V. Blots were rinsed briefly in
0.5 M Tris-Cl, 1.5 M NaCl, 1% Tween 20, (TTBS) and incubated in either 5% nonfat
milk/TTBS (e-Ret or o-PY-20 antibodies) or 2% bovine serum albumin (BSA)/TTBS (o-
paxillin antibodies) overnight. Blocked blots were incubated in the following primary
antibodies: PY-20: monoclonal mouse phosphotyrosine antibodies (Transduction Labs) at
1:2000 in 5% nonfat milk/TTBS, paxillin: monoclonal mouse paxillin antibodies
(Transduction Labs) at 1:1000 in 1% BSA/TTBS, HA: monclonal 12CAS5 mouse antibody
(laboratory of H. Bourne, UC San Francisco) at 1:5000 in 1% BSA, c-Myc: polyclonal
mouse c-Myc antibody (Santa Cruz or Invitrogen) at 1:2000, Ret: polyclonal rabbit Ret
antibodies at 1:200000 in TTBS. Blots were rinsed and then incubated in either anti-mouse
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horseradish peroxidase (HRP) at 1:2000 (Amersham/USB), anti-rabbit HRP
(Amersham/USB) at 1:2000 or anti-rabbit alkaline phosphatase (Boehringer Mannheim)
and visualized by chemiluminescence (Pierce) or developed with nitro blue tetrazolium and

5-bromo-4-chloro-3-indolyl phosphate according to the manufacturer's protocol

(Promega).

Immunoprecipitation

Four micrograms of polyclonal rabbit p125FAK antibodies (Upstate Biotechnology), 8-10
ug affinity purified polyclonal rabbit Ret antibody, or 3 pg 12CAS antibodies were added
to isolated S1 fractions from HEK293 cell lysates and incubated up to 2 hours at 4 °C on a
rotating wheel. Agarose beads conjugated with protein A (Pierce) were equilibrated in
fresh lysis buffer and 30-35 pl of the slurry was added to each S1 fraction and incubation
was continued for 45 minutes or overnight. Samples were centrifuged to pellet the resin
and the resin was washed 4 x with 300 pl each of fresh lysis buffer. 45-90 pl of 1x
laemmli loading dye was added to the resin for SDS-PAGE. All other fractions were
diluted 1:1 with 2x laemmli loading dye.

Expression of GST-Paxpp4 Protein

The four C-terminal LIM domains (residues 318-561) of avian paxillin (51) was expressed
as a GST-fusion protein, GST-Paxy jma4, in the vector, pGEX-2TK (Pharmacia), in the E.
coli strain, BL21(DE3) (Novagen). Expression was induced with 1 mM isopropylthio-B-
galactoside for 2 hours at 37 °C. Harvested cells were lysed by sonication in 20 mM Tris-
HCI, pH 7.5, 100 mM NaCl, 5 mM benzamidine-HCl, 1% Triton X-100, 10 pg/ml
Jeupeptin, 10 pg/ml aprotinin, and the lysate cleared by centrifugation. Fusion proteins
were purified on glutathione agarose (Sigma) and the washed beads were resuspended in
the buffer described above to a final concentration of 0.1 mg/ml GST-Paxy jma-

Kinase Assay of GST-Paxpimg

Ten micrograms of GST-Paxy M4 agarose beads were incubated with 10 ul S1 fraction
isolated from HEK293 cells transfected with either TE, pH 8 or ret/ptc2 for 10 minutes at
room temperature (RT). Reactions were stopped by centrifuging the samples at RT for 5
minutes to pellet the resin, and the resin rinsed 2x with 50 pl ice-cold lysis buffer. 10 pl
of 1x laemmli loading dye was added to the rinsed resin, samples heated at 100 °C for 3
minutes and separated by SDS-PAGE. The destained polyacrylamide gel was dried
between 2 sheets of cellophane in 10% ethanol, 5% glycerol and exposed to Kodak XAR

film at -80 °C with intensifying screens.
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Kinase Assay of HA-JNK and c-Myc-ERK2

The methods used were similar to that reported previously (52). Briefly, 1 ug HA
antibody or c-Myc antibody was added with 10 pl 10% protein A-sepharose to each S1
fraction isolated from co-transfected HEK293 cells containing identical concentrations of
total protein to immunoprecipitate overnight at 4 °C. Beads were washed 3x with 500 ul
each of 50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.5% Tween-20 (TTBS), once with
kinase assay buffer: 25 mM HEPES, pH 7.4, 20 mm MgCl,, 0.1 mM Na3zVO4, 1 mM
PMSF, 10 pg/ml leupeptin, 20 mM B-gycerol phosphate, 2 mM dithiothreitol, and the final
pellet was resuspended in 20 ul kinase assay buffer. 2.8 ug GST-c-Jun or 5 pg myelin
basic protein and 1 pl [y-32P]-ATP was added and the reactions incubated at 30 °C for 20
minutes. Reactions were quenched by the addition of 6x laemmli loading dye and the
proteins were separated by SDS-PAGE. Dried gels were exposed to film at -80 °C with

intensifying screens.

Luciferase Assay

Transfected HEK293 cells were harvested in the existing medium, rinsed twice with PBS,
resuspended in 100-300 ul 100 mM KPOy4, pH 7.8, 1 mM DTT, and lysed by freeze/thaw
3x in dry ice/isopropanol and 37 °C. Lysates were cleared by centrifugation and samples
were incubated on ice until assayed. Three microliters of each S1 fraction was added to
300 ul 100 mM KPO4, pH 7.8, 5 mM ATP, 15 mM MgSOy4 and the reaction was initiated
with 100 pl 1 mM luciferin (Analytical Luminescence Laboratory). Luminescence was
measured in a Monolight 2001 luminometer for 10 seconds at RT. Each sample was
assayed for transfection efficiency by incubating an aliquot of each S1 fraction in 500 ul 50
mM Tris-Cl, pH 7.5, 100 mM NaCl, 10 mM MgCly, 0.75 mM o-nitrophenyl g-D
galactopyranoside 6-phosphate (Sigma), until a visible color was detected. Reactions were
quenched with 500 ul 1M NapCO3 and quantitated at OD420. Duplicate luminescence
values from triplicate transfections were corrected for transfection efficiency by dividing
each value by volume corrected OD4yq readings per transfection, and averaging the final
values. Standard errors were calculated using the standard error of the average which was
typically 6% or less. The vector average value was set to 1.0 and average values for each
sample was divided by the vector average value and presented as a fold-activation above or
below 1.0.
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Microinjection of NIH3T3 Cells and Immunostaining

NIH3T3 cells were plated at 1.67 x 10% onto sterile 12 mm (Fisher) glass cover slips in 60
mm plastic culture dishes and incubated overnight at 37 °C, 10% CO,. Prior to injection,
each cover slip was transferred into a separate 35 mm culture dish containing fresh DMEM
+ 10% FBS. Endotoxin-free plasmid DNA was diluted to 100 pg/ml in 40 mM NaCl, 50
mM HEPES, pH 7.6, and loaded into a glass injection needle (Kopf). Cells were nuclearly
injected with the injection needle mounted on an automatic micromanipulator (Eppendorf).
Microinjected cells were incubated at 37 °C, 5% CO; and fixed 5 hours post-injection with
3.7% formaldehyde in PBS for 5 minutes at RT, rinsed briefly in PBS and permeabilized
0.3% Triton X-100/PBS. Cells were immunostained following an established protocol
(31). Cover slips were mounted onto glass slides (Fisher) with gelvatol.

RESULTS

I. Ret/ptc2 Expression and Purification

In the Pichia pastoris expression system Ret/ptc2 was expressed as a fusion protein
containing a thrombin cleavage site at the end of the Ret/ptc2 primary sequence, followed
by a C-Myc epitope, and a His tag at its C-terminus. The predicted size and isoelectric
point of the full-length protein is 71358 kDa and 6.21, respectively. Western analysis ofa
Rct/ptc2-His6 purification from an 11 gm frozen fermentation Pichia cell pellet is shown
from total cell lysate to purified protein (Figure 14). The total amount of purified Ret/ptc2-
Hisg is approximately 1.5-2.0 mg.

Figure 14. Western analysis of Ret/ptc2-Hisg with polyclonal Ret antibody. From left to
right: BRL molecular weight markers, total cell lysate, supernatant fraction, dialyzed 55%
NH,SO, supernatant, pooled DE-52 fractions, pooled UnoQ6 fractions, concentrated
UnoQ6 fractions, pooled gel filtration fractions.

Page _28




Principle Investigator: Susan S. Taylor

II. Mitogenic Signaling of Ret/ptc2
Paxillin Co-Immunoprecipitates with Ret/ptc2

Western analysis of ret/ptc2 transiently transfected HEK293 cells with polyclonal
rabbit Ret antibodies shows Ret/ptc2 is expressed as a soluble protein (Figure 15A, upper
panel). Immunoprecipitation of Ret/ptc2 from the supernatant fraction (S1) of HEK293
cells transiently transfected with ret/ptc2 and Western analysis with monoclonal mouse
paxillin antibodies reveals paxillin co-immunoprecipitates with Ret/ptc, whereas buffer
transfected cells do not express Ret/ptc2 nor is paxillin immunopreciptitated (Figure 15A,
lower panel). The four C-terminal LIM domains of paxillin was expressed as a GST-
fusion protein and this substrate, GST-Paxy pm4, is phosphorylated in vitro by HEK293
expressed Ret/ptc2, whereas the S1 fraction from buffer, 10 mM Tris-Cl, pH 8, 1 mM
EDTA (TE, pH 8) transfected cells was unable to phosphorylate GST-Paxy im4, nor was

the substrate capable of autophosphorylation (Figure 15B).

Phospho-Ret/ptc2 and Phospho-Paxillin Co-Immunoprecipitates with
Phospho-p125FAK

Western analysis with phosphotyrosine antibodies (PY-20) of Ret immunoprecipitated
proteins reveals a prominant high molecular weight protein at approximately 125 kDa as
well as tyrosyl-phosphorylated Ret/ptc2 and paxillin (Figure 15C).

A Nt
714 kDa— ZZ -Reupic2
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a@-PY-20 blol

Figure 15. Ret/ptc2 is expressed in ret/ptc2 transfected HEK293 cells (panel A, upper blot)
and paxillin co-immunoprecipitates with Ret/ptc2 from ret/ptc2 transfected cells (panel B,
lower blot). Autoradiogram of GST-Paxyma4 phosphorylated by Ret/ptc2 (panel B) in

vitro. Paxillin, p125FAK, and Ret/ptc2 co-immunoprecipitate and are tyrosyl-
phosphorylated in ret/ptc2 transfected HEK293 cells (panel C).
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Western analyses with Ret antibodies (Figure16, upper panel) or PY-20 antibodies (Figure
16, lower panel) of polyclonal rabbit p125FAK immunoprecipitated proteins from ret/ptc2
transfected HEK293 cells show Ret/ptc2 (Figure 16, upper panel lanes 3, 6, 9 and 12)
associates with p125FAK, whereas Ret/ptc2 was not expressed or immunoprecipitated from
either TE, pH 8 (Figure 16, upper panel lanes 1, 4, 7 and 10), nor vector, pRc/CMV
(Figure 16, upper panel, lanes 2, 5, 8 and 11) transfected cells. Interestingly, only tyrosyl-
phosphorylated Ret/ptc2 co-immunoprecipitated with tyrosyl-phosphorylated p125FAK
(Figure 16, lower panel, compare lanes 9 and 12). Similar studies in which Na3VO, was
not included in the preparation of the S1 fraction revealed a greater pool of
unphosphorylated Ret/ptc2 which did not co-immunoprecipitate with p125FAK (data not

shown).
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Figure 16. Polyclonal p125FAK antibody co-immunoprecipitates tyrosyl-phosphorylated
Ret/ptc2. Upper panel: Western analysis with Ret antibodies of p125FAK

immunoprecipitated proteins. Lower panel: Western analysis of p125FAK
immunoprecipitates using PY-20 antibodies.

Ret/ptc2 Activates c-Myc-ERK2 and not HA-JNK

Normalized values for the in vitro phosphorylation of myelin basic protein (MBP)
by immunopreciptated c-Myc-ERK2 from ret/ptc2 transfected HEK293 cells reveals ERK2
is activated in ret/ptc2 transfected cells (Figure 17A). The level of ERK2 activity is similar
in the presence or absence of serum. Western analysis of S1 fractions isolated from these
transfected cells confirms the expression of Ret/ptc2 and p125FAK Y397F (Figure 17B,
upper and middle panels). Both Ret/ptc2 and p125FAK are tyrosyl-phosphorylated (Figure
17B, lower panel). Increased ERK2 activity from ret/ptc2-p125FAKY397F co-transfected
cells (Figure 17A) correlates with increased phospho-p125FAKY397F (Figure 17B, middle
and lower panels). Ret/ptc2 does not activate the JNK pathway since in vitro
phosphorylation of c-Jun by immunoprecipitated HA-JNK from cells co-transfected with

ret/ptc2-ha-jnk was identical to that measured for vector controls (data not shown).
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Figure 17. Co-transfected HEK293 cells express phospho-Ret/ptc2, phospho-

p125FAKY397F, and activate c-Myc-ERK2. Panel A: Normalized values for the in vitro
phosphorylation of myelin basic protein (MBP) by immunoprecipitated c-Myc-ERK2
isolated from transfected HEK293 cells. Panel B: Western analysis of HEK293 S1

fractions following co-transfection show ret/ptc2 and ret/ptc2-p125 FAKY397F express
phospho-Ret/ptc2 (upper and lower blots). Phospho-Ret/ptc2 is expressed in the absence

of serum (upper and lower blots). HA-tagged p125FAKY397F is expressed and tyrosyl-
phosphorylated (middle and lower blots).

Ret/ptc2 and Ret/ptc2Y586F Activate the c-fos Promoter

Co-transfection of HEK293 cells with ret/ptc2 and a c-fos promoter-luciferase
reporter plasmid, p2FTL, shows the c-fos promoter is activated 12-fold above that
measured from cells transfected with the pRc/CMYV plasmid control (Figure 18). c-fos
activity was increased 33% in cells co-transfected with ret/ptc2-p125FAKY397F. To
determine whether Ret/ptc2 could activate the c-fos promoter independently of She, we
employed the Shc independent Ret/ptc2 mutant, ret/ptc2Y586F. Our results show the c-fos
promoter is activated 75% in cells transfected with ret/ptc2Y586F; activity is fully restored
in cells co-transfected with ret/ptc2Y586F-p125FAKY397F. Interestingly, co-transfection
of ret/ptc2 or ret/ptc2Y586F with dominant negative Ras, rasI7N, activated the c-fos
promoter 25%; co-transfection with p125FAKY396F increased c-fos promoter activation to
33%. Co-transfection of cells with ret/ptc2 and dominant negative Raf-1 abrogates c-fos
activation which is not restored by the presence of p125FAKY397F. The Ret/ptc2 kinase
domain (ret/ptc2AI-235) decreased c-fos activation below vector control levels which is

suggestive of a dominant negative effect.
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Figure 18. The c-fos promoter/luciferase reporter is activated 12-fold and 9-fold above
vector transfected cells in ret/ptc2 and ret/ptc2Y586F transfected HEK293 cells,

respectively. The presence of p125FAKY397F increases c-fos promoter activity 33% in
ret/ptc2 and ret/ptc2Y586F co-transfected HEK293 cells. Dominant negative Ras,
Ras17N, activates the c-fos promoter 25% when co-transfected with either ret/ptc2 or

ret/ptc2Y586F; the presence of p125FAKYS86F increases c-fos activity 33%. Dominant
negative Raf decreases c-fos promoter actvation to background levels.

Ret/ptc2 and Ret/ptc2Y586F Increase Cellular Tyrosine Phosphorylation in
Microinjected NIH3T3 Cells

ret/ptc2 and ret/ptc2Y586F transfected HEK293 cells exhibit loss of cell-cell contact
inhibition and isolated cells have a rounded, swollen morphology 16 hours post-
transfection consistent with a transformed phenotype. Transfected cells exhibit numerous
actin microspikes at their periphery 36 hours post-transfection while retaining their swollen
phenotype, and adhesion to the plastic cell culture dishes is more stable 36 hours post-
transfection than after 16 hours (data not shown).
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Ret/ptc2, Ret/ptc2Y586F, and Ret/ptc2A1-235 accumulate in the cytosol of nuclear
injected NIH3T3 cells (Figure19, panels a, b, d, e, g, h). Cells expressing Ret/ptc2 and
Ret/ptc2Y586F exhibit an elongated phenotype (Figure 19, panels a, b, d, €) and cellular
phosphotyrosine levels are increased (Figure 19, panels a-c, d-f), whereas cells expressing

Ret/ptc2A1-235 do not exhibit these changes (Figure 19, panels g-1).

Figure 19. Expression of Ret/ptc2 and Ret/ptc2YS86F increases the level of cellular
phosphotyrosine and cells exhibit an elongated phenotype in microinjected NIH3T3 cells.
Cells expressing Ret/ptc2A1-235 do not exhibit these changes.

Ret/ptc2 and Ret/ptc2Y586F Phosphorylate p125FAKY397F

Western analysis using PY-20, Ret/ptc2 and 12CA5 antibodies of 12CAS5
immunoprecipitated p125FAKY397F from transiently transfected HEK293 cells show
p125FAKY397F (Figure 20A), Ret/ptc2, Ret/ptc2YS86F, and Ret/ptc2A1-235 are expressed
(Figure 20B). The 12CAS antibody appears to recognize Ret/ptc2 and Ret/ptc2Y586F
because both proteins are detectable at longer exposure times of the 12CAS5 Western blot
(Figure 20A, lanes 2 and 5), whereas Ret/ptc2A1-235 is not detectable by the 12CA5
antibodies. p125FAKY397F, Ret/ptc2 and Ret/ptc2Y S86F are tyrosyl-phosphorylated
(Figure 20C). Although the amount of immunoprecipitated p125FAKY397F is equivalent in
the co-transfected cells (Figure 20A, lanes 6-8), phosphorylation of p125FAKY397F is 50%
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greater in ret/ptc2 co-transfected cells than in retptc2Y586F co-transfected cells (Figure
20C, lanes 6 and 7). Ret/ptc2A1-235 is expressed (Figure 20B), however, Ret/ptc2A1-235
is not phosphorylated (compare Figure 20B and 20C, lanes 3 and 8), nor is
immunoprecipitated p125FAKY397F phosphorylated (Figure 20C, lane 8). The differences
in phosphotyrosine staining between Ret/ptc2, Ret/ptc2Y586F and Ret/ptc2A1-235
expressed in HEK293 cells reflect that observed in microinjected NIH3T3 cells (Figure
19).
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Figure 20. Transiently transfected HEK293 cells express p125FAKY397F (panel A),

Ret/ptc2, Ret/ptc2Y586F, and Ret/ptc2A1-235 (panel B). p125FAKY397F is
phosphorylated by phospho-Ret/ptc2 and phospho-Ret/ptc2Y586F, but not by
unphosphorylated Ret/ptc2A1-235.

DISCUSSION
The in vivo association of Ret/ptc2 with paxillin and phosphorylation of the paxillin
C-terminal LIM domains by Ret/ptc2 in vitro indicate paxillin is a suitable physiological
substrate for Ret/ptc2. The association of Ret/ptc2 with paxillin is consistent with earlier
reports of paxillin phosphorylation in Ret kinase signaling in NIH3T3 cells (53). The
interaction of Ret/ptc2 with paxillin and p125FAK js likely to be mediated by the Ret
tyrosine kinase domain since paxillin co-immunoprecipitates, albeit to a weaker extent, with
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Ret/ptc2A1-235 (data not shown), and Ret/ptc2A1-235 co-immunprecipitates with
p125FAKY397F. Ret/ptc2A1-235 is not catalytically active (V. Yao, unpublished data),
does not phosphorylate p125FAK Y397F, and appears to inhibit activation of the c-fos
promoter. The association of Ret/ptc2 with p125FAK and paxillin is not surprising since
p125FAK binds directly to paxillin (51). The phosphorylation of p125FAK, however,
implicates activation of the Ras signaling pathway (54).

Our results show the increased activity of c-myc-ERK2 from ret/ptc2 transfected
cells is not dependent on integrin receptor activation (55,56) since the absence of serum in
the transfection medium does not abrogate the increased activity of immunoprecipitated
ERK2 or the phosphorylation of p125FAK, ERK2 activation of ret/ptc2 transfected
HEK?293 cells is concommitant with c-fos activation. Increased ERK2 and c-fos activity in
ret/ptc2-p125FAKY397F co-transfectants indicate p125FAKY397F increases Ras pathway
signaling possibly by functioning as an exogenous substrate source. Since c-Src binding
to p125FAK at Y397 is necessary for p125FAK phosphorylation at Y925 followed by Grb2
recruitment (57-59), our results with the p125FAKY397F mutant show constitutively active
Ret/ptc? effectively circumvents c-Src regulation of p125FAK,

Although Ras activation had been demonstrated for Ret/ptc2 signaling by
association with She (38), we wanted to determine whether activation of the Ras pathway
by Ret/ptc2 phosphorylation of p125FAK could occur independently of Shc. Our results
show that although the Ret/ptc2 Shc independent mutant, Ret/ptc2Y586F, is less
catalytically active than Ret/ptc2, c-fos activation in ret/ptc2Y586F- p125FAKY397F co-
transfectants is fully restored to levels measured from HEK293 cells transfected with
ret/ptc2 alone. These results indicate Ret/ptc2Y586F bypasses the c-Src regulation of
p125FAKY397F. Activation of the Ras signaling pathway by Ret/ptc2Y586F
phosphorylation of p125FAK is independent of Shc recruitment. The decreased level of c-
fos promoter activation by Ret/ptc2Y586F suggests the physiological activation of the Ras
signaling cascade by Ret/ptc2 in vivo presumably consists of the additive interactions of
both Shc recruitment and p125FAK phosphorylation. The Ret/ptc2Y586F mutant was
previously shown in microinjection studies to abolish DNA synthesis in 10 T1/2 cells, four
hours post-injection (31). We show here that this mutant is capable of activating an early
gene transcription factor in HEK293 cells harvested 36-48 hours post-transfection.

Surprisingly, co-transfection of dominant negative Ras, rasI7N (60), with ret/ptc2
or ret/ptc2Y586F does not abolish c-fos activation, thereby suggesting that Ret/ptc2 may
activate other signal transduction cascades which result in early gene transcription. These
results are consistent with earlier reports in which the interaction of PLCy with residue

Y539 (36,41) may be signaling via protein kinase C (61). The consistent increase of c-fos
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activation from ret/ptc2-rasl7N and ret/ptc2Y586-raslI7N co-transfectants in the presence
of p125FAKY397 suggests phospho-p125FAK elicits additional signaling pathways. One
plausible candidate is the PI3 kinase pathway which has been reported to be involved in
glial-derived neurotrophic factor stimulation of RetR (62). Phospho-p125FAK has been
implicated to activate other small GTPases such as Rac and Cdc42 via PI3 kinase (63)
which induce actin polymerization and DNA synthesis independently of INK/SAPK Map
kinase pathway activation (64). Our studies support activation of Rac and Cdc42 since we
observe the appearance of actin microspikes at the cell peripheries of ret/ptc2 transfected
HEK?293 in the absence of INK pathway activation. The unregulated induction of Rac or
'Cdc42 by phospho-p125FAK-activated PI3 kinase in ret/ptc2 transfected cells may provide a
molecular basis for initiating cell motility in papillary thyroid carcinoma metastases.

Although c-fos activation is not abolished by Ras17N, co-transfection of HEK293
cells with dominant negative Raf inhibits c-fos activation. The contribution of c-fos
activation via Raf constitutes 25% of full activation which is unlike the 75-90% reduction
of Ret/ptc2 oncogenic activity observed upon mutation of the Ret/ptc2 PLCy binding site at
residue Y539 (41). Our results indicate a component of Ret/ptc2 activation of the Ras
signaling pathway occurs at the level of Raf. Involvement of PKC in Ret/ptc2 signaling is
a likely candidate as discussed above especially since direct activation of Raf has been
demonstrated for PKC isoforms o and € (65).

One perplexing aspect of Ret/ptc2 signaling concerns how is Ret/ptc2 recruited to
the membrane to interact with membrane associated proteins such as Ras. The strong
association and phosphorylation of the paxillin/p125FAK complex by Ret/ptc2 could
presumably lead to its membrane localization by either the 159 amino acid focal adhesion
targeting sequence within the p125FAK C-terminal tail (66), and/or the association of
phospho-paxillin with another focal adhesion protein, vinculin (67,68). Alternatively, the
association of the RIo dimerization domain with A-kinase anchoring proteins (AKAPs)
(46,69) may provide another mechanism for Ret/ptc2 membrane localization. Western
analysis using dual-specificity AKAP-1 antibodies (46) of Ret/ptc2 immunoprecipitated
proteins from ret/ptc2 transfected HEK293 cells identified a high molecular weight band
(data not shown) characteristic of AKAPs (46,69,70). It is yet unclear whether the Rlo
dimerization domain is necessary for Ret/ptc2 catalytic activity or association with AKAPs.
Our previous studies have shown the cAPK Rla dimerization domain in Ret/ptc2 is
absolutely required for eliciting a mitogenic response (31). In addition, the association of
Ret/ptc2 with Enigma has been shown to provide another means for membrane localization
(38).
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We propose active Ret/ptc2 is inappropriately localized to the membrane by its
association with the paxillin/p125FAK complex and/or by association of the Rl
dimerization domain to an AKAP isoform. Unregulated phosphorylation of paxillin and
p125FAK by Ret/ptc2 enhances signaling of the Ras pathway independently of Shc and
bypasses ¢-Src regulation of pl 25FAK phosphorylation. Ret/ptc2 activation of the c-fos
promoter is decreased 25% in the presence of Ras17N and decreases to background levels
in the presence of dominant negative Raf. Ret/ptc2 presumably activates Raf by PLCy-
mediated activation of PKC and indirectly activates GTPases such as Rac and Cdc42 via
p125FAK phosphorylation (Figure 21). The physiological consequences of improper
localization and unregulated phosphorylation of local proteins by Ret/ptc2 leads to an
inordinate activation of the mitogenic Ras signaling pathway mediated by increased ERK2
activity. Our results show Ret/ptc2 adroitly utilizes a variety of diverse cellular signaling
components to effect cellular transformation and proliferation as well as the capablity for

manipulating focal adhesion protein signaling pathways which have been linked to initiating

cell motility.
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Figure 21. Model of Ret/ptc2 signaling.
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CONCLUSIONS

We have modeled the kinase portion of RetR based on our structure of the cAPK C-
subunit and on the crystal structure of the insulin receptor kinase domain. This has
provided a structural framework for the rest of our research. We are now focusing on a
comprehensive model of all of the genetic lesions and are looking closely at the C-terminal
tail for similarities to the catalytic subunit of cAPK.

With the microinjection assay we have been able to establish what is essential for
the mitogenic properties of ret/ptc2. In conjunction with this, we have used the yeast two-
hybrid system to identify Ret/ptc2 binding proteins. The surprising discovery that Enigma
binds specifically to Ret/ptc2 has introduced a potentially important and novel element to
this signaling pathway. We have found Ret/ptc2 and Enigma co-distributes in
microinjected fibroblasts using confocal microscopy.

We have used a unique approach of employing chimeric forms of Ret/ptc2, Enigma
and Shc to test whether Enigma localization or She interaction is important for Ret/ptc2
mitogenic signaling. Mutants of Ret/ptc2 in which the Shc docking site was absent were
unable to phosphorylate Shc and were mitogenically inactive. A deletion mutant of
Ret/ptc2 that lacked an Enigma docking site was diffusely spread throughout the cytoplasm
and also lacked mitogenic activity. When the Enigma docking site of Ret/ptc2 was replaced
with the PDZ domain of Enigma, Ret/ptc2 was once again targeted to the cell edges, but
this chimeric protein was unable to bind Shc and was mitogenically inactive. Mitogenic
activity was restored only when this properly targeted form of Ret/ptc2 was co-expressed
with the chimeric form of Shc, PLCyShc, a protein that is capable for interaction. These
results indicate that both sub-cellular targeting of Ret/ptc2 by Enigma and interaction with
phosphorylated Shc are required for Ret/ptc2 mitogenic signaling.

We have also identified several A-kinase anchoring proteins from our yeast two-
hybrid screen that bind to the N-terminus of RIo.. These proteins have now been cloned
and expressed in E. coli. Like Enigma, the physiological role of this novel family of
proteins is still not clear. If docking of Ret/ptc2 to specific subcellular sites are important,
then we shall also mutate residues within the dimerization domain of Rlo to see if we can
isolate mutant forms of Ret/ptc2 that are still dimers but no longer mitogenic.

In parallel with the microinjection studies we have developed a mammalian
expression system in transiently transfected HEK293 cells and a yeast expression system
that yields mg quantities of Ret/ptc2. We have used Ret/ptc2 expressed in mammalian cells

to evaluate peptide substrates and to develop an in vitro kinase assay. The overexpression
and purification of active, phosphorylated Ret/ptc2-Hisg in the yeast, Pichia pastoris, has
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allowed us to pursue a vigorous and comprehensive biochemical and biophysical analyses
of this unique oncogene at the molecular level. The results obtained so far are promising.
Expression of Ret/ptc2 in HEK293 cells have enabled us to link the contributions of
various SH2 domain proteins identified in our earlier yeast two-hybrid screen to construct a
comprehensive model for Ret/ptc2 signaling. The activation of focal adhesion kinase by
the Ret/ptc2 oncogene provides a biochemical basis for promoting cell motility which is the

fundamental step for metastases of carcinomas.
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