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ABSTRACT OF THE THESIS

Cloning and Expression of Protein Tyrosine Kinases in the Medicinal Leech

by

Bailey Zhao

Master of Science in Biology

University of California, San Diego, 2009

Professor Eduardo Macagno, Chair

Some non-receptor protein tyrosine kinases (PTKs) are thought ytoapla

important role in axonogenesis. | have partially cloned and sequemcedich PTKs

found inHirudo medicinalis focal adhesion kinase (FAK) and Abelson kinase (Abl).

Comparative analysis of the protein sequences of these two kinases revibalytiaae

viii



closer in homology to vertebrate species than to other invertebsatds as insects.
Whole-mountin situ hybridization (WISH) showed that leech FAK mRNA is strongly
expressed in the ganglia of the central nervous system and naplasdwell as
potential expression in the bilateral Comb cells. Leech Abl mRS&IAtrongly
expressed in the ganglia and nephridia across all trials, vdmie $VISH trials show
expression in the bilateral heart tubes, Comb cells, as wedleasilla clusters.

Attempts to knock down expression of Abl have thus far been inconclusive.



INTRODUCTION

Intracellular signaling pathways play an important role in régulation of
cellular processes. Signal transduction can involve complex porteiein
interactions that may determine or amplify many downstreffiectse. In many
instances, the phosphorylation state of serine, threonine or tyrosihgéesesn target
proteins mediate changes in cellular growth, differentiation, araton. For
example, the SH2 (Src homology region 2) and PTB (phosphotyrosine-binding)
domains are two well-studied protein modules that recognize and bind
phosphotyrosine (Schlessinger & Lemmon, 2003). The SH2 and PTB modules are
also involved in many intracellular signaling pathways sudh@slownstream effects
on Ras, a protein that regulates cell development, differentiatidnnatogenesis
(Shoelson, 1997). Modular domains such as SH2 work with their raspecttein
kinases and phosphatases in order to localize proteins to speltifiarcgtes, control
enzyme activity, organize multiprotein complexes as well asctly participate in
signal transduction (Pawson & Scott, 1997). It is important to understeny of
these mechanisms because dysfunctions in these transduction gatandgad to a
host of abnormalities and pathologies such as cancer, diabetes, irdefionencies,
and many others (Shoelson, 1997).

Protein tyrosine kinases (PTKs) and protein tyrosine phosphatades) (&€
families of enzymes that work in conjunction with one another in eelsignaling
processes that regulate directed neuronal growth and navigation amuoeg ot

physiological processes (Tonks, 2006). The PTKs regulate ce#litcommunication



by using ATP as the phosphate donor to covalently modify tyrosiiuesson target
proteins (Hubbard, 2002). PTKs are divided into two different groupsptoece
kinases, generally located on the plasma membrane, and non-receptiutme
kinases, usually found in the cytoplasm. In humans there are 58aretgpsine
kinases and 32 non-receptor tyrosine kinases (Blume-Jensen & Hunter, Z061)
two kinases | have studied in this project, focal adhesion kinad€) (&#d Abelson
kinase (Abl), belong to the non-receptor tyrosine kinase group (Hubbad, 2002 La
& Gertler, 2000).

By contrast, protein tyrosine phosphatases (PTPs), which also incbibe
receptor protein tyrosine phosphatases (RPTPs) and non-recep®rdsfsyze the
dephosphorylation of phosphotyrosine residues and also play key rolesuliatineg
signal transduction pathways (Tonks, 2006). Specifically, the Leukaoytenon
antigen-related (LAR) subfamily of RPTPs have been shown tedmiated with a
regulation of axon guidance and synaptogenesis (Johnson & Van V&€8y), 2 Past
studies have shown that RPTPs, such as LAR, work together with fRItKksas FAK
and Abl in regulating neurite outgrowth and controlling axon guidancevizgha
(Tonks, 2006; Wills et al., 1999). Figure 1A shows activated FAK @svwastream
component for neurite outgrowth after the soluble ligand LARFN5C, wikieh99-
residue ectodomain isoform of LAR, binds to the fibronectin domains on the
extracellular segment of LAR (Yang et al., 2005).

LAR also plays a role in the activation of Trio guanine nucleotixiehange

factor, which in turn enhances FAK activity (Medley et al., 200®)tivation of FAK



has been implicated in signal transduction events that lead to shanggl adhesion
and motility in addition to neurite outgrowth (Kolkova et al., 2000; 3eha2001).
Figure 1B shows a diagram that represents potential downsplegers of LARs for
axon guidance, includin@rosophila Abl (d-Abl) and Enabled (Ena). These two
components act on the cytosolic side of the signal transduction casicadd in
Drosophila(Dlar). The mammalian homolog of Ena (Mena) functions in regulating
assembly of the cytoskeletal microfilament actin, and plagdeain promoting actin
polymerization at the leading edge in cell motility (Gerderl., 1996; Lanier et al.,
1999). Ena acts as a shared substrate between Dlar andPAied together with
Dlar and d-Abl, Ena acts as a phosphorylation-dependent switch to caotiol
polymerization (Wills et al., 1999). Profilin is another actin-bindprgtein that
interacts with Ena and d-Abl and is present in developing nervousrsydtewever,
its role and specific interaction within this signaling casaad#ill unclear (Wills et
al., 1999).

It has been shown, usimg situ hybridization (ISH), that two LAR-like RPTPs
found in the embryonic leechirudo medicinalistHm) HmLAR1 and HMLAR2, are
expressed by central neurons. In particular, HMLAR2 mRNAbea® detected in
different subsets of central neurons and also within the growtls artbe peripheral
glia-like Comb cells (Gershon et al.,, 1998). More recently, ¥ waggested that
HmMLAR2 has a role in modulating growth cone morphology as wetkgslating
focal adhesion complexes (Baker et al., 2008). Because manysaspeell signaling

pathways in relation to axon guidance in the developing nervous sgstestill not



well understood, there is a need to further investigate those gedects that have
been implicated in this signal transduction cascade. Determihmgexpression
patterns and functions of genes involved in the regulation of axon guidance
improve our understanding of growth cone motility and its role in axodague

decisions in neural development.

LAR == LAR =

i =
o O
i 1

pY-Enabled Emabled Sre, FAK, TrkB

Figure 1. Proposed RPTP LAR cellular signaling pathways. R&gulation of receptor PTP function
by ligands. On the left, the immunoglobulin dome#m bind transmembrane protein syndecan (Sdc) to
promote phosphatase action, while Dallylike (Dipptpin suppresses phosphatase function. Ligand
binding regulate Enabled, which regulates actimsigleton assembly and disassembly in controlling
synapse morphogenesis. On the right, soluble LAREHinds to the fibronectin domains; this leads to
activation of FAK downstream in promoting neuritetgrowth. (B) Schematic diagram representing
signal transduction cascades downstream of Dl&e cytoplasmic domain of Dlar can bind to Liprin-
alpha , a regulator of synapse formation. Dlar also directly bind and dephosphorylate Abl and Ena.
Ena is a shared substrate for Dlar and Abl and agp® form a phosphorylation-dependent switch
controlled by the activity of Dlar and Abl. (Imagem Tonks, 2006 (left) and Johnson & Van Vactor,
2003 (right).)

Most of the work in describing the relationship between Abl and LAR and
their role in modulating substrate proteins has been carried out igetiegically
amenable fruit fly. It was suggested that d-Abl kinase and@lasphatase may have

an antagonostic relationship in controlling growth cone guidance. cbmslusion



was reached after a series of gene deletion experiments of both d-AbleandEAbl
deletion mutants displayed CNS defects as well as a shoréesagtnental motor
nerve b (ISNb) phenotype, which branched and failed to reach and irnigsvatrget.
This was in contrast to experiments with overexpression of dvAbth displayed a
longer ISNb phenotype where the ISNb failed to branch and the grenspast their
target (Wills et al., 1999). Additionally, mutations that reduced Beels showed
the same phenotype as overexpression of d-Abl. Furthermowityo experiments
also showed that d-Abl binds to and phosphorylates the D2 cytosolic phosphatas
domain of Dlar (also see Figure 1B), which suggests that they negulate one
another (Wills et al., 1999). In mouse models, mammalian Abl (¢-#id Abelson-
related gene (Arg) mutants show depletions in leukocyte populationseduadioral
defects, respectively (Tybulewicz et al., 1991; Schwartzberd.,ef1$91). If both
these genes are missing, mutant mice die of neural tube defdcastn cytoskeletal
morphological deformities are seen in the neuroepithelium (Koleske et al., 1998).
Here | investigate putative PTKs that might be associateld thi¢ LAR
pathway of cell motility and axon guidance in the leech. Thehleea useful model
system for the examination of these kinases because of #rwsiet previous work
done with HmLAR2 (Gershon et al., 1998; Baker & Macagno, 2000a,b; Bakér et
2008). The leech homolog of Ena (Lena) was proposed to be a sulustidel {AR1
and HMLAR?Z intracellularly. RNAI knockdown of HMLAR1 using dsRiNAearly
embryos led to a hyperphosphorylation of Lena (Biswas et al., 200 stigation of

leech Abl as another potential intracellular substrate of HmLARBsId further



elucidate the role(s) of LAR in neuronal development. The previacciasion of
LAR with Abl in the Drosophilamodel makes Abl a natural candidate to start with.
Elucidation of leech Abl mMRNA expression using whole-mauansitu hybridzation
(WISH) show that the partial gene is localized to the ganglihe CNS as well as
bilateral sensilla in each ganglionic segment. Leech FAKWARxpression revealed
that the partial gene is localized to the CNS and nephridia, as well as the €z c
some cases. RNAI of leech Abl revealed no distinct morphologicahges in
serotonin antibody staining with dsRNA injections in the embryo; hokydueher
experiments are required to determine if the dsRNA is abteach and affect the

neuronal cells that express Abl.



MATERIALS AND METHODS
Animals

Hirudo medicinalis embryos were obtained from a breeding colony,
maintained at 23 °C and were also provided by Joyce A. Murphy, labgeraioa Dr.
William Kristan’s lab at the University of California, SanelQpb. Leech embryos were
staged following the same criteria as described by FernaamteStent (1982) and

Reynolds et al. (1998).

Molecular Cloning
The sequences of interest were cloned from cDNA made frorh &rabryos

of mixed ages to be used for constructing in-situ hybridizatidA Rrobes as well as
bioinformatics analysis. The primers used in the polymerase obaction (PCR) to
generate the DNA sequences were designed from the sequennodsir the leech
EST libraries. In addition to manually designing primers, twawsok programs,
FastPCR and Primer3, were used to facilitate easy priesggrd FastPCR generates
a large list of primers to choose from based on optimal meiéimgperature, GC%,
and also the size of the product. Primer3 allows for manipulatiotheofdesign
parameters, such as desired primer size, melting temper&Geé, etc. Additional
optimization of the PCR required testing of the optimal meltergperature, size of
the primers as well as amount of the reagents used in the RCHome such as

magnesium chloride and cDNA template. A list of the primused in all the PCR



reactions can be found in the appendix. A 400 base pair piece of LA&L axcta
positive control in many of the PCR reactions.

Total RNA was extracted from leech embryos of mixed agesompletely
homogenizing whole embryos with TRIzol reagent (Invitrogen, Carls6&d, The
resulting RNA was then cleaned up by performing a liquid-liquichphehloroform
extraction, followed by a chloroform extraction. Embryonic genomicptementary
DNA (cDNA) was reverse-transcribed using Superscriptidvifrogen, Carlsbad,
CA). Abelson kinase was initially amplified by polymerase chaiaction (PCR)
using the primers 5-GAGTGGACGAGTGTCAAGCA-3 and 5'-
AACCTTCCCATCAAACCTCA-3. The sequence was extended by usingvarse
degenerate protein tyrosine kinase primer 5-
ATAGGAATTCCAWRGGACCAVACRTC-3' provided by Michael Nitabach.h&
sequence was further extended by 3’ rapid amplification of cDNA @RAEE) using
the First Choice RNA ligase mediated-RACE kit (Ambion, AwuystX), and full-
length sequences cloned by PCR using specific primers.

PCR was performed with 08 Taq polymerase (Invitrogen, Carlsbad, CA) in
50 ul reactions containing 10M each dNTP, 2lM MgCl,, 0.2uM each primer, %
Taq buffer, 38.5ul sterile water, and 1l cDNA template (1 ng). The following
conditions were used: initial denaturation step at 94 °C for 3 mgycles of
amplification at 94 °C for 1 min, primer annealing temperatord min, 72°C for 1
min, and a final extension at 7€ for 7 min. PCR products were run on a 1% agarose

gel. Bands of the expected size were excised and extracteplaigjel-extraction kit



(Promega, Madison, WI) and cloned using TOPO TA Cloning Kit, pCR-2.10rOP
Vector (Invitrogen, Carlsbad, CA) in accordance with manufacfun@ocol. Another
vector, pBluescript SK+ was also used. The DNA was commigraafjuenced by
Eton Bioscience, Inc. (San Diego, CA) by using the standard M13, T7,Tand
primers.

In order to extend the FAK sequence in the 5 direction, two methods we
used: 5" RACE PCR and a 5’ degenerate PCR. The idea for tRAGE takes
advantage of an adaptor sequence that is ligated onto the 5’ enidl iaftezated with
CIP (calf intestine phosphatase) to remove the free 5’ phosphateBAd (tobacco
acid pyrophosphatase) to remove the 5 mRNA cap. The challenggcoessfully
completing a 5’ RACE is designing GSP (gene-specific prijrtaeg will work in the
nested PCR because knowledge of where the 5’ end starts and stops is required in such
designs. Not surprisingly, the 5 RACE PCR failed to furthetereat the FAK
sequence in the 5’ direction. However, 5 degenerate PCR wasssfidcin
extending the FAK sequence in the 5’ direction. In order to rus REGR, a 5’
degenerate primer needed to be constructed using the homologous, coregiored r
of the 5 end of the focal adhesion kinases found in the previously mentioned
organisms. The degenerate primers were designed from mukiglesrsce protein
alignments with the help of a software program called CODEH®@ch stands for
consensus-degenerate hybrid oligonucleotide primers. An input of loghiple
alignments (referred to as blocks) of a group of related praotegmesices in a FASTA

or CLUSTAL format generates an output of primers based on deggneRrimers
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were chosen based on the highest score, which correlated with d®generacy
because degeneracy measures the number of different sequeeciésdsiy the

primer (see appendix).

Bioinformatics Analysis

BLAST searches were done using National Center for Bioteagyol
Information (NCBI) website (http://blast.ncbi.nim.nih.gov). The nuctedsequence
was analyzed by using the BLASTx program. The resulting ttaaslprotein
sequence was then compared against the top five hits, which warezed by their
E value, with the most significant scores having the lowest E value.

Analysis of the protein structure of the kinases began with a pBtehST
search on NCBI to look at the putative conserved domains as wék asstribution
of blast hits found in other organisms. The PROSITE protein domtabate on the
ExPASYy proteomics server of the Swiss Institute of Bioinfoleceg{SIB) was another
tool used to further elucidate the specific profile and patternofiitbe sequences.
The results are distinguished between profile hits, which focus onrpduteains and
pattern hits, which are characterized by shorter amino aeitis¢s of binding/active
site motifs.

The SDSC Biology WorkBench (http://workbench.sdsc.edu/) is an online web-
based tool that has a CLUSTALW program, which was used to contpéetaultiple
sequence alignment on the sequences from the different orgamisnd from the

NCBI protein BLAST. The output data from the CLUSTALW alignmpndgram



11

was then used to construct a rooted dendrogram, which illustratesedbense

similarity based on distance measure.

In situ hybridization

Embryos, staged E7 to E9 (46% to 48%) were anesthetized in 8% edthanol
artificial pond water and dissected by opening the cryptolarvaibreme dorsally and
removing the yolk sac. The embryos were pinned out flat with small pieces of tungste
wire onto Sylgard dishes in Wenning's solution (40 mM malic acid, 4 K@H 10
mM succinic acid, 10 mM Tris-HCI, 1.8 mM CatCpH 7.4) with 8% ethanol. They
were fixed in 4% paraformaldehyde (PFA) in PBS and 50 mM EEbF/AB0 minutes
at room temperature. The embryos were rinsed twice for 1 maade in PBS and
permeabilized with 0.5 mg/ml Pronase E (Sigma Aldrich, St. L&4@) in 5X TE
(10 mM Tris-Cl, 1 mM EDTA at pH 8) for 2-5 minutes depending on the af the
embryo, then washed three times for 1 minute in PBS plus 2 mg/amgl Embryos
were then post-fixed as above for 10 minutes at room temperatur@emavashed
five times for 5 minutes each in PBS plus 0.1% Tween 20 (PBT) oshddesr. The
PBT was replaced with two washes with 2X SSC plus 0.3% CHAR&geat
(SSCHAPS) for 10 minutes. The embryos were unpinned and placed in d 1.5 m
Eppendorf tube with 50@Q1 of SSCHAPS and 50Ql of hybridization buffer (50%
formamide, 5X SSC, 0.1 mg/ml heparin, 1X Denhardt's solution, 0.1% Tween 20,

0.1% CHAPS) for 10 minutes at room temperature.
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Previous cDNA clones were linearized and digoxigenin (DIGgled
antisense cRNA probes were transcribed frabt using a commercial kit (Roche
Applied Sciences, Indianapolis, IN). Embryos were pre-hybridize@0@ pl of
hybridization solution (HB) and incubated in 55 °C for 1 hour and then hybddiz
overnight at 55 °C with 500 ng/ml cRNA probe in hybridization solution. As a
negative control some ganglia were hybridized with DIG-labeledeseRNA probe.
After hybridization, the ganglia were washed through the foligvgeries at 55° C: 1x
20 minutes 500 ul pre-warmed HB, 1x 20 minutes 250 pl pre-warmed HB58ndll
SSCHAPS (1:1), 3x 20 minutes pre-warmed 500 pl SSCHAPS, 1x 30 sitdeul
SSCHAPS with 10 pg/ml RNase A at 37° C, 3x 20 minutes pre-vehi50€ pl
SSCHAPS at 55° C. Embryos were then washed twice at room regomeein 500 pl
PBT.

Embryos were repinned on Sylgard plates for antibody staining. Noifispec
binding sites were blocked with normal goat serum (NGS) #feesolution was heat-
inactivated at 65° C for 1 hour. The embryos were blocked with 5% INEBT at
room temperature on a shaker for 1 hour and then incubated with an anigeingox
antibody that was diluted 1:5,000 in 5% NGS in PBT overnight at 4 °C. Embryos were
then washed for 3 hours at 20 minute intervals with PBT on theeslakroom
temperature. Subsequent antibody staining was detected using GIBTA8blets

following the manufacturer's instructions.
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RNA Interference (RNAI)

Electrodes were prepared using thin-wall glass capillargd approximately
1.0 MM x 0.75 MM in size, which were heated and pulled in the middile.RNA or
saline control preparations were prepared using two methods. Tthedittsod mixed
the RNA or saline with 0.1% Fast Green, injected into the capitlzbes via thin
pipette tips and then centrifuged down. The second method utilized a lglosgemt
with a cationic polymer called in vivo-jetPEI (Polyplus Traesfen SA, llikirch, FR).
In theory, the in vivo-jetPEI would act as a delivering agent, nlikehendosomes
that would fuse with cell membranes and release the RNA conterthe cytoplasm.
RNA concentrations of 0.1-1.0 pg/pul were mixed with 15% glucose and 1.3%
methylene blue solution before vortexing and adding 0.1-1 pl of thevarjetPEI to
the solution. The mixture was vortexed and incubated for 15 minutesoat
temperature. Like the first method, the solution was injected In@eelectrodes and
centrifuged down. Ideally, E7 embryos are selected for and idjeeteler the
germinal plate and above the yolk sac with the solution. Eachagleatarries around
3 pl of solution and about a third is injected into each animal fefd® pl injection
volume. The solution was ejected from the pulled capillary tubeguai 10 ml
syringe, which was connected by rubber tubing to a micro capilldhe embryos
were then placed in separate wells filled with pond watersahdside for the next 48

hours in the dark.
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Immunohistochemistry

In preparing the embryos for antibody staining for fluorescesualization,
dissection of the embryos followed the same protocols as previousdyitagel for in
situ hybridization with the following modifications: After dissect, the embryos
were fixed in 4% PFA for one hour at room temperature, washed tthreg for 15
minutes each in wash buffer (PBS with 0.5% Triton-X), treated foour in blocking
buffer (wash buffer with 10% goat serum) and incubated overnigit mimary
antibodies in the blocking buffer at 4 °C. Primary antibodies, which wetained
commercially, consisted af-tubulin (Sigma Aldrich, St. Louis, MO) prepared in
mouse and-5HT (ImmunoStar, Hudson, WI) prepared in rabbit at a dilution of 1:400.
Lan3-2 primary antibodies (provided by Zipser) were prepared attgodiof 1:200.
The embryos were then washed the following day for at least 5 @& minute
intervals with wash buffer. The secondary antibodies, which wececa@mmercially
obtained, were conjugated with a fluorescent moleadtaouse Alexa568, which was
red for tubulin or Lan3-2 and-rabbit Alexa488, which was green for serotonin
(Invitrogen, Carlsbad, CA). The preparations were blocked and incubatedgbwerni
4 °C with the same procedures as the primary antibodies (diluted .1A4G#)3 hours
of wash the following day with wash buffer, the preparations wesented and
examined with a spinning-disc confocal microscope and imaged tigirgetaMorph

image acquisition and analysis software program.



RESULTS AND DISCUSSION
Search for putative kinases

The protein tyrosine kinase (PTK) and protein tyrosine phosphatasg (PTP
superfamily of enzymes work in complementary fashion in ordergolate cellular
signaling pathways. Specifically, leukocyte antigen relatedR)Lphosphatases have
been shown to be associated with Abelson (Abl) protein tyrosine kimassgulating
growth cone behavior and axon guidanceDmosophila (Willis et al, 1999). The
search for putative kinases that might be associated with pAfRein tyrosine
phosphatases in the leech began with a keyword search of “kinabe’ Leechmaster
database. The Leechmaster database is composed of sequencesvdr&eST
libraries. One library was constructed from whole embryosfiareint developmental
stages and the other was constructed from adult CNS gangbae<Oh the database
were sequenced by Genoscope, the University of lowa, and the Jommnh&énstitute
(JGI). The search for sequences matching the word “kinasefeded total of 974
hits. Of those sequences, only 23 matched additional keywords “Abef#dn,”
“focal adhesion kinase,” or “FAK.” The longest sequence hits vwgalated and the
shorter, fragmented contigs (contiguous sequences) were disregartiedfiltAring
all the resulting sequence hits, there was a tyrosine-proteirekaidsl that was 228
base pairs and a focal adhesion kinase that was 427 base pairs.bel$enAkinase
sequence was identical to a portion of a 432 base pair sequence that was obtained from

the previous work of Jeanette Kuhn in the laboratory.

15
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Molecular cloning and sequence extension

The FAK was cloned at an expected length of 427 base pairs. AlTheas
cloned at an expected length of 432 base pairs. All of the clonescaemmercially
sequenced to confirm their authenticity as the original sequiencel in the EST
libraries. After comparison of the cloned sequences to homologoukategingrotein
sequences in other organisms, it was determined that these wéudl testgth gene

sequences.

Focal Adhesion Kinase (FAK)

The corresponding FAK proteins found in other organisms were found to be
around 1,000 amino acids in length. By comparing the query sequelneedobject
sequence, it was determined that the cloned FAK sequence was3atetie of the
whole gene sequence and that there was a portion of the 5 endgmis$he
organisms taken into consideration in the comparisons \Rena@p rerio (zebrafish),
Marsupenaeus japonicu&uruma shrimp)Pan troglodytegcommon chimpanzee),
Drosophila virilis (fruit fly), and Lytechinus variegateea urchin). The degenerate
PCR was successful in generating a 1.6 kb product (see appéodixa previous

length of only 427 base pairs.
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A 1 Kb Plus FAK A FAK B
DNA Ladder

Figure 2. Molecular cloning and sequence extension of factlesion kinase (FAK). (A) Molecular
cloning confirmed the length and sequence of FAKicW originally was 427 bp. FAK A and B were
the same product confirmed by sequencing. (Begeterate PCR. FAK2 lane was extracted, purified,
and sequenced. FAK1 used degenerate primers thatltmightly further upstream on the 5’ end. (C)
5’ RACE failed to generate any specific sequen&@RACE was also attempted on Itpk2, which is an
insulin receptor kinase that has similar domaincitres to FAK — the RACE PCR failed as well. A
400 bp piece of Larl acted as controls for both @R quality assurance of the template.
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Abelson Kinase (Abl)

Comparison of Abl kinase in the leech to putative orthologs found in other
organisms revealed that the small leech 432 base sequence idalttee5’ end of
homologous sequences, which indicates that extension in the 3’ directiecessary
to obtain the full length transcript. Comparable Abl proteins were found to ramge fr
4.0-4.5 kb in length. The translated amino acid alignment showed $toonglogy
(defined by the lowest E values) to several organishtyrthosiphon pisunfpea
aphid), Pediculus humanus corpor{uman body louse)lribolium castaneunfred
flour beetle),Apis mellifera(honey bee), antlasonia vitripennigwasp). The leech
sequences aligned to about 100-150 amino acids downstream of the 5’ lesldonA
kinases show two significantly conserved domains: an SH2 domain @noten
tyrosine kinase domain. A protein blast showed that these twaveutainserved
domains were detected, but the protein tyrosine kinase domain veaspiete. The
first attempt at a 3’ degenerate PCR failed to genemt@m@ducts. The primers used
in the first degenerate PCR were designed against the vedse&gions near the 3’
end found in those organisms mentioned above. A second 3’ degenerate PCR was
more successful after using a set of degenerate primemsdhatesigned by Michael
Nitabach when he was a PhD student in our laboratory. Theserprmveees specific
to the protein tyrosine kinase domain. This doubled the length of thmabrig
sequence from 432 base pairs to 916 base pairs. An additional PC& veitv set of
primers confirmed the sequence identity to be specific to tloh,l@s seen in Figure

3B. Finally, a 3 RACE PCR was conducted to attempt furthernsida of the
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sequence in the 3’ direction. The RACE was successful in exterttengetjuence
from 916 base pairs to 1.6 kb. A second 3' RACE further extended thensedoe
2.1 kb, which currently stands as the longest piece of Abelson kinasd fn the
leech. The 2.1 kb product was obtained afteirttstu probes and dsRNA were made

from the 1.6 kb sequence.



20

FTKase domain degenerate PFCR

Figure 3. Molecular cloning and sequence extension of Alrelgbl) kinase. (A) From an original
length of 432 bp in lane 1, Abl was extended to ®p6using degenerate protein tyrosine kinase
primers. Lane 2 and 3 were the same and lane 4thwasested PCR, which failed to generate any
band. (B) After the 916 bp band was excised andiesgced, a confirmation PCR was run with a new
set of primers that generated a smaller 888 bpyatodThis product was excised and sequenced and
confirmed to be identical to the 916 bp produe@) Designing primers to the middle of the sequence,
3’ RACE generated a product around 1 kb. (D) ™e $equences obtained from the two methods of
extension were combined into one composite sequerit@mers were designed to this composite
sequence and a PCR was done to confirm authenbititye gene in leech cDNA. Products of different
lengths were tested to confirm the optimal primers.
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Bioinformatic analysis of FAK and Abelson clones

The two domain superfamilies that were detected in FAK by pilotein
BLAST search on NCBI were the protein tyrosine kinase (PTK)aslorand the focal
adhesion targeting (FAT) region. These two domains are sepdmata region of
about 150 amino acids. The protein tyrosine kinase domain is incompletdy whi
suggests that further extension in the 5’ direction is requoedtdmpletion of the
whole sequence (roughly 3,000 bases). Structurally, the FAT regiah the C-
terminal end of focal adhesion kinase and the crystal structuealsethat it forms a
four-helix bundle, which binds to the focal adhesion protein paxillin (Hayatsal,
2002). The FAT region has been shown to play a critical role ifutietion of the
kinase by localizing and regulating cell adhesion and also the pihgkylon of
paxillin (Shenret al, 1999).

Protein BLAST analysis on the FAK query sequence revealdoestanatches
and highest homology with the following organisrBsinio rerio, Drosophila virilis,
Drosophila mojavensjsApis mellifera Drosophila willistonj Lytechinus variegatuys
Acyrthosiphon pisumXenopus tropicalisRattus norvegicysCanis familiaris Of
these organisms, FAK in the leech had the highest protein homtwldhg zebrafish,
Danio rerio. By comparing the two proteins’ domains, it was apparenthlegtshare
the same conserved protein tyrosine kinase domain as welleaSAM region;
however, the complete zebrafish sequence shows an additional B41 domeaampst
near the 5’ end. B41 (Band 4.1 homologues) are also known as ezxin/fradesin

(ERM) protein domains, which are known to play a role in forming crosslinks betwee
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actin filaments and plasma membranes (Tsuidital, 1999). The PROSITE protein
domain database refers to these domains as FERM (F repreghatiBd1l group of
proteins). All theDrosophila hits were grouped under the highest Bitpsophila
virilis in order to broaden range of comparable organisms for the deaaroglhe
dendrogram in figure 4B shows that alignment of the protein sequgnoceps FAK
found in the leech closer to that of vertebrates than invertebrdibs idea that
annelids are closer in relation to vertebrate species thartabvatie species is not a
novel one. There have been systematic analyses of annelid genomesdaked that
the genomes of certain marine worms were closer in relatitinettluman genome
than those of insects or nematodes when comparing intron numbers amghgosit
(Fedorov et al.,2006). BLAST analysis of the multiple sequence alignment legrea
that most of the conserved residues aligned in the protein tyikisgse domain and
the focal adhesion targeting domain. To summarize these resusnfie leech is
more homologous to FAK sequences in vertebrate organisms. Comparit@sef
protein sequences reveals a missing B41 region of the 5’ eRdKoin leech, which

warrants further extension.



23

"youagyiopn Abojoig DsAs uo sjool Juawubife

pue uigjoid Buisn Juswubigastbas uigioid aidiNWw AATVYLSNTD UOo paseq sulamsxy ysyeigaz ayl yum Abojowoy 1saso|d ayl sey Mv4
yooa ‘swsiuehlo a1eigalaAul IN0) SUISR Sk S[ewliue a1eigalaA noy ay) pue M4 yamefbojowoy ayl Buife|dsip weibolpuap v (g) “Aianb
uieloid aseqerep 311SOHd Ag pardiaaanbi4 pus .G ayl Jeau weansdn urewop (£ NHTHG © Sureluod My4 ysuyeigaz "ysueigaz ui yodlew
ABojowoy 159502 ay) 0] palechugewop aseun| auisolAl uidoid [enred yum MvepgT (V) "saloads jualayip ul My4 Jo uosuedwo) i ainbi4

My4 sniobauoa snuiyosiin

M4 Sijuia pjydosouq

My{ wnsid co;a._mocthu{|.._
AV DdsljpLl m._n_{|_

Sy4 SI|ouIdipaw opnJiy

My4 ouUal olupg

My4 sipoidody sndousy

M¥4 snolbaasou SN}IoY —

My4 SUBIIWD) sup) =

r— e g

(e [7C) Rz —

AT T ossas o

(= croT) - — N —

Q0T Q06 008 00l L] 005 aob O0E 00g 00T T W



24

“s1uA epiydosolQ

‘ased sIy ul) aduanbas 1sabuo| ayl Joapbuniels syl Uo paseq ploe oulwe aAle|a) agn¥ib] Uo Slaquinu ayl ajIym ‘@duanbas ey Jo pioe
oulwe ay} sJuswndop aduanbas ay Jo Yauayaquinu ayl "als aAloe aseuny auisolAidigpul uoibal paAlasuod ay) Jo aduanbas snsuasuo?
3U} 12 X00] 18S0j0 v (g) "surewop ul sajulo} 400| siy ajioid sealaym ‘salis Buipuig@a|quiasal 1eyl Spioe oulwe Jo SaYd1alls Ja|jews
9SBIMOYS SHY ulaned "(MLd) urewop aspaulsolAl uisjoid sy ul uoibal Buipuig-d1Yy @ssiw Ajrean1oads sI yoas| ul Y4 eyl Moys SHvH
uaJlaylp ayr ul suy uiened osad) jo uosuedwod v () "saloads Jayio ul ysiu uisied Buimoys luswubife asuanbas ajdiyniy g ainbiq

snsuasusd L E-pATAHSTI94aFINAIP-5EA"T - yew 112 i
TI81"0TURQ ) 1Z8 paszasusy [
13" sndousy 8gE T i
20U"SN33RY 0Z9 truts i
.ﬂld_mln._“ﬂ.m—b 0z paazdsuod o |
PEUTORTITH E¥
snutyae3d zeg
errydosoag 84 ]
drsogaaioy ¥z
Firaw stdy 0zs g
3NS-aA1IDE 2Inoads aseuny welord ssoIA]
\\\ uoiSar SwpIG-J 1Y S2SEUY Walolg
(22 cr'T) L .. 01131 OTUE(]
(EE 608} L - sqeardon sndouayy
(ze 600°T) L - SN2 ATOT STIEY
(22 500°T) u - SUERHIE] STE)
(e [70) n SHEUIPAI OPTUTH
(=2 500°T) n - smESauEa snUmEaIAT
(e +0T°1) w sy eydososg
(2 ¢59) u - umsid uoydisoquAay
(2= £91°7) n - g sidy
Ly | ol i g | | AP Ly it oo | o IR Lot o L1 | | T I |, | I ey |
R R e e s o e o L B e B R e R e LR e
000T 006 03 a0 a0a 005 oo oo 00Z 00T 1

¥



25

Analysis of the protein structure of Abl kinase revealed an SH2 idoama a
protein tyrosine kinase domain as shown in Figure 4A. The two domaimsljacent
to one another and are found near the 5’ end of the gene. The pyobsine kinase
domain is similar to the one found in FAK and is classified asgbatsuperfamily of
protein kinases with catalytic activity. In mammalian ceadi&\bl is localized to the
nucleus in fibroblasts and in the cytoplasm in neurons. Structuraflp] proteins
and their related homologues share an SH2 domain that binds phosphorytzted ty
residues and an SH3 domain that binds proline-rich domains at themMuer
Lastly, the long C-terminal tail contains the sequence thattdidocalization to the
nucleus as well as export signals to control cellular localization of theip(&haulkt
al., 2005).

NCBI protein BLAST analysis showed a distribution of 100 blast mtshe
guery sequence for Abl, with the highest homology matching the following organisms:
Acyrthosiphon pisumTribolium castaneumPediculus humanus corporidasonia
vitripennis Apis mellifera Among these organisms, leech Abl shared the most
homology with the pea aphidcyrthosiphon pisuphowever, there was a discrepancy
when leech Abl had a better match wktus musculusvhen the sequences were
placed in the CLUSTALW program. This discrepancy could be duefterehces
between algorithms in a basic local alignment search tool ahgasterng program.
Comparing the protein domain structure to the highest homology hitstfre NCBI
BLAST, the leech Abl sequence contains many of the same mutifsl fin the other

Abl kinases with the exception of a missing SH3 domain. Many afttiexr Abls also
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showed binding pockets for phosphotyrosine as well as a hydrophobic binding pocket
that is a feature of SH2 domains. In addition, the SH2 domain igtbopstream and
adjacent to the protein tyrosine kinase domain; however, they are bothaimural

200 amino acids downstream of the 5’ end. This suggests that a 600 ib@setioan

of the 5" end is still missing from Abl in leech, which includee 5H3 domain and a
small fragment of the SH2 domain. Abl in leech is also missigglong tail
extending in the 3’ direction.

For the multiple sequence alignmebtosophila melanogastewas included
because much of the work with Abelson kinase and its association LA
phosphatases were performed in that species. CLUSTALW @&nahewed that the
amino acid sequences aligned in the conserved domain regions for SH2&ama pr
tyrosine kinase only. The dendrogram in figure 6B reveals thaflbhen leech is
more similar to the protein found in the leukemia virus and the common huusse
than any of the other organisms. The fact that the sequence obtairstdl i
incomplete must be taken into consideration when comparing these anmitho a

alignments.
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Whole-mountin situ hybridization localizes expression of kinase transcripts

The optical transparency of the developing leech embryo enables-mioaint
in situ hybridization (WISH) as the method to elucidate the expegsattern of both
FAK and Abl genes. WISH can provide a spatial as well apdesh pattern of
expression as development of the embryo proceeds (taking approxirBatelays
from cocoon deposition to free-swimming juvenile animal). Linetiomaof different
plasmids that contain the sequence of interest led to transoripfi either sense
control or antisense digoxigenin-labeled RNA probes, as deterrhynéte choice of
RNA polymerase used (located at each end of the plasmids muliipiemg site).
Despite the fact that different plasmids should theoretically peotlve same RNA
probe, results varied depending on the type of plasmid used to constriRNfe
probe. Probes that were made from the plasmid pBluescript seengpehérate
cleanerin situresults in terms of level of background compared to similalogs that
were constructed from TOPO or litmus vectors. The latter hés/e problems in
terms of producing a similar pattern of expression using éhsescontrol, which in
theory should not show an expression pattern at all (other than backgrolihd)
background noise is also seen to be very high using these probes.te Diespe
challenges in constructing clean and reliable RNA probes, 40% aoh thiéu trials
produced good results that clearly demonstrate the patterns of sapras certain
structures in the leech embryo.

The expression profile for FAK protein showed strong neuronalistain the

ganglia of the central nervous system as well as the nepkidjare 8). This was
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compared to leech synaptobrevin (Brgisal, 1997) as a positive control, which is
known to label all central and peripheral neurons (personal communidatioardo
Macagno). A quarter of tha situs also revealed expression in the Comb cells (Figure
9), which are found bilaterally in each ganglionic segment nearehieal surface of
the body wall in younger stages of embryogenesis (JeliéKaistan, 1988, 1991).
This finding proved initially to be exciting becauBBnLAR2 is expressed in the
growth cones of the Comb cells (Gerslatral, 1998). However, repeated trialsiof
situ hybridizations never provided enough consistent results to say ceebtiusiat
there is significant expression of FAK protein in the Comb cellkis is due to the
fact that the sense control probes showed similar expressiompdtiethe antisense
probe as well as the fact that expression in the Comb cellsecagen in some trials,
but not others. Darker staining in the connectives for the antisenise is seen as a
subtle difference as seen in Figure 8B. Early trials of lMA#th FAK utilized probes
that were only 400 base pairs in length and encompassed the EAdnse region.
One explanation for localized expression in the Comb cells could merajeed
expression of that conserved domain by other tyrosine kinases m ¢bés. In
addition, repeated WISH trials with probe constructed from the newtyhesized
longer 1.6 kb sequence still showed high background noise and the lackeaha c

control result.
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Figure 8. WISH expression profile of FAK on embryos agedEdt(46%). (A) Leech synaptobrevin
(SBV) positive control expression in the ganglig.(Gight staining is also seen in the nephridig. (N
The background noise is very low. (B) Antisensgbp made from elongated 1.6 kb sequence showing
expression in the ganglion, but with high backgiebuoise. Dark staining also appears in the nejzghrid
as well as the connectives (CN) between each gangl{C) Sense control probe made from the same
sequence showing the same expression pattern imahglion and nephridia. Background noise
appears to be lower than the antisense probe. Baedetop boxes, 100m; bottom boxes, 10m.

Figure 9. WISH expression of FAK in comb cells. Gangliant of focus due to focus on ventral cross
section. Scale bar, 10n.
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In contrast to the problems in the development of a reliable senselqgoobe
for FAK, the Abl WISH probes proved to be more successful in gengratinsistent
results. While initial WISH showed high background in many of thep$r later
probes showed cleaner results as well as changes in thessapreatterns, which
may be attributable to the longer length of the sequence. AaliWiSH screen
focused on localization of spatial expression as well as a taimgxpression profile
of Abl in embryos at various developmental time points. WISH was domgnbryos
aged 48 hours apart starting at E7 (46%) and progressing to E9 (48%) hi(49%).
Differences in spatial expression patterns could not be disthegliisom embryos of
these three age groups. Abl was primarily found to be pan-neuronallygsgia the
ganglia of the CNS, the nephridia, and also along bilateral musclgsedsion of Abl
is also detected in the Comb cells, but results are not reprodacidlseem to be
inconsistent. The temporal expression trials were done with probhde from the

432 base pair sequence.

Table 1.Abl WISH expression in different structures at éiffnt ages

Age | CNS (ganglia) | Nephridia Bilateral Comb cells
(%) muscles
E7 +++ +++ ++ -
(46%)
E9 +++ +++ ++ +/-
(48%)
= +++ +++ ++ +/-
(49%)

In situsdone with 432 bp probe. Staining is strong in @S and nephridia, but less pronounced in
the bilateral muscles across all age groups. BEsje in the Comb cells was seen in E9 and E11 age
groups, but results were varied (as denoted by)a +/
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Figure 10. WISH expression profile of Abl at various dev@iezental time points with 432 bp probe.
(A) Sense negative control probe displays no sjgesifiining of any tissue. Scale bars, 100 (B)
E7 (46%) embryo shows staining of the CNS. Scales:b100um; 100pum; 10 um. (C) E9 (48%)
embryo shows staining of the ganglia of the CNSal&bars: 10qam; 10um. (D) E11 (49%) embryo
shows staining in the ganglia as well as the Coetl€C). Scale bars: 1Q0n; 10um; 10pm.
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WISH analysis with probes made from the 916 base pair sequence showed
similar expression patterns in the ganglia, nephridia, and alemgasurface cells
along the bilateral muscular heart tubes. This finding is iritegesinceHMLARL1
was found to be expressed in the lateral heart tubes at embdgyni® (Gershoet.
al, 1998). Distinct cell bodies of neurons in the CNS can be dissingd upon closer
magnification of a single ganglion (Figure 10D). Expressialss seen in the Comb
cells, but again, these profiles vary from one WISH to another.allQhe trials
conducted, the Comb cells can be distinguished in 25% of the preps. td83ieAlal
probe was constructed from the 1.6 kb sequence and shows markedly different
patterns of expression. Granular staining in the CNS is $&drcand distinct;
however, expression and staining in the bilateral heart tubes disapp®istinct
bilateral clusters can also be seen in these new WISH tfidlsse clusters are that of
the second segmental sensillum (Figure 11C). These sensilleons are thought to
include mechanoreceptors that are sensitive to touch or pressunegllags
photoreceptors. The change in the patterns of expression mightibeted to the
difference in length of the RNA probe. Since the different lemgbntain different
areas of the sequence that might house conserved domains, it migbsdigle to
have a more specific area of hybridization as evident in ttestlaVISH than
compared to more generalized expression seen with earlier WISid.might be due
to the fact that conserved domains such as the protein tyrosine kioassn is
expressed broadly in many cell signaling pathways, while artens the 3’ end

narrows where expression of Abl is found. One factor that alsoneay to be taken
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into consideration is the method of probe construction. The RNA pratznscribed
from DNA that was amplified from cDNA from embryonic leeclresn the colony in
the laboratory. An issue at hand is that in-house breeding mighe¢ldeng a hybrid
between two species that are present in the coldmydo medicinalisand Hirudo
verbana The mixing of different species may produce offspring that IsaNsle
differences in genotype. Thus, probes made from the cDNA fromgomg of

embryos may be different from one made from another group.
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Figure 11 WISH expression patterns of Abl. (A) Sense tiggacontrol probe shows no specific
staining in any tissue. Scale bars: 100; 100um; 10um. (B) 916 bp antisense probe clearly labels
the heart tubes (HT), CNS and also the nephridjgifiNhe first two panels. In the third panel, the
comb cell (CC) is present as well as cell bodistdm the ganglion. The third panel is a close-up of
ganglion from the same CNS as the second paned.fifidh and second panel feature different embryos.
Scale bars: 10@m; 100um; 10pum. (C) 1.6 kb antisense probe clearly labels dearaells in the CNS

as well as the bilateral sensilla clusters. Sbals, 1Qum.

RNAI knock-down of Abelson kinase

Following the validation of the expression patterns of Abl, the siext was to
try to elucidate the function of Abl through RNAI knock-downs using douiséarded
RNA. It has been previously shown that RNAi knock-dowRinLAR2 via dsRNA
injection into the comb cell induces growth cone collapse and lodsmddia (Baker

and Macagno, 2000). Additionally, tHdmLAR2 RNAIi phenotypes display cross-
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over errors and zigzagging of processes. If Abl works in tandémlwiR as has
been shown inDrosophila then one might expect RNAiI knock-down of Abl to
produce a phenotype that displays the opposite effect of growth cdapseoin the
comb cell.

Knock-down trials were conducted using double-stranded RNA transcribed
from the 1.6 kb DNA sequence. The quality of the RNA was meégaree high,
with optical densities 260/280 and 260/230 both over 2.0. Procedures wereotaken t
carefully remove any possible protein contaminants through aqoegasic liquid
extraction. The concentration of the RNA used for the firstvest 0.3ug/ul and at
least 1.0ug/ul thereafter. Figure 11 shows a final gel electrophoresistiiastwas

done to confirm that the RNA of interest was indeed in the solution that wagthject

1Kb plus ladder Xenopus EF1a ARMESRNA).

(dsDNA) (ssRNA)

750 bp (ss)
4

Abl ~ 1.6 kb
Expected: ~ 1665 bp (ds)

Xenopus EF1a ~1.89 kb
Expected: ~ 945 bp (ss)

Figure 12 Confirmation gel of Abl dsRNA. The first larie a positive control for the RNA
transcription. The product is slightly lower thime expected 945 bp because the transcriptionioeact
was not optimized for that strand of RNA. The settane shows Abl at the expected length of 1.6 kb.
The residual band at 400 bp could be nonspecifidibg or premature termination of transcription.
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Injections were conducted on E7 (46%) embryos using pulled thin glass
capillaries tubes. The site of penetration of the tip of betrede was at the posterior
tail under the germinal plate, which is between the body of thmahrand the yolk
sac, where approximately 12 were injected. Embryos were dissected 5 days after
the first set of injections, but were dissected 48 hours afestions in the subsequent
sets due to high mortality rate. SIRNA injections were also dogenjunction with
the dsRNA to optimize the experiments and compare if the eaiftgi of one was
greater than the other. Fluorescent antibody staining was doneantitberotonin
after dissection, which provides a good view of a subpopulation of neurahge
ganglia as well as the lateral axons that extend out perljyheiBerotonin staining
also shows the connectives very nicely. In addition, it provides a bgsiat of the
CNS, which has an advantage over anti-tubulin, which shows a complex netfiwork
peripheral axon projections. The third ganglion from the tail wesged in all the
dissected embryos because the segments closest to the isjectobn should show

the most promise in terms of phenotype change.
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Figure 13 Serotonin staining of"3ganglia from the tail 5 days after RNAi. (A) Bal control
injection with liposome. (B) Abl siRNA injection ith liposome. (C) Abl dsRNA injection as

liposomes. Scale bars, L.

Table 2.RNAI Trials

Condition Total injected Total survived
Saline control without 8 2
liposome
Saline control with liposome 4 2
Frog GADPH siRNA control 12 6
(from kit) with liposome
LAR1 siRNA control with 6 2
liposome
Abl dsRNA without liposome 8 3
Abl dsRNA with liposome 4 3
Abl siRNA without liposome 8 3
Abl siRNA with liposome 22 10
Total 72 31

Figure 13 shows no apparent change in phenotype. Subtle changes @m be se
in the density of fascicles in the bilateral connectives, but ammthange can be
conclusively argued. A total of 12 embryos were used in the sethwdivided 4
embryos to each injection group. The embryos had a 75%, 50%, and 25%itynorta

rate among the saline control, sSiRNA, and dsRNA injections régelcafter 5 days.
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Care was taken to inject each embryo in the same manner antheviame amount
of solution (around 1l); however, potential error can arise in terms of the health of
the embryo and also the damage caused by the trauma of thi#omjetsing a
liposomal agent was a measure taken in order to increasditienef/ of transporting
the RNA through the cell membrane and into the cytoplasm. In trdecrease the
confidence that the RNA was actually getting into the cells,fahewing control
experiment was done to ensure that this was occurring. By addiNA plasmid with
the GFP gene under control of leech actin promoter, cells should sibgorit the
liposomes actually passed through the cell membrane and into theisaudfethis
event can occur, one can be fairly confident that the liposomegncaRNA can
deliver the RNA into the cytoplasm of the cell. Figure 14 shexpsession of GFP in
some cells found in the body wall, near the site of injection. dé¥ew neuronal cells
in the CNS did not appear to express any EGFP. This suggedtcthat delivery of
the RNA into the cytoplasm of neuronal cells might be the redsairttiere was no

detectable change in neuronal phenotype.

Figure 14. Cells in the body wall expressing EGFP nearsiteeof injection. Scale bars, Lfn.
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Five total sets of injections showed no morphological differengeéhenotype
between the control groups and the RNAI groups despite trying to enkiamce
efficiency of RNA delivery through use of liposomes and alsaesming the
concentration of the RNA. Subsequent injections also replaced tine salntrol
injection with a frog GADPH RNA and also LAR1. The last seinpéctions also
were stained with the monoclonal antibody Lan3-2, which stains thresgxojecting
from the sensilla to the central nervous system, cells thashenen to express the
leech Abl kinase in Figure 11C. A change in phenotype could be refiactegbrs in
the morphology of the central axonal terminals, but comparison of cdatRNAI
groups showed no distinctive differences. One possible explanatiomNfirf&iling
to show a distinctive phenotype could be that the Abl gene | clonedosiplete and
that the whole sequence is required to produce an effective RNAi knock-dow
Another possibility is that this particular kinase sequence canrotdked down by
RNAI. In fact, RNAIi does not work equally as well in all cglbes. For example,
systemic administration of dSRNA has been shown to be ineffentkreocking down
expression in neuronal cells @. elegans(Kennedyet al, 2004). To test this
possibility, an additional experiment needs to be performed to ex@eds
subsequently knock down Abl in cell culture, but that also requires a etanpbtein
sequence. Future goals are to complete the whole sequence for @ddition to
testing if Abl is truly being knocked down in these RNAIi experitae Possible
methods to test the latter are shooting RNA coated gold pariitle the area of

interest, or single-cell injections into the comb cells, as well as @becttion.



CONCLUSION

My investigation of two leech phosphotyrosine kinases, FAK andshiolwed
that these two kinases exhibited strong expression in the CNS,drasson was less
consistent and evident in the Comb cells. It has been shown thaARImAnd
HmMLAR2 are localized to neurons as well as other types d$.ceSpecifically,
HmLAR2 was found on the filopodia of the Comb cells (Gershon et al., 1998).
Previous genetic work imrosophila suggests that d-Abl is a suppressor of Dlar
function and that they play antagonistic roles in the specificafitime intersegmental
nerve route of a subset of axons (Wills et al., 1999a). Consistetiv@@sipression
in the Comb cells would provide a strong basis for suggesting @t kbl or FAK
might be potential antagonists in a pathway for actin assemblyeandenoutgrowth
(Figure 1).

RNAIi knock-down could not be confirmed through injections under the
germinal plate. Delivery of dsRNA into the cells is one olbstaénother challenge
is that some genes work well, while others do not and spegfjaences might be
required and is critical for knocking down signal. Members of theFRR&Td PTK
families can also have partially redundant functions so thatltbense of one member
does not produce strong phenotypes (Desai et al., 1997). Although théuextion
of leech Abl has yet to be determined, future experiments should inblatigtic
delivery of coated gold particles with dsRNA, which might redtlee amount of
tissue damage as well as allowing for RNAI in selectethsats and central ganglia

of the leech embryo (Shefi et al., 2008). Elucidating the function s€tR&Ks such
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as Abl remains not only to be an important step in understanding thefrohese
kinases in neuronal outgrowth in the developing leech, but also howithetp fthe

larger picture of cellular signaling pathways.



APPENDIX

FAK Primers

427 bp PCR product

FAK-F (5 — TAAACATTTCGAGGACCGAGG - 3)

FAK-R (5 — GCAACAGAAGCCTCCTTTCTTGTGGTGCC - 3)

1.6 kb degenerate PCR product

Block A-F-Outer (5 — ATGAGGCAGTTCGACCAYCCNCAYAT - 3)

Block B-F-Inner (5 — CAAGAGGTTCGTCCACAGAGAYATHGCNGC - 3)
Block J-R-Inner (5 — TADSTYTACCGGGTGTTCCACGA - 3)

Block K-R-Outer (5 — CTRCGNTTYTTGGACGACCTGCAGTAGC - 37)

FAK Sequence
ATGAGGCAGTTCGACCACCCGCACATCACTCAACTTATTGGCGTCTGCTCT
AAAGATCAGGTGCTTATTGTCATGGAACTAGCAGAACTGGGAGAGATGAG
GAGTTTCCTTCAAGAGAACCGACACGTGCTCGGCATTCCGACCCTGATGAC
GTACTGCTATCAACTGAGCGCCGCACTGGCTTATTTGGAATCGAAGCATTT
CGTGCACAGAGACATAGCGGCGAGAAACGTCTTGGTGTCCTCGATCGATT
GCGTCAAACTTGCAGACTTCGGGTTGTCGAGGATGTTGATGGACGAGAAC
TACTACACAGCTTCGATCGAAGGAAAACTGCCAATAAAGTGGATGGCACC
AGAGTCGATAAATTACAGAAGATTTACTTCGGCCAGCGACGTGTGGATGT
TCGGTGTTTGCATGTGGGAAATTCTTTCCTACGGCACCAAGCCCTACTTCG

GGGTGAAGAACAGCGACGTGATCACGAGGATCGAAATGGGCGAGAGGCT
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CCCTCTGCCCGAGATGTGTCCACCGAGCTTTTACAACCTCATGTGTCATTG

TTGGGCTTACATTGCAGAAGAGAGGCCTAACTTTACTCTGCTTCAGAAGTT

AATTTGTGATGCACTTTCACAAGAAAGGTGCGATTCTTCGCTTCCGTCCTG

GATGGTTGAAAATTGCATTCAAGCGCACGACAAACCTCCCACAAAAAGCT

CAGAGGGTGCTCCCAGCAAACAGTCGGGCGGCTTCAACGGCCTCGCCATT

TCTACGCCGAACCTGCCGAACGTCCCGAACGGTGCTTTCGACCTGGCGACG

TGGTCTCGTCGCAGGGAATGGATCGATGCAGATCTCCAGGATTCTTTGGGG

AGGGGTGGAAGGTGCTCCAGCGACAACATCCTCGACAAGAGAGATGAAGT

TCAATTCGCCAATTGCCCCGAAGGTTTCTACAGCGAGATAAATTCCCCCCA

TACACCTGGAAGTAGTGCCACAAACATTTTGCATCATCAGAAGCTGCAGA

GTTGTCGAGATGAAGCATGGTTGCAATCGGTGGAGAGTAGAACAACTCCT

AAGAAGCAAGATGAATGCAGGACAGCTGGCTTGGTGCCCTCATCAACATT

GCACCAGTCTCTGAGAAAGTCCATGCCCGATGAATTCTTCAAGTCCATAAA

CATTTCGAGGACCGAGGACAAAGTTTACGAAGCCACGAAGGGGCTCATTG

CATCAGTGCTTAATCTCACCTCGATGACAAAATCCAAGCACTTTGAGAAGA

CCTATGCTCAGCTTGCCATGGTTGTTGGTGGGTGTTTGAAGCAACTGCTTG

GTTTGACTGAAAAAGAAATGTTGGATGAAGGCAAGGAAGAGATTCAAATG

GCTCAAAAGCTGCTCGTTTCAGACATGGCCAATCTCGTCAAGACGACAAA

GCTTGCAGATTCAAACAGGGCCACCATTCTCGACGAACAATATCGTAAGA

ACATGCTCCAAGCTGCTCACGTACTTGCTGTGGATTCAAAAAACTTTCTTG

AAACTGTGGACTGCATCAGAAAATACCAAATATTCACCATTGGCACCAAA

GAAAGGAGGCTTCTGTTGC
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Abl Primers

432 bp PCR product

AbI1-F (5" — CCATTGTCAGGCTCAGGACCAGTT - 3))

AbI1-R (5’ — CAAAACTAGGGAGTGGACGAGTG - 3)

888 bp PCR product

Abl2-F (5 — TCCATGGTCCAGTATCCAGGAGTA -3

AbI2-R (5" — AGACGTCTGATTTTGTTGAGAACC - 3

916 bp PTK degenerate PCR product

AbI1-F (5" — CCATTGTCAGGCTCAGGACCAGTT - 3))

PTKase-R (5 — ATAGGAATTCCAWRGGACCAVACRTC - 3

3’ RACE PCR

AbI3’RACE1-R-Outer (5" — AAGTGGCCGACTTTGGCTTGGCA - 3))
AbI3’RACE1-R-Inner (5" — AGGACGACACCTACACTGCCCA - 3))
AbI3’RACE2-R-Outer (5 — AGGTCTCGCTTACAACAGGTTCTC - 3)
AbI3’'RACE2-R-Inner (5 — AGACGTCTGGTCCCTTTGGAA - 3)

3’ RACE confirmation PCR

ADbI3-F (5 = GCCCTTTCCATGGTCCAGTA - 3)

Abl-1698bp-R (5" - GAAGAAATGCAGGAGGAGGAGG - 3))
Abl-1665bp-R (5’ — CCGAGACATCGGTGTCTGGA - 3))
Abl-1541bp-R (5’ - GCTTCGAGACTGGCTGGCAG - 3))

Abl-1329bp-R (5" — CTGCCCATGGTTGCACCATC - 3))



a7

Abl 1.6 kb 3' RACE PCR

AbI3-F (5" — GCCCTTTCCATGGTCCAGTA - 3)
AbI3’RACE3-R-Outer (5 — CTCCACCCACAAGGACAAGTTCC - 3)
AbI3’RACE-R-Inner (5 —= TTCAGGGATCAGATGGTGCAACC - 3)
AbI3’RACE-R-SH2PTK (5’ - CACCTCCAGTATCCCGTGTCCAA - 3)
Abl 2.1 kb 3' RACE PCR:
AbI3’RACE2.1-F (5 — TCCATGGTCCAGTATCCAGGAGTA - 3)

Abl 3’RACE2.1-R (5 — TACCATATCGTGCTGTCGACG - 3))

Abl Sequence
GCCCTTTCCATGGTCCAGTATCCAGGAGTAAGGCAGAATATTTGCTTAGCA
GTGGAATTAATGGCAGCTTCTTGGTGAGGGAGAGCGAGAGCTGTCCGGGC
CAATTGTCCATATCACTGAGGTTTGATGGGAAGGTTTATCACTATCGAATT
TATCAAGATGAAGCTGAGACTAAGATGTTTGTGACCACCGAGAACAAGTT
CACAACCCTGGCCGAGTTGATTCACTTCCACTCGAAGCAGTCGGCAGGCCT
GGTGGTTCACCTCCAGTATCCCGTGTCCAAGAAGACTCAACCTCTTGCCTT
TGGAACTGGTCCTGAGCCTGACAAATGGGAGATTGAGAGGACAGACATTC
AAATGAAGCATCAGCTTGGCAGTGGACAGTATGGAGATGTATACGAAGGT
CTCTGGTTGTCTAGGAATATCACAGTTGCTGTCAAGACACTCAAGGAGGA
GACGATGGTGTTGAAGGATTTCTTGGAGGAGGCAGCTGTTATGAAGGAGA
TGAAGCATCCAAATCTTGTGCAATTGCTGGGTGCTTGCACGCTGGAACCTC

CGTTCTTCATCATCACCGAGTTCATGAGCAAAGGAAACCTTCTGGACTTCC
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TCAGGAATTGTTCAGAGGAGGAGACTGGCCTGACAGTTCTGTTCTACATGG

CAACTCAGATTGCATCGGCCATGGCCTATTTGGAAGCCAAGAATTTCATTC

ACAGAGATCTGGCTGCCCGCAATTGTCTGGTAGCAGAGAACCACCTCGTG

AAAGTGGCCGACTTTGGCTTGGCAAGGCTGATGAAGGACGACACCTACAC

TGCCCATGCCGGGGCAAAGTTCCCCATCAAATGGACTGCACCGGAAGGTC

TCGCTTACAACAGGTTCTCAACAAAATCAGATGTTTGGGCCTTTGGCATTT

TGCTGTGGGAACTTGCTACTAGGGGCCAGTCACCATACCCTGGTGTGGACC

TCACAGAAGTTTACCATCTGCTTGAGAATGGGTATCGAATGGAAATGCCA

CCTGGATGTCCAGTGAATGTCTACAACCTCATGACCTACTGTTGGAGATGG

GAACCTCAGGAAAGACCTTCCTTCAAGGAAATCCTTCACCTTCTCGACAAC

ACACTTCTGGCATCGAGCCAGTGTGCTGACAAGGATTCAGATTCTGTTGAG

GAGATGGAAATGAAAAGGAGCGGCCATTTTCATTCGGAAAATAGCACTTC

GCCTGGATCCACGCTAAGCTCTTTTGGCAGCAAGCACTCAAAACTGAGCCT

AAAGAAAGCTCCAACTCCACCCACAAGGACAAGTTCCTTCAGGGATCAGA

TGGTGCAACCATGGGCAGGGGAGGAAGAAGGAATGGACCAACAGATTTC

ATCTTGCGACCGAAGTTACTCTAGCAAGAGTCACAGCACCGTCATGTCTGA

GTCAGTTCTGAGCAGATCGAAGCCTCACTGGTCTAATGAGGCACTTCTCAG

TGAATCTTTTAGCGACCACGTGCGATCTCAAAGCAGCAGTGATGATCTGCT

TTCGACTTCTGCCAGCCAGTCTCGAAGCGGCAGTTTCGACAGGATGCTCAT

GAGTCGCAAGGCTAGTCACGAACACGTTCCTGCCTCTCTTGTGGACTCCTC

GAATGATCAGCAGGAGCTCGGTCACAAGAGTCCAGACACCGATGTCTCGG

ATTCTTCTTTTCCTCCTCCTCCTGCATTTCTTCTAGAAGAACAGAAAAACTT
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TGTCCCTATACCTTCAAAAAGAATGACCCAAAAGGTTAAAGAGAAATCCA

ATATTCCATCTGGCAGCCTCAACAGACGTCAAACTGCCATGGCCAGAGAG

GTTTTCGAGGAGGAAACCTTCACTGATTCTGGCCATTCCTCCCCTGCTGTT

GGTTTCCTGAGTGGAAATGCTTCAGGAATTCCTGTCAGTAAGGAATCCTTG

CCTCCAAATAGTCATTGTATCACCATACCCAAAAGAGCTGCCACCATGACC

TGCAAGGAAGAACTTGTCGAGGTCCTCGGAAGGCGTCGACAGCACGATAT

GGTAAAGTGCGATGAAGTAAAAAATGCTCCACTGGAAAAACCCATGACAA

ATTCCAATGCTCCCTACCTCAGCCTCATC
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