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© ABSTRACT

CD44 is an extensively glycosylated, widely expressed cell surface protein found on most -
cells. Multiple protein isoforms of CD44 are generated by the alternative 'splicing of one or
more of 10 contiguous exons into a single site in the processed mRNA, resulting in the
inclusion of additional amino acid sequence into the extracellular domain. The expression of
certain CD44 isofoms such as CD44R 1, which contains additional exons v8, v9 and v10, has
been clinically correlated with an increase in tumour progression and metastatic potential.
However, the molecular mechanisms which regulate the alternative splicing of CD44 exons,

and thus modulate protein expression, are unknown.

A novel in vivo pre-mRNA splicing assay, termed the splice activated gene expression
(SAGE) assay, was developed to investigate the pre-mRNA splicing of the CD44R1 variant -
region exons. This assay consists of a stably expressed in vivo splice construct composed of
two or more exons of CD44R1 along with their accompanying intron(s) (v8-v9, v9-v10 or
v8-v9-v10) placed in frame between 'phe CDA44 leader sequence, and a leaderless reporter
_ construct of human liver/bone/kidney alkaline phosphatase (ALP). The expression and
enzymatic activity of the ALP is thus dependent upon the prior correct splicing of the CD44
exons. Pre-mRNA splicing is assessed by either enzymatic assay, fluorescence activated cell

sorting (FACS) or reverse transcription and polymerase chain reaction (RT PCR).

Using this assay system, combined with sequencing of the v8-v9-vi0 genomic regions,
alternative 5' and 3' splice sites were identified within the intron (intron 9) which separates
exons v9 and v10. Splicing reactions which utilized these intronic sites, either together or in

conjunction with the exonic v10-3' splice site, resulted in the production of aberrant splice
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products which retained part of intron 9 including an in frame stop codon. Examination of
several leukemic cell lines confirmed the presence and use of these intronic splice sites
during native CD44 splicing. Similar intronic splice sites were not found within intron 8.
Incubation of K562 cells expressing the SAGE constructs with the serine/threonine kinase
inhibitor staurosporine, resulted in an increase in exonic splice site usage at the expense of
the intronic splice sites. Thus the activity of several serine/threonine kinases, such as protein

kinase C are implicated in the molecular control of CD44 alterﬁative exon splicing.



Iv

TABLE OF CONTENTS
MOLECULAR MECHANISMS REGULATING THE ALTERNATIVE SPLICING OF THE HYALURONAN
BINDING PROTEIN, CD44 : : I
ABSTRACT ...ooureeumaereveaaeeeissssssessssos s ssssss e ssisss e esssss s I
TABLE OF CONTENTS ...oiviiiiiiireree ettt et et es e ba s e st ne e vene v
LIST OF FIGURES ..ottt ettt ettt te et et e ae s st s bt e st et e stassn et e neasasrasssentasbesssssnsses VI
ABBREVIATIONS ...ttt sttt eie et st esesta b e ssneabe st ba e e e snasnsssasaresnsenes et VII
ACKNOWLEDGMENTS .....ooooiiiiiieirineerinreertesreienennesesisssessesessnesesseressessessessessessarsssssssesessessenss LG
I INTRODUCTION
1. STRUCTURE AND FUNCTION OF CDA44 ........coriiiiiiiiiiniiiinricent et sa e
L1 The structure of CD44...........ueveeeecereeeeeererernesenennens cetuetesues sttt r sttt s s s e e Rer et sasaesasberae
1.2 Ligand binding specificity of CD44 .........cocoevrvenn. : '
2. INVOLVEMENT OF CD44 WITH METASTATIC DISEASE y v
3. SPLICING OF PRE-MRNAL......c.ooiiiiiiiiiiiiiiciiii ettt sne e e
3.1 Constitutive pre-mRNA SPlICING.......cuvvivrmiriniiniinseiiinsscieiistsiinntossstessssosessssossesssasssnessenss
3.1.1 The SPLICE TEACHIOMNS ...eeoverererienrenirirreseriesreeserarresteneraesaessenseseesaesessesessesesssasnesessense
3.1.2 Sequence elements at the 5 and 3’ SPlice SIES......cccurrererrerricrerreenirrrereereesiens 15
3.1.3 Pre-mRNA splicing is catalyzed by the sphceosome ............................................... 16
3.1.4 Factors involved in defining the eXon .......ccocooivnininnnnnninc e .20
3.2 Alternative splicing ofpre-mRNA.............................................' ............................................. 23
3.2.1 CiS-aCUNE SEQUENCES ......ererereerererienrenererresessnesesessesassstssessonsensssessassessessessessessasessenes 23
3.2.2 Trans-acting fACLOIS ....ccveveerirereirieerir et ettt e e se st 26
3.3 The regulation of alternative spltcmg .................................................................................... 28
3.3.1 Interactions between SR proteins and ESES ......c.cccoceviivniiinininniiiinnrce e 28
3.3.2 Regulation by other Proteins.......cocccvierrieirctiirenecereeeeee et 31
3.3.3 Regulation by phosphorylation ...........ccecveveecieeives e e 31
3.3.4 RNA secondary structure...........coeeevereveereecnnnee. e ettt e e et e r e st r e et e s teannenreenaes 33
4. CD44 AND ALTERNATIVE SPLICING......cccvvrimitinniinnisinniessesneninnissismonconeencensiones e 34
5. THESIS OBIECTIVE ...ttt ettt sttt s he st st st st esaasbeeseen 35
II MATERIALS AND METHODS .....coiininmnmnmnsinsmmmsimasissiessissssesssssiossossssssassassssssosassossssess 36
1. GENERAL MOLECULAR TECHNIQUES ........ e tererereeeieieiereeeeeeeienrbteteeeeeeeaaaartbnntarreeaeteeeieraatrnrarnraerens 36
Y 2 g N o) ¥ SR 36
3. POLYMERASE CHAIN REACTION (PCR) o.cuivemeeeeeieeeeteseeeseeeereseveeereeeereseareneseeseseeneneeneneeessssenesasnssasns 39
3.1 PCR from CDNA .......ceooueeeernesrenrnsesssssssssesssssassssssssssessssssssssssssassasssssessassessssnsssssosssssssssses 39
3.2 PCR from PIASHUIA ..........uoucouivinicriniriiesennrrereseriresesesaresesessessressssasesssessesessasssssessessessosessessessnsses 39
3.3 PCOR PFIMETS..uuenireivinrirecrensinsinsnisenessnenesnesessssssssssdessesasessasasensassessessesasesssassssessessenansoresassanes 40
4. PREPARATION OF SPLICE ACTIVATED GENE EXPRESSION (SAGE) VECTORS: ..oveeeeerieereenas eeernireeees 41
4.1 Preparation of CD44 Leader in Bluescript KS+ (BS-HL)..ouvervrrereesrressesseseressesssssssaesasssossesen 42
© 4.2 Preparation 0f ALP.PCEPA..........iirireririsessnsssesniesessssssessnessossssssessessssssssssssesssersessasssens 42
4.3 Assembly of the SAGE CONSIPUCLS ..u..u.oueeeenercereersessressssssssssesssons e aseres e trasseens 42
4.3.1 v8-vO.ALP.pCEP4 (v8-V9 SAGE VECIOI) w..uerveereiirererierrreniereereeieseeresieetesees e 42
4.3.2 v8-v9-v10.ALP.pCEP4 (v8-v9-v10 SAGE VECtor)......ccceecvnevvenivrernernsrnsnereennnns 43
4.3.3 v9-v10.ALP.pCEP4 (v9-v10 SAGE VECIOI) ..ovvvvieriereiriisienie e seesietesesteseenenavaenens 44
4.3.4 v89-10.ALP.pCEP4 (v89-10 SAGE vector)............. e e 44
4.3.5 v89.ALP.pCEP4 (v89 SAGE vector) and v910.ALP.pCEP4 (v910 SAGEvector) ..45
5. PREPARATION OF TOTAL RINA .....cooriiiimiieiiie ettt ettt e s s s 47
6. REMOVAL OF CONTAMINATING DINA ..ottt rereeeiene et s e san e sse e snen 47
7. FIRST STRAND SYNTHESIS OF CDNA ......cooiiiniitiiiiiiiiniiienee ettt sen s eses s s ens 47
8. NORTHERN BLOTS ..ottt et et et s sa e st ebesbesee s e et eseosesbesesaseansnnessesessansans 48




9. SOUTHERN BLOTS ...ctviiimenererrererneeresessinsiersassssessessesessanseseases fererere e sressnenanee e 50
10. DENSITOMETRY ..cuviviriiierireiieieneeeereseeseseeseeseseessesessessssesassessnesassesasssessnns e e 51
L1 CELL LINES.....oititiiietiniitcetcec sttt sttt s s et asas s eb e s s st eseese s enasnesa e eaessonsannana 51
12. ELECTROPORATION OF K562 CELLS ......cocoviererennenn ettt er ekt a et e et et rerbesens 51
13. SELECTION OF SAGE-EXPRESSING K562 CELLS .....ccveveirieriiieeittceeeteee et eve vttt 52
14. CYTOSPIN ANALYSIS AND STAINING .....cveurururureteiraeeserereririnasesrssssesssessssesessessseesssssessessssessessssesessons 53
15. INDUCTION OF SAGE EXPRESSION .....ccooovvivviintienrinrirereeereosesasesssessesesssssnes rerrrerree s e eans 53
16. FLUORESCENCE ACTIVATED CELL SORTING (FACS) ANALYSIS.....c.eveveereeeeeeverereersreerasesessessessens 53
17. SEQUENCING «..c.oertemtirienrererererrtsresessassessesreesessesssesesssessosssssesssestossessessessssenesstessessesssensesssssessesessses 54

17.1 General SeqUENCING PrOtOCOLS ......cuvereereriveserenreseereressriesesssssssssssessssesssssesesessesessessssessssssenes 54
17.1.1 Preparation of templates ................. ettt et n et er et et en e bt 54
17.1.2 Sequencing of the LEMPIALES . .....cvoeeeeee et res s eenen 55
17.1.3 Polyacrylamide Gel Electrophoresis and Autoradiography ...........cccecccoeceiirnienenn. 55
17.2 Exonuclease 111 deletion of the v8-v9. BS+L template............ccuvevreersercvereersererersesesseseraeeens 55
17.3 Bal 31 deletion of the v9-v10.BS+L teMPIALe .......cervreerrereneresrerensressrssnsrasnssssisssesssssssssosenss 56
17.4 Sequencing of aberrantly spliced v9-10 PCR PrOAUCES .......cuoevueevereerncereerserinsirersersossssersons 56
18. MONOCLONAL ANTIBODY PRODUCTION........c.ceuviveireeetesecerecarenseserastoessneeressseesssesesssssseseesessessonesssnn 56
III RESULTS ‘ 58
1. CHARACTERIZATION OF THE GENOMIC DNA SPANNING THE CD44R1 EXON V8, v9 AND V10 REGION58
1.1 Sequence of the v8-v9-v10 GENOMUC FEGION .......ucerreererererersreiveressesessersssssessassssssssesssassessosossons 58
1.2 Analysis of cis-ACING SPlICE SEQUENCES .......ve..vserirerrerirererersarresserersnsssessessessesssssssssssrsrersersneses 63
2. ASSEMBLY AND FUNCTIONAL ANALYSIS OF SPLICE ACTIVATED GENE EXPRESSION VECTORS........... 65
2.1 Construction of the Splice Activated Gene EXpression VeCtOrs ......ueurecrrvencvevreessnersessnssns 65
2.2 Assessment Of SAGE SPHCING.......oncevirieviciiiicscsinisisansonissestosessssssnsresssssssssassssessssesens 68
2.3 RT PCR analysis of SAGE splicing........... F ORI 68
2.4 Cloning and Characterization 0f SAGE Products .............cuvvniriveniensenssssesssesienssevesssnsnes 71
3. PRE-SPLICING OF THE V8-V9 EXONS FACILITATES V8-V9-V10 SPLICING....ccveeevtreeerrecneeeeereeneveeenaee 79
4. SPLICING OF THE CD44R1 UNIQUE REGION EXONS IS DEPENDENT UPON THE PHOSPHORYLATION
STATUS OF THE CELL. ...ttt et ee et ses e etmae e te s s s ene s e nass s rnaesansnsansnns et 82
4.1 FACS analysis of CD44 iSOfOrm eXpression.......uieicesiriraiircercerensnsesssssessessssesssssessesens 82
FiUEE 21 ....uuuvonverinrinenrieineiteeeicne sttt sttt sas e st s ssesbesasesse s e s s s s e sasan s R e srnnaresans 84
4.2 Identification of CD44 iSOfOrMS......uevueereeerevicreneeererssnseeresssens SRR ORI OPROOON 85
5. INDUCTION OF SAGE SPLICING. ....vccveviiriivierresriereerenvessesessensesnseressseressesresssesssosssssssnsonsssssnesssessessons O 1
5.1 Analysis of induced SAGE'splicing ......................................................................................... 87
5.2 RT PCR analysis of induced SAGE SPLCING..........ocrivevirierisrnssrassessesssasssesesessosessnsessesensennes 92
6. RETENTION OF INTRON 9 IN NON-TRANSFECTED CELL LINES ......c.conumeeeerrnnnns s 96
IV DISCUSSION , , ceeress 98
L. THE SAGE ASSAY SYSTEM..voveuvovvimiiunieteteterereeseieeeeesestsesasesessessstsesessssessstasassssasasassesserensssesassesensssoss 98
2. CI1S-ACTING SEQUENCES AFFECTING SAGE CONSTRUCT SPLICING ......cvereevverrirenrierereesessesnssesoeesennans 101
2.1 57 splice site selection in the v9-VI0 FEQION..........uuweerrerererererrerirereereserserasesesssssssssssnsssessonses 101
2.2 3’ splice site selection in the v9-v10 FegiON.......eiveverrersversrerssessesssserssesessessasesessssssssssssene: 106
2.3 Exon enhancers and SAGE.............ecoreerrerererne, et e s s e et se s s e besEbaen 111
2.4 Other putative cis-acting SEQUENCE MOLISS .......cccvirevererrererreresssrereesesessenssessasssressasesssssssssesnes 119
3. INDUCTION OF SAGE SPLICING BY TRANS-ACTING FACTORS ....coevirueririrreriereesinrssesiesiseesnesnsnesensenns 120
3.1 Serine/Threonine kinase inhibition induces SAGE SPliCIng .........u.cuverevuevrercececeenencerienns 120
3.2 Putative kinase involved in the regulation of alternative splicing .......... AN 121
4. FUNCTIONAL CONSEQUENCES OF INTRON RETENTION......coeccertrurrrrarerrerersinrisensesiesensessessensesseseneenes 123
5. CONCLUSIONS ....oooviiiniieiiitcii ettt et n e bbb e se st se b et e b se b esa st e s en et eseasesesbesssbasesbesessns 125
6. FUTURE DIRECTIONS .....ovimiiiiiiiniiiiticsieescere et csneseseses et stk asaese s e ae s e e sessasessssasassassnsasssraseans 125

V BIBLIOGRAPHY 127




Figure 1:
Figure 2:
Figure 3:
Figure 4:
‘Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:
Figure 22:
Figure 23:
Figure 24:
Figure 25:
Figure 26:

Figure 27:
Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:

V1

LIST OF FIGURES
Cartoon representation of CD44 protein SEUTCIE G e reeereeereeeens 4
Genomic StrUCtUre Of CD49 ......coueviiririiiei ettt nas 6
The basic chemistry of the splice reaction .........cccccocveevceenininiicnenincceseceee 14
Splice Site CONSENSUS SEQUETICES......c.eervirerrreriinreiverrersrerereesessesssessesseeseessesseesesreens .15
Cycling of the snRNPs during the splicing reaction. ..........ccceceevveviineniesieerrennenenn, 17
Interactions of the various snRNPs during the splicing reaction ................... S 18
The exon definition model of Berget ef al. ......cccccoeevveviiviiiieeiieieee e, 22
Model of ESE enhancement as proposed by Staknis and Reed .............cccovennenn. 30
Vectors used in thiS WOTK........cociiiiiioiriiniieeeeectcrcee e 38
Size representation of v8-v9-v10 SAGE CONStIUCt ......cccovvevierieniieieiireieeee e 41
Representation of the SAGE vector CONSLIUCES .......c.ovveerrereereicreiirirereerees e, 46
Probes used in thiS WOIK. ........ooivviiiiiiiiiiiieceeee et — 50
‘The genomic sequence of CD44 v8-v9-v10 region ........cccceevveevvereennnns s 59
Consensus splice site sequences of the v8-v9-v10 region ............cccovvvvveivreeene. 63
Enzymatic staining of SAGE vector transfected K562 cells.............occovrerinnnnn.. 67
RT PCR Of SAGE PIOGUCES. .......ovurerreerieieseeeeeeeessesesseessesessessessessees s 69
Exon specific RT PCR of SAGE products ..........cceoeveveeieninveneiereeeeeeeenens 70
Aberrantly spliced PCR products............c.ccccevevvveverenenen. s 73
Sequence of aberrantly spliced PCR products ..................... s 74
Exon specific PCR of v89-10 SAGE transcripts ........ccccccevevverierererereriesiecnennnns 80
FACS of CD44 isoform expression in various cell lines......c..cccccevvveveinvininnnnene 83
RT PCR of cell lines induced with TPA or Staurosporine .............ccccovevvvcnneeenne 86
FACS analysis of TPA or staurosporine induced SAGE splicing ...........ccccveuene 89
Northern analysis of SAGE RNA ........cooiiiiiiiictres e 91
RT PCR of induced SAGE SPliCINg.......ccooevvverveeriirieietieeeeeeeeeereeeeressvereveen e 93
Comparison of staurosporine-induced v89-10 SAGE transcripts to v8-v9-v10
SAGE TANSCIIPLS ..uviiiiiiiiriieieniieieetetete st ere ettt sae st este st st et enbeensessenes 95
Intron retention in induced cell lin€s.........cococeiviniiiiiiniiiniiiine, e 97
5’ splice site alignments of the 5' splice sites with U1l and U6 snRNPs............. 105
37 SPlICE SILE TEZIOMS....iiiiiiiiiiiiiiieeie ettt et e e s esneas 108
Comparison of branch point SEQUENCES ..........ccecveeeerierieniiririeeieeree s 109
5’ and 3’ splice sites of the CD44 pre-mRNA eX0nSs........cccocevvveniesrerreeeenneenas 111
ESEs located within CD44 €XOMNS. ....c.covevieirierinieninienentenie st see e sae e s 114
Proposed mechanism of ‘RGAAG’ ESE clustering enhancement .................. 117



ACT
ALP
ATP
BCIP/INT
bps

BS KS+
BS+L
CC/E
CCII
CK1I
CMV
CT/CGRP
dCTP
DEAE dextran
DMEM
DNA
DNAse I
dNTP
DSX
DTT
EBNA-1
EBV
EDTA
ELISA
ERM
ESE
FITC
GAG
GPI

HA
HAT
HBSS
HIV-1
hnRNP
HSV

9
ICAM-1
IL-1
IPTG
ISE

kb

LBA

ABBREVIATIONS:

actin
alkaline phosphatase
adenosine triphosphate

5-bromo-4-chloro-3-indolyl phosphate/p-iodonitrotetrzolium

branch point sequence
bluescript KS+
bluescript KS+ with CD44 leader

_commitment complex/early

cool calf II

casein kinase II

cytomegalovirus

calcitonin/calcitonin gene-related peptide

deoxy-cytidine triphosphate
diethylaminoethyl dextran
Dulbecco's modified eagle medium
deoxyribonucleic acid
deoxyribonuclease 1
deoxy-nucleoside triphosphate
doublesex

dithiothreitol

Epstein Barr nuclear antigen-1
Epstein Barr virus '
ethylenediaminetetraacetic acid
enzyme-linked immunosorbent assay
ezrin/radixin/myosin

exon splicing enhancer

fluorescein isothiocyanate
glycosaminoglycan
glycophosphoinositol

hyaluronan
hypoxanthine/aminopterin/thymidine
Hank's balanced salt solution

human immunodeficiency virus-1
heteogeneous nuclear ribonucleoprotein

‘herpes simplex virus

intron 9

intracellular adhesion molecule-1
interleukin-1
isopropylthio-B-d-galactoside
intron splice enhancer

kilobase

Luria broth agar

viI




LFA-1
Mab
MIP-1

- MMLV

MOPS
nt

OPI
PBS

‘PCR

PdBU.
PHA
PKC
PTB
RBD
RNA
RNAse
RRM
RT PCR
S/T kinase
SAGE

SDS-PAGE

SF2/ASF
snRNA
snRINP

SR protein

.SRPK1

SSC
SV40
SXL
TcR
TK

TNF-o

TPA
TRA
TRA-2
U2AF-

v8,v9,v10

X-gal

Vil

leukocyte function-associated antigen-1

~ monoclonal antibody

macrophage inflammatory protein-1[3
Muloney murine leukemia virus
3-[N-Morpholino]propane sulfonic acid
nucleotide
oxaloacetate/pyruvate/insulin
phosphate buffered saline

polymerase chain reaction

phorbol di-butyrate

‘phytohemagglutinin

protein kinase C .

polypyrimidine tract binding protein

RNA binding domain

ribonucleic acid

ribonuclease

RNA recognition motif

reverse transcription polymerase chain reaction
serine/threonin kinase "
splice activated gene expression ‘
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
splice factor-2/alternative splice factor

small nuclear ribonucleic acid

small nuclear ribonucleoprotein

serine/arginine protein

SR protein kinase-1

salt saturated citrate.

simian virus 40

sexlethal

T cell receptor

thymidine kinase

tumour necrosis factor-o. o
12-o-tetradecanoyl phorbol-13-acetate
transformer

transformer-2

U2 associated factor
variant8/variant9/variant10
5-bromo-4-chloro-3-indolyl-p-d-galactoside



IX

ACKNOWLEDGMENTS

“What your mind can conceive,
what your heart will believe,
so shall you achieve.”

Napoleon Hill

“Never give up”

Winston Churchill

The road from there to here has been long. Sometimes the way has been full of bumps and
potholes, and sometimes it has been smooth. There has been rain, even thundershowers, but
the sun has also shone. I would like to thank all of those who have journeyed with me,
sharing in the hardships and in the joy.

My parents, Cec and Karen Memory, have always believed in me and encouraged me to
stretch myself and acheive new heights.

My friends and fellow bench slaves have listened to me, encouraged me and challenged me
to try new and unfamiliar paths. I would especially like to thank Anne Wallis, who began
this adventure, and Kristian Baker, to whom I pass the baton.

The members of my supervisory committee, Drs. Connie Eaves, Fumio Takei and Jurgen
Vielkind, as well as many other senior scientists at the Terry Fox Laboratory have listened to
my questions and pointed out the way on the map.

The journey would not have been possible without the constant help and support of my
supervisor, Dr. Graeme Dougherty. He has stimulated me, motivated me, and guided me.
Thank you for teaching me to walk on the hairy edge of science.

This thesis is dedicated to my husband, Geoff Dirks. He has been my rock and my strength

through it all. Without his continual encouragement I would have given up long ago. Now
we begin a new journey together, and I am looking forward to the challenge.

Sincerely,

Julie F. Dirks



I INTRODUCTION

The molecular mechanisms facilitating the metastatic spread of neoplastic cells from a
primary tumour mass to a secondary site have yet to be fully defined. In general this process
is thought to result from the continued accumulation of alterations in the genes controlling
fnultipl‘e cellular processes such as locomotion and adhesion (1). To accomplish metastasis,
- the malignant cell must acquire several functional capabilities reminiscent of circulating
hematopoietic cells (2). That is, a metastatic tumour cell must detach from the parental mass,
pass through the extracellular matrix, and énter the peripheral circulation through either the
draining lymphatic system or by migration through the endothelial cell lining of the walls of
~ the venous or arterial vessels (3). OnceLa metastatic cell reaches the peripheral circulation it
must withstand fhe hydrbstatic pressure and shear forces associated with blood‘ flow. Either
.singly or more often aggregated .with other metastatic cells, it then must lodge in a capillary
bed and extravasate into the peripheral tissues (4). Although multiple genetic events control
each of these processes, alterations in the cell surface expression and/or functional activity of
adhesion molecules has been suggested to plz;y a major role in determining the acquisition of

metastatic capacity as well as the final secondary site of the metastases (2).

Early work to define the cell surface adhesion pré)teins i)articipating in tumour- metastasis
suggested a connection between the expression of the cell surface glycoprotein, CD44 and
metastatic propensity (3). Initially, CD44 had been identified as a widely expressed cell
surface molecule (5) with an observed size heterogeneity thought to be caused by .extensive
glycosylation (6). Subsequent Cloning and sequencing of a number. of different CD44
cDNAs revealed that the protein was expresSed as a family of isoforms generated by the
alternative pre-mRNA splicing of one or more of a set of ten contiguous exons found within

~ the CD44 gene (7-9). The unique function of each of these isoforms has yet to be identified.



However, the expression of individual CD44 isoforms has been causally linked to metastasis.
Using monoclonal antibodies (mAbs) developed against a metastatic rat pancreatic
carcinoma cell line, Gunthert et al. (4) identified a large molecular weight isoform of CD44
named pMeta-1, which conferred metastatic capability upon a non-metastatic variant of the
same cell line. Thié isoform differed from the parental form by the addition of only 3 of the
10 possible additional exons and was also expressed by normal tissﬁes, implying a link
between inappropriate expression of pMeta-1 and metastasis (10).. Since this initial finding, a
number of other.CD44 variants have been described which are associated with either primary

or metastatic disease as well as other cellular processes (4, 5, 11, 12).

1. STRUCTURE AND FUNCTION OF CD44

Although CD44 was initially described as a molecule expressed by hemopoietic cells, it is
now known to be present on almost every cell of the body including: macrophages,
granulocytes, lymphocytes, erythrocytes, epithelial, endothelial, neural and glial cells (13)‘. In
addition to its role in metastatic potential, a number of cellular functions have been
demonstrated for CD44. Crosslinking of CD44 proteins by mAbs induced signaling events
which enhanced CD2 or CD3 mediated T cell activation (14-17), stimulated the release of
Interleukin-1 (IL-1) from monocytes (18), and regulated lymphocyte function-associated
antigen-l/intracel]ular adhesion molecule-1 (LFA-1/ICAM-1) mediated adhesion (19, 20).
Additionally, a role for CD44 has also been demonstrated in a variety of adhesion-related
processes subh as facilitation of the cell surface attachment of HIV-1 (21), modulatioﬁ of the
poliovirus receptor (22), interactions between early hemopoietic progenitors and the bone

marrow stroma (23, 24), and binding of and movement though the extracellular matrix (25).




1.1 The structure of CD44

The structure of the CD44 molecule, solved from both a biochemical and genetic viewpoint.,
is that of a typical type I membrane protein (Figure 1; 26). The amino-terminal extracellular
domain is composed of 248 amino acids (aa) which contain two repeated motifs with
‘sequence similarity to cartilage link protein. The first third of the molecule contains six
Cysteine residues forming three possible disulfide bonds and resulting in a globular ‘head’ on
a protein ‘stalk’ (27). The extracellular domain is followed by a typica1 membrane spanning
domain of 21 aa and a cytdplasmic domain of 72 aa (26). Based on amino acid content,
CD44 should resolve on SDS-PAGE with an apparent molecular mass of 37 kD. However,
sizes ranging from 80 to 200 kD have been reported and are due in part to extensive N- and
O-linked glycosylation (6). Furthermore,. biochemical analysis has demonstrated that the
higher molecular mass forms (180-200 kD) may be generatéd by the addition bf large
molecular weight glycosaminoglycans (GAGs) such as chondroitin sulphate, keratan

sulphate, or heparan sulphate, to one of 4 serine-glycine dipeptide residues (27).

The cytoplaSmic domain of CD44 may be phosphorylated on at least 2 serine residues (S325
and S327; 28, 29). Additionally, this domain has been demonstrated to interact with several
components of the cytoskeleton such as ankyrin (30, 31), vimentin (32), and the
ezrin/radixin/myosin (ERM) family of actin binding proteins (33). Immunoprecipitation
studies have indicated that several kinases such as members of the serine/threonine kinase
famiiy protein kinase C (PKC; 34) and the tyrosine kinase p561Ck (35) may also directly or

indirectly interact with the CD44 cytoplasmic domain, and thus imply a link for CD44 into

various signal transduction pathways.
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Figure 1: Cartoon representation of CD44 protein structure. Hatched boxes at the amino terminal
indicate the regions of similarity to cartiledge link protein through which CD44 has been
demonstrated to bind hyaluronan. Open boxes represent the structural protein core and checked
box representing the transmembrane domain. Insertion of unique region variant exons occurs at a
single site indicated by the grey box. N-linked glycosylation and sites for potential chondriotin
sulphate sidechain modification are indicated by filled and open bars respectively. Numerous sites
of O-linked glycosylation exist but are not shown for clarity. At least two serine residues within
the cytoplasmic domain are phosphorylated, indicated by acircled P.
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Iﬁ addition to size heterogeneity generated by differential glybosylation of the CD44 core
protein, further diversity is achieved by alternative splicing of CD44 pre-mRNA exons. The
genomié regién which encodes CD44 is found on chromosome 11p (36) and consists of 20
exons spreéd err 50 kb of DNA (Figure 2; 8, 9). The first 5 exons .of CD44 encode the
leader sequence and amino terminal end of the protein and also encode the putative common
carbohydrate binding domain repeated within exons 2 and 5 (37). The 10 contiguous
alternatively spliced exons follow next, encoding the CD44 unique or inserted region (7).
These 10 variant exons are spliced into a single site within the pre-mRNA, resulting in
additional amino acid sequence within the extracellular dbmain, proximal to the
transmembrane domain (7). This region is followed by 3 common exons coding for the
transmembrane domain. The last 2 exons are also alternatively spliced and encode either a
full length (72 aa) or a truncated (3 aa) cytoplasmic domain (9). Some variant exons contain
further alternative splice donor (exon 5) or splice acceptor (exon 8 or v3) sites which are
utilized to generate further diverslity (9). Recent work by Matsumura et al. (38) has also
demonstrated the possible existence of a further exon found within the intron which separates
the two variant region exons 8 and 9 (v3 and v4), termed exon 9a with the current exon 9

(v4) renamed exon 9b.

The predomihant 80-90 kD CD44H isoform expressed by most cells does not contain any
variant exons. The CD44V8-1O (CD44R1) isoform is found oﬁ cells of mesenchymal origin
and contains additional exons 13, 14 and 15 (v8, v9 and v10), resulting in a protein with an
apparent moleculaf mass of approximately 130 kD (39). Isoforms which contain a truncated

cytoplasmic tail have been found at very low levels within certain cell types (27), and at this

time no variant isoforms containing exon 6 (v1) have been described (40).




1 23 45 6 7 89a9b10 111213 141516 17 18 19 20

vl v2v3v4a vdbv5v6 v7 v8 vOv10

intron 8 i
s vo intron 9 vio N

1761 1190
101 89 . 204

Figure 2: Constitutive (shaded boxes) and alternatively spliced (open boxes) exons of the
CD44 gene separated are by introns. (lines) as described in the text. Genomic numbering is
shown above and variant exon nomenclature is shown below. For clarity, the variant region
nomenclature will be used throughout this work. Carbohydrate or hyaluronan recognition
domains are indicated by a Y. Sites of possible chondroitin sulphate modification are indicated
by closed circles, heparan sulphate is indicated by closed square, and sites of phosphorylation
are indicated by a circled P. The expanded segment depicts the genomic region spanning exons
v8, v9 and 10, with size in base pairs noted below (determined in Results section 1.1). The
intron separating exons v8 and v9 is denoted as intron 8. Similarily, the intron separating
exons v9 and v10 is denoted intron 9. Adapted from (41).
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Clearly, multiple CD44 isoforms ére generated by both post-transcriptional - or post-
translational events. In fact, the number of CD44 variants or isoforms putatively generated
by alternative pre-mRNA splicing alone has been estimated to be approximately 103 41).
However, moét terminally differentiated non-transformed cells express bnly a few isoforms,
with increased numbers of variants expresse_d by activated, cycling or generative cells (42).
Interestingly, the majority of transformed and neoplastic cells have also been demonstrated to

express an increased number of heterogeneous CD44 isoforms (43, 44).

12 Ligand binding specificity of CD44

The protein sequence similarity between the common extracellular domain of CD44 and
cartilage link protein initially suggested that CD44 may interact with corﬁponents of the
extracellular matrix (27, 45). Several lines of evidence have emerged demonstrating that
CD44 functions as a cell surface receptor for the extracellular matrix coinponent, hyaluronan.
These include binding of cells transfectéd with plasmid DNA or retroviral vectbrs contéining
cDNAs encoding CD44 isoforms to hyaluronan coated plastic (46) or hyaluronan-conjugated
fluorescein isothiocyanate (HA-FITC; 47), binding of CD44-Ig fusion proteins to hyaluronan,
or the binding of a chimeric molecule composed of the CD44 extracellular domain fused to

an alkaline phosphatase indicator to hyaluronan in an ELISA-type assay (48).

Hyaluronan is a negatively charged large molecular weight extracellular matrix
polysaccharide composed of repeating units of N-acetyl-glucosamine and D-glucuronic acid,
linked together by a 1-4 glycosidic bond to form a large unbranched polymer with an
average Mr of séveral ﬁillion (49). Hydrogen bonding along the backbone of the molecule
holds it in a stiffened heliéal'coﬁformation, forming a random coil in solution and
sequestering 1000 fold more water than polymer to form a highly hydrated sphere (50).

Hyaluronan is found widely distributed throughout the extracellular matrix between cells and

in the bone marrow, and is particularly rich in the lung, the humour of the eye, synovial fluids




and umbilical cord. The biosynthesis of hyaluronan occurs from the plasma membranes of
fibroblasts (51) by the enzyme hyalurohate synthase, with catabolism taking place within the
Kupffer and endothelial cells of the liver (52) and mediated in part by CD44 binding and

turnover (53).

Initially, various CD44 isoforms were reported to bind to hyaluronan with different affinities
(45), thus implying that the function of the unique inserted region was to modulate CD44
binding. However, this simplistic picture of CD44 function may not necessarily be correct.
CD44 is now known to exist in 3 states with respect to hyaluronan binding: inactive,
inducible and constitutively active (54-56). Eaéh of these states is strictly regulated by
mechanisms which are not yet completely described. Nevertheless, intensive work by
various investigators has revealed several possible modes.of regulation. sting different
techniques, Lesley et al. (57) and Katoh et al. (58) have presented convincing evidence that
glycosylation of CD44 isoforms negatively regulated hyaluronan binding. A further recent
report by Takahashi ef al. (59) indicated that modification of CD44H by some GAGs such as
keratan sulphate also reduced its ability to bind hyaluronan. Others (48) have demonstrated
that CD44 variants previously thought not to interact with hyalurénan, did in fact bind
depending upon the cell line expressing the CD44 molecule. Furthermore, He et al. (60)
have described 4 novel murine CD44 isoforms all of which bound to hyaluronan. These
observations suggest that the ability of CD44 isoforms to bind to hyaluronan is actually more
cell specific than isoform specific. Furthermore, other cell specific modifications of CD44,
such as interactions with the cytoskéleton through ankyrin (30, 31) or actin/ERM (33, 61),
and phosphorylation of cytoplasmic domain serine residues (29) have also been shown to
affect hyaluroﬁan binding capacity. Taken together, these data argue that the mere inclusion

of additional amino acid residues within the unique region does not of itself regulate

hyaluronan binding, but rather that the glycosylation or GAG addition to the overall CD44




extracellular domain in the context of other cytoplasmic activation events performs a

regulatory role (62).

In addition to hyaluronan binding, the presence of GAG substitution on variant exon encoded
motifs may also confer additional ligand binding épecificity upon CD44 isoforms. For |
example, the ability to bind to distinct ligands has been noted for v3 (exon 8) containing
isoforms substituted with heparan sulphate (63). These isofor\ms have been shown to adhere
to basic-fibroblast growth factor (b-FGF) and heparin binding-epidermal growth factor (62).
Several cytokines such as macrophage inflammatory protein-1§ (MIP-1b 64) and osteopontin
(Eta-1 655, and the heparin binding domain of the extracellular matrix component fibronectin

~ have also been proven to bind to CD44, poséibly through this domain (66).

In keeping with its ability to bind extracellular matrix molecules, CD44 has also been shown
‘to adhere to chondroitin-4-sulphate (CS) attached to protein éores. This interaction occurs
through la protein domain close to but separate from its hyaluronan binding domain (67, 68),
- (Droll et al., manuscript in preparation). Serglycin (69, 70), and the Major
Histocompatibility C_omplex class II invariant chain (71) are two recently reported CD44
ligands, both of which are modified by CS and may be interacting with CD44 through this

domain.

Interestingly, Droll et al. (72) have recently reported that a CD44 variant containing
additional exons v8, v9 and v10 (CD44R1) is also modified by CS on the portion encoded by
exon v10. The presence of this modification was found to mduce the homotypic aggregann
of cells expressing CD44R1, or heterotypic aggregation w1th either CD44R2 (or CD44v10;
containing additional exon v10) or CD44H expressing cell lines. Aggregation was not

observed between cells expressing CD44H  or control vector only. Thus certain. CD44

variants can act as ligands for themselves or other isoforms. The specific interaction of this
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CS modified form of CD44 with types I and‘IV collagen has also been demonstrated to be
necessary for invasion of basement membranes by melanoma cells (73, 74). Taken together,
these obseryations suggest that the expression and modulation of different CD44 isoforms by
the cell may serve not only to influence binding to hyaluronan and other extraéellular matrix
components, or to sequester and present certain cytokines, but also to provide alternative and
perhaps activating self-ligands. This unique ability of CD44 may be the selective pressure

which induces many transformed cells to express multiple CD44 isoforms.

2. INVOLVEMENT OF CD44 WITH METASTATIC DISEASE

Since the initial finding that a CD44 variant was causally linked to metéstatic potential (4),
multiple reports of CD44 variants coincidentally linked td primary or metastatic lesions have

appeared. The expression of CD44 variants has provided a uéeful prognostic indicator.

Specifically, the presence of v6 containing isoforms have been linked to the metastatic
propensity of pancreatic adenocarcinoma (75, 76), papillary fhyfoid carcinoma (77), breast
carcinoma (78) and colorectal carcinoma (79, 80). In many cases the expression of v10 .
containing variants has also been observed in the same carcinomas (43, 75, 81), as well as
others such as uterine cervical carcinoma (82) and renal carcinoma (83, 84). Other variant
exon containing isoforms have also been correlated to certain neoplasms .(82, 85, 86). In
addition to solid tumours, CD44 isoform expression is also upregulated on various types of
leukemia (87) ‘and lymphoma (88) relative to normal controls. Furthermore, CD44H
- expression itself has been shown to be inVolved in the developmeht of metastatic capacity.
For example, an anti-sense expfession system has been utilized to demonstrate a link between

motility of CD44H positive glioma cells on hyaluronan coated plastic and in vivo metastatic

behavior in murine brain (89).
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The exact mechanisms used by CD44 isoforms to potentiate tumbur metastasis havé yet to be
characterized. 4However, CD44 expression may have this effect through several possible
mechanisms and at various stages of metastasis. For example, the in vivo treatment of
metastatic tumour cell lines with e_ithér anti-CD44 variant antibody (90) or with CD44-Ig
~ fusion proteins (91) has been demonstrated to block their ability to metastasize. This finding
suggests that the adhesive functions of CD44 play a role in the binding of the metastasizing
ceil to the vascular endothelium. Inclusion of variant exons such as v3 and v10 may lead to
the addition of GAGs to a portion of thé CD44 core protein expressed by some cells and
result in alternate binding specificities (72, 74, 92), or enhancemenf of motility through the
extracellular matrix (93). Alternatively, crossﬁnking of CD44 proteins by mAbs or ligands
has been shown to induce 'activation signals' such as those leading to IL-1 and tumour -
necrosis factor-o. (TNF-0r) production in monocytes (9'4),. or co-stimulation of CD2 and CD3
mediated T cell activation (95-97). Similar signals may be transduced by the ligation of
CD44 isoforms expressed by metastatic tumour cells. In contrast, Ayroldi et al. have reéently
reported that expression of CD44 on thymocytes provided a protective effect against CD3 or
dexamethasone induced apoptosis (98). Thus CD44 may also modulate metastatic propensity

by increasing the longevity of the cell.

Interestingly, ligation of CD44 has previously been demonstrated to indirectly down regulate
the signaling effects of other adhesion proteins such as LFA-1/ICAM-1'(19), or CD3 (99). In
this case, crosslinking of CD44 appears to function as a negative regulator of other
stimulatory molecules. Since immunopreciptation studies have shown that the cytoplasmic
domain of CD44 interacts in some fashion with intracellular proteins involved in signaling
cascades, such as PKC (34) and p56!ck (35), CD44 may conceivably perform these diverse

regulatory roles by binding to and sequestering various proteins involved in signaling

cascades. The presence of different unique regions may modulate the cell surface
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interactions of CD44 iéoforms with other proteins, and thus regulate the binding and release
of the sequesteréd proteins or alternatively regulate cross-phosphorylation events.

Since the inclusion of variant exons is performed by the procéss of alternative pré-mRNA
splicing, investigation of the molecular mechéniéms which control the splicing of CD44
exons is relevant both to further the current understanding of metastatic disease, and to

develop future therapies.

3. SPLICING OF PRE-MRNA

Shortly after the physical structure of genes in bacteria Were established and characterized,
researchers realized that the genes of higher eukaryotes were different. Eukaryotic genes
contained numerous long regions of non-coding sequences called introns, which interruptéd
the coding sequence or exons (100). After initial transcription of the DNA into RNA, these
intronic sequences were removed to form the continuous coding of the mRNA which is then
translated into protein. The cellular process which removed introns was termed RNA

splicing (reviewed in 101).

Perhaps even more surprising than the discovery of ‘split genes’, was the finding that the pre-
spliced RNA transcript may encode more than one protein through its ability to be
alternatively spliced. That is, certain exons present within the pre-spliced transcript may or
may not be included in the final mRNA, thus resulting in proteins with various isoforms such
as CD44 (102), or fibronectin (103), or different proteins altogether such as calcitonin and
calcitonin gene related peptide (104) . Research into the control mechanisms which regulate
alternative splicing of exons has revealed a complex cellular machinery composed of
catalytic RNA molecules bound by numerous prdteinsz and accompanied by other associated

proteins. This complex has been termed the splicedsome. Although many of the
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mechanisms responsible for constitutive or non-alternative splicing are now understood,

those mechanisms which regulate alternative splicing have remained unclear.

3.1 Constitutive pre-mRNA spiicing

The current understanding of the basic splicing reactions which link exons together has been

made possible by the development of the soluble in vitro splice assay by Padgett (105). This -

technique consists of a radiolabelled pre-mRNA incubated with a nuclear extract from HeLa
cells, followed by separation of reaction components by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and autoradiography. Used in conjunction with powerful yeast
mutational screens as well as experiments involving the depletibn and re-addition of various
factors, this technique has allowed the characterization of the mechanisms of pre-mRNA

splicing.

3..1.1 The splice reactions

The basic splice reaction between two exons (exons A and B in Figure 3) and the intervening
intron takes'place in twé steps. In the first step the upstream exon is cleaved from the intron
at the 5° splice site by the nucleophilic attack of a residue downstream within the intron.
This residue, usually an adenine, forms a 2’-5" phosphodiester bond with the 5’ end of the
intron resulting in a fre¢ ‘upstream exon (exon A) with a 3’-OH terminus and a tri-bonded
lariat RNA intermediate (106, 107). In the second, kinetically distinct step, the free 3’-OH of
exon A attacks the downstream exon (é_xon'B) at the 3’ splice site, resulting in cleavage of

the lariat intron from exon B, and joining of exon A to B.
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Figure 3: The basic chemistry of the splice reactions.
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3.1.2  Sequence elements at the 5’ and 3’ splice sites

Early comparisons of the genomic regions -which encode the genes of QariOus species
demonstrated that certain sequence motifs were highly conserved (101). These motifs were
found at the positions which correspond to exon and intron boundaries in the pré-mRNA
(108), and define what is now known as the 5’ (splice donor) and 3’ (splice acceptor) splice
sites (Figure 4). These splice sites are highly conserved in yeast, but more loosely conserved
in mammals. In general, when a mammalian splice site is mutated to mimic the yeast
consensus, an overall increase in splice site usage or final mRNA product is observed (109,
110, 111, 112), thus, those sites which more closely match the yeast consensus are said to be

stronger splice sites.

MAMMAL YEAST

5 Splice Site  AG| GURAGU ~ AG | GUAUAU
3 Splice Site  YAG|G CAG|G
Branch Point  YNYURAY UACUAAC

Figure 4: Splice site consensus sequences. Vertical lines indicate the site of cleavage, with
invariant dinucleotides underlined and branch point adenine shown in bold. A comparison to
the yeast consensus is shown for reference.

Two other sequence motifs, normally located within 50 nt of the 3’ splice site, are also
necessary for constitutive pre-mRNA splicing. These are the branch point region which
contains the attacking nucleophilic adenine (109, 113) and a pyrimidine rich region which

extends from the branch point to the 3’ splice site, called the polypyrimidine tract (107, 114,

115).
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3.1.3 Pre-mRNA splicing is catalyzed by the spliceosome

The splicing of pre-mRNA takes place within the nuclel;s in regions called nucleaf speckles
- (101), and is performed by a set of 5 small nuclear RNAs (snRN.As) and >100 associated
proteins. Together the snRNAs U1, U2, U4, US, and U6 with their proteins are referred to as
sméll nuclear ribonucleoproteins (114). These snRNPs have been demonstrated to interact ‘
with the splicing pfe—mRNA in a cyclical direct and sequential manner by RNA:RNA

interactions (114, 116, 117).

Initial reéognition and binding of the pre-mRNA is performed by Ul snRNP, which interacts
jointly with the 5’ and 3’ splice sites to form the commitment complex or complex E (CC/E;
Figure 5; 111, 114, 116). Next, U2 binds to the branch point regién in an ATP requiring
reaction td form éomplex A (118). This interaction is critically dependent upon the
stabilizing influence Ul as well as an associated protein factor U2AF (119). U2AF is
~ composed of 2 subunits, U2AF3> and U2AF65 (120, 121). The U2AF®S subunit binds to
the polypyrimidine tract adjacent to the branch point region (120, 122), and ié necessary for
U2 interactions with the branch point region (119, 123, 124). UQAF65 also interacts with U1l
through the Ul snRNP associated protein U1-70K (125). Thus the binding of Ul and U2
snRNPs to the pre-ﬁRNA- is an interactive, rather than independent process (123). In
addition to U2AF, several other proteins recently described in yeast have also been shown to
interact with the pre-mRNA in a sequence independent manner and be necessary for U2

snRNP/branch point region binding (124, 126); mammalian homologues have yet to be

described.




17

| Y y v
ECEINGU A——-AG ST

CC/E

I G —AG I

SR

A

-~ L N—

R e

Q| A7 B
(! o

& \
éﬁ%@ / B2

C1

EXON A_EXON & [Py e
ATP

C2

and U5) interact with the pre-mRNA at the 5° splice site (5’), 3’ splice site (3”), branch point
sequence (bp) and polypyrimidine tract (Py). The various stages of the cycle (CC/E, A, B1, B2,

Cl, C2 and I) are defined by the binding of the snRNPs and the splicing reaction as described
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Figure 6: Interactions of the various snRNPs during the splicing reaction. (A) Consensus
sequences within the snRNAs interact with conserved nucleotides of the pre-mRNA. The
pre-mRNA and snRNA sequences shown are those of S. cerevisiae with highly conserved
nucleotides in uppercase. Internal snRNA sequences which do not interact with other
snRNA or with the pre-mRNA are depicted as stylized stems and loops. Rearrangements
which occur between U1, U6, and the pre-mRNA during the splice reaction are shown with
arrows. (B) Extended mammalian consensus sequences of the 5' splice site, Ul, and U6
consensus shown with nucleotide numbers indicated above. Adapted from (101).
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The B1 spliceosomal complex forms when a tri-snRNP particle composéd of U4, U6 and U5
(U4.U6-U5) binds -to.the A complex. (127-129). U4 has been shown to bind and sequester
the proposed catalytically active U6 snRNP (128), while a conserved loop of U5 coordinately
recogﬁizes the 5’ and 3’ splice sites by non-canonical base pairing interactions (127, 130),
(Figure 6). Intramolecular rearrangements then occur to form the B2 complex. These
include the dissociation of U4 from U6 (106, 131, 132) and the subsequeht annealing of U6
with U2 and the 5° splice site (133, 134). Association of U2 and U6 snRNPs has been
postulated to form the catalytic core of the spliceosome (135, 136). Interesting]y, U6 snRNP
also displays a secondary proofreading function for the site of cleavage at the 5’ splice site in

conjunction with that performed by U1 (117, 137, 138).

The first step of splicing (section 3.1.1) occurs in the B2 complex with the addition of ATP
to form the C1 complex which now contains the lariat intron structure as well as the snRNPs.
Further ATP addition accompanies the second step of splicing to form the C2 complex. This
complex quickly dissociates inté the joined exons, and lariat intron-snRNPs (complex I)

followed by lariat intron release and degradation, and release and recycling of the snRNP

| components (108).

3.1.4  Factors involved in defining the exon

There is a conceptual problem which arises when considering the mechanisms of splice site

recognition and pre-mRNA splicing. Namely, introns can be very long (average length of
1127 nt) with many that are known to be greater than 3 kb. Con;/ersély internal exons are
normally quite small (average length of 137 nt) and appear to be limited to a length of less
than 300 nt (139, 140). How then are a series of very short exons recognized within a very

long stretch of introns? Furthermore, as previously stated, exon boundaries are defined by



21

loosely conserved 5’ and 3’ splice sites within mammals. Sequences which closely resemble
these sites will often occur within the long intronic region. How then are the ‘true’ exon

splice sites selected from ‘false’ sites?

Several models vhave been proposed to answer these questions. The best model to fit with
known experimental data is the exon definition model of Berget et al. (139). This model
proposes that the factors involved in spliceosomal assembly ‘search ouf’ a pair of closely
spaced splice sites in an exonic polarity (in other words 3’ splice site upstream and 5’ splice
site downstream - see Figure 7), which is then defined by the binding of Ul and U2 snRNPs
and their associated factors. Following recognition, ex\ons are juxtaposéd by interactions
between their bound snRNPs and proteins, allowing splicing to occur. -According to this
model, the length of an internal exon is limited to 300 nt by the need for exon-spanning
_interaction‘s of the snRNPs and proteins which define the exon. Single cryptic splice sites

~ within a large intron are often ignored by the splicing machinery because they do not have an

' opposite polarity site in an appropriate location.

Note that terminal 5’ and 3’ exons are exempt from these known size limitations. Instead

these exons are recognized by interactions between factors bound to the exon splice site and

those at the m7G(5’)ppp(5°)N cap (141, 142) 6r the polyadenylation site (143-146).
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EXON DEFINITION

-U2/U4/U6

5!

Figure 7: The exon definition model of Berget et al. Each exon (open boxes) is defined at its
3’ and 5’ splice sites by the binding of U2AF and SF2/ASF in concert with other SR proteins
and the Ul and U2 snRNPs (open and shaded circles) as described in the text. After the exon

is defined, opposing exons are juxtaposed by interactions between proteins and snRNPs bound
to the 5° and 3’ splice sites of the upstream and downstream exon.
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3.2 Alternative splicing of pre-mRNA

Through the use of the in vitro splice assay system, the mechanisms of constitutive exon

splicing have been characterized. However, the factors which control alternative splicing are

less well—defined.

Mammalian splice sites often diverge from the known consensus sequences defining the
boundaries of constitutively spliced exons (147). Thus, the mere sequences present at the 5’
and 3’ splice sites are not sufficient to define those exons that are alternatively used from
those that are constitutively used. In fact, many exons which undergo alternative splicing are
indistinguishable from constitutively spliced exons based on a match to consensus sequence
aloné (108, 147, 148). While no single ‘alternative exon splice indicator’ has been found,
recent experimental evidence has accumulated which suggests that the alternative splicing of
exons is determined by a balance of fhe strength of the 5’ and 3’ splice sites in conéert with
local sequence context, competing sites, and expression of non splice-essential tra;ls-acting

factors (148, 149).

3.2.1 Cis-acting sequences

While divergence from consensus may not be the defining hallmark of alternatively spliced
exons, a general trend of suboptimal splicing signals often combined with unusually placed
or cor‘npeti’ng splice sites flanking these exons has been observed'(109, 110, 149, 150). This
trend is particularly noted in alternative 5° splice site selection. Eperon ez al. have
demonstrated that when two clOsely spabed (within 50 nt) 5” splice sites are in competition

with each other, the downstream site is preferentially utilized unless the upstream site has a

much greater affinity for U1 snRNP (151). In addition-to U1, U6 has also been demonstrated
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to interact with part of the 5° splice site and the following downstream nucleotides (117,

137), influencing 5’ splice site choice by extending the recognized sequence context.

Similar to 5° splice site choice, 3° splice site choice also appears to be controlled by both
sequence of the 3’ splice site signals and their position or context. Since the consensus
which defines the 3’ cleavage site is very short (YAGIG, see Figure 4), control of 3’ splice
site usage is performed primarily by the branch point region and/or polypyrimidine tract. The
site of exon cleavage appears to be determined by a scanning mechanism which starts at the
branch point region and searches downstream for the first AG dinucleotide. Closely spaced
AG dinucleotides at the. 3’ splice site are competitive, with a hierarchy of cleavage site

preference being CAG=UAG>AAG>GAG (112).

Observed steric constraints on the assembly of spliceosomal components at the 3’ splice site
initially led to the conclusion that the branch point region mhst be located between 18 and 40
nt of the 3’ cleavage site (107, 109, 152). This spatial limitation appears to be true for
constitutive but not alternatively spliced exons. Several examples of abnormally distant
(>1OO nt) ‘long range’ branch points have been described as a major controlling mechanism
in the alternative 4s'p]icing of rat and chicken tropomyosin I (153, 154), Adenovirus Ela (155)
and rat fibronectin (156) pre-mRNAs. This type of branch point is normally accompanied by

a' corﬁpensatory polypyrimidine tract with an unusually high pyrimidine content (154).

Mutation of the branch point region has also been noted to modulate alternative 3’ splice site
usage by influencing the crucial RNA:RNA interaction of U2 snRNP with-this sequence
(152). . In some cases, a branch point C or U residue may be used as a ‘low affinity’ branch
point nucleophile to regulate 3’ splice site usage (157) as demonstrated for human growth

hormone receptor splicing (158). Lastly, alternative exon splicing may also be regulated by
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the presence of multiple overlapping branch point.regions which compéte for U2 snRNP

binding (154, 155).

The pyrimidine content of the polypyrimidine tract has a major effect upon 3’ splice site
usage (114). Using a mutational approach to examine 3’ splice site efficiency, even the loss
of a single uridine nucleotide was demonstrated to drastically alter 3’ splice site choice (115,
159). When branch points are abnormally far from ‘the 3’ cleavage site, or have a low affinity
“to U2 snRNP, a strong tract with many consecutive pyrimidine résidues can ‘rescue’ a 3’

splice site (160) or exert a strong competitive effect as observed for rat a—tropomyosin (161,

162).

A final type of cis-acting sequenc\e motif has recently been described in both positive and
negative control of alternative splicing (147). - These motifs are found outside .of the
described splice sites and are called splicing enhancers. Most commonly the enhancer has
been found within the exon itself (exon splice enhancer or ESE) as described in CT/CGRP
splicing (163, 164), rat B-tropomyosin (165), bovine growth hormone (166, 167), -cardiac
troponin T (168, 169), and CD45 (170) pre-mRNA splicing. These ESE motifs are generally
composed of multiple copies of a 6-13 nt repeat of GAR where R=G or A (171-175). Other
enhancers have also been located within introns (175, 176) as have negative repreésors or
‘poison sequences’ (175, 177, 178). Interestingly these downstream ISEs have been often
found to resemble 5’ splice sites (164) and interact with Ul (123, 139, 179, 180). The .

negative repressor motif has been less well defined than that of the ESE, but appears to

contain repeated motifs of CUCUCU (178).
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3.2.2 Trans-acting factors

The isolation of trans-acting factors that influence alternative splice site choice has provided
a major leap forward in the understanding of both alternative and constitutive splicing.
These factors can be classified into 2 familieé: heterggeneous nuclear ribonucleoprotiens
(hnRNPs) and SR proteins. Both of these families are characterized by a common RNA
recognition motif (RRM) or RNA binding domain (RBD) of approximately 80 aa. The RRM
has been characterized in a number of"RNA binding proteins and is not particular to splice
factors (181). The SR family of splice factors is further differentiated by the presence of a

glycine-rich hinge region and C-terminal serine-arginine rich domain (182).

Heteronuclear RNPs (hnRNPs) are one of the major protein comf)onents of the nucleus. At
least 20 hnRNPs have been isolated based on apparent molecular weight and isoelectric
charge and are named hnRNP A through U (183). Although many have been demonstrated
simply to coat RNA through non-specific binding, several have been isolated which
preferentially interact with pre-mRNA (184, 185) including hnRNP A1 and its alternatively
spliced transcript hnRNP A1B (186), hnRNPs A2, B, C1, C2, D, and I (187). Interestingly,
all of these hnRNPs have been shown to interact preferentially with the polypyrimidine tract
(184, 187). For example, using in vitrc/) antibody inhibition experiments, the hnRNP C
proteins have been proven to be required for splicing (183) through tight binding to the
polypyrimidine tract (159). In addition,hnRNPs I and most notably Al have been shown to
also interact with pre-mRNA 5’ splice sites, and to affect 5’ splice site choice (188).

Recently a high affinity hnRNP A1 binding site was identified which resembles both 5* and
3’ splice sites (189).

There are currently eight characterized human SR proteins: 'p75, p55, p40, p35, p30a

(SF2/ASF), p30b (SC35), p30c, and 9G8 (190) with homologues described in Drosophiia as
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well as other species (182, 191-193). These SR> proteins were initially identified by an
antibody (mAb 104) which recognized a common phosphoepitope (182), and have been
demonstré;ted to be required for the commitment of different pre-mRNAs to splicing (194) by
promoting the first recognition of pre-mRNAs together with U1 snRNP (195) in the early
commitment complex. It is at this early stage of spliceosome formation that SR proteins are
thought to play a significant role in determination of exon inclusion/exclusion or alternative

splicing.

Two SR proteins, SC35 and SF2/ASF have been shown to be particularly involved in splice
site selection, and thus in al‘;[ernative splice regulation. SF2/ASF is known to interact
specificaily at the 5’ splice site with Ul snRNP (116, 196-198). This interaction is
dependent of the presence of its RS domain but not its RRM (198) and probably occurs by
binding to the U1l-70K component of Ul snRNP (125, 199, 200). Early research into
SF2/ASF function by Ge et al. found that high leyels of expression resulted in alternative
splicing of SV40 early pre-mRNA in vitro (201). More accurately, SF2/ASF has been
demonstrated to influence 5’ splice site choice when highly expressed by the activation of the
site more proximal to the 3’ splice site (101). This function of SF2/ASF is antagonized by
‘the expression of hnRNP Al which directs selection of distal 5’ splice sites when over
expréssed (202). Taken together, these data suggest that the regulation of 5’ splice site

choice depends upon the ratio of SF2/ASFE to hnRNP Al.

In contrast, SC 35 has been demonstrated to interact with both Ul and U2 snRNPs at the 3’
splice site (203) during the formation of spliceosomal complex A. Although overexpression
of SC35 has been shown to replace some of the functions of Ul in 5° splice site
determination (204, 205), the purified factor does not bind direcﬂy to Ul snRNP or the 5’

splice site (206). SC35 binds to the U1-70K component through which it may mediate these

effects and also binds to the U2AF35 subunit of U2AF (199). Thus, SC35 has been
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suggested to bridge the exon by interactions at both the branch point region and the 5’ splice

site.

3.3 The regulation of alternative splicing

As mentioned above, 5’ splice site selection has been demonstrated t.c') be influenced by the
cellular ratio of SF2/ASF to hnRNP Al, while 3’ splice site selection is affected by the
binding of SC35 to U2AF35 and U1-70K. Interestingly SF2/ASF has also been shown to
interact with U2AF33 in a bridging function (199) which may also be a regulatory factor.
However, recent experiments with ESEs have demonstrated a further\ role for SR proteins in

the control of alternative splicing.

3.3.1 Interactions between SR proteins and ESEs

Early clues that SR proteins may intgract with sites distinct from the 5’ and 3’ splice site
regions came from studies of sex determination in Drosophila, which is controlled by the
alternative sex-specific splicing of 3 genes. An autoregulated female-specific splice in Sex-
lethal (SXL) pre-mRNA produces a protein isoform which controls a female specific splice in
the pre-mRNA of an SR protein, Transformer (7RA). Together with aﬁon-sex specific splice
factor Transformer-2 (TRA-2), the female isoform of TRA binds to ekon enhancers in
Double-sex (DSX) pre-mRNA, leading to female specific splicin,c;r of DSX and somatic sex-
specific development (108, 161, 179\, 207-209). The RS domain of TRA—Z has been shown
to interact with itself, TRA, and the Drosophila homologue of SF2 together (210) on a 13 nt
repeat motif found Withi_n the DSX exon 4 (207, 208). Since TRA-2 is'a SR protein (193) it
is conceivable that other human SR proteins may likewise regulaté alternative splicing by

binding to the newly discovered ESE (199).
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Evidence for the sequence specific interaction of various mammalian SR proteins with ESEs
has since accumulated. Each SR protein appears to bind to a d‘i’stinct ESE (211, 212), and
- several examples of alternative splice site switching by addition of SR proteins have been
documented. Based on this evidence, Staknis and Reed (195) have proposed a model for SR
protein-mediated enhancement of splicing (Figure 8). They'propose that splicing enhancers
function by promoting the assembly of the spliceosomal complex on pre-mRNAs.which have

weak 5’ or 3’ splice sites.

Pre-mRNAs which have strong sites and are constitutively spliced do not require enhancers
(Figure 8a). For pre-mRNAs with a weak 3’ splice site, an enhancer complex consisting of
SR proteins and Ul interacts through U1-70K (125, 173) at the ESE to promote the
interaction of U2AF with the branch point sequence (Figure 8b). Downstream 5’ splice site-
like enhancer elements function in a similar fashion (Figure 8c). When 5’ splice sites are
weak, ESEs stabilize U2AF binding to .the Branch point region, a function normally.
pérformed by Ul at the 5’ splice site (213). Thus va?ious SR proteins carll regulate ESEs by
differential recognition or corﬁpetition (171). Interestingly, the distancerbetween the ESE
and the 3’ splice site also regﬁlates alternative splicing (207, 214), indicating a steric
compoﬁent to the enhancer complex. Thus downstream splicing events which can relocate
an ESE into the range of an upstream 3’ splice site, may act as control points for upstream

Splicing events. This sort of alternative splicing control has been demonstrated in the

splicing of rat B-Tropomyosin (154).
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Figure 8: Model of ESE enhancement as proposed by Staknis and Reed. Panel A: strong 5’
and 3’ splice sites do not require any enhancement. Panel B: Weak 3’ splice sites (diamond)
are enhanced by SR proteins which bind to the ESE (open box within exon) and stabilize
U2AF interactions with the branch point regions. Panel C: Downstream ISEs also stabilize
U2AF binding to the branch point regions through interaction of Ul with a 5’ splice site like
motif. Panel D: ESEs bound with SR proteins stabilize U2AF/branch point region
interactions when the 5’ splice site is weak and cannot perform this function.
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3.3.2 Regulation by other proteins

Proteins other than the SR proteins described above have been described which also induce
splice site switching and thus control alternative splicing. These include hnRNP F in neural
specific splicing (215) and Merl protein regulation of MER?2 splicing in Saccharomyces.
cerevisiae (216). As previously mentioned, the sequence of polypyrimidine tracts has a
potent affect on splicing, presumably mediated by the binding of the various hnRNP proteins
(section 3.2.1). Furthermore U2AF05 has been demonstrated to bind to polypyrimidine tracts
close to the branch point region (122) during early spliceosome assembly and is necessary for
U2 binding to this site (119, 123, 124). Thus competition for binding at the polypyrimidine
tract also regulates alternative splicing through alternative branch point selection (160).
Several proteins have been demonstrated to bind to distinct motifs within the polypyrimidine -
tract and perform this sort of regulation. These include hnRNP C (157, 217), PTB or hnRNP
1 and SXL in Drosophila (122). |

3.3.3 Regulation by phosphorylation

Further fine-tuning of alterﬁative splicing regulation may be accomplished by
phosphorylation. ~ Several steps during spliceosome assembly .require ATP (218).
Furthermore, serine/threonine phosphatases have been demonstrated to be necessary for
splicing catalysis (219). Thus, it is likely that the phosphorylation/de-phosphorylation of f

regulatory proteins is a control mechanisin for splicing regulation.

All SR proteins isolated thus far are phosphoproteins (182, 220) with serine residues of the

C-terminal RS domain being the likely target (221).  Although the exact role of the

phosphorylation of the RS domain in the regulation of alternative splicing is not clear, this
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domain has been demonstrated to interact with other proteins, particularly the U1-70K
protein (199, 222, 223). Two kinases, the serine/threonine kinase SRPK 1 (224, 225) and the
serine/threonine/tyrosine kinase Clk/Sty (221) have been shown to phosphorylate SR
proteins. Overéxpression of these kinases caused a relocatioh of SR proteins in the nucleus

(224). Interestingly both the SR protein SF2/ASF and the U2AF65

subunit were
- phosphorylated in vitro by SRPK1 (225), suggesting that phosphorylation may alter

interactions between these two proteins, or other proteins in vivo.

Phosphorylation of hnRNPs has been demonstrated to regulate their interactions with pre-
mRNA. In particular, the phosphorylation of hnRNP Al on a C-terminal serine residue
negatively regulated its in vitro RNA strand annealing activity (226), a function thought to be
necessary for the binding of U2 to the branch point region (227, 228). This phosphorylation
could be performed in vitro by protein kinase A, and casein kinase I (227, 228) and

interestingly also by protein kinase C { in vivo (229).

hnRNP C binding to the polypyrimidine tract is also negatively regulated by phosphorylation
on serine and threonine residues (230) in what appears to be a cell cycle specific manner

(217). Phosphorylation of this hnRNP occurs in vitro by casein kinase II (231, 232) and is |
modulated by nucleotides 78 to 95 of U6 (233) perhaps indicating a further catalytic function

for U6, as well as a splice regulatory function.

hnRNP A2 is also phosphorylated in vitro' by casein kinase II (231) although the functional

consequences of this modification is not known.

Lastly, U1-70K is also phosphorylated on serine residues at its C-terminal by an snRNP
kinase activity (234). Using a thio-phosphorylated U1-70K complementation assay, Tazi et

al. have shown that de-phosphorylation of this protein is necessary for the catalysis of
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splicing but not spliceosomal assembly (235). Phosphorylation of U1-70K may be
accomplished by the serine/threonine phosphatases already described as necessary for activity .

of the catalytic core (219).

3.3.4 RNA secondary structure

The role of RNA secondary structure as a control mechanism for alternative splicing has been
hotly debated among researchers.  Using exon/intron model systems, some have
demonstrated that a stem-loop structure can sequester a 5’ splice site and cause alternative
splicing '(101) , (236), while others have shown that the region of complemelntarity necessary
to form a stable spliée—regulating secondary structure would be very large, and therefore these
structures are unlikely to occur (224). Nevertheless, at least two examples of alternative
splicing regulated by the presence of an RNA secondary structure have been demonstrated in
natural systems. A stem-loop structure isolating exon 6B within the loop regulated a muscle-
specific splicing event in chicken 3-Tropomyosin pre-mRNA (237, 238). The opposite effect
was found in splicing of the actin (ACT) pre-mRNA of Kluyveromyces lactis, where a
mutation in an intron disturbed a natural regulatory secondary structure. In this case, a stem- -
loop structure was necessary to bring a 3’ splice site closer to a long range branch poinf
region (239), the loss of the stem-loop through mutation led to cryptic splice site activation.
Thus, a}though model systems may or may not implicate secondary structure as a control

factor, this regulatory mechanism of alternative splicing does occur in some cases.
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4. CD44 AND ALTERNATIVE SPLICING

Investigation of the regulation of alternative splicing of the CD44 pre-mRNA presents some
unique challenges. Generally, model systems which study alternative splicing deal with the
splicing of only one exon. However, within the CD44 pre-mRNA as many as 12 exons can
be alternatively spliced. In accordance with this complexity of RNA organization, the
regulation of CD44 alternative s‘pli_cing is expected to be a complex balance of alternative 5’
and 3’ splice site choices dictated by splice site strengths and expression of tissue specific

factors as well as the other modes of regulation.
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5. THESIS OBJECTIVE

Multiple protein isoforms of CD44 are generated in a developmental, tissue-specific, and
activation-dependent manner by alternative pre-mRNA splicing. The cell surface expressioﬁ
of several CD44 isoforms has been clinically and experimentally correlated with an increase
in tumour -progression, invasion and metastasis. Therefore, understanding the mechanisms
controlling the alternative splicing of CD44 exons will not only add to the basic knowledge
of alternative pre-mRNA splicing, but also result in a more complete understanding of the

role of CD44 in carcinogenesis. )

The objective of this thesis was to investigate the molecular mechanisms that regulate the
pre-mRNA splicing of the alternative exons v8, v9 and v10 which encode the unique region

of the CD44 isoform, CD44R1. This was accomplished using the following strategies:
1) complete sequencing of the introns separating v8-v9 and v9-v10,

2) construction and testing of a novel in vivo pre-mRNA splicing assay, the splice

activated gene expression (SAGE) system,

3) detailed examination of the splice products arising from processing of SAGE

construct pre-mRNA,

4) identification of exogenous modulators of v8-v9-v10 splicing using the SAGE

assay system.
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0| MATERIALS AND METHODS

1. GENERAL MOLECULAR TECHNIQUES
}

General molecular biology techniques utilized throughout this work, such as
restriction enzyme digestion of DNA, agarose gel electrophoresis, DNA ligation etc.
were performed according to standard protocols as described in (240) or (241). Large
scale preparation of DNA was prepared according to the method of Seed et al. DNA
fragments were isolated from agarose gel slices by the GeneClean II procedure (Bio
101; Vista, CA). All chemicals and plasticware used in this work were supplied by
BDH, Inc. (Toronto, ON) and by Falcon (Becfon Dickinson Labware, Oxnard CA)

respectively, unless otherwise noted.

2. VECTORS
The following vectors were utilized throughout this work and are shown in figure 9:

a) pBluescript KS+ (BS KS+; Stratagene Cloning Systems, La Jolla, CA) was used for
cloning and sequencing of SAGE constructs. This vector contains the ampicillin
resistance gene (fB-lactamase, Ampr phenotype), the ColE1 origin of replication, as
well as a multiple cloning site which interrupts the B-galactosidase gene (lacZ and
lacl) and allows for blue/white color selection of transformants on Luria Broth Agar
(LBA) following induction with 50 pg/ml 5-bromo-4-chloro-3-indolyl-B-d-
galactoside (X-gal) and 15 pg/ml isopropylthio-B-d-galactoside (IPTG; Life
Technologies, Burlington, ON). The multiple cloning site also contains sequences
complementary to the T7 and M13 reverse primer or T3 and M13 universal primer
whi;:h were used to sequence the constructs. BS KS+ was propagated in E. coli

DH50 grown in Luria Broth (LB), supplemented with 100 pg/ml ampicillin.
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b) pCR-Script SK+ (Stratagene Cloning Systems) was used for cloning and sequencing
of PCR products. This vector is essentially identical to the BS KS+ vector described
above except the multiple cloning site is reversed with respect to the orientation of
the lacZ gene and an additional Srfl restriction enzyme site (arrow) is inserted

between the Smal and No« sites.

¢) pCEP4 (Invitrogen Corporation; San Diego, CA) was used as an expression vector for
the SAGE constructé. This vector contains the P-lactamase gene and the ColEl
origin of replication for maintenance in E. coli DH5¢ in LB supplemented with 100
ug/ml ampicillin, as well as the Epstein Barr Virus (EBV) Nuclear Antigen-1 gene
(EBNA-1) and oriP sequences necessary for maintenance as an episomal plasmid in
EBV transformed primaté cells. In addition, the pCEP4 vector contains the
hygromyéin B phosphotransferase gene flanked by the Herpes Simplex Virus (HSV)
thymidine kinase promoter (TK promoter) and polyadenylation signal sequence '(TK
poly (A)). This arrangement confers the hygromycin B resistance phenotype (hygr)
and allows for stable expression of the episome in mammalian cells. The gene of
interest is inserted into the multiple cloning site which is flanked by ihe

Cytomegalovirus (CMV) immediate-early gene enhancer-promoter (CMV promoter)

and the Simian Virus 40 (SV40) polyadenylation signal sequence (SV40 p(A)).
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POLYMERASE CHAIN REACTION (PCR)

PCR from cDNA

5 ul of 10X PCR buffér (Life Technologies, Inc.), 1.5 pl of 50 mM MgCly, 0.5 ul of
20 mM dNTP’s and 35.75 pl dH20 were mixed together as a cocktail and transferred
to a fresh 500 pl microfuge tube containing 5 pl of the first strand synthesis reaction.
I pl of each primer (from a 1 mg/ml stock) was added and the reaction wés incubated
at 72 °C for 5 minutes (Hot Start PCR). 0.25 ul (1.25 U) of Taq Polymerase (Life
Technologies, Inc.) was then added to the warm reaction mix. The tube was gently
flicked to mix the contents followed by brief centrifugation. PCR amplification from
a pre—warmed 72 °C Bioscycler Oven (Mandel Scientific Company Ltd.; Guelph,
ON) was then initiated using a program of 25 cycles of 94 °C for 30 seconds, 55 °C
for 1 minute, and 72 °C for 2.5 minutes. The reaction products were verified by

agarose gel electrophoresis.

PCR from plasmid

PCR reaction conditions used were as stated above with the exception that the volume

~

of template was decreased to 1 pl containing approximately 20 ng of DNA, and the

volume of dH20 in the reaction cocktail was adjusted accordingly. The reaction was

assembled on ice, and was not pre-incubated at 72 °c prior to amplification.
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NAME v | PRIMER RESTRICTION

ENZYME SITE
(underlined)
CD44R1:

R1 extracellular 5>  5’-GTCTAGACGCTCCGGACACCATGGAC-3’

R1 extracellular 3  5’-GTCTAGACTATTCTGGAATTTGGGG-3*

Alkaline Phosphatase:

ALP S - 5’-GGGTCGACTTAGTGCCAGAGAAAGAG-3’
ALP 3 5’-GGGTCGACCCTCAGAACAGGACGCTCAG-3’
SAGE Construction: ‘

v8 5’ ~ 5-CCATCGATGGCAGTCATAGTACAACGC-3’

v9 3’ . 5’-CCGCTCGAGCGTCAGAGTAGAAGTTGTTGG-3’
Vo5 5’-CCATCGATGGGCAGAGTAATTCTCAGACG-3’
v10 3’ 5’-CCGCTCGAGGCGATTGACATTAGAGTTGG-3’
RT PCR Analysis: | ‘

v9 Sph 5’ 5’-ACATGCATCGAGGCTTGGAAGAAG-3’

v9 Sph 3’ 5’-ACATGCATGCGATGTAGAGAAGC-3’

Rc/AP 5’ 5’-GCTTGGTCTCGCCAGTAC-3’

Rc/AP 3’ 5’-GTTACTGTTGGAGATTCC-3’

Intron 9 5° | 5’-GGTGCATCCATTAGCTGCCG-3’

Xbal

Sall

Clal
Xhol
Clal
Xhol
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v9 Sph 5’ Rc/AP 3*
—R1E 5’ v9 Sph 3’ ) 195 vi0 3’ (T
2(9—l 52 r : 46
L v8 Intron 8 vo 82 | Intron 9 ' v10 : ALP
1761 138 | 655 | 397
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Intron 9-5  intron 9-3’
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Figure 10: Size representation of v8-v9-v10 SAGE construct. A cartoon representation of the
v8-v9-v10 SAGE construct with exons v8, v9, v10, the CD44 leader (L) and ALP represented
as boxes, and introns 8 and 9 represented as lines. Arrows indicate primers R1E 5°, v9 Sph 5°,
I9 5°, v9 Sph 3°, v10 3’ and Rc/AP 3’used in the RT PCR analysis of transcripts. Italicized
numbers represent the size of each region within the construct in base pairs. Dashed lines
indicate the position of the intron 9-5’ and intron 9-3’ splice sites described in Results section

2.4.
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43.1 v8-v9.ALP.pCEP4 (v8-v9 SAGE vector)
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PREPARATION OF SPLICE ACTIVATED GENE EXPRESSION (SAGE) VECTORS

Preparation of CD44 Leader in Bluescript KS+ (BS+L)

The CD44R1 extracellular region was produced from CD44R1 clone 2.3.pCDMS
(39) by PCR as previously described using the R‘I extrécellu]ar primers (R1E 5' and
3"). The resulting 1215 bp fragment was digested with Xbal and ligated into Xbal cut
Bluescript KS+ and an appropriately oriented clone was selected. This clone was
digested with Clal and Xhol to remove the mature protein-encoding portion of the

cDNA and the vector containing the leader fragment was purified (BS+L vector).

Preparation of ALP.pCEP4

A leaderless human liver/bone/kidney Alkaline Phosphatase (ALP) fragment was
~removed via Sall digestion from an R1.ALP.pUCI19 construct previously described
(48) and ligated into the Sall site of BS KS+. . An isolatéd clone in the forward
orientation was selected and digested with Xhol and BamHI to produce an ALP
fragment with asymmetrical ends. This fragment was then force-cloned into Xhol and

BamHI cut pCEP4 .

~ Assembly of the SAGE constructs

An exon cassette consisting of exon v8-intron §-exon v9 (v8-v9, the presence of
intron is denoted by dashes) was produced by PCR from genomic DNA isolated
from peripheral blood leukocytes (a generous. gift of C. Carpenito; 241) using thé
v8-5" and v9-3’ primers and PCR protocol described in section 3. The resulting

~2 kb product was digested with Clal and Xhol and ligated into Clal and Xhol
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digested BS+L. vector (Section 4.1). Positive clones were selected and digested
with Xhol into whi'ch a ‘S‘alI fragrhent of leaderless ALP from a chimeric
CD44R1.ALP.pUCI9 construct previously described (48) was inserted. This
clone without the inserted ALP was also used to prepare templates for sequencing
of the v8-v9 ’genomic region. A positive clone was selected, digested with Kpnl
and Ss71, and the fragment containing the fused CD44 leader, v8-v9 exon cassette
and ALP (SAGE cassette) was iselated and ligated into Kpnl and SsiI eut
pUC18/13 (a generous gift of Dr. R. Kay). The SAGE cassette was removed from
the v8-v9.ALP.pUC18/13 clone via flanking Sal I sites by digestion with Sall, and
iigated into Xhol digested pCEP4

v8-v9-v10.ALP.pCEP4 (v8-v9-v10 SAGE vector)

The v8-intron 8-v9-intron 9-v10 exon cassette (v8-v9-v10) was PCR amplified ‘
from genomic DNA using the PCR protocol previously described in section 3
with the following modifications: The PCR reaction mix was denatured by
incubation at 95 °C for 7 minutes prior to the addition of the polymerase. The
reaction temperature was then adjusted to 72 °C and 1 pl of Ampli-Tag
Polymerase (Life Technologies, Inc.) was added. The exon cassette was then
amplified by 35 cycles in a Cetus 96-Well PCR Machine (Perkin Elmer) using the
following parameters: 94 °C for 1 minute, 55 °C for 30 seconds and 72 °C for 5
minutes. In addition, the total reaction volume was doubled from 50 pl to 100 ul
with all components adjusted as required. A 3.3 kb product was obtained and
digested with Xhol and Clal and inserted into Xhol and Clal cut BS+L (Section

4.1). A positive clone was selected and digested with Xhol and Nofl. The

“fragment containing the CD44 leader fused to the v8-v9-v10 exon cassette was
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isolated and ligated into Xhol and Nod digested ALP.pCEP4 previously prepared
(Section 4.2).

v9-v10.ALP.pCEP4 (v9-v10 SAGE vector)

PCR of the v9-intron 9 v10 exon cassette (v9-v10) was carried out as described in
section 3.2 usihg v9-5" and v10-3’ primers and a template prepared from v8-v9-
v10 SAGE vector. Assembly .of the v9-v10 SAGE vector was performed exactly
as described for the v8-v9-v10 SAGE vector (section 4.3.2). The v9-v10.BS+L
clone used to generate this construct was also used to prepare templates for

sequencing.

v89-10.ALP.pCEP4 (v89-10 SAGE vector)

A construct which consisted of exon v8 pre-spliced to exon v9, followed by intron
9 and exon v10 (v89-10, see figure 11) was prepared usiﬁg a PCR ligation
technique.  Briefly, a v89 construct was amplified from CD44R1 clone

2.3.pCDMS8 (39) using the v8-5’ and v9-3’ primers as previously described.

-Similarly a v9-intron 9-v10 PCR product was obtained by amplification of

genomic DNA using the v9-5° and v10-3’ primers. These two PCR products were

purified and mixed together in a single cycle PCR reaction (section 3.1). This

* reaction was incubated for 7 minutes at 72 °C to allow for a single extension of

the template. v8-5’ and v10-3’ primers were then added and the PCR
amplification was continued as previously described (section 3.1). The PCR
products were separated by agarose gel electrophoresis and a 1700 bp band was
isolated and ligated into the BS+L and ALP.pCEP4 vectors as previously

described. Correct extension of the v89-10 SAGE construct was confirmed by

restriction enzyme digest and sequencing.
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4.3.5 v89.ALP.pCEP4 (\}89 SAGE vector) and v910.ALP.pCEP4 (v910 SAGEvector)

cDNA SAGE controls consisting of exons v89 or v910 or v8910 (without the
intron) were constructed exactly as previously described for v8-v9-v10 SAGE

vector using the v8-5" and v9-3’ or v9-5” and v10-3’ primers on a template from

CD44R1 clone 2.3.pCDMS.
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Figure 11: Representation of SAGE vector constructs. SAGE vectors were constructed as
described in the text and inserted into the expression vector pCEP4 under the transcriptional
control of the CMV promoter (CMV) and SV40 polyadenylation sequence (pA). Exons v8, v9,
v10 and ALP are shown as open boxes, the CD44 leader is shown as a shaded box, and the
intron(s) is represented as a line.
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PREPARATION OF TOTAL RNA

5X 106 cells were pelleted by centrifugation and lysed in 1 ml of TRIzol reagent
(Life Technologies, Inc.) as per the manufacturer’s instructions. 'After 5 minutes
incubation at room temperature, 0.2 ml of cthroforrﬁ was added. The tubes were
shaken for 15 seconds and phases separated by centrifugation for 15 minutes at 4 °c
at the top speed of a microfuge (Hermle A 231 M; Mandel Scientific Company Ltd.).
The upper phase was-recovered and the RNA was precipitated by the addition of 0.6
ml of isopropanol followed by 10 minutes incubation at room temperature, and

centrifugation at 4 OC for 10 minutes. After drying, the RNA was dissolved in 10 to
20 pl dHZ0. ‘

REMOVAL OF CONTAMINATING DNA
The total volume of dissolved RNA in distilled H2O was adjusted to 20 ul to which 2

pl of 10X DNAse I buffer, 1 U of DNAse I (Life Technologies, Inc.) and 2 U of 'calf
intestinal RNAse inhibitor (RNAsin; Life Techno_logies, Inc.) was added. RNA was
then incubated at 37 ©C for 1 hour to degrade any remaining DNA. Thq_ reaction was
.stopped with 2 pl of 02 M EDTA and the RNA was cleaned by
phenol:chloroform:iso-amyl alcohol (25:24:1) extraction, followed by a second

chloform:iso-amyl alcohol (24:1) extraction and ethanol precipitation.

FIRST STRAND SYNTHESIS OF CDNA
Total RNA in dH20 was quantified by absorbance at 260 nm (OD260=40 pg/ml;

LKB /Ultrospec II; Pharmacia Biotech; Uppsala, Sweden). 5 pg of total RNA was

adjusted to a total volume of 12.5 pul in dH20, denatured at 65 °C for 10 minutes and

placed on ice. A cocktail of 10 pl 5X first strand synthesis buffer (Lifé Technologies,
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Inc.), 5 pl 0.1 mM dithiothreitol (DTT), 1.0 pl of 20 mM dNTP’s (Phamacia
Biotech), 1 pl of 0.5 mg/ml oligo d(T) (Pharmacia Biotech), 5 U of RNAsin, 18.75 ul
dH20 and 200 U of MMLV Reverse Transcriptase (Life Technologies, Inc.) was

added and first strand synthesis was carried out for 1 hour at 37 °c.

NORTHERN BLOTS

A cocktail of 6 l formamide dye mix (de-ionized formamide plus 10% xylene cyanol

“and 10% bromophenol blue), 2 ul de-ionized formaldehyde and 0.6 pl 10X MOPS

(0.36 M 3-[N-morpholino] propane sulphonic acid, 0.01 M EDTA, 0.18 M glaciai
acetic acid, pH 7.0) was added to 10 pg of tetal RNA dissolved in 5 Wl dH2O. The
mixture was heated to 65 °C for 10 minutes before loading into a
formaldehyde/agarose gel (5% v/v formaldehyde, 1% w/v agarose, 1X MOPS buffer). .
The RNA was electrophoresed through the gel in 1X MOPS buffer for approximately

2 hours at 70V or until the bromophenol blue dye front had migrated 7 cm. The gel

was then washed briefly in dH20 and soaked for 20 minutes in 10X SSC (from 20X

SSC stock: 3 M NaCl, 0.3 M tri-sodium citrate pH 7.0). RNA was transferred to a |
supported nylon membrane (Zetaprobe GT; Bio-Rad Laboratories; Hercules, CA) by
capillary transfer using 10X SSC. RNA was fixed to the membrane by UV
crosslinking (UV Stratalinkef 1800; Stratagene Cloning Systems), and the membrane
was washed for 5 minute in 1% SDS. The membrane was incubated for at least 2.
hours in a hybridization solution consisting of 4 ml de-ionized formamide, 2 ml of 2
M NaH2PO4 in 4 mM EDTA pH 7.2 and 80 pl 100 mg/ml bovine serum albumin
(BSA; Sigma Chemical Company) at 42 °C in a Micro-4 Hybaid oven (InterScience
Inc.; Markham, ON). Radiolabeling of probes was pérformed using a Random Primer
Oligolabeling Kit (Life Technologies, Inc.) as per manufacturer’s instructions. The

probe was denatured by the addition of 2 ul 10N NaOH and was added to the
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hybridization solution. Hybridization was carried out overnight at 42 °C. The
membraﬁe was then washed at 55 °C twice w_ith 2X SSPE/0.3% SDS (20X SSPE
stock:  3M NaCl, 0.2M NaH2PO4, 0.02M EDTA pH 7.4), twice with 1X
SSPE/0.5%SDS and once with 0.3X SSPE/1% SDS and was placed on film (Kodak
X-OMAT AR) and developed (Fuji RG II X-Ray Film Processor).

Probes

The various probes used in this work were constructed as follows:

a) unique region pfobe: clone 2.3.pCDM8 (CD44R1) was digested with
Xmnl and PsfI and the 1200 bp band was recovered. This DNA fragment was |
further digested with Hinfl and the 340 bp band was purified. The ends of.
‘this fragment were filled in using the standard‘ T4 polymerase technique, énd
the fragment was ligated into Hincll digested pUC 18/13. A suitable clone
was selected and digested with BamHI to recover the 340 bp fragment. The
probe DNA was purified from a 1% agarose gel using the GeneCIean I

technique.

b) ALP probe: The full length fragment of ALP generated during
construction of the SAGE vectors (Matefials and Methods section 4.2) was

used as a probe.

c) Exon 8 probe: An exon 8 specific probe was generated by PCR from
clone 2.3.pCDMS& template as described in Materials and Methods section 3.2
using the v8 5' and v9 Sph 3' primers. The resulting PCR product was
digested with Ddel and the 110 bp product was purified by agarose gel

electrophoresis and GeneCleaning.
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d) Exon 910 and exon 10 specific probes: A specific probe spanning exons 9
and 10 (v910 probe) was generated by PCR from clone 2.3.pCDMS8 as
described above using v9 Sph 5' and v10 3' primers. The resulting PCR
products were separated on a 1% agarose gel, and the 270 bp band was

purified by standard protocols. To make a v10 specific probe, the v910 probe

was digested with Fokl, and the 140 bp band was purified as described above.

e) Actin probe: A 1.8 kb fragment containing the cDNA encoding actin was

isolated by digestion of plasmid pAl-actin with Psz.

{

unique region

v8 | vo | vi0 ALP

Figure 12: Probes used in this work. Probes: were constructed as described in the text, but
are shown with positions marked relative to v8910.ALP SAGE construct for reference.

9. SOUTHERN BLOTS
1 ul‘of PCR product diluted in 9 },Ll of dH20 was run out on a 1 % w/v agarose gel in

a standard 1 X Tris acetate buffer with 0.2 pg/ml ethidium bromide until the
bromophenol blue dye front had migrated at least 7 cm. The gel was then
photographed for re_férence, washed briefly in dH20O, and soaked in 0.4 M NaOH for
20 minutes to denature the DNA, followed by 20 minutes in 2 X SSC buffer. The

DNA was then transferred overnight to Zetaprobe GT membrane by standard

capillary transfer with 10 X SSC. The membrane was then probed using 32P-labeled
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probes using hybridization conditions as described for Northern blots. The labeled
blots were washed twice in room temperature 2 X SSC/0.1% SDS and twice in 0.1 X
SSC/ 0.1% SDS at 60-65 OC depending on the probe used. The membrane was
placed on autoradiography film (Kodak X-OMAT AR) and developed on an

automatic X-Ray film processor (Fuji RG II X-Ray Film Processor).l

DENSITOMETRY

Densitometry of the Southern blots was determined by analysis on a Phosphor Imager
(Molecular Dynamics) using the ImageQuaNT program. Calculation of percentage
density was performed by dividing the density of each band by the total density of

each lane.

CELL LINES

K562, a human erythroleukemia cell line, KG1 and KG1a, human acute myelogenous

leukemic cell lines, were obtained from American Type Culture Collection (ATCC)

and maintained in an humidified incubator at 37 °C and 5% CO2. The growth

medium consisted of Dulbecco’s Modified Eagle Medium (DMEM; StemCell
Technologies, Inc.; Vancouver, BC) supplemented with 10% Cool Calf II (CCII;

Sigma Chemical Company).
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ELECTROPORATION OF K562 CELLS

K562 cells maintained in log phase in DMEM + 10% CCI were washed once in
serum-free warm (37 OC) DMEM, and resuspended at 1 X 107 cells/ml in serum-free
DMEM. 1 ml aliquots of cells were pipetted into sterile 5 ml polypropylene tubes,
20 pg of CsCl purified DNA was gently mixed into each aliquot, followed by 5 ug of
DEAE-Dextran (242; Pharmacia Biotech). DNA was allowed to adhere to the K562
cells for 5 min prior to electroporation. After incubation, 800 pl of the cell solution
was transferred to a sterile 0.4 cm electroporation cuvette (Bio-Rad Laboratories) and
electroporated using a Bio-Rad Gene Pulser set at 960 mF and 0.25 kV. The éells
were then plated into a 10 cm tissue culture dish. The cuvette was washed once with
serum-free DMEM and the washing was added to the dish. 10 ml of warm DMEM +

10% CCII was then added and the cells were replaced in the incubator.

SELECTION OF SAGE-EXPRESSING K562 CELLS

Electroporated K562 cells were incubated for 2 days, washed once in phosphate
buffered saline (PBS; StemCell Technologies, Inc.) and re-plated into a 10 cm dish in
10 ml of DMEM + 10% CCII containing 200 pg/ml hyrogromycin (Sigma Chemical
Compaﬁy). Polyclonal selection of cells was performed in the continual presence of
hygromycin with media changes at 2 day intervals. For monoclonal populations, cells
at the crisis stage (when greater than 90% death was observed) were vlvashed once in
PBS and suspended in 1 ml of DMEM + 10% CCII in a sterile 15 ml tube. Nine ml
of methylcellulose plating medium (StemCell Technologies, Inc.) was added (0.9%
methylcellulose in DMEM + 20% CCII + 200 pg/ml hygromycin) and well mixed.

Cells were plated into 10 cm Petri dishes and incubated at 37 °C and 5% COp for 5to

10 days until visible colonies formed. The colonies were then plucked into 200 pl of
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DMEM + 10% CCII + 200 Hg/ml hygromycin, tested by cytospin analysis and

enzymatic staining, and expanded.

CYTOSPIN ANALYSIS AND STAINING

Traﬁsfected K562 cells in log phase were suspended at 1 X 105 cells/ml. 100 pl of
celis were transferred to cytospin chambers and spun onto glass slides using a
cytosi)in machine (Shandon Elliot). The slides were allowed to dry, th\en cells were
fixed fdr 30 seconds in 100% acetone. After drying, the enzymatic ALP stain 5-
bromo-4-chloro-3-indolyl phosphate/p-iodonitrotetrazolium (BCIP/INT; Moss Inc.)

was added drop wise to the slide. Alkaline phosphatase (ALP) development was

allowed to proceed for 5-10 minutes at 37 OC. The cells were then counter-stained

for 30 seconds in Gill’s hematoxylin (Sigma Chemical Company) rinsed in water and
allowed to dry. " The presence of ALP pdsitive cells was indicated by a deep
orange/brown stain, in opposition to the blue hematoxylin-stained nuclei‘. Staining
was observed by microscopy (Nikon TMS microscope). The slides were then stored

unmounted, in the dark at room temperature.

INDUCTION OF SAGE EXPRESSION

Transfected K562 cells were treated with either nil (media only), 5 pg/ml 12-o-
tetradecanoyl phorbol-13-acetate (TPA; Sigma Cherrﬁcal Corhpany) or 10 ng/ml
staurosporine (Sigma Chemical Company) for 48-72 hours prior to testing for ALP

surface expression by cytospin, FACS analysis, or RT PCR.
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FLUORESCENCE ACTIVATED CELL SORTING (FACS) ANALYSIS

The cell population to be analyzed was suspended at approximately 1 X 107 cells/ml
in DMEM + 10% CCII. 10 pl of cells were added to the bottom of a round-bottom
flexible assay plate (Falcon #3911), followed by 100 ul of either nil (DMEM + 10%
CCII) or primary antibody. The primary antibody was added as either undiluted
tissue culture supernétants (mAb A3A1l1, a mouse anti-human alkaline phosphatase)
or as 1/1000 dilutions in DMEM + 10% CCII of a MADb acites preparations (MAb
4A4, a mouse anti-human CD44 common region, or MAb 2Gl1, a mouse anti-human
CD44 exon v10 as described in (72)). Cells were incubated on ice for 30 minutes,
followed by 3 washes with ice-cold Hank’s balanced .salt solution (HBSS) + 2% CCII,
after which 100 ul of fluorescein isothiocyanate (FITC)-labeled goat anti-mouse
secondary antibody (Sigma Chemical Company) diluted 1/128 in HBSS + 2% CCII
was ‘added. A further 30 minute incubation of cells in the secondary antibody was
followed by 3 washes ih HBSS + 2% CCII. After the last wash, the cells were
suspended in 500 pl HBSS + 2% CCII + 1 pg/ml propidium iodide (PI ;Sigma
Chemical Company) and were analyzed on either a FACScan or FACSort (Becton

Dickinson Immunocytometry Systems; San Jose, CA).

SEQUENCING

17.1 General Sequencing protocols

17.1.1 Preparation of templates

Plasmid templates for sequencing were prepared using a standard alkaline lysis
technique (240). RNA contamination was removed by digestion with 50 pg/ml
RNAse A (Sigma Chemical Company) and 100 U RNAse T1 (Boehringer
Mannheim; Laval, PQ) for 30 minutes at 37 OC, followed by
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phenol:chloroform:iso-amyl  alcohol.  (25:24:1) extraction and ethanol

precipitation. The purified DNA was resuspended in dH7O.

Sequencing of the templates

Sequencing reactions were performed by the dideoxy chain termination method
from double stranded Bluescript KS+ or pCR-Script SK+ templates using the
Sequenase Version 2.0 sequencing kit (USB Biochemical Cbrporation; Cleveland,

32

OH) modified for ““P-dCTP as per the manufacturer’s instructions.

Polyacrylamide Gel Electrophoresis and Autoradiography

The completed sequencing reactions were separated on an 8% polyacrylamide

- wedge gel (Gel-Mix 8; Life Technologies, Inc.) using a Sequi-Gen Nucleic Acid

Sequencing Cell (Bio-Rad Laboratories). Electrophoresis was carried out at 50-
55W constant power such that the gel temperature was maintained at 50 °C.
Buffers used were those recommended by the manufacturer. After
electrophoresis, the gel was dried for 2 hours on a Bio-Rad Model 583 gel dryer

and visualized by autoradiography on Kodak X-OMAT AR film. The sequence

‘was assembled using the computer programs DNA Strider and the GCG

Wisconsin Package.

17.2  Exonuclease I1I deletion of the v8-v9.BS+L template

v8-v9.BS+L vector DNA was prepared by standard CsCl large scale preparation and

was digested with Kpnl and Xhol. A set of progressively deleted templates was

prepared by Exonuclease III digestion (Life Technologies, Inc.) using standard buffers

and conditions (240)-. Aliquots were removed to the stop buffer at 45 second

intervals. The ends of the deleted con'structs were filled using Mung Bean Nuclease

treatment (Life Technologies, Inc.) and re-ligated using standard protocols. Selected
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clones which exhibited 200 bp progressive deletions as determined by agarose gel

electrophoresis, were chosen, purified and sequenced.
Bal 31 deletion of the v9-v10.BS+L template

Despite several attempts, the v9-v10.BS+L vector proved to be refractory to
Exonuclease III dige;stion. Thus a set of delveted constructs was ‘pr'epared by Bal31
Nuclease digestion (New England Biolabs Ltd.; Mississauga, ON). Purified v9-
v10.BS+L was digested to completion with Kpnl, and treated with Bal31 Nuclease as
per standard protocol (241). Aliquots were removed to stop buffer at 5 fninute
intervals. The ends were repaired with the Klenow fragment of DNA Polymerase I
(Life Technologies, Inc.) prior to secondary digestion with SszZI. Successively deleted
fragments were purified by agarose gel electrophoresis and ligated into Smal and Ss1
digested BS KS+. Clones which displayed progressive deletions of approximately

200 bp were selected, purified and sequenced.

Sequencing of aberrantly spliced v9-10 PCR products

RT PCR of RNA from four separate clones of v8-v9-v10 SAGE K562 cells, and two
separate clones of v9-v10 SAGE K562 cells was performed using PCR primers v9
Sph 5’ and Rc/AP3’. | The ends of the fesulting PCR products were repaired by
standard T4 Polymerase treatment (Life Technologies, Inc.) aﬁd the products were
ligated into the PCR cloning vector pCR-Script SK+ via the Srfl site as described in
the manufacturers’ instruction manual. The resulting clones were analyzed by

restriction enzyme digest and one clone each of the 292 bp, 450 bp, and 750 bp PCR

* products from each of the RT PCR’s was selected, purified and sequenced.
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MONOCLONAL ANTIBODY PRODUCTION

- To generate mAbs against liver/bone/kidney ALP for use in subsequent detection and

sorting of SAGE populations, a single clone of K562 cells stably transfected with the
cDNA-like v910.ALP.pCEP4 (v910 SAGE) vector which showed greater than 90%
reactivity with the enzymatic ALP stain BCIP/INT, was used to immunize 3

6 irradiated cells (30 Gy from an Phillips RT 250 X-Ray

C3H/HEJ mice. 5 X 10
Machine) were administered twice intraperitoneally, and once intravenously at 21 day
intervals; Three days after the last injection, the mice were sacrificed and spleens
were resected. Spleen cells were collected and fused to the hybridofna fusion partner,

SP2/0 by polyethylene glycol (PEG) fusion as described (72). Single clones were

selected in methylcelluiose growth medium (StemCell Technologies, Inc.) containing

~oxaloacetate/pyruvate/insulin (OPI) and hypoxanthine/aminopterin/thymidine (HAT)

supplementation (Sigma Chemical Company). The resulting single colonies were
pluci(ed into DMEM + 10% Fetal Clone I (Hyclone Laboratories Inc.; Logan, UT)
with HAT supplementation and expanded. Supernatants were tested against v910
SAGE K562 cells and untransfected K562 controls by FACS. One positive clone,
MAb A3, was demonstrated to recognize an epitope present on the alkaline
phosphatase portion of the SAGE construct as it exhibited a high level of reactivity
against the v910 SAGE K562 as well aé K562 cells transfected with alkaline
phosphatase in pCEP4 (ALK.pCEP4; 48) but not against untransfected controls. This
hybridoma clone was subjected to further clonal selection in methylcellulose growth
medium to isolate high level antibody producers. Clones were obtained and tested by
FACS analysis against v910 SAGE K562 cells and one clone, MAb A3All, was

selected for use in the analysis of SAGE expression.
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III RESULTS

1. CHARACTERIZATION OF THE GENOMIC DNA SPANNING THE CD44R 1 EXON V8, V9

AND V10 REGION -

The nucleotide sequence of the cDNA encoding CD44R1 has been previously determined
(39). Similarly, the intron/exon boundaries of the alternatively spliced exons (v8, v9, and
v10) which encode fhe unique region of CD44R1 have been characterized (7-9). However,
the full sequence of the intfons separating v8, v9 and v10 was unknown. Thus to begin an
analysis of the alternative splicing of the unique region exons of CD44RI1, thé genomic

sequence of CD44 spanning exons v8-v9-v10 was first determined.

1.1 Sequence of the v8-v9-v10 genomic region

Clones spanning the v8 to v9 and vé to v10 region were generated from genomic DNA by
PCR with exon specific primers v8 5’ to v9 3’ and v9 5’ to v10 3’ which had been derived
from previously published ¢cDNA sequence (Materials and Methods section 3.3). The
resulting 2 kb and 1.4 kb PCR products were inserted into the cloning‘vector pBluescript.
KS+ and a progressive set of deletions was generated by Exohuclease I (v8-v9) or Bal 31
nuclease (v9-v10) diéestion (Figure 13). Sequencing was performed by the dideoxy method

of Sanger et al. The full sequence of the v8-v9-v10 region was assembled from these clones

and is shown in Figure 13.
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Figure 13: The genomic sequence of CD44 v8-v9-v10 region. The genomic region of CD44
spanning exons v8, v9, and v10 was cloned using a PCR-based approach and sequenced. (A)
A cartoon representation of the CD44 v8-v9-v10- genomic region with the position of the
PCR primers shown for reference (see Materials and Methods section 3.3 for primer
sequence). Progressive sets of deletions (arrows) were constructed by Exonuclease III or

‘Bal31 digestion. (B) Genomic sequence of the v8-v9-v10 region with various putative cis-

acting sequences detailed. Nucleotides encoding exons are shown in uppercase, with those
encoding introns in lowercase. Open boxes indicate 5’ or 3’ splice sites as marked and
shaded boxes indicate a putative stem-loop structure. Putative branch point regions are
denoted by bold text with distance of the branch point adenine to the 3’ splice site noted
above. Polypyrimidine tracts are indicated with a dashed underline. Single underline and
double underline indicate a YGGTGGTGG sequence, or repeated sequence, respectively.
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1 CGCTCCGGACACC ATG GAC AAG TTT TGG TGG CAC GCA GCC TGG GGA CTC TGC CTC GTG CCG
1 M D K F W 1) H A A W G L C L v P

62 CTG AGC CTG GCG CAG ATC GAT GGC AGT CAT AGT ACA ACG CTT CAG CCT ACT GCA AAT CCA
17 L S L A Q I D G s H S T T L Q P T A N P

122 AAC ACA GGT TTG GTG GAA GAT TTG GAC AGG ACA GGA CCT CTT TCA ATG ACA ACE C gtaagh
37 N T G L \"% E D L D R T G p L S M T T Q

183 ataacgatgctgagccactttattgacttgtatcctgcttcatctcttcccgctattggccaagattgacagagcttsgg
263 tggtggaatggtgctatgtggcttacttcagcccagagtgtgaaactgtcttecattgtetgtatttettgtggaggtete
343 tcaacctgattttcccttcatttctttgtgecttccagatttaatgactttgtgttttaagaaaaagtaggactetatte
423 aactccattttcattctctaagtagttatgtcagtgaaacacatgeccacttccaggatagtgatttctectatgttttaa’
503 ctgaccatttcctttcaatgtccatctttecteccageccagtgcagaagaggggtaggattgettgecatggttgtaaaaag
583 acatttttggggccagataatcctagagatcacatcagttctcagaggagaggcaaggcatgttattgacaatcaacaaa

663 ggtggcgggatccctggaacaacaacaacaacaaaacattgccagtatctctttctatcactaagaaatgttcaaattct

743 agtagccttaatttctactctatgtgcagggatgtcctagagatcagectaaagtegttecataatttectttgaggaatac

823 aaaagaaatctagaattaagaaggtcd@attbtactgertgccacactdraatgailgagtecttcatatgageccttta

903 ggcaaaggaaaaaaatcagcaagcatgtattgatggtcagcaatgtaaatagcacagecgttaagcatcaaaggagatgeca

983 aataagcctatgaatggtccttgccaaagaaggacttatatttcegttttatgtcactgttggettttgttctgacattyg
1063 ggtttgggatttagtgactgtctttctectggttgtaatatttatteggtggtgggecatggettatgggtgtgetttatyg
1143 aagtttttgcacctgcaactcaggtcagtacctttcttaaaagaacacaaaagaaataaacttgaaacagtccaagtgat
1223 tttagatatgggcaatgggtcaacctccagttgatatatgtcactgagggccectgtgtttgeccaggcaagegtttectt
.1303 ggtgcagtgatgaaaatcccaatgcacaggtgaaattaagaaataacttaataatggagtaaaatggtaactttaattta
1383 atgacctttacaaggtagctaagtatttccttgtataaatttgatctgtgttacttgagatggetattctagataggett
1463 ctttttcttttgtggttacaactagactacaggctatgatagtgttcattttcectgeegtecacatttettgacacacag

1543 ttaggtgcttttggttactgataggagcattgggattcaaatattcttttttccatgtctctgtgttctctggtti

1623 ttcaccttgccac

1703 tttaggtttgatgattatactgagaaataaagggtcttcagaaccaaatagggggaaaatagaattcttctgtatatttc\

-100
1783 tatcaatcagaggagaattgtgtgcaacaaaccttggtcttectatgcacctateccatctgactctactctag tagatt
: 27
getage gataacaggatttgtaccgtagcttcaaattaacactggattcactcctcattgaaa CAG
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1941 AGT AAT TCT CAG AGC TTC TCT ACA TCA CAT GAA GGC TTG GAA GAA GAT AAA GAC CAT CCA 2000

57 S N S Q S F S T S H E G L E -E D K D H P 76
v9-5’ .
2001 ACA ACT TCT ACT CTG ACA TCA A A gtaaggpttataaaacctagttggcttcagctattgataagaatca 2071
77 T T S T L T S s N 85

2072 atcaattatgggtactttggcagtgt
19-5’
2152 ggtgcgkctggtggtggttctctgatttttctgttttatataccttcttcgtacattaagtgcaaactacatttcttcat 2231

ctgccgttacactgttacttttaatcaaaEE2151

2232 cttaaaagttggtttctttcactctagagttagtgatttgttttaagaataatggattgettatatatgatttattttat 2311

2312 ttatttatctttgttaactégagatctttctaacttttttatgtgggcgttt aatt PHGUYStATAEEEEtbcctetta 2391

2392 ctactgccttagctgtgtcccagagattctgatatgttgtatetttgttettattagtttcaaagaacttecttgatttet 2471
2472 gcattaatttcattatttacccagaagtcattcaggagcaggttatttaatttccatgtaattgtatggttttgagtgag 2551

2552 tttcttagtcttgatttcaaatttgattgegetgtggtccaatagactgtttgetatgatttcagttettttgecagtgty 2631

2632 acttataattggcgtaaatgtctgattatatcactttacgttcctcacaataatattgttttgcctttttgcc {odelTe] @|27ll

2712

-28
taaaaagcagtcccttectggaaaagaaaagaataattaaattagtacctcaggectttgaaa 2791
19-3’ '

\
capggragcaaaattttatctttcaatccaatgatatgtttecteccactacatcaaag 2871

2792

2872 atgaatccaattgagaaagaactcaagattatctagtacctcagctgacttcaagatcacagttgtagtgacatagectt 2951
2952 acctaataacccaagcagatgttgcaacaaatgccaattcetgggtattaagatcaccaaaatctettetgttgagtgatg 3031

3032 tccaagtagtgtctattgcaaaatatttattctgttcaatagtatgacaaacttcactctatttctecectatttatggat 3111
. .37 -23——20
ue=nd m—
3112 aacaagtggaaagctttgcagcaattgtgtgttctggagacaagcacatggtgggtggtgatcttacaaatacgggttea 3191
v10-3’

3192 BELea cctccac AGG AAT GAT GTC ACA GGT GGA AGA AGA GAC CCA AAT CAT 3255
86 R N b VvV T 6 G R R D P N H 98

3256 TCT GAA GGC TCA ACT ACT TTA CTG GAA GGT TAT ACC TCT CAT TAC CCA CAC ACG AAG GAA 3315
99 s E G S T T L L E G Y T S H Y P H T K E 118

3316 AGC AGG ACC TTC ATC CCA GTG ACC TCA GCT AAG ACT GGG TCC TTT GGA GTT ACT GCA GTT 3375
119 s R T F I P \Y% T S A K T G S F G v T A \% 138

3376 ACT GTT GGA GAT TCC AAC TCT AAT GTC AAT CGT TCC TTA TCA G i 3423
139 T v G D S - N S N v M R s L S 154
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1.2 Analysis of cis-acting splice sequences

The 5’ and 3’ splice site sequénces flanking the intron/exon boundaries of exons v8, v9, and -
v10 were located by comparison to previbusly described 5’ (C/AAG | GTA/GAGT) and 3’
(CAG | G) splice site consensus sequences (108). A comparison of these splice site
sequences with their respective consensus (Figure 14) reveals that while the exonic portion of

the splice sites varies, the majority of the intronic portion remains conserved.

A 5 Splice Site gAGIGTéAGT

v8-5>  CGC | GTAAGAATA
v9-5’ GCA | GTAAGGATT

B 3 Splice Site  CAG!G
| v9-3*  CAGIA
vl0-3  CAGIA

C Branchpoint YNYURAC

I8 -27 AATTAAC
I8 -100 ATCTGAC
I9 -16 CACTGAT
19 -20 TCATCAC
I9 -23 . GGTTCAT
19 -37 ATCTTAC

Figure 14: Consensus splice site sequences of the v8-v9-v10 region. (A) 5’ and (B) 3’
splice sites flanking the intron/exon boundaries and (C) putative branch point regions CD44
exons v8, v9 and v10 are aligned, with published consensus shown in bold.

Branch point regions are normally located between 18 to 40 nt from the 3’ splice site
(number of nucleotides from the branch point adenine to the 3’ splice site acceptor guanine)
due to the steric constraints of the spliceosomal complex (107). Two putative branch point

regions were found within intron 8. The first was found within the conserved distance at -27
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and contains a pyrimidine to purine substitﬁtion at residué 1. The second, a ‘long range’
branch point due to its eXtended (_iistance from the 3’ splice site, was found at -100 and
contains the same substitution. Intron 9 was found to contain multiple overlapping putative
branch point regions located at -16, -20, -23 and -37 nt, each diverging from the conseﬁsus by
a pyrimidine to purine substitution at residues 1 or 3 (Figure 14). In comparison with
previously described polypyrimidine tracts (159, 160), those located between the 3’ splice
site and the branch point region of the CD44 variant region exons were found-to be highly
purine rich, varying fforﬁ 60% pyrimidines (v8-v9) to 60-80% pyrimidines (v9-v10)
depending on the branch point used (Figure 13B). |

In addition, upon close inspection of.the nucleotide sequence, several putative cis-acting

sequence motifs were also identified and are indicated in Figure 13. These include:

1) a YGGTGGTGG motif found twice in intron 8 at 90 nt downstream from the 5’ splice
site, and 830 nt upstream from the 3 splice site. The same motif was found three times
within intron 9 in close préximity to the splice sites at 79 nt and 139 nt downstream from
the 5°, and 49 nt upstream from the 3 splice site.

2) Using the method of Zuker on the GCG Wisconsin package, four putative strong stem-
loop structures were found within intron 8 and four within intron 9. Note that the last
intron 9 stem loop structure is.formed close to the 3’ splice site (-21 nt), overlapping with
the multiple branch point regions.

3) An 11 base pair repeat (CCTAGAGATCA) is found twice within intron 8 at 388 nt and
600 nt downstream from the 5’ splice site.

4) A repeated purine and pyrimidiné motif (Y4RY7 or Y7RY4) occurs twice within the first
200 nt of intron 8. The same motif is found five times in intron 9, three times between
150 and 300 nt downstream from the 5’ splice site, once in the middle of the intron, and

lastly 120 nt upstream from the 3’ splice site.
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A ASSEMBLY AND FUNCTIONAL ANALYSIS OF SPLICE ACTIVATED GENE EXPRESSION
VECTORS :

To determine and characterize the molecular mechanisms which regulate the splicing of the
CD44R1 unique region exons, a set of in vitro splicing vectors were developed. These
vectors, termed splice activated gene expression (SAGE) vectors, consist of either v8-intron
8-v9 (referred to as v8-v9, where the dash indicates the presence of the intron), v9-intron 9-
v10 (v9-v10) or a full length construct of v8-intron 8-v9-intron 9-v10 (v8-v9-v10) fused in
frame to a leaderless construct of human liver/bone/kidney alkaline phosphatase (ALP). ALP
is normally expressed as a cell surface glycophosphoinositol (GPI)-linked tetramer due to the
double hydrophobic sequences found at the amino and ‘c'arboxy terminals of the protein (243,
244). In the SAGE vector system, the upstream signal sequence was removed and replaced
\ by the CD44 leader‘placed 5’ to the splicing exons. Thus expression and activity of ALP is

dependent on the prior correct splicing of the CD44R1 unique region exons.

2.1 Construction of the Splice Activated Gene Expression Vectors

The SAGE vectors were constructed by PCR of the CD44 v8-v9, v9-v10 or v8-v9-v10 region
as an ‘exon cassette’ from genomic DNA using PCR primers v8 5" to v9 3’,v9 5 to vi0 3’
and v8 5” to v10 3’ as deécribed (Materials and Methods section 4). The exon cassettes were
then fused to a leaderless construct of ALP in the expression. vector pCEP4 (Figure 9C).
Transcription of the constructs was under the control of the CMV promoter, Witﬁ stable
r¢p1ication maintained by the presence of the hygromycin resistance gene and by.th_e Epstein
Barf Virus (EBV) sequences encoding EBNA-1 and ORI P which are necessary for episomal
replication of the pCEP4 vector. In initial experiments, several hemopoietic (K562, KGl,
U937, Raji, Jurkat and Daudi) and ﬁon-hemopoietic (Cos-7 and Eahy.926) cell lines were
transiently transfected with the SAGE vectors, andhistologicél assays for ALP expression

with the enzymatic stain, BCIP/INT, were perfdrmed as described in Materials and Methods

section 14. Interestingly, while each of these cell lines have been observed to expresses
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various levels of CD44 isoforms , a similar pattern of ALP expression was noted. Namely,
gells transfected with the v8-v9 SAGE vector demonstated positive staining for ALP, while
little or no positive staining was detected on those transfected with the v8-v9-v10 and vé-le
SAGE vector respectively. - Control pCEP4 transfected cells stained negatively in all cell

lines examined (data not shown).

K562, a CD44 negative human erythroleukemia cell line may be induced to express multiple
CD44 isoforms after phorbol ester treatment (39). This cell line was chosen as a
representative for further study of the splicing of the SAGE vector transcripts, and was
transfected with the SAGE vectors by electroporation. Several monoclonal and polyclonal
populations resulting from multiple transfections were selected for stable maintenance of the
SAGE vectors by hygroin&cin resistance, and splicing of SAGE transcripts was analyzed by
histological staining for ALP expression. Typical results of monoclonal (v8-v9 and pCEP4)
and polyclonal (v9-v10 and v8-v9-v10) populations are shown in Figure 15. While greater .
than 90% of stably transfected K562 cells expressing the v8-v9 SAGE construct
demonstraited positive orange/brown staining (Figure 15B), less than 10% of v8-v9-v10
S.AGE and no v9-v10 SAGE construct expressing célls showed positive staining (Figure 15C
and D). Multiple monoclonal and polyclonal populations of each transfected SAGE vector
were examined with similar staining patterns and proportion of ALP positive cells observed

in each population. Representative monoclonal (pCEP4 and v8-v9) and polyclonal (v9-v10

. and v8-v9-v10) populations of transfected K562 cells were selected for further analysis..
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A B
C D |

Figure 15: Enzymatic staining of SAGE vector transfected K562 cells. K562 cells
transfected with (A) the pCEP4 vector alone, (B) v8-v9, (C) v9-v10, or (D) v8-v9-v10 SAGE
vectors were cytospun onto glass slides, stained with enzymatic stain BCIP/INT and
counterstained with hematoxylin as described in Materials and Methods section 14. ALP
positive orange/brown BCIP/INT staining of the cytoplasm (B and D) makes these

transfected cells appear larger than those whose nuclei only are stained by hematoxylin (A
and C).
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2.2 Assessment of SAGE splicing

The eXact junction of the exon cassette and the leaderless ALP construct was confirmed by
sequencing using the primers Rc/AP 5> and 3’ as detailed in Materials and Methods,
demonstrating that an unexpected stop codon or frameshift mutation had not been introduced
into the construct. Since cell surface enzymatic staining detects the presence of active ALP
and thus implieé correct splicing of the 'transcripts from the. SAGE exon cassette, a lack of
ALP expfessioﬁ by the v9-v10 and v8-v9-v10 SAGE construct transfected K562 cells rﬁay

indicate that incorrect splicing is occurring

2.3 RT PCR analysis of SAGE splicing

To investigate further the apparent lack of splicing in the v9-v10 and v8-v9-v10 SAGE
transcripts, the more sensitive reverse transcriptase PCR (RT PCR) technique was employed. |

RNA was extracted from transfected K562 cells, subjectea to oligo d(T)-primed first strand
synthesis, and analyzed by PCR using pfimers nested in the common leader (R1-E5') and
ALP (Rc/AP 3’) regions of the SAGE constructs. The PCR products were then detected by
biotting and aﬁtoradiography using a probe derived from the entire unique region of CD44R1
.(Figure 11). The results are shown in Figure 16. An appropriately sized band of 295 Bp
4 corresponding to fully spliced v8-v9 was defegted in the RT PCR of the RNA from the v8-v0

SAGE expressing K562 cells, while several PCR products resulting from multiple putative

_splice products were observed in the v9-v10 and v8-v9-v10 SAGE RT PCR (Figure 16B).
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Figure 16: RT PCR of SAGE products. (A) Total RNA from K562 cells stably transfected
with the SAGE vectors was collected and RT PCR was performed as described in Materials
and Methods (Sections 5-7) using PCR primers R1-E5’ and Rc/AP 3’. (B) The products,
lanes pCEP4, v8-v9, v9-v10 and v8-v9-v10, were separated on a 2% gel and were transferred
to Zetaprobe GT membrane and probed with the unique region probe (Figure 12). Controls
for the PCR reaction in either a ¢cDNA (C89, C910 and C8910), or genomic, intron
containing form (G89, G910 or G8910) were amplified using the same primer set and
included as size markers. NIL lane: no DNA added to PCR reaction. CD44 control: a Hinfl
to Pstl fragment from CD44R1 clone 2.3.pCDMS8 containing exons v8, v9 and v10.



70

A
R1-E5’ v9 Sph 5’
L| 8 9 10 ALP
v9 Sph 3’ Rc/AP 3’
B
R1-E 5’ - v9 Sph 3’ vO9Sph5 -Rc/AP3 O
I T 1§
o o ¥ © o o ¢ © o
= .= o 'u_ - - Y
EBEREEREEEREREE
Z 006 a % 223583 882 ¢ 2 8

B
2036 — o
1636 e

1018 = ‘

506

396 ~— ' -
- .
£

ggg_/— - - w9

220
1567 -

Figure 17: Exon specific RT PCR of SAGE products: (A) PCR amplification was
performed on the first strand synthesis reactions described in Figure 16 using primers R1-ES’
to v9 Sph 3’, and v9 Sph 5’ to Rc/AP 3’ as described in Materials and Methods section 3.
(B) The products were separated on a 2% agarose gel, transferred to Zetaprobe GT
membrane, and probed with the unique region probe. C8910 and G8910 represent cDNA
and genomic plasmid templates used as PCR and size marker controls. NIL and CD44

control lanes are described in Figure 16.
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In order to precisely analyze the products formed by éplicing of the SAGE transcripts, exon
specific RT PCR spanning either exons v8 to'v9, or v9 to v10 was pérforrned on each RNA
sample followed by blotting and autoradiography as before. Figure 17 demonstrates that the
v8-v9 portion of the v8-v9-v10 SAGE construct was completely spliced (cofnpare R1-E5’ to
- v9 Sph 3’ PCR of the cDNA control C8910 with v8-v9 and v8-v9-v10 lahes). However, RT
PCR usiﬁg the v9 Sph 5’ to Rc/AP .3’ primers spanning exons v9 to v10 resulted in the
detection of at least 4 bands corresponding to completely spliced (292 bp) and completely
unspliced (1487 bp) transcripts, and 2 other products of approximately 450 -and 750 bp.
Notably, products of similar sizes were found vin' t'he exon v9 to v10 specific RT PCR
reactions of both the v9-v10 and v8-v9-v10 SAGE transcripts. These .results indicate that
production of pre-mRNA from the v9-v10 and v8-v9-v10 SAGE constructs is occurring,
followed by similar splicing reactions. Thus the lack of cell surface ALP expression may be

due to non-productive (i.e. non-protein encoding) pre-mRNA splicing.

2.4  Cloning and Characterization of SAGE products

To gharacteriZe the origin of the 292, 450 and 750 bp bands, the products from the exon v9
to v10 RT PCR of the v9-v10 and v8-v9-v10 SAGE transcripts discussed above were
subcloned into the cloning*vectdr, pCR (Materials and Methods section 2B and Figure 18).
Several clones of each size were sequenced and results of representative clones are showh in
Figure 19. * An analysis and comparison of each of these products to the exon v9-v10
genorﬁic sequence previously determined confirmed that the 292 bp _Vproduct (19.8.pCR,
- Figure 19A and B)‘cérresponded to complefely spliced v9-v10 pre-mRNA. In other words
this product arose from a pre-mRNA splice reaction utilizing the 5' splice site flanking exon
v9 (v9-5' splice site) and the 3' splice site flanking exon v10 (v10-3' splice site) as previously
described (7-9). Use of these splice sites in conjunction with other appropriate upstream and

downstream sites leads to a functional mRNA encoding CD44R1 (39). In contrast, the 450
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.bp (4.3.pCR, Figure 19C and D) and 750 bp (22.8.pCR, Figure 19 E and F) products each
corresponded to alternative splice products of the v9-v10 region. Comparison of the genomic
sequence spanning the v9 and v10 exons with that of the 450 bp product revealed that this
splice product was formed by the utilization of a downstream alternative 5’ sf)lice site found
within intron 9 (referred to as the I9-5' splice site) while the use of the v10-3’ splice site was
maintained (Figure 19C). The 750 bp product also resulted from the use of the same
alternative 5’ splice site in conjunction with an alternative 3’ splice site also located within
intron 9 (I9-3' splice site). Protein translation of both the 450 bp and 750 bp products
revealed the presence of a common stop codon (TGA) located 6 amino acids downstream of
the v9-5° splice site (Figure 19B, D, and F). This stop codon pre'sumably resulted in the
premature termination of any protein product. Thus altefnafive splicing of the v9-v10 region
of the SAGE construct transcripts is unlikely to produce a functional protein. These results
provide an explanation for the paucity of ALP expression observed for the v9-v10 SAGE and

v8-v9-v10 SAGE transfected K562 cells.
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Figure 18: Aberrantly spliced PCR products were subcloned into the PCR cloning vector,
pCR-Script SK+ as described in Materials and Methods. Representatives of each size were
digested with Sma I and Sst I and were separated on a 2% agarose gel with v9-vi0 PCR
products (v9 Sph 5’ to v10 3’) for reference. The DNA was transferred to Zetaprobe GT
membrane, probed with a v910 specific cDNA probe (Materials and Methods section 1.8D),
washed and detected by autoradiography.
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Figure 19: Sequence of aberrantly spliced PCR products. Splice products were cloned into
the vector, pCR-Script SK+ and sequenced as described in Materials and Methods. Clone
19.8.pCR (A and B) is the result of a splice reaction utilizing the v9-5' and v10-3' splice sites,
while clone 4.3.pCR (C and D) resulted from the use of an alternative 5° splice site located
within intron 9 (I9-5 splice site), and the v10-3” splice site, as described in the text. Clone -
22.8.pCR (E and F) resulted from use of the same 19-5" splice site and an alternative 3’ splice
site also found within intron 9 (I9-3’ splice site). Panels A, C and E: cartoon representations
of the splice reactions occurring between exons 9 and 10 leading to the observed products.
Panels B, D and F: sequence of the described clones with protein translation below.
Nucleotides encoding exons are shown in uppercase, and those encoding intron are in
lowercase. Open boxes surround the partial sequence of the primers v9 Sph 5' and v10 3'
used in the RT PCR reaction. Arrows note the position of the v9-5' and v10-3' splice sites
flanking exons v9 and v10. The star indicates the site of fusion between the I9-5' and v10-3'
splice sites in (D) or the I9-5' and 19-3" splice sites in (E). '
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v10-3’splice site

v

10

10

1,1 V9Sph¥

GGC_TTG GAA GAA JAT AAA GAC CAT CCA ACA
G L E E D K D H P T
61/21

GAT GTC ACA GGT GGA AGA AGA GAC CCA AAT
D V T G G R R D P N
121/41

GGT TAT ACC TCT CAT TAC CCA CAC ACG AAG
G Y T S H Y P H T K
181/61

GCT AAG ACT GGG TCC TTT GGA GTT ACT GCA
A K T G [ F G VvV T A

N

exonv9 exonvi0

31/11 I

ACT TCT ACT CTG ACA TCA AGC AAT AGG AAT
T S T L T S S N R N
91/31

CAT TCT GAA GGC TCA ACT ACT TTA CTG GAA
H S E G S T T L L E
151/51

GAA AGC AGG ACC TTC ATC CCA GTG ACC TCA

E S R T F I P \% T S
211/71 vig 3

GTT ACT GTT GGA GAT ch AAC TCT AAT GT
v T v G D S N S N \"2
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v10-3’ splice site
19-5’ splice site ¢

v T

D

11 v9 Sph 5’

GGC TTG GAA GAA bAT AAA

G L E ) D K

61/21
tat aaa acc tag ttg gct
Y K T * L A

121741
gtg gct ttg gtg gag gtg
A% A L v E \Y

TAG GAA TGA TGT CAC AGG
* E * C H ‘R

241/81
ACT GGA AGG TTA TAC CTC
T G R L Y L

301/101
GAC CTC AGC TAA GAC TGG
D L S * D W

361/121

TAA TGT CAA TCG|

* C Q S

tca gct att gat aag aat

cat

v9-5’ splice site

31711

GAC CAT CCA ACA ACT TCT ACT CCG ACA TCA AGC Agt aag gat

H P T T S T P T S S S K D

91/31
caa tca att atg ggt act ttt gca
A I D K N Q S I M G T F A

, v10-3’ splice site +
151/51 :

cca gga gct gcc gtt aca ctg tta ctt tta atc aaa aga
P G A A v T L L L L I K R

*

211/71

TGG AAG AAG AGA CCC AAA TCA TTC TGA AGG CTC AAC TAC TTT

K K R P K S F * R L N Y F

271/91

TCA TTA CCC ACA CAC GAA GGA AAG CAG GAC CTT CCT CCC AGT

L P T H E G K Q D L P P S

. vio 3
3317111

ATC CTT TGG AGT TAC TGC AGT TAC TGT TGG AGA TIE CAA CTC

L \ S Y C S Y C W R F Q L
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E 19-5’ splice site v9-3’ splice site

R v

10

v9-5’ splice site

l/lv9 Sph 5 31/11

| GGC TTG _GAA GAA GJA‘I‘ AAA GAC CAT CCA ACA ACT TCT ACT CTG ACA TCA AGC Agt aag gat
G L E E D K D H P T T S T L T S S S K D

61/21 » 91/31
tat aaa acc tag ttg gct tca gct att gat aag aat caa tca att atg ggt act ttt gca
Y K T * L A S A I D K N Q S I M G T F A

121/41 151/51 *
gtg tct ttg gtg gag gtg cat cca tta gct gece gtt aca ctg tta ctt tta atc aaa agg
v S L v E \Y% H P L A A v T L L L L . I K R

181/61 211/71
cag caa aat ttt atc ttt caa tcc aat gat atg ttt cct cca cta cat caa aga tga atc
Q Q N F I F Q S N D M F P P L H Q R * I

241/81 271/91
caa ttg aga aag aac tca aga tta tct agt acc tca gct gac ttc ttg atc aca gtt gta
Q L R K N S R L S S T S A D F L I T v v




301/101

'gtg aca tag aat
\" T * N
361/121

taa gat cac caa
* D H Q
421/141

att ctg ttc aat
I L F N
481/161

gaa agc ttt tgce
E S F C
541/181

aaa tac ggg ttc
K Y G F
601/201

GAA GAG ACC CAA
E E T o]
661/221

ACC CAC ACA CGA
T H T R
721/241

TTG GAG TTA CTG
L E L L
781 /261

AAT GTC AAT CG
N v N

tac

aat

agt

agce

atc

ATC

AGG

CAG

cta

ctc

gtg

aat

act

ATT

ata

tte

aca

tgt

gat

CTG

GCA

CTG

acc

tgt

aac

gtg

tce

AAG

GGA

TTG

caa

tga

ttc

tte

acc

GCT

ccT

GAG
E

gca

gtg
\Y4

act

tgg

tece

CAA

TCA

ATT
I

331/111

gat gtt gca aca aat gcc aat
D v A T N A N
391/131

atg tcc aag tag tgt cta ttg
M S K * C L L
451/151

cta ttt ctc cct att tat gga
L F L P I Y G
5117171

aga caa gca cat ggt ggg tgg
R Q A H G ,G W

H » -
571/191* v10-3’ splice site
aca cag ATA GGA ATG ATG TCA

T Q@ I 6 M M S
631/211

CTA CTT TAC TGG AAG GTT ATA
L L Y W K V I
691/231

TCC CAG TGA CCT CAG CTA AGA
s @ * P Q L R
751/251 :

ACT GCA GTT ACT GTT GGA GAT
T A V T V G D

tct ggg tgt
S G C
caa ata ttt
Q I F
taa taa gtg
* * V
tga tct tac
* S Y
CAG GTG GAA
Q v E
CCT CTC ATT
P L I
CTG GGT CCT
L G P

v10 3’
TEC AAC TCT
S N S
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3. PRE-SPLICING OF THE V8-V9 EXONS FACILITATES V8-V9-v10 SPLICING

, Previous work by Helfman et al. has demonstrated that ordered splicing occurs within the rat
B-tropomyosin in vitro splicing system (154). Namely, prior splicing of alternative upstream
exons 6 or 7 to a common downstream exon 8 is necessary for further splicing of common
upstream exon 5 to downstream exons 6 or 7. The observations that the v8-v9 SAGE
transcript is readily spliced in K562 cells While '_v9-v10 SAGE transcript splicing results in
multiple non-protein encoding splice products, and that within the v8-v9-v10 SAGE
~ transcript the v8-v9 portion is always completely spliced were suggestive that prior splicing
of exon v8 to exon v9 may exert an influence on the fidelity of exon v9 to éxon v10 splicing.
This qu(;stion was addressed by the construction of a new SAGE vector which consisted of
exons v8 and v9 in a spliced conformation with v9-v10 unspliced (construct is denoted as
v89-10; Figure 11). The V89—10 SAGE construct vector was introduced into K562 cells as
previously described, and the cell surface expression of ALP was assessed. Histological assay
of ALP expression showed that the percentage of v89-10 SAGE transfected K562 cells
expressing active ALP approached that of the v8-v9-v10 SAGE K562 cells. Furthermore,
analysis by RT PCR performed as previously described, coupled with densitometry of the
autoradiograph confirmed that an increase in the percentage of v9-5' to v10-3' spliced 292 bp
product had occurred, from 8.5% for the v8-v9-v10 SAGE construct transfected K562 cells,
. to 22.4% for v89-10 SAGE construct transfected K562 cells (Figure 20). These results
indicate that prior splicing of the v8-v9 portion of the v8-v9-v10 exon cassette exerted a

positive influence upon the v9-v10 portion and increased the proportion of protein-encoding

mRNA.
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Figure 20: Exon specific PCR of v89-10 SAGE transcripts. (A) Production of splice
products in K562 cells stably transfected with v89-10 or v8-v9-v10 SAGE vectors was
compared by RT PCR of total RNA using the R1-E 5’ 'to v9 Sph 3’ primers flanking exons
v8 and v9, and v9 Sph 5’ to Rc/AP 3’ primers flanking exons v9 and v10. (B) The PCR
products were separated on a 2% agarose gel and were probed with the unique region probe
(Figure 12). (C) Densitometry measurements of the autoradiograph were made and the

. percentage of the spliced forms as compared to total density of each lane was calculated (in

brackets).Cabc (C8910) and Gabc (G8910) represent cDNA and genomic plasmid templates
used as PCR and size marker controls as described in Figure 16. Representative results of a
typical experiment are shown.
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4, SPLICING OF THE CD44R 1 UNIQUE REGION EXONS IS DEPENDENT UPON THE

PHOSPHORYLATION STATUS OF THE CELL.

4.1 FACS analysis of CD44 isoform expression

Previous studies have shown that CD44 isoform expression is often dependent upon the
activation statué of a cell. For example, activation of resting T cells by anti-TcR antibodies
plus anti-CD3 antibodies or by treatment with phorbol esters plus calcium ionophore has
been demonstrated to cause an upregulation of CD44 expression as well as a transient
induction of CD44 isoform expression (14-16). Furthermore, the treatment of K562 cells .
“with phorbol ester has also beeri demonstrated to induce megakaryocyte differentiation and
cell surface expression of CD44 isoforms (245, 246). To investigate this inductioﬁ of CD44
isoform splicing, the myeloid cell lines K562, KG1, and its less differentiated subtype KGla
were treated with the phorbol ester TPA, a potent indﬁcer of protein kinase C (PKC), and a
serine/threonine kinase inhibitor, staurosporine_. In initial experiments, the expression of
CD44 isoforms was assayed by ﬂuorescénce activated cell sorting (FACS) using the
monoclonal antibodies (mAB) 4A4, which recognizes a common CD44 epitope, and mAb
2G1 which recognizeé an epitope encoded by exon v10. The results of a typical assay are
shown in Figure 21. While TPA treatment induced a mild increase in overall CD44 as well
as exon v10 expression in KG1 and KGla cells, a 2.5 to 3 log shift in CD44 and v10
expression was noted in K562 cells. Interestingly, treatment with staurosporine had
contrasting results in each of the three cell lines tested. CD44 and vlb epitope expression

was decreased in KG1 cells by this treatment, but was unaffected in KG1la cells. In contrast,

overall expression of CD44 and exon v10 was increased in a sub-population of K562 cells.
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Figure 21: FACS of CD44 isoform expression in various cell lines. KG1, KGla and K562
cells were incubated with nil (shaded histogram), 5 pg/ml TPA (grey overlay) or 10 ng/ml
staurosporine (black overlay) for 72 hours. The cells were then harvested and treated for
FACS using a mAb which recognizes either a common CD44 epitope (4A4), a v10 epltope
(2G1) or media only control (NIL) as described in Materials and Methods.
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4.2  Identification of CD44 isoforms

FACS analysis facilitates a determination of the gross changes in overall CD44 and v10
epitope expression. However the actual isoforms which are expressed by each of the cell
lines cannot be characterized by this method. Thus to analyze the different isoforms which
are induced or repressed by treatment with TPA and staurosporine, RT PCR analysis was
performed. RNA was collected from each treated‘ and untreated cell line and subjected to
first strand synthesis followed by PCR using primers which are nested in the leader sequence
(R1-E5’) and flank the extracellular domain (RI-E3’)._ The products were blotted and
detected by autoradiography using the CD44R1 unique region probe. As shown in Figure 22,
treatment of K562 cells with TPA induced at least 8 different isoforms in addition to CD44H
(not detected by this probe). In contrast, treatment of tﬁe same cells with staurosporine
induced only 3 isoforms corresponding to CD44R 1 (V8-v9-v10), CD44R2 (alternative exon
v10 only) and an intermediate sized isoform of 1073 bp as determined by size comparison to
a standard curve. It is interesting to note that treatment with TPA or staurosporine appeared
to induce differential expression of two CD44 isoforms of either 995 bp or 1073 bp in KG1
cells while the overall number of isoforms expréssed was unaffected by treatment in KGla.
Taken together, these results indicate that either an increase or decrease ‘in serine/threonine

phosphorylation within these cells leads to an alteration the CD44 isoforms expressed on the

cell surface.
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Figure 22: RT PCR of cell lines induced with TPA or Staurosporine. KG1, KGla or K562
cells were treated for 72 hours with either nil, 5 mg/ml TPA, or 10 ng/ml staurosporine
(STA). (A) Total RNA was collected and analyzed for changes in CD44 isoform encoding
mRNA by RT PCR using primers R1-E5’ to R1-E3’ which amplify the extracellular region
of CD44 . (B) The PCR products were separated on a 3% agarose gel and probed with a v8,
v10, or CD44 common region probe.
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5. INDUCTION OF SAGE SPLICING.

5.1 Analysis of induced SAGE splicing

TPA and staurosporine treatment have been demonstrated to alter the expression pattern of
CD44 isoforms on K562 cells. To determine if these inducers have the same affect on
transcripts prodﬁced from the SAGE vector construéts, K562 cells eXpressing each of the
SAGE vectors were. treated with TPA or staurosporine. In initial experiments, splicing was
determined by FACS analysis using MAb A3A11 as described in Methods and Materials
sections 16 and 18. As demonstrated by Figure 23, splicing of the SAGE transcriiats |
appeared to increase after incubation with either TPA or staurosporine. However, since TPA
has been previously shown (to stimulate transcription from the CMV immediate-early
promoter in some cell lines (247), and this promoter is used to drive production of the SAGE
construct RNA, the observed increase in ALP expression may be the result of upregulated
transcription from the plasmid vector rather than .an induction of splicing. To differentiate
between these two possibilities, transfected K562 cellS were incubated with nil, 5 pg/ml
PdBU, or 10 ng/ml staurosporine and total RNA was analyzed by Northern blot. As shown
in Figure 24, treatment of the v8-v9 SAGE expressing cells with PdBU increased the overall
levels of spliced RNA (2.5 kb), while a decrease in the unspliced form (4.4'kb) is noted.
After staurosporine treatment, only RNA corresponding to an appropriate size for the spliced
form is observed. In a similar fashion, PABU treatment increased the RNA levels of the
unspliced (6 kb), aberrantly spliced (4 kb) and protein-encoding spliced (3 kb) v8-v9-v10
SAGE transcriipts. Conversely, staurosporine treatment appears to have selectively reduced
the amount of v9-5' to v10-3' unspliced and aberrantly spliced v8-v9-v10 SAGE transcripts
leaving only the 'protein encoding spliced RNA. Figure 24 also demonstrates a lack of v9-
v10 SAGE RNA in both the stimulated and unstimulated lahes, suggesting that the v9-v10

SAGE transcripts may be unstable. The result of this analysis indicates that PABU treatment

may increase the sf)licing of the SAGE construct pre-mRNA through a mechanism of
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upregulated transcription leading to increased levels of pre-mRNA and thus more spliced
product. Staurosporine treatment, however, appears to have shifted SAGE transcript splicing
so that the level of unspliced and aberrantly spliced RNA is reduced, leaving the protein
encoding splice product as the only form observed without an increase in the amount of pre-

mRNA.
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Figure 23: FACS analysis of TPA or staurosporine induced SAGE splicing. K562 cells

stably transfected with the SAGE vectors were incubated with nil (filled histogram), 5 pg/ml

TPA (grey overlay) or 10 ng/ml staurosporine (black overlay) for 72 hours. Induction of the

ALP epitope recognized by MAb A3A11 was, determmed by FACS analysis as described in
Materials and Methods section 16.
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Figure 24: Northern analysis of SAGE RNA. K562 cells stably transfected with the v8-9,
v9-10 and v8-9-10 SAGE vectors or pCEP4 control were incubated with nil, 10 pg/ml
phorbol di-butyrate (PdBU) or 10 ng/ml staurosporine (STA) for 72 hours. RNA was
collected and Northern blot analysis performed using the unique region probe as described in
Materials and Methods. The blot was then stripped and re-probed with an actin probe.
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5.2 RT PCR analysis of induced SAGE splicing

The induction of splicing observed in the previoué experiment were confirmed by RT PCR of
staurospori(ne treated SAGE vector transfected K562 cells using exon specific primers v9 Sph
5’ and Rc/AP 3’ (Section 3.3) as shown in Figure 25. Densitometric analysis of Figure 25
demonstrated that the percentage of the 292 bp band -resulting from use of the v9-5' and v10-
3' splice sites flanking exons v9 and v10 as préviously described, increased twofold in the
untreated v9-v10 SAGE transfe‘cted cells as compared to staurosporine treated controls, frofn
6% to 13% of total PCR products (Figure 25C). The same band in the v8-v9-v10 SAGE
transcript RT PCR reaction increased from 7% (untreated) to 26.8% (staurosporine treated)
of total PCR products, an increase of almost fourfold. Interestingly, similar treatment and
comparison of the v9-3' to v10-5' spliced 292 bp product from the partiélly spliced v89-10
SAGE transcript versus the unspliced v8-v9-v10 SAGE transcript RT PCR (Figure 26) does
not reveal any increase in the 292 bp product. These data suggest that the v89-10 SAGE
transcript may be splicing at a maximal level thus sp’licihg of v9 to v10 is not further induced

by staurosporine.
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Figure 25: RT PCR of induced SAGE splicing. K562 cells stably expressing the SAGE
constructs were incubated with nil (-) or 10 ng/ml staurosporine (+) for 72 hours. (A) RNA
was collected and RT PCR performed using exon specific primers v9 Sph 5’ to Rc/AP 3°, (B)
followed by blotting and detection with the CD44R1 unique region probe as described in
Materials and Methods. Lanes are marked as described in Figure 17 (C) Densitometric
analysis of the autoradiograph was performed and the density of each band (shown in
brackets) as a percentage of the total density of each lane was calculated. Representative
results of a typical experiment are shown.



C
v9-10 (%) v8-v9-10 (%)
NIL STA NIL STA

1636 bp| 698.5 (13.1) [ 2110.93 (11.5) [ 2227.5 (18.9) | 1548.7 (11.3)
750 bp | 2574.3 (46.4)| 1454.16 (34.0) | 6471.9 (54.8) | 4603.7 (33.5)
600 bp| 1139.5(21.3)| 331.45 (27.3) N/A 2261.6 (16.4)|
450bp | 601.1(11.3) | 331.45(14.0) | 2282.1 (19.3)| 1656.7 (12.0)
292bp | 321.1(6.0) | 331.45(13.0) | 832.5 (7.b) 3685.3 (26.8)
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Figure 26: Comparison of staurosporine-induced v89-10 SAGE transcripts to v8-v9-v10
SAGE transcripts. K562 cells stably transfected with either v89-10 SAGE or v8-v9-v10
SAGE constructs were incubated with nil (-) or 10 ng/ml staurosporine (+) for 72 hrs. (A)
RNA was collected and RT PCR was performed using exons specific PCR primers R1E 5' to
v9 Sph 3" and v9 Sph 5' to Rc/AP 3' (B) followed by separation on a 2% agarose gel, blotting
and autoradiography as previously described for Figure 17. Lanes are marked as described in
Figure 17.



96

6. RETENTION OF INTRON 9 IN NON-TRANSFECTED CELL LINES

Aberrant splice products resulting from the use of al_ternative intronic 5” and 3’ splice sites
have been demonstrated to accumulate in K562 cells transfected with the SAGE constructs.
However, this finding may be the result of overexpression of RNA in an artificial splicing
system. To determine if the same aberrant splicing between v9 and v10 leading to retention
of intron 9 sequences can be demonstrated to occur in various cell lines, RT PCR was
undertaken. A new internal intron 9 5’ primer nested upstream of the alternative 19-5’ splice
site was constructed and PCR from this primer to the VIO 3’ primer was performed followed
by blotting and autoradiography using the v10 specific probe (Figure 27). KGI1 cells
demonstréted no detectable retention of intronic sequences while several bands

corresponding to the 450 bp splice product (found at 250 bp using this primer set), and

“unspliced pre-mRNA (1400 bp) as well as two others at 300 bp and 900 bp were observed

after TPA and staurosporine treatment. Interestingly, TPA treatment of K562 cells, originally
showing no aberrant splice products or CD44 RNA as expected, demonstrated aberrantly
spliced intron-retaining bands corresponding to the 450 bp (250 bp), 750 bp (also at 750 bp
using this primer set) and unspliced pre-mRNA previously described as well as one other.
product at 300 bp. Staurosporine treatment, which had been previdusly been determined to
increase the percentage of protein encoding splice product, abolished the intermediate sized
intron retaining bands and only the 1400 bp band corresponding to unspliced pre-mRNA was
observed. Taken together this data indicates that aberrant splicing and intron retention occurs

in both the SAGE constructs and in non-transfected cell lines.
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Figure 27: Intron retention in induced cell lines. KGI1, KGla and K562 cells were
incubated with nil, 5 ug/ml TPA or 10 ng/ml staurosporine (STA) for 48 hours. (A) RNA
was collected and RT PCR performed using I9-5° and v10-3’ primers. (B) DNA was
transferred to Zetaprobe GT membrane and probed with the exon v10 probe as described in
Materials and Methods. A control PCR of CD44H using R1-E5’ to R1-E3’ primers was also
performed and blotted with a common region CD44 probe.
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IV DISCUSSION

1. THE SAGE ASSAY SYSTEM

The alternative splicing of pre-mRNA has emerged as a commonly used cellular strategy to
generate diversity at the protein level. In general, most alternative splicing results in a
mutually exclusive pattern of exon usage which is either developmentally regulated or tissue
specific (248). For example, the rat B-tropomyosin pre-mRNA is alternatively spliced to
expfess either exons 5-6-8 in fibroblasts, or 5-7-8 in skeletal muscle (154). In this case, the
expression of exons 6 and 7 is mutually exclusive as either one or the other is expressed in
* the specific tissue. In contrast, CD44 isoform expression while often following a
developrﬁentally regulated pattern (249), is not mutually exclusive. Multiple protein
isoforms of CD44 are generated by the alternati\/e splicing of a set of ten contiguous exons
into a single site in the mRNA (7). Using FACS and Western blot analysis, several of these
isoforms have been demonstrated to be concurrently expressed upon the cell surface (39).‘
Furthermore, multiple protein isoforms can be upregulated de novo by cellular activation
through various signaling pathways such vas triggering through the T cell receptor/CD3
complex, (250) or by incubation of cells with phorbol esters (251). Clearly the expression of
CD44 isoforms, and therefore the alternative éplicing of CD44 pre-mRNA, results from a
complex regulatory system which is dependent upon signals which both activate and
influencé alternative splicing.

To investigate the molecular mechanisms which regulate the splicing of the CD44R1 unique
region exons v8, v9, and v10, a novel in vivo splice assay system was developed. The basis
of this system, termed splice activated gene expression (SAGE), is the juxtﬁp‘osition of two or

three exons and introns (the exon cassette) from.the CD44 unique region with a leaderless



99

construct of human liver/bone/kidney alkaline phosphatase (ALP). ALP is normally
éxpressed as a glycophosphinositol-(GPI-) linked tetramer on the cell surface (252, 253).
The protein structure of ALP,.as determined by x-ray crystallography, indicates that the
tertiary structure of the molecule is triangular, with the amino and carboxy-termini pointing -
away from the active site (254, 255). Thus the addition of extfa protein sequence to either
terminus doevs not affect enzymatic function (255). In fact, previous experimentation has
demonstrated that the entire extracellular domain of CD44R1 can be added to the amino
terminal of ALP without any loss of enzymatic function (48). When a suitable leader
sequence, in this case the CD44 leader, is placed upstream of the SAGE construct, correct
splicing of the exon cassette is indicated by the cell surface expression of ALP. This may be
tested by either enzymatic assay or by FACS. using an anti-ALP antibody, mAb A3A11l. In
addition,‘ sensitive detection of splice products can be accomplished using the‘ technique of
RT PCR with primers complimentary to the 5° end of the ALP gene and the heterologous

. CD44 leader sequence.

The in vivo method of splicing analysis described in this work has several advantages over
the conventional in vitro splice assay. The basic in vitro splice assay consists of a
- radioactively labeled pre-mRNA molecule transcribed by RNA Polymerase II (142). A
nuclear extract, traditionally made from HeLa cells is added and the splice reaction is
incubated for one hour at 37 °C (105). The products are then detected by electrophoresis
through a 6% polyacrylamide gel followed by autoradiography. This method has primarily
been utilized to define the exact protein and RNA factors necessary to form the basic
' 'rspliceosomal complex and for splicing to occur. However, the results obtained using the in
vitro assay often do not reflect actual in vivo events with several cryptic splice reactions often
detected which do not normally occur (139, 109). As an in vivo system, the SAGE assay only

detects those splice reactions which actually occur within the cell of interest. Furthermore,

use of the SAGE assay system allows for the investigation of upstream events such as cell
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surface receptor crosslinking and other activation signals which lead to upregulation of

splicing.

On a molecular level, the in vivo production of mRNA for the SAGE assay also incorporates
two important mRNA modifications, namely a 5’ methylated guanosine cap, and a poly (A)
tail. Both of these sequences have recently been demonstrated to play a crucial role in the
determination‘ of terminal exons and have in fact been shown to interact with several splice
factors and be necessary for appropriate splicing to occur (141, 142, 150). Inclusion of these
pre-mRNA modifications insures that the spliceosomal machinery ‘sees’ the pre-mRNA
transcribed from the SAGE conétruct as an authentic pre-mRNA (144) as opposed to the in
vitro splice assay in which the terminal exons of the pre-mRNAAare un-modified and thus

are not processed correctly (139).

~ When introduced. into K562 cells, the SAGE transcripts demonstrated a distinctive splicing
pattern paralleling SAGE splice products detected in various transiently transfected
hemopoietic and non-hemopoietic cell lines. Since each of these cell lines express variable
levels of CD44 isoforms, these observations suggest that the splicing of the SAGE transcripts
does not directly correlate with CD44 isoform expression.. When removed from the context
of upstream regulatory sequences, splicing of the v8-v9 transcripts occured in a constitutive-
like féshion in the v8-v9 and v8-v9-v10 SAGE transcripts, while splicin\g of the v8-v9-v10
transcript appeared to be both alternative and inducible (Figure 25). In contrast, cells
transfected with the v9-v10 construct demonstfated no histologically discernable ALP
expression (Figﬁre 15C and Figure 23), correlating with no observed mRNA production as
detected by Northern blot (Figure 24) and very low levels of protein-encoding spliced
product detected by the presence of the 292 bp using RT PCR amplification (for example see
Figure 25, uninduced (-) v9-v10 lane). The exact mechanisms leading to the instability of

transcripts from the v9-v10 SAGE vector was not investigated in this study. However, recent
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work by several groups (281-283) has suggested that a pre-mRNA/translational scanning
mechanism may exist, preventing the splicing of pre-mRNAs containing pre-mature stop
codons encoded within exons and signalling their degredation. It is conceivable that the in-
frame stop codon formed when the intron encoded I9-5° splice site is utilized, located in
close proximity to the translational start site, may be recognized by such a mechanism
leading to an inhibition of v9-v10 SAGE transcript splicing and degradation of v9-v10 SAGE
pre-mRNA. The ability of the v8-v9 portion of the v8-v9-v10 SAGE construct to undergo a
splicing reaction may stabilize the remaining v9-v10 portion (108). Alternatively, the
presence of sequences encoded by exon v8 may act as a ‘spacer’ between the start site and
~ the stop codon and ameliorate the scanning mechanism, or may encode a mRNA stabilization
motif and thus prevent the degredation of splice products from the v8-v9-vth SAGE pre-

mRNA.

2. CIS-ACTING SEQUENCES AFFECTING SAGE CONSTRUCT SPLICING

At least four previously characterized cis-acting sequences have been demonstrated to be
crucial for the formation of the spliceosome and completion of the splice reaction. These are
the 5’ and 3’ splice sites, the branch point région, and the polypyrimidine tract (101).
Mutations within the conserved regions of these cis-acting sequénces have been shown to
downregulate splicing (115), activate cryptic splice sites (107), or abolish the first or second
steps of splicing altogether (110, 111). Each of these conserved regions are known to base-
pair with one or more of the snRNPs, the strength of each conserved site being determined by

the number of residues involved in the pairing reaction (213).

21 5 splice site selection in the v9-v10 region

The sequencing of intron 9 separating exons v9 and v10 and comparison to aberrant splice

products has demonstrated the presence of an alternative intronic 5° splice site, denoted as
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the I9-5° splice site. Thus the regulation of exon v9 to exon v10 splicing involves an
alternative 5’ splice site choice (see Figure 19). Thé two splice isites, v9-5’ and 19-5’, are
found exactly- 50 nt apart from GT dinucleotide to GT dinucleotide (Figure 13B). The
spacing limit for closely pdsitioned 5’ splice sites which are affected by steric hindrance due
to overlap in the simultaneous binding of U1 snRNP has been previously determined to be 45
nt (151, 256). In other words, if two 5' splice sites are closer together than 45 nt, the binding
of Ul snRNP to one site will hide the other so that it is not recognized by the splicing
machinery. Since the v9-5' and intron 9—5" splice sites are greater than 45 nt apart, they are in
direct competition for attachment of Ul snRNP and entry into the commitment complex.
Eperon et al. has shown that when two alternative 5’ splice sites are in competition with each
other, the choice of splice sites is made dependent upon strength (match to consensus) with
the stronger being utilized, or position if the sites are of the same strength with the more

downstream of the 5’ splice site being utilized (151).

Extensive experimentation by previous researchers using RNAse H and T1 mapping,
p.soralen or UV crosslinking, or mutation and co-conversion fechniques has demonstrated
that at least three snRNPs, Ul, U5 and U6, interact wifh the conserved residues at the 5’
splice site of the pre-mRNA (116, 117, 118, 137, 138). In particular, the interaction of Ul
with the 5’ splice site has been demonstrated to be a major determinant in the definition of
the 5’ splice site region (151). Recognition and bindiﬁg by Ul occurs early in spliceosomal
assembly prior to biﬁding' of the other snRNPs to define the commitment complex (118), and
is‘assisted by several crucial protein factors such as SF2/ASF (126, 151, 206), SC35 (194,
203), Ul-specific protein C and the phosphorylation dependent U1-70K protein (137).
However, it is now generally recognized that the interaction‘ of Ul with the pre-mRNA by
itself is not specific enough to specify the site of nucleophilic attack of the branch point
adenine (206, 117, 257). More recently, crucial interactions between SC35 and U1 have been

demonstrated to be Anecessary for 5’ splice site binding, with Ul proposed to function to
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recruit U6 to the 5’ splicé site (117, 191). U6 has been demonstrated to pair with the 5’
splice site at-a consensus site which overlaps with that of Ul (117) and perform a dual
proofreading function while the conserved first loop of U5 binds using non-canonical base
pairing to both the 5’ and 3’ splice sites at the invariant pre-mRNA AG and GU dinucleotides
(127). Mutatioﬁ of individual residues within the 5’ splice site motifs may alter 5’ splice site
choice (117) or lead to exon skipping if no alternative choices are available. Thus the

strength of the 57 splice site is a sum of its ability to bind to each of these snRNPs

A comparison of the 5’ splice sites of )v9 and 19 with Ul, U5 and U6 (Figure 28)
demonstrates that the v9-5° splice site closely matches to the mammalian 5° splice site
consensus. Thus, the v9-5’ splice site should bind strongly to Ul (16 hydrogen bonds as
shown in Figure 28B). | In contrast, binding to the U6 consensus is limited, with only 12
possible hydrogen bonds observed. The match to consensus in the exon encoded portion
which interacts with U5 snRNP is not conserved at all (consensﬁs is AG - Figure 4),
Examination of the 19-5’ splice site demonstrates a limited ability to bind to Ul snRNP (13
hydrogen bonds) coupled with a more extensive ability to bind to U6 (14 hydrogen bonds)
anid a consensus match to U5 (Figure 28C). Using a model system composed of an H-ras
exon pléced in the context of human growth hormone, Hwang and Cohen (117) have recently
shown that base pairing between positions 5 and 6 of tfle pre-mRNA, and 1 and 2 of U6
snRNP (see Figure 6) is necessary for efficient splicing. As demonstrated in Figure 28, the
only 5’ splice site capable of this pairing is the 19-5" splice site (GU to CA: nucleotides
marked with an *). Taken together, this evidence indicates that the 19-5" splice site is a
strongef, more competitive site than the v9-5’ splice site and thus should be utilized more

often.

An examination of exon v9-v10 splicing in either the v8-v9-v10 SAGE or the v9-v10 SAGE

transcripts as shown in Figure 17 indicates that the 19-5’ splice site is indeed used more
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frequently in exon v9-v10 splicing. This conclusion is suppbrted by densitometry of Figure
17, demonstrating that the I9-5” splice site is used 6-8 times more often than the v9-5' splice
site (66.8% of splice products use the 19-5’ splice site in v8-v9-v10, and 54.6% for v9-v10
compared to 8.1% and 8.9% for the v9-5" splice site). A similar 5 splice site weakness is
observed in the v8-5’ splice site, with 16 possible hydrogen bonds to Ul, and 9 to U6. In
contfast to the v9-5' splice site, the v8-5' splice site is constitutively used. This constitutive

usage occurs presumably because no appropriately distanced downstream alternative splice

sites exist within intron 8 (Figure 13B).
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Figure 28: 5’ splice site alignments of (A) v8-5°, (B) v9-5" and (C) intron 9-5’ (I9-5") with the
mammalian consensus sequences for Ul and U6 snRNPs. The bonds between nucleotides are
indicated as dots (G:C=3 bonds, A:U=2 bonds, and G:U=1 bond). Large bold nucleotides are
those which interact with U5. Paired nucleotides of U6 necessary for high efficiency sphcmg
are indicated with an *.
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22 ¥ splice site selection in the v9-v10 region

In addition to alternative 5° splice site selection, 3’ splice site selection also occurred within
the v9-v10 SAGE transcript. Two 3’ splice sites, one at the intron/exon boundary (the v10-3’
splice site) and one within intron 9 (the 19-3’ splice site), each with their own branch point
region and polypyrimidine tracts, were utilized during exon v9 to v10 splice reactions. The
resulting products observed in Figure 17 were formed by splicing from the v9-5" to v10-3’
splice sites (292 bp product), the 19-5’ to v10-3’ splice sites (450 bp product) and the 19-5 to
I9-3’ splice sites (750 bp product). Further examination of Figure 17. demonstrates that,
similar to the v9-5’ splice site, usage of the v10-3’ splice site is reduced (19.9% of splice
products in the v9-10 SAGE transcripts and 27.8% in the v8-v9-v10 SAGE transcripts) while ‘

the I9-3” splice site is preferred (43.5% and 47.9% respectively).

In contrast, although at least one other putative 3' splice site exists within intron 8, only the 3’
splice site found at the exon 8/intron 8 boundary was utilized in the exon v8 to v9 splice
reactions. Since an appropriate downstream 5’ splice site does not occur within the required

300 nt distance to the putative internal intron 8-3’ splicé site, this site 1s not used.

According to the exon definition model of Berget et al. (139, 258) exons are recognized at
the 3’ splice éite by the initial binding of snRNP U2 (152) and several of its associated
proteiﬁs such as U2AF05 (124, 126), followed by scanning through the exon in a 5’ to 3’
manner until a 5’ splice site is found. Thus suboptimal signals at the 3’ splice site may
function eis a regulatory mechanism for exon recognition. In other words, when the 3’ splice
site itself, branch point region, or polypyrimidine: tracf differ significantly from established
consensus sequénces in these locations to form a weak 3’ splice site, trans-acting factors bind
with low affinity resulting in a reduction of spliceosomal assembly (147). A comparison of
the exon flanking v9-3', v10-3' and intron encoded 19-3’ splice regions (Figure 29) reveals

that several of these 3’ splice site regulatory mechanisms may. interplay in the control of
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splicing of exon v9 to exon v10. Firstly, all three 3 splice sites conform to the previously
described consensus motif YAGIG (108). In all three cases, the variable Y is a cytosine
which has been demonstrated to be optimal for 3’ splice site strength (112). Putative branch
point sequences (bps), normally located between 18-40 nt from the 3’ splice site invariant
AG dinucleotide (107, 162), were found at -27 and -38 for the v9 and 19-3’ splice sites
fespectively. In addition, one long range putative bps for each was found at -100 and -93.
Significantly, a set of multiple, putative, overiapping bps for the v10-3’ splice site were
located at -37, -23, -20 énd -16. A sequence comparison of all the putative bps of exons -v9,
v10 and intron 19 (Figure 30) shows that each differs frofn consensus at one or two of the
pyrimidine residues but the branch point adenine is conserved. However, no obvious
sequence differences are observed between the constitutively used v9-3’, and the
alternatively used 19-3’ and v10-3” splice sites. Therefore, it is unlikely that the 3 splice site

selection is made based on the sequence of the bps alone.

Prior studies in the alternative splicing of chicken B-tropomyosin (153, 154, 162) and
Adenovirus E1A transcripts (155) have characterized multiple bps usage as a major
contributor to alternative 3’ splice site selection. Thus the multiple bps in the v10-3’ splice
éite may play a role in exon v10 alternative 3’ splice site choice. The strongest match to the
bps consensus is found for the -100 v9, -93 19 and -16 v9 bps. Each of these branch point
regions are found at suboptimal distance from their 3’ splice sites (119), a factor previously

noted to be involved in the control of alternative splicing of some pre-mRNAs which may

also play arole in alternative splicing of the exon v9 to v10 region.
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-100
v9-3’  AUCUGACUCUACUCUAGCUAGAUUUUCCUUGCUAGCAGAUAACAGGAUUUGUACCG
-27
---------- UAGCUUUCAAAUUAACACUGGAUCAcUccucauuGaACAG | AG
-37 23 -20 -16

v10-3’ AucuuacaaauacaGGUUcAucacuGgauuccaccuccacaCAG | AU

=93

19-3’ UGCUGAUGACUAAAAAGCAGUCCCUUCUGGAAAAGAAAAGAAUAAUUAAA
-38

-------- UUAGUACCUCAGGCCUUUGAAACCAUGCAUUUGCCAUUUUAAUUGCAG | G

Figure 29: 3’spliée site regions of v9-3’, v10-3’ and intron 9-3’ (I9-3’). Branch point regions
(consensus: YNYURAY) are underlined with distance from branch point adenine to cleavage

site noted above, polypyrimidine tracts are shown in bold, and 3’ splice site in large type
(consensus: YAG 1 G)
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U2 snRNP binding site
Branch point consensus

-100 v9
-27'v9
9319

-38 19

-37 v10

-23 v10

-20v1i0

-16 v10

Figure 30: Comparison of branch point sequences of the v9-3’ (v9), intron 9-3’ (I9), and v10-
3” (v10) splice sites. Branch point adenine shown in bold. Branch point consensus shown
above with U2 snRNA sequence known to bind at the branch point is shown in 3’ to 5’
orientation. Residues deviating from consensus are marked with an *.




110

"In all three of the 3’ splice site regions ef(amined, the polypyrimidine tracts were found to be
extraordinarily purine rich (Figure 29), similar to that déscribed for the female-specific 3’
splice site of doublesex in Drosophila (179) The presence of intervening purines in a
polypyrimidine tract has beén noted to reduce the efficiency of splicing considerably (115,
122, 159, 160). In fact, neither the v9, v10, or I9 polypyrimidine tracts contain any stretch of
pyrimidines greater than 5 (Y5). This lack of pyrimidines is expected to severely limit the
ability of several known polypyrimidine tract binding proteins to interact with the
polypyrimidine tracts of all three of the 3” splice sites examined. In particular, the binding of

U2AF®?

to the polypyrimidiné tract at the bps has been convinciﬁgly derrionst_rated to be
crucial for U2 recognition of the bps (119, 223, 259, 260). Thus the presence of a highly
purinated, suboptimal polypyrimidine tract at the v10-3’ splice site may lead to low affinity

U2AF®

binding. This factor, combined with multiple competitive bps, may significantly
weaken the v10-3’ splice site and lead to the preferréd use of the I9-3” splice site observed in

splicing of the SAGE transcripts.

It is interesting to note that all of the polypyrimidine tracts of the CD44 variant exons
composing the unique region are highly purinated (Figure 31). In contrast, the
polypyrimidine tracts of the common region constitutively spliced exons retain a high

- percentage of pyrimidine residues. This observation suggests that polypyrimid‘ine tract

recognition may be a common regulatory mechanism utilized in CD44 variant exon splicing.
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Figure 31: 5’ and 3’ splice sites of the CD44 pre-mRNA exons. Exons 1 through 5 and 16
through 18 are common to all CD44 isoforms and are constitutively spliced. Exons 6
through 15 (v1-v10) and 19 to 20 are alternatively spliced. Information regarding the intronic
nucleotides surrounding exon 6 and downstream of exon 3 is currently unavailable. The
“alternatively spliced exons show a greater degree of purine substitution (purines shown in
bold) within their associated polypyrimidine tracts than the constitutively spliced exons.
Exon encoding nucleotides are shown in uppercase, and intron encoding nucleotides are
shown in lowercase. The 5” and 3’ splice site consensus are shown in bold above.
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2.3 Exon enhancers and SAGE

Early experimentation with deletion or mutation of exon sequences revealed an active role
for exon content in splice site selection (163, 167-170, 261). Intensive research in this area
has demonstrated that inclusion of a 6-13 nt purine rich ‘ESE’ motif (Exon Splicing
Enhéncer) within exons results in exon inclusion. Mutation or deletion of this motif leads to
exon skipping (173,‘262). These ESEs have been demonstrated to function as binding sites
-for SR proteins (171, 195, 211) which interact with the ESE with different affinities to
promote the binding of essential splicing factors such as U2AF35 to U2AF65 at the bps at the
3’ splice site (173, 195, 207), and to stabilize the binding of U1 snRNP at the 5’ splice site
(see Figure 8B and C). One particular ESE motif ‘RGAAGAAC’ has been characterized as a
high affinity SF2/ASF binding site (212), and the presence of the ‘RGAAG’ portion of this
motif is known to result in inclusion of the bGH alternatively spliced exon D (166) and the
fibronectin (FN) exon ED1 (174). Since SF2/ASF is known to interact with Ul snRNP
through the associated U1-70K protein, (107, 125, 195) and also with U2AF>> (199), this
‘RGAAG’ motif within an exon may also influence both 5’ and 3’ splice site selection.
Interestingly, this motif' has also been shown to act as.a Ul snRNP binding site (173)
presumably through similar interactions. Purine rich regions which resemble the SF2/ASF
ESE have been loca'tgd within many alternatively Spliced exons in well-characterized
experimental systems such as mouse IgM exon M2 (173), human FN exon EDIIA and EDI
(174), bGH exon 5 (167), rat B-tropomyoéin exon 8 (263), cardiac troponiﬁ T exon 5 (169),

CD45 exon 4 (170), HIV type 1 tat-rev exons (196) and are also located within the CD44

unique region exons (Figure 32).
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Figure 32: ESEs located within CD44 exons. Multiple putative ESEs are located within
CD44 exons, particularly within the unique region. The ASF/SF2 ESE, ‘RGAAG’ is shown
underlined and in bold with direction indicated by an arrow. Note how the direction of the
repeat alternates throughout the unique region (exons 6 through 15). Other pure rich motifs
are double underlined.
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CD44 exons v9 and v10 each contain this purine enhancer motif, with one repeat found in
v8, two repéats found in v9 and four in v10. Most of the CD44 unique region exoné with the
exception of vl and v2 contain m'ulti.ples of the ‘RGAAG’ motif, while the constitutive
exons contain only one or no motifs. Interestingly, these repeats occur throughout\ the unique
region éxons in an altefnating back-to-back fashion (Figure 32), suggesfing thaf a
directionality of binding of SF2/ASF may be important for ESE function. Furthermore, each .
back-to-back ‘RGAAG’ motif occurs between 57 and 80 nt apart, often within a single exon
or between two exons if spliced together, implying a minimal vdistance constraint on the

motif.

Studies utilizing the SAGE construct assay suggest that clustering two of these SF2/ASF
ESE motifs in a back-to-back fashion may result in enhanced splicing to the downstream
exon. As demonstrated in Figure 20, the presencé of the ‘pre-spliced’ v89 exon resulted in
increased v9-5’ splice site use from 8.5% of total splice products to 22.4%. Since SF2/ASF
is known to influence 5’ splice site' selection through the U1-70K protein as mentioned
above, it is conceivable that back—fo—back bridging interactions .on the v89 ‘exon’ caused by
binding of SFZZASF to the ‘RGAAG’ ESE motifs formed when v8 and v9 are joined,
stabilizes the interactions of Ul snRNP with the 5’ splice site (Figure 33). Thus the exon
flanking v9-5’ splice site is strengthened and splicing using this site is increased. This
proposed exon spanning function of SF2/ASF is similar to that previously hypothesized by
Wu and Maniatis (199) to link the 5° and 3’ splice sites during spliceosomal assembly.
Furthermore, the clustering of ESE »mo;ifs by splicing implies a role for upstream or

downstream splicing events in recognition and regulation of other exons, and may help to

explain why certain CD44 exons such as v8 and v9 appear to be expressed in clusters (264).
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Figure 33: Proposed mechanism of ‘RGAAG’ ESE clustering enhancement. SF2/ASF has
been demonstrated to recognize and bind to ‘RGAAG’ motifs located within the exon by its

RBD as well as binding to itself, SC35, U1-70K and U2AF>> through its RS domain. These
interactions promote both 5’ and 3’ splice site recognition as described in the text. Likewise,

SC35 also binds to itself, SF2/ASF, U1-70K and U2AF>> but recognizes an RNA motif
distinct from that of SF2/ASF. (A) Exons which contain only one copy of the motif bind
only one SF2/ASF molecule, and a moderate enhancement of 5° and 3’ splice site recognition
results, with 5° splice sites proximal to the 3’ splice site favoured. (B) If the exon contains 2
or more motifs, multiple SF2/ASF binding occurs leading to high affinity recognition of the
5’ and 3’ splice sites and distal 5’ splice site selection. Thus splicing of exons v8 to v9,
which causes clustering of back-to-back ‘RGAAG’ motifs, leads to an increase in the exon
flanking v9-5 splice site usage. v10, which has 4 repeats of the motif, does not require
clustering. Overexpression of SF2/ASF in the absence of an ESE cluster induces SF2/ASF
binding to motifs of less affinity and leads to proximal 5 splice site selection through similar
interactions. Phosphorylation of SF2/ASF inhibits its ability to interact with other SR
proteins through its RS domain, and inhibits enhancer complex formation. hnRNP Al, also
negatively regulated by phosphorylation, competitively inhibits the interaction of SF2/ASF
with the RNA. Adapted from (199). '
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2.4  Other putative cis-acting sequence motifs

Sevcrél other putative cis-acting motifs were located in the v8-v9-v10 genomic sequence
which have a demonstrated regulatory-role in other splicing systems and may also perform a
regulatory function in CD44 unique region exon splicing. These include another type of
position dependent 3’ splice site enhancer called the dsxRE found Within 300 nt downstream
of the 3’ splice site of doublesex (DSX) in Drosophila (179, 207). This 13 nt regulatory
sequence, composed of overlapping motifs of YSP2Y2P2YP, is repeated 6 times within the
female-specific exon of DSX and binds the Drosophila SR proteins TRA and TRA-2
regulating female-specific splicing (179, 207, 208, 265). A similar motif of repeated
alternating Y7PY4 or Y4PY7 pyrimidine/purine residues was found within the 300 nt limit
clustered at the 5’ and 3’ end.of intron 9, and also surrounding the internal 19-3’ splice site
(Figure 13B). Similarly, the motif was also found three times in intron 8 within 300 nt of the
5’ splice site. By analogy to the dsxRE motif, this Y7PY4 or Y4PY7 motif may also
function as putafive binding sites for SR proteins and act as an enhancer for alternativé 3

splice site selection.

A second sequence motif was noted to occur within the v8-v9-v10 CD44 genomic region in
close association to either 5’ or 3’ splice site regions. This motif, YGGTGGT/AGG, was
found twice within intron 8 and three times within I9. In intron 8 the motif was found 90 nt

downstream of the 5° splice site, and interestingly was also found 50 nt upstream of a cryptic

-3’ splice site. This cryptic internal 3 splice site was not utilized in either the v8-v9 or v8-v9-

v10 SAGE constructs. Similarly the same motif was located 70 nt downstream of the v9-5’
splice site, 8 nt downstream of the 19-5" splice site and 50 nt upstredm of the v10-3” splice
site. Although no function for this motif was found in 4this present work, the close proximity
of the motif to the 5 and 3’ splice sites makes it a likely caﬁdidate for the binding of putative

regulatory proteins.
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When examined for RNA secondary structure using computer modeling strategies, several
putative stem-loop structures were indicated to occur at positions close to the 5° and 3’ splice
sites within intron 9 (Figure 13B). Thé strongest stem-loop structures appeared to be of 20 nt
as previously described (266), and are lqcated between the v9-5’ and 19-5’ splice sites, at the
-93 bps and the 19-3’ splice site itself, as well as within the multiple overlapping bps of the
v10-3’ splice site. A putati\}e regulatory stem-loop structure was also noted to occur between
the -100 and -27 bps of the v9-3’ splice sité within intron 8 (Figure 13B). Thus RNA
‘secondary structure is strongly implicated as a possible control mechanism for exon v9 to

v10 splicing and may also function in exon v8 to v9 splicing

3. INDUCTION OF SAGE SPLICING BY TRANS-ACTING FACTORS

Recent work by Screaton et al. (190) using CD44 alternative exon v6 as a marker of T cell
activation demonstrated chénges in v6 expression induced by phytohemagglutinin (PHA)
stimulation. When assayed by Northern blotting, 3 SR proteins p40, p55 and p30c displayed
alterations in mRNA levels coincidental with the change in CD44 epitope expression. Thus
CD44 splicing, like other alternatively spliced pre-mRNAs, may also be affected by the

expression and regulation of SR proteins.

3.1 Serine/Threonine kinase inhibition induces SAGE splicing

The phosphorylation-and de-phosphorylation of proteins has been proposed to be a control
mechanism for protein function and has also been implicated in thé control of alternative
splicing. The SAGE vector constructs were used to determine if phosphorylation of proteins
is also a regulafory mechanism in splicing of CD44 exons v8, v9 and v10. Incubation of

SAGE vector transfected K562 cells with the potent serine/threonine (S/T) kinase inhibitor,

staurosporine (267, 268) altered the pattern of splicing of exon v9 to v10, such that the exon
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flanking v9-5’ and v10-3’ splice sites were recognized, and a productive ALP protein was
produced (Figures 25 and '27); In addition, staurosporine treatment of various myeloid cell
lines particularly noted in KG1 cells, altered v10 expression and led to the expression of

other CD44 variant isoforms (Figure 21).

Recent evidence has demonstrated that the phosphorylation of spliceosomal associated
proteins regulates pre-mRNA splicing. Several examples of this, such as hnRNP Al and A2
(231), hnRNP C (217, 230-233), the ﬁuclear matrix phosphoprotein P255 Which associates
with U5 (269)v, and an hnRNP A/B type analogue from brine shrimp (270), have recently °
been described. In addition, interest has centered upon the phosphorylation of the serine
residues within the RS domains of SR proteins (271). Since SR proteins associate with other
proteins through their RS domains (198), it is conceivable that the phosphorylation of these

proteins on these domains may by involved in the regulation of splice site choice (271).

Phosphorylation of SF2/ASF is known to regulate its interaction with the U1-70K proteins
and facilitate the binding of U1l snRNP to the 5’ splice site (198, 223). This process is
antagonized by hnRNP Al which is also regulated by phosphorylation (226, 228, 229). As
previously discussed, the v9 and v10 exons contain several putative binding sites for
SF2/ASF (Discussion section 2.3). Taken together, these observations support the notion’
that the Binding of SF27ASF to exons v9 and v10, regulated by the phosp_horylation status of

the protein, performs a regulatory role in the alternative splicing of this region.

3.2 Putative kinase involved in the regulation of alternative splicing

Although the exact kinase which was modulated by staurosporine in this assay is not known,
there are several likely candidates which have been previously demonstrated to associated

with and to phosphorylate spliceosomal associated proteins. One pafticularly well described

S/T kinase which may be involved in the regulation of splicing is the prbtein kinase C (PKC)
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family. There are currently at léast 12 described members of this family, divided into 3 sub-
types based on their strucfure and known agonists: classical (cPKCs) a, Byr, and y which
are Ca2+ and phospholipid dependent, novel (nPKCs) o, €, m, 6, u which are Ca2+'
independent, and atypical (aPKCs) C, 1, A, which cannot be activated by phorbol esters (272).
K562 cells are known to express four of these isotypes. o, BII , C and at low levels, € (245,
273, 274). hnRNP A1 has recently been described as an in vivo substrate of aPKC C, but not
of the classical PKCs or of PKC ¢, through direct association with the PKC { catalytic
domain (229). Phosphorylation of hnRNP Al by PKC in its C-terminal domain was
associated with a conformationai change in this domain, and a d.ecrease in the affinity of Al
for single-stranded polynucleotides in vitro. Thus phosphorylatién of meNP Al regulated
its ability to enhance the renaturation of single stranded nucleic acids (228). Importantly, Al
is known to bind stably to both U2 and U4, to regulaté the binding of U2 to the bps (227),

and to influence distal 5° splice site selection (188). Thus phosphorylation of A1 may result

in negative regulation of bps selection.

hnRNP Al as well as another molecule, hnRNP C is also phosphorylated in its C-terminal
domain by another S/T Kkinase, casein kinése I (CK II; 228, 230, 232). Staﬁrosporine
inhibition of CKII may also be responsible for the alterations observed in exon v9 to v10
splicing. The hnRNP C proteins, C1 and C2 bind to uridine-rich polypyrimidine tracts (184,
232) and polyadenylation sites (217). Phosphorylation of hnRNP C proteins has been shown
to negatively regulafe their binding to RNA (230), and to be modulated by calmodulin (231),
by the cell cycle (217), and interestingly is also modulated by a 3’ region of U6 snRNP (233).

Two additional SR-specific kinases have recently been identified through the yeast two-

hybrid system and chromatographic techniques. These are the dual specific (serine/threonine

and tyrosine) LAMMER family kinase Clk/Sty (221) and the S/T kinase SRPK1 (224) Both
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of these kinases have demonstrated an in vitro ability to phosphorylate SF2/ASF (221, 225,
275), and may also be inhibited by staurosporine in the SAGE assay.

In all examples cited above it is interesting to note that phosphorylation of spliceosomal-
associated proteins negatively regulated their function (219, 224, 271). " Most noticeably,
phdsphorylation of the U1-70K protein which is also phosphorylated by SRPK1 (224) as well
‘as potentially by others (234), severely inhibited splicing (235) presumably mediated by an
inability -to form associations with other SR proteins through phosphorylation of its RS
~ domain (223). Thus one potential mechanism for the action of staurosporine is through
inhibition of S/T kinases, decrea_sing phosphorylation of these splice regulatory proteins
particularly U1-70K and hnRNP Al, and thus promoting the use of the v9-5’ and v10-3’

splice sites.

4, FUNCTIONAL CONSEQUENCES OF INTRON RETENTION

Generally, the retention of introns within mRNAs which are subsequently translated results
in a non-functional, truncated protein due to premature stop codons encoded by .the intron.
As such, intron retention has been causally linked to 6% of human genetic diseases (276). In
contrast, in at least two described éases, the retention of intron sequences-particularly in place
of terminal exon sequences, resulted in the expression of functional isoforms with altered C-
terminal domains. In both of these cases, phoséhotyrosine phosphatase 1B (PTP-1B) and
.bovine growth hormone (bGH), these isoforms are suspected to function as regulatory~
molecules for their normally spliced counterparts (166, 277, 278). Information géined from
the study of aiternatively spliced SAGE constructs was used to assay for the retention of
infron 9 in various myeloid cell lines (Figure 27). The results of this assay showed that’

retention of this intron was both inducible and cell line specific. For example, KG1 cells

showed no evidence of intron retention, while multiple intron fragments were found in
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stimulated KG1la cells and K562 cells. It is also ‘interesting to note that different bands
corresponding to the activation of other alternative intron encoded splice sites Were present in
KGl1a cells, indicating that the use of internal intron splice sites varied from cell line to cell
line. While no evidence is presented iﬁ this work to suggest that mRNA’s which include
intron 9 are translated, a sfop codon common to all of these transcripts is found 18 nt
downstream from the v9-5’ splice site which would form a truncated, and possibly soluble
protein if utilized. Recent work by Yoshida ef al. (279), and Matsumura et al. (38) has
demonstrated alternative intron splicing and retention of variant intron 4 in géstrointestinal
tumors and bladder carcinoma cells. Thus the dis-regulation of pre-mRNA alternative

splicing and subsequent retention of CD44 variant introns may be a common phenomena

which occurs during carcinogenesis.
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5. CONCLUSIONS

Pre-mRNA splicing is a complex process utilizing numerous regulatory mechanisms that
involye both cis-acting sequences and trans-acting factors. In addition to constitutive
splicing, the regulatory mechanisms controlling the splicing of CD44 pre-mRNA are further
complicated .by the requirements of alternative splicing of at least 10 exons. Clearly,
multiple avenues exist where a loss of regulation could result in the inclusion of variant
exons within the CD44 mRNA, and thus lead to the increase in cell surface expression of

isoforms observed on neoplastic and metastatic cells.

In summary, a novel in vivo splice assay system was developed and used to investigate the
molecular mechanisms which regulate the alternative splicing of CD44 exons v8, v9 and v10.
Alternative, and possibly regulatory 5' and 3' splice sites were located within intrqn 9.
Furthermore, modulatioh of alternative splicing of these exons by the addition of the
serine/threonine kinase inhibitor staurosporine was demonstrated. Therefore, use of the
SAGE assay system should facilitate a further dissection of the molecular mechanisms which

regulate alternative splicihg of these CD44 exons.

6. FUTURE DIRECTIONS

Although many of the factors involved in constitutive splicing have been described, those
mechanisms which regulate alternative splicing have remained largely unknown. Using the

SAGE assay system described in this work, the following studies could be undertaken:,

1) The SAGE assay system provides -a quick screeﬁing tool to investigate the

involvement of known trans-acting proteins in the splicing of the CD44 v8§, v9 and v10
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exons. - For example, SR proteins have been demonstrated to function as trans-acting
factors which modulate splicing (194). Recent work by Screaton et al. has demonstrated
a role for SR proteins in CD44 exon v6 splicing (190). However, the involvement of SR
proteins in v8-v9-v10 splicing is unknown. Using the stably transfected SAGE K562 cell
lines, vectors containing different SR prdteins can be introduced and the induction of

splicing assessed by FACS analysis with mAb A3A1l.

2) The SAGE assay system may also be used as a tool to clone unknown positive and
negative trans-acting regulators of splicing. Similar-to the method described above,
expression cloning libraries can be introduced into the v8-v9 SAGE K562 cells to scréen
for negative regulators, or the v8-v9-v10/v9-v10 SAGE K562 cells to screen for positive
regulators.  Separation of positive splicing from negative non-splicing cells can be

performed by FACS using mAb A3A11.

3) Several putative cis-acting sequences were described which may serve as regulatory
regions of v8-v9-v10 splicing. - These regions can be mutated by sité-directed
- mutagenesis, deleted, reversed with respect to the 5' and 3' splice sites, or moved to other
locations within the SAGE construct and their effects assessed by histological assay and
RT PCR. In particulaf, thé SF2/ASF ESE sequences within the v89-10 SAGE construct

could be modulated, and the effect on splicing observed.

4) Splicing of the v8-v9 portion of the v8-v9-v10 SAGE transcript occurred réadily
while the v9-v10 portion did not splice. The role of the various exon flanking splice sites
in the regulation of v8-v9-v10 splicing is unclear. The effect of these cis-acting
seQuences could be investigated by exon or intron swapping. For example, new SAGE
constructs consisting of v9-v8-v10 or v10-v9-v8 could be constructed and use of the

various exon and intron specific splice sites determined.

5) RT PCR of total RNA from the induced and non-induced cell lines using the internal

I9 5' primer revealed several bands which correlated to the use of the exon flanking and
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intron encoded splice sites. These PCR products should be cloned and sequenced to
confirm their putative identities. Furthermore, several bands were noted which did not
correspond products arising from the use of the described splice sites, suggesting that
other splice sites found in intron 9 may be active within the CD44. pre-mRNA in other
cell types. These results should be confirmed by cloning and sequencing of the PCR

products.

6) Both this work and that of others (280), (279) have described the retention of intron
sequences within different CD44 mRNAs. Many questions regarding intron retention
remain unclear and would be interesting points to study.b For examble, are the mRNAs
which contain retained introns translated? Are the proteins they encode functional?
Does the presence of the retained intron result in mRNA instability, and thus be
considered a regulatory mechanism for translation? Does the retention of introns .only
. occur within CD44 mRNA, or is it common to other alternatively spliced mRNAs? Is the

retention of introns an outcome of oncogenic transformation, or does it also occur in

normal cells? These and other questions in alternative splicing remain to be answered.
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