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ABSTRACT

In an effort to create growth hormone (GH) resstance in mouse L cels and in
mice, we have desgned a ribozyme (RZ) directed againg mouse GH receptor (GHR)
MRNA. The ability of the RZ to specifically cdleave GHR mRNA & the desgnated
target Ste was verified by in vitro andyds. The ability of the RZ to cleave more than
one substrate was also demonstrated in vitro.

We have edablished severd dable mouse L-cdl lines expressng different
amounts of mouse GHR. A metdlothionein driven “mini-geng’ containing the mouse
GHR cDNA with added introns flanking exon 8a dlowing for the production of both
GHR and GH binding protein (GHBP) was used to create the cdl lines GH binding
assays followed by Scatchard andyss reveded GHR numbers per cdl ranging from
~50,000 to ~240,000. Western blot andysis using an antibody against phosphorylated
tyrosnes demondrated a corrdation between GHR number and STAT-5
phosphorylation. A linear relationship existed between receptor number and GH
dimulated STAT-5 activation up to ~150,000 GHRs per cdl, with maxima activation
occurring at ~300,000.

One of the GHR/BP cdls lines that expressed ~170,000 GHRs per cdl (E6

cdls) was trandfected with GHR-RZ coding DNA. Western blot analysis reveded a



~50% decrease in GHR abundance in RZ transfected cells. This decresse was
confirmed by GH binding assays, which reveded the RZ transfected cells had ~81,000
GHRs per cdll compared to ~170,000 without the RZ. This decrease in receptor levels
was enough to greatly reduced E6 cdl sengtivity to GH as shown by a decrease in
GH-dependent STAT-5 activation, thus causng GH resstance in these cdlls.

The same GHR-RZ was used to edtablish severd transgenic mouse lines.
Andyss of growth reveded no dgnificant change between transggenic mice containing
the RZ “mini-geng’” as compared to non-transgenic littermates. Western blot analysis
of GHR levds in the liver samples reveded that the RZ-DNA positive transgenic mice
had smilar GHR levels to that of control mice. Therefore, the GHR-RZ was

successful at creating GH resstance in cultured cdls but not in mice.

Approved
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SNMV, virusoid of solanum nodiflorum mottel virus
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Ribozymes

Ribozymes ae RNA molecules that have the &bility to catayze a chemicd
reection, they act as true enzymes and are gptly named ribonucleic acid/enzymes or
ribozymes.  Although ribozymes are mainly known for their RNA cdeavage activity,
they have been found to cadyze a variety of reections such as DNA cleavage
(Raillard and Joyce, 1996), 3'-5 RNA ligation (Hager and Szostak, 1997), 5'-5 RNA
ligetion (Chapman and Szostak, 1995), 3'-5 RNA-DNA ligation (Tokumoto and
Saigo, 1992), peptide bond formation (Zhang and Cech, 1997; Zhang and Cech, 1998),
amide bond cleavage (Da et d., 1995), and carbon-carbon bond formation (Tarasow
et a., 1997). In addition, saverd DNA sequences have been described to have
catalytic properties (Geyer and Sen, 1998; Li and Breaker, 1999; Sen and Geyer,
1998). RNA deaving ribozymes are RNA molecules that anned to specific sequences
on themselves or other RNA molecules and catdyze a cleavage reaction. Because of
ther specificity, RNA cdeaving ribozymes have become vauable tools for inhibiting

gene expression.

The discovery of ribozymes

Ribozymes were discovered independertly by Thomas Cech of the Universty
of Colorado and Sidney Altman of Yde in 1982 and 1983, respectively. Cech
observed that the ribosoma DNA found in Tetrahymena, a genus of cilisted protozoa,
was interrupted by a 413 base par intron-like sequence. He termed this segment of

DNA an intervening sequence (IVS). The IVS was included in the precursor RNA
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transcript, but not in the mature RNA.  When incubated in vitro in a buffer containing
a divdent cation and GTP in the absence of protein, the IVS was precisaly spliced out
and the exons were ligated. In 1981, Cech et a were able to isolate and purify the pre-
rRNA that spliced out its VS without the addition of protein (Cech et a., 1981). Even
after they purified the RNA by SDS-phenol extraction, boiling in SDS, and extensve
treatment with proteases, they were ill concerned that a possible explanation for the
observed licing activity was tha an unusudly dtable protein enzyme was tightly
associated with the RNA.  More importantly, a second explanation given by Cech was
that the RNA molecule itsdf could have carried out the splicing reaction. In 1982,
Cech and his colleegues peformed an experiment in an effort to remove the
posshility of a tightly associaed protein catdyzing the splicing reaction (Kruger et
a., 1982). They cloned a portion of the pre-rRNA into a plasmid transcription system
containing an E. coli RNA polymerase promoter. The in vitro transcripts were
purified by SDS-phenol extraction. When the transcripts were incubated in a solution
containing 0.1 mM GTP, 10 mM MgCh, 100 mM (NH4)2SO4, and 50 mM Tris-HCl
(pH 7.5) sdf-gplicing of the RNA was observed. By using in vitro transcripts Cech
diminaed the posshility of a tightly associated cdlular protein possessng cataytic
activity and concduded tha the splicing activity was intringc to the dructure of the
RNA. Importantly, he showed that protein enzymes are not required for these
reactions.

Ribonuclease P (RNase P), the enzyme responsble for the maturation of the 5

teemini of tRNA molecules, was known to have essentid protein and RNA
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components for activity in vivo and in vitro (Akaboshi et a., 1980; Gardiner and Pace,
1980; Kole et a., 1980; Stark et a., 1977). To determine if the RNA component of
RNase P was respongble for the cataytic activity of the enzyme, two separate groups
(Gardiner and Pace, 1980; Stark et a., 1977) assayed the RNA portion of RNase P in a
buffer containing up to 10 mM of MgCh. Under these conditions, catalytic activity
was not observed. In 1983, Altman et d revidted the attempt to attribute the catalytic
activity of RNase P to the RNA portion of the enzyme citing the recent finding by
Cech that Tetrahymena RNA @n catdyze a sdf-splicing reection (Guerrier-Takada et
a., 1983). In ther experiment, the isolated RNA portion of the enzyme was found to
have cleavage activity a higher concentrations of MgCh (60 mM). In addition, the
RNA portion of the enzyme was adso found to have cadytic activity a an MgCh
concentration of 10 mM in the presence of 1 mM spermidine (a smdl polyamine).
These discoveries were sgnificant because prior to 1982, it was thought that only
proteins could act as enzymes and that RNAs were only passive cariers of genetic
information. In 1989, Cech and Altman were recognized for their accomplishment by
being awarded the Nobd Prize in chemigry. Ironicdly, if ether Stark in 1977 or
Gardiner and Pace in 1980 used a higher concentration of magnesum in their
experiments, they could have been the first to discover catdytic RNA instead of Cech

and Altman.
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Thetwo waysribozymes prevent trandation

There are two basc ways that ribozymes prevent trandation. The fird and
most noted is the ability of the ribozyme to catdyze the cleavage of the mRNA prior
to its trandation. Once an MRNA is cleaved, it is quickly degraded by 5-3 and 3'-5
RNases (Sorrentino and Libonati, 1997). The unprotected 3 end of the 5 cleavage
product as well as the unprotected 5 end of the 3' cleavage product are each rendered
labile due to the absence of the 5 cap dructure and poly adenylation sequence,
regpectively (Beelman and Parker, 1995; Jacobson and Peltz, 1996; Ross, 1996). For
cdlular mRNAs, a mechanism cdled the de-adenylation-dependent decay of mRNAsS
requires the shortening of the poly (A) tail as the firs step (Beedman and Parker, 1995;
Jacobson and Petz, 1996; Wilson and Brewer, 1999). A ribonuclesse cdled poly (A)
nuclease (PAN) degrades the poly (A) tall 3-5 in the absence of poly (A) binding
proteins (PABP). Therefore the PABPs serve to protect the mRNA from the action of
PAN. PABPs are spaced approximately 25 bases apart and require a minimum of 12
adenognes. The PABPs eventudly fal off or are removed over time and dlow PAN
to shorten the poly (A) tal. Once the tal reaches a length of approximaey 25
adenosines (a length that is thought to coincide with the loss of the find PABP) the 5
cap dructure is removed by a pyrophosphotase. This demonstrates an association
between the termini of the mRNA. Once the 5 cap dructure is removed, 5-3
exonucleases quickly dispose of the decapitated message. Another mechanism, cdled
the de-adenylation-independent decay of cdlula mRNAS involves endonucleolytic

cleavage followed by 5-3 and 3-5 exonucleolytic degradation of the fragments
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(Bedman and Parker, 1995; Jacobson and Petz, 1996; Ross, 1996; Wilson and
Brewer, 1999). It is proposed that al polyadenylated mRNAS are susceptible to the
de-adenylaion-dependent decay and that the de-adenylationrindependent pathway is
more specific to individua MRNAS, thus overdl decay will depend on a particular
RNA’s susceptibility to both these pathways (Beelman and Parker, 1995).

The second method in which ribozymes prevent trandation is by an antisense
effect. This effect is achieved by physcaly blocking the ribosomd assembly from
continuing trandation a the point of ribozyme atachment to the mRNA (Forsdyke,
1995; Robinson-Benion and Holt, 1995; Scanlon et a., 1995). The theory of using
complementary  oligonucleotides to prevent trandation was proposed in 1967
(according to Scanlon et d, it was in 1995 with no citation given for ther statement)
and firs demondrated to work in 1978 with the inhibition of Rous sarcoma virus
expresson in vitro (Zamecnik and Stephenson, 1978). Prior to the use of ribozymes
for reducing gene expresson “knockdowns’, antisense RNAs were used for the very
same purpose and are till used today (Anazodo et d., 1995; Delihas et d., 1997; Shen
et ad., 1997, Strickland et d., 1988; Ueno et d., 1997). The percentage of ribozyme
cadyss versus antisense will dways vary depending on the individud ribozyme.
Such factors as the length of the antisense arms, the G/C content of the antisense arms,
the region of MRNA targeted, and cdlular molecules tha interact with the specific
ribozyme designed can influence the antisense effect of a ribozyme. There have been
severd reports in which the catalytic activity was reported separately from the

antisense activity of the ribozyme dudied. By compaing a cadyticdly inactive
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ribozyme with tha of an active one, Gianini e a reported that their 2-O-dlyl
modified ribozyme containing ams of 8 and 9 bases was 2 fold more potent in
decreasing cdlular Kiras mRNA levels (Giannini et d., 1999). Usng dable cdls
expressing luciferase, Bramlage e d reported ribozymes targeted agangt the
luciferase MRNA in HelLa cdls was primaily due to the antisense effect because
cadyticdly inactive ribozymes demondrated a Smilar decrease in luciferase activity
(~50%) (Bramlage et d., 1999). In addition to physcdly blocking the ribosoma
asembly, it has dso been suggested that the antisense effect may occur within the
nucleus blocking early steps of mMRNA processng.  This results in the prevention of
MRNA transport out of the nucleus (Cornelissen, 1989; Kim and Wold, 1985). These
examples dl end with the same result, decreased gene expresson. Regardless of
which effect is causng the decrease in trandation, if the god of the experiment is to
“knockdown” gene expresson, the agument of which activity is preventing

trandation becomes purely academic.

Theorigin of life

The discovery of cataytic RNA not only adlowed for the cregtion of bozymes
as “tools’ for molecular biologigts, it has helped fud a long-standing argument
regarding the participation of RNA in the origin of life. In 1968 Francis Crick and
Ledie Orgd, each admittedly inspired by a symposum in London on the origins of
life (Orgdl and Crick, 1993), wrote independent manuscripts on ideas discussed on the

topic (Crick, 1968; Orgel, 1968). In ther manuscripts, they both recognized that a
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maor obgtacle to understanding the evolution of life was solving the “chicken and the
egg” problem in that the synthess of nuclec acids requires protein and protein
gynthesis requires the presence of nucleic acids. Each came to the same concluson
that this problem could be solved if nuclec acids acted as cadyds ealy in the
evolution of life. In addition, they dso predicted that RNA may have acted as a
ribonuclease and that the first ribosomes could have been composed of RNA only.
Fourteen years after the publication of their manuscripts, catalytic RNAs were indeed
discovered (Kruger et al., 1982), and the “RNA-world” hypothess was born (Gilbert,
1986; Joyce, 1989; Lahav, 1993; Szathmary, 1997; Wadrop, 1992). The hypothess
indicates that RNA preceded the existence of both DNA and protein synthesis, in that
genetic information was stored in RNA and biologica chemicd reactions catdyzed by
RNA in the absence of protein enzymes. Eventudly RNA was replaced by more
efficient protein enzymes and the more sable nucleic acid DNA, leaving RNA as an
intermediate between the two. Recent findings such as an RNA dependent RNA
polymerase ribozyme that can transcribe templates up to 6 nucleotides with high
fiddity, in which extenson by nudeotides complementary to the template were 1000
times more efficient than mismatched nucleotides have drengthened the argument for
an "RNA-world” (Ekland and Bartd, 1996). The discovery of sdf-replicating small
circular RNA molecules caled viroids (Diener, 1971) dso subgtantiate the hypothesis.
Diener goes as far as to suggest that viroids and sadlite RNAs are “living fossls’ of
pre-cdlular life (Diener, 1989). Although a preponderance of evidence has been

discovered for the posshility of such a world exising, no direct evidence has been
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discovered to prove such an exisence in our early evolution, and the posshility of

such an archaeologica find seems unlikely due to the fragile nature of RNA.

Hammerhead ribozymes wer e designed by nature

Naturdly occurring ribozymes ae found in a vaiely of RNAs incuding
ribonuclease P (Akaboshi et d., 1980; Gardiner and Pace, 1980; Guerrier-Takada et
al., 1983; Hardt et al., 1995; Schon, 1999; Stark et d., 1977), group | introns (Cech et
al., 1981; Golden et a., 1998; Herschlag and Cech, 1990; Kruger et d., 1982
McSwiggen and Cech, 1989; Olive et d., 1995; Rgagopad et a., 1989; Tanner and
Cech, 1997; Wang et al., 1993a), group Il introns (Jacquier and Michd, 1987; Qin and
Pyle, 1999; Sddanha et d., 1993; Zimmerly e d., 1995a Zimmerly et d., 1995h),
hepdtitis ddta virus (HDV) (Chowrira et d., 1994, Kawakami et a., 1996; Matysiak et
al., 1999; Westhof and Michd, 1998), severd species within the Schistosome (blood
flukes) family (Ferbeyre et al., 1998), viroids, virusoids, and satdlite RNAs (Buzayan
et a., 1986a; Buzayan et d., 1986b; Diener, 1989; Forster and Symons, 1987,
Haseloff and Gerlach, 1988; Henco et d., 1977, Hutchins et &., 1986, Me et 4d.,
1989). The lagt three of this group (viroids, virusoids, and sadlite RNAS) have
proven to be ingrumental in the evolution of the hammerhead ribozyme. Viroids are
gndl crcular sngle sranded RNA molecules found in plants tha are dile to sdf-
replicate (Forster and Symons, 1987). Similaly, virusoids and saellite RNAs ae

found in plants as circular single stranded RNAS, but they depend on the association of
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Figure 1.  Sequences and secondary dtructures of natural hammerhead
ribozymes found among viroids, virusoids and satellite RNAs. The CUGA
(shaded boxes) sequence represents a conserved cataytic pocket essentid for
ribozyme cleavage activity. Cleavage occurs 3 of the cytosine in the GUC subdrate
grand as indicated by the arrows. The hammerhead structures of A. VLTSV-A, B.
sTRSV, C. ASBV, and D. vWTMoV are represented (Forster and Symons, 1987).
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a hdper virus for replication. Satellite RNAs differ from virusoids in that virusoids
are encapulated by their helper virus, while satellite RNAs are not. In 1987, Forder
and Symons showed that the avocado sunblotch viroid (ASBV) and the virusoid of
Lucerne transent stesk virus (VLTSV) undergo sSite-specific sdf-cleavage in vitro in
the presence of magnesum. Structurd andyss has demondrated that these RNAS
contain smdl cadytic RNA sequences that form a distinctive hammerhead secondary
sructure (see figure 1). Despite their sze, these hammerhead Structures are among the
most efficient RNA cadysts.  Further andyss has reveded that the hammerhead
secondary dructure is adso present in the virusoid of velvet tobacco mottd virus
(WTMoV), the virusoid of solanum nodiflorum motte virus (SNMV), and the

satellite RNA of tobacco ringspot virus (STobRV) (Forster and Symons, 1987).

Prelude to the hammerhead ribozyme

Based on the proposal of the Foster and Simons that the secondary structure
forming the conserved hammerhead motif was the domain responsble for the sdf-
cleavage activity in these plant pathogens, Uhlenbeck created the firgt trans-acting
hammerheed ribozyme (Uhlenbeck, 1987). In his experiment, Uhlenbeck used in vitro
transcription to produce a 19-nucleotide ribozyme and a 24-nuclectide substrate.
Unlike the cassic hammerhead ribozyme design used today, part of the secondary
sructure required for cataytic cleavage was present in the substrate oligonucleotide.
Helix | was contained soldy within the subsirate RNA and helix 1l was not contained

within the ribozyme drand, but rather as pat of the 3 ribozyme anneding arm.
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Nevertheless, when Uhlenbeck incubated the ribozyme and substrate RNAS in a Tris-
buffered solution a pH-7.5 containing 18 mM MgCh, he observed cleavage of the
substrate band with no decrease in the ribozyme band. Uhlenbeck aso demongtrated
the ability of his trans-acting ribozyme to turn over by demongrating a 90% cleavage
rate in substrate at a 21-fold molar excess in comparison to the ribozyme. He
suggests tha the dgnificance of the trans-cleavage reaction could have potentia
biologica sgnificance in that RNA molecules containing the target sequence could be

specifically sdlected for cleavage by the ribozyme construct.

Creating thefirst hammer head ribozymes

Citing Uhlenback’'s 1987 experiment, Hasdoff and Gerlach pointed out that
the cleaved RNA contained conserved sequences required for secondary structure and
subsequent cleavage.  In addition, they found that Uhlenback’'s system was not
gppropriate for use as a generd modd for designing ribozymes with a wide range of
sequence specificity (Hasdloff and Gerlach, 1988). In an effort to create a generd
modd for hammerhead ribozymes, Hasdoff and Gerlach used the conserved
hammerhead sequence from the sdf-cleaving domain of the (+) srand of the sTobRV
to separate the enzyme and subdrate activities. They designed a ribozyme in which dl
of the conserved sequence and secondary structure was present within the ribozyme
srand and used an RNA subgtrate that contained no conserved sequence essentia for
cleavage. The ribozyme was targeted againg three dtes within a chloramphenicol

acetyl-transferase (CAT) mRNA sequence. Each of the three ribozymes was shown to
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cleave and produce fragments that were consstent with the predicted Sites of cleavage.
Hasdoff and Gerlach’'s hammerhead ribozyme has become a modd for the mgority of

ribozymes used in research and therapeutics today (see figure 2).

Hammerhead vs. hairpin and HDV ribozymes

HDV (Chowrira et al., 1994; Kawakami et d., 1996, Matysiak et a., 1999) and
harpin (Borneman et a., 1995; Cepero et a., 1998, Denman et a., 1994; MacKay et
a., 1999; Ojwang et a., 1992; Yu et d., 1995; Yu et d., 1998) ribozymes have dso
been used to target specific MRNAs  The hairpin ribozyme functions efficiently in
both cleavage and ligation reections such tha the extent of find cleavage is dependent
on the rapid dissociation of product (Berza-Herranz et d., 1992; Chowrira et 4d.,
1993). If the dissociation of the cleaved RNA products is dowed, the probability of
ligation is enhanced resulting in reduced cleavage. In addition, Denman has described
deavage usng harpin ribozymes as promiscuous and cdled for greater vigilance for
those who might use them as a therapeutic agent (Denman, 1999). When the HDV
and harpin ribozymes ae compared to hammerhead ribozymes, hammerhead
ribozyme cleavege activity is leest affected by the addition of flanking sequences
added for gability in the cdlular environment (Chowrira et a., 1994). The structures
of the HDV and hairpin ribozymes required for subgrate cleavage are more complex
than that of the hammerhead ribozyme. Minima sequences required for the hairpin
and HDV ribozymes are 50 and 72 nucleotides, respectively with 4 hdicd formations

necessary for each. Hammerhead ribozymes can cleave substrate RNA with less than



31

Cleavage ste

|

1 |
Substrate RNA —  SOOOOOOOKKEICIOOOKIKIIKX |
Hammerhead RZ 5 XOOO00KXCA XOOKKXXXXX 5
A
A
G AG
CGU
A-U
GC Il
GC
A G
GU

Figure 2. The classic Hasdloff and Gerlach hammerhead ribozyme. The subdtrate
RNA is represented by the top strand of Xs (boxed) with a GUC (shaded) target
sequence in the center. Cleavage of the substrate RNA occurs after the cytosine as
indicated by the arrow. The core hammerhead sequence (in bold print) is flanked by
5 and 3 ams that can be designed to anned to any specific RNA sequence. The
CUGA catalytic pocket (circled) contains severa possble Mg?* binding sites  Roman
numeras I, 1, and Il represent the three heices that must form prior to substrate
cleavage. Heix | and Il form between the substrate RNA and the arms of the
ribozyme, while helix 11 isintringc to the ribozyme (Hasel off and Gerlach, 1988).
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30 nucleotides and require only 3 hdicd formations. It has been reported that
hammerhead ribozymes can function in the absence of hdix 1l by replacing the 12
ribonuclectide that make up the hdix with only 4 ribonuclectides (McCdll et a., 1992,
Sakamoto et a., 1997). Although, the nonthdix Il contaning ribozyme did show
some activity, it was gregtly reduced in comparison to the native hdix Il containing
form. Moreover, McCdl and her colleagues reported that the activity was restored to
that of a helix Il containing ribozyme when 4 deoxyribonucleotides are used ingead of
ribonuclectides, and that only 22 nucleotides are required for activity (McCall et 4.,
1992). It is the sze and smplicity of the hammerhead ribozyme that has made it the

ribozyme of choice for decreasing gene expression in vivo.

The hammerhead ribozyme cleavage reaction

Hammerhead ribozyme RNA cleavage reactions can be broken down into 3
seps, association, cleavage, and dissociation.  The association of substrate RNA to
ribozyme involves anneding of specific sequences from 5 and 3 ams of the
ribozyme to complementary sequences in the target RNA. The hdix formed between
the 5 am of the ribozyme and the subdgtrate RNA is referred to as helix |, while the
helix between the 3 am and the subgrate termed helix 1ll.  The formation of both
helix 1 and hdix Il are necessary for subsequent cleavage. Ribozyme RNA cleavage
aso requires the presence of divaent meta ions (Allan and Vaani, 1995; Koizumi
and Ohtsuka, 1991, Menger et d., 1996; Orita et d., 1996; Peracchi et d., 1997,

Pontius et d., 1997; Scott et d., 1995; Uchimaru et a., 1993). Crystd dructure
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andyss has reveded 5 potentid magnesum-binding dStes, one of which is associated
with the cadytic pocket of the ribozyme (Scott et a., 1995). It is proposed that
magnesum held in the CUGA cadytic pocket ionizes the 2'-hydroxyl by removing a
proton a the cleavage ste (the 2-OH of cytosine in the GUC target sequence). The
exposed oxygen then acts as a nucleophile to atack the adjacent phosphate. A
trangtiond date with a penta-coordinated phosphate is formed. The pro-R oxygen of
the phosphate is stabilized by magnesum in the trandtiona sate. It is not known if
the same magnesum, which removed the proton from the 2'-hydroxyl or a second
magnesum binds the pro-R oxygen to dabilize the intermediate penta-coordinated
phosphate. The reaction generates 5'-hydroxyl and 2, 3'-cyclic phosphate termini at
the cleavage dte. The cleaved subdtrates are dowly and independently released by the

“breathing” of hydrogen bondsin helix | and I11.

The proposed mechanism of hammer head ribozyme cleavage

The reaction mechanism by which hammerhead ribozymes cleavage occurs
(see figure 3) was first proposed to occur by an S\2 intline attack transesterfication
reection by van Tol and his colleegues in 1990 (van Tol e d., 1990). In ther
experiment, synthetic oligonucleotides representing the sequence of the satellite RNA
of the tobacco ringspot virus (STobRV) possessing full processing activity and specific
%35 labeled phosphophorothioate diesters in the pro-R configuration.  Following the
autocatdytic cleavage of the oligonucleotide, thin layer chromatography was used to

separate the endo- and exo-isomers of the cleaved products. Only the endo-isomer
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Figure 3. The basic mechanism of ribozyme cleavage. The S\2 inline attack
transesterfication reaction proposed for ribozyme cleavage (van Tol et d., 1990) was
later proven with the ducidation of the dructurd intermediate (Murray et a., 1998).
A. The magnesum (in the form of magnesum hydroxide) removes a proton from the
2'-OH of cytosne in the GUC target. B. The exposed oxygen acts as a nucleophile to
attack the adjacent phosphate. A trangtiond state with a pentacoordinated phosphate
is foomed with a magnesum ion dabilizing the intermediate  C. The reaction
generates 5'-OH and 2,3’ -cyclic phogphate termini.
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was found, indicating that the °S-labled phosphate was inverted in the product. Van
Tol and his colleagues dtated that: “this result is condgtent with an in-line atack of
the 2'-hydroxyl group in an Sy2 transesterfication reaction”. They aso suggested that
trans acting ribozymes based on the hammerhead motif of the sTobRV should follow
the same mechaniam. This result was in agreement with Smilar sudies performed a
year later (Koizumi and Ohtsuka, 1991; Sim and Gait, 1991). In addition, an earlier
sudy performed by McSwiggen and Cech, who in 1989 suggested that the
Tetrahymena ribozyme reaction mechanism aso proceeded by an in ling S\2
transesterfication reaction (McSwiggen and Cech, 1989). Although it was generdly
accepted that the in-line atack Sy2 transesterfication reaction was indeed the
mechanism by which hammerhead ribozyme cleavage occurred, actud sructurd data

was needed to confirm this assumption.

Finding the structural proof for thein-line attack mechanism

In attempting to solve the reaction mechanism of hammerhead ribozyme
cleavage by crystd dructura andyss, it was necessary to dow down or stop the
cleavage reaction so that sructura data could be obtained from the trangtionstate of
the ribozyme/substrate complex. In 1996 William Scott from Cambridge England was
the firda to cyddlize and tragp an dl RNA hammerhead ribozyme/subgtrate
intermediate (Scott et a., 1996). Prior to this, two research groups used modified
substrates to prevent subdirate cleavage in an attempt to trgp the intermediate.  The

fird group used a hammerhead ribozyme with a DNA, insead of an RNA subdrate
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(Pley et d., 1994). The second group used an dl RNA hammerhead ribozyme and an
RNA subdrate with a sngle 2'-methoxyl modification, replacing the 2-OH at the
active gte (Scott et a., 1995). Although the structures obtained by these experiments
agreed with one another, skepticiam remained due to the modifications of the
subdrates.  In an effort to circumvent this concern, Scott et d prepared crystas of an
unmodified RNA hammerhead ribozyme, both in the presence and the absence of
magnesum ions. The crystds were dabilized in a 20% glycerol, 1.8 M LiSO, buffer
a vaious pH's and flash frozen in liquid propane a 100°K. The crydalized
ribozymes were able to cleave, suggesting that the fold in the crystd sructure of the
ribozyme/substrate complex was correct.  The crysta structure Scott obtained from the
unmodified hammerhead ribozyme a lower pH (5 and 6), agreed with the previous
dructures obtained with modified substrates.  All of which indicate that the scissle
phosphodiester bond (the bond that will be cleaved) and the 2'-OH nucleophile were
on the wrong sde of the phosphate atom for an in-line atack mechanism to occur.
Snce it was 4ill believed thet the in-line atack mechanism was the mechanism for
ribozyme cleavage, Scott and his colleegues assumed that a conformationa change
from this observed intermediate must teke place prior to cleavage. They referred to
this low pH dructure as a “ground dtate” dructure of a ribozyme/substrate
intermediate. At a higher pH (8.5), Scott observed a conformationa change that was
not previoudy observed. He found that a new hydrogen bond forms between the
furanose oxygen of the C17 (the cleavage Ste nucleotide on the substrate strand) and

the 2°-OH of the U16 (the U adjacent to the cleavage ste C). He aso found three new
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potentid Mcf* hinding sites one of which was coordinated directly next to the pro-R
oxygen of the cleavage dite phosphate adjacent to the scissle bond. The second
dructure was described by Scott to be a flash frozen “early” conformationa
intermediate that exigs only for a short amount of time prior to cleavage. This new
“early” conformation was more compatible with the in-line atack mechanism but ill
required more of a conformationd change. In an effort to ducidate the theoreticd
“later intermediate’ required for in-line attack, Scott, Murray and colleagues (Murray
et a., 1998) replaced the ribose leaving group of an RNA hammerhead ribozyme with
a tdlo-5-C-mehyl-ribose.  (Scott now had his own lab a Indiana Universty and
James Murray was a member of his group) Since the attacking 2'-OH nucleophile
was left intact and only the leaving group was dtered, it was thought thet the find
point of the reaction would be trgpped in a “kinetic bottleneck”. To confirm that the
addition of the methyl group to the substrate RNA did not interfere with the formation
of either the “ground date’ or “early” intermediates, both structures were crystallized
and were found to be indiginguishable from those previoudy described. The “later”
intermediate that Murray and Scott were seeking was findly found by usng this
“kinetic bottleneck” method of trapping the intermediates. In this Structure, Murrey et
a describe the following: “A 60-degree rotation in C17 (cleavage dte C) causing it to
gack upon A6 (A in the CUGA catdytic pocket of the ribozyme). The furanose
oxygen of Al.1l (the nuclectide 3 of the of the cleavage Site C in the subgtrate strand)
now associates with the base of C17. The scissle phosphate is pulled away from its

helical podtion by movement of the cleavage Ste base, C17.”  These mgor
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conformational changes described for this “later” intermediate were indeed congstent
with the postioning necessary for an in-line attack mechanism to occur and the theory

was findly proven with the ducidation of this structurd intermediate.

Designing a hammerhead ribozyme

The dedgn of an effident hammerhead ribozyme for decreasng gene
expresson requires severa condderations.  To begin with, an appropriate target
sequence must be sdected. The target sequence can contain the nucleotides NUH,
where N is any base and H can be A, U, or C. The triplet sequence GUC has been
shown to have the highest cleavage potentid and is discussed in greater detall later in
the text (Shimayama e d., 1995). The accesshility of the target sequence is dso
important. Target sequences that are hidden in long stretches of double stranded
helices present in MRNAS are less accesshle to the antisense ams of the ribozyme
than if the target sequences are located on a single stranded loop region of MRNA
(Sioud, 1997). The numbers of bases preset in the antisense ams effects the
goecificity and turnover rate of the ribozyme. Longer antisense ams decrease the
turnover rate, while increasing the specificity of the ribozyme to its desgnated target
RNA. A grester G/C content also decreases the urnover rate because of the rdative
number of hydrogen bonds compared to A/U (three and two, respectively). It has been
reported that ribozymes require only three nucleotides in hdix | (Tabler et a., 1994),
and that the optimal Kcat/Km at 37°C is achieved in vitro when helix | and Il are a

combined length of 12 nucleotides (Bertrand and Ross, 1994). The consequence of
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usng a ribozyme that only recognizes 12 bases of a target mMRNA would be an
increase in nonpecific MRNA cleavage.  According to Alberts and his colleagues,
there are an esimated 20,000 different MRNA species in a typicd mammaian cdl
with an average length of 2000 bases (Alberts, 1994). If this estimation holds true, the
sequence complexity would be ~4x10’. For a ribozyme to recognize a unique
sequence, at least 13 bases are needed to produce a complexity of ~7x10° or (43).
Contrary to conventiond thinking, Herschlag argues that increesng the number of
base pairs does not necessarily increase specificity for a ribozyme (Herschlag, 1991).
He contends that adding more bases ultimately reduces specificity, as cleavage occurs
esentidly every time the target RNA or a mismatiched RNA binds the ribozyme. The
greatest specificity could be expected with an A/U rich sequence. This is due to the
weaker base pairing as compared to that of G/C dlows recognition to be spread over a
larger number of bases, as opposed to the strong binding of G/C.  In addition, an A
rich sequence is favored over a U rich sequence due to the non-intended formation of

U- G wobble pairs (Herschlag, 1991).

Promiscuous cleavage

When ribozymes are desgned for potentid use as thergpeutic agents, it is
essentid that specificity be conserved to avoid any non-specific cleavage of mRNAS,
even a the expense of turnover efficiency of the ribozyme An example of

“promiscuous cleavage’ of mMRNA other than the intended target mMRNA has been
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reported by Denman (Denman, 1999). Previoudy, Denman and his colleagues used a
hammerhead and a harpin ribozyme targeted to the b—amyloid peptide precursor
(bAPP) mRNA (Denman et d., 1994). They demondrated an ~80% decrease in
bAPP mRNA using ether ribozyme in COS-7 cdl lines. Five years later, in an effort
to determine the specificity of his ribozymes, Denman found that in cdls containing
the hairpin ribozyme, rat ribosoma L19 message was dso cleaved. He described the
cdeavage udng hairpin ribozymes as promiscuous and cdled for greater vigilance for

those who might use them as atherapeutic agent (Denman, 1999).

Predicting the secondary structure of mMRNA using computational analysis

When tageting a ribozyme to a paticula mRNA it is important that the
targeted sequence on the substrate RNA be accessble to the antisense arms of the
ribozyme. Severd methods have been employed to determine the secondary structure
of mRNA incduding: usng random sequences placed into adenovirus-mediated
expression cassettes (Lieber et a., 1997; Lieber and Strauss, 1995), probing target
RNAs with oligodeoxynucleotides to identify RNase H accesshble stes (Frank and
Goodchild, 1997; Scherr and Rossi, 1998), and the use of computer-aided calculations
for predicting RNA secondary sructures (Denman, 1993; James and Cowe, 1997,
Sczakid and Tabler, 1997). Of the thee methods mentioned, the first and second use
random sequences and endonuclease probing which are extremdy labor intensve

techniques and in the time it takes to peform these methods actua ribozymes
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themsalves could have been used as probes to determine optimal cleavage stes. Only
the use of computer predicted RNA secondary structures can be carried out in less
than 10 minutes. The energy minimization agorithm by Zuker e d has been shown
to predict RNA structures of 400 bases with 80% accuracy (Zuker et d., 1991). The
percent accuracy increases as the size of the RNA decreases due to the smaler number
of possble structures, and conversdly, the larger the RNA predicted, the less accurate
the prediction becomes. Nevertheess, even a 10% accurately predicted RNA is better

than randomly choosing target Steswithin agiven mRNA.

In vitro analysis of ribozyme cleavage

While a corrdation between the test tube and cdl culture activity of a
ribozyme is questionable (Crisdl et a., 1993), In vitro cleavage reactions between
ribozymes and ther target RNAs are commonly used prior to the introduction of
ribozymes in vivo. Deemining cadytic activity is often used in gudies involving
ribozymes such as sdecting the most cataytic ribozyme from a population of
ribozymes directed againg a specific gene transcript (Chen et d., 1998; L'Huillier et
a., 1992; Scherr et al., 1997) or vird RNA (Gavin and Gupta, 1997; Heidenreich and
Eckstein, 1992; Lieber et d., 1996).

There are severd methods for quantifying in vitro ribozyme deavage activity
agang a specific RNA target. These methods can be divided into two categories,
those that use radiolabeled substrate and those that do not. In generd, radiolabeled

methods involve the incorporation of radiolabded nucleotides with or without
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unlabeled nuclectide into a target molecule usng a T7 or SP6 in vitro RNA synthess
reaction. Following ribozyme cleavage, the products and uncleaved subgtrate RNAS
ae sepaaed on a denaturing polyacrylamide gd.  After gel  separation, the
radiolabdled RNA bands can then be visudized by placing the gd under a
phosphorimager screen (Chen et d., 1998; Scher et al., 1997) or placed with
autoradiogrephic  film (Gavin and Gupta, 1997; Hedenreich and Eckgtein, 1992;
Lieber e d., 1996). Images obtained from both the phosphorimager and
autoradiograph are then scanned and quantified usng dendtometry software that
cdculates amounts of RNA by the pixel dendty of the image. There are severd
limitations that should be consdered when dengtometry is used for quantifying RNA.
Frg, the image being scanned must be dear with well-defined bands representing the
RNA. Second, the background must not only be low, but uniform because the bands
representing the RNA are usualy compared to a section of background. Third, the
amount of RNA to be quantified is limited to the detection ability of the imaging
sysem.  This is important because, when dendtometry is used for determining
ribozyme kinetic condants such as Ky and Vmax, @ “sandard” assay for determining
these condants involves maintaining a congant ribozyme concentration while varying
the amount of substrate RNA. The range of subdtrate concentration is limited as to the
aoility of the imaging sysem to sepaate pixd dendties that can be eadly
ovewhdmed for the mog intense bands especidly if the sendtivity is adjusted to
detect the lower concentration bands. For the BIO RAD Gd Doc 1000, the dynamic

range (according to the specifications provided by the company) is linear to 1.5 orders
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of magnitude. This limited subdrate range is problematic because the smdler the
range of subdtrate concentration, the larger the resulting error for determining kinetic
congtants.

An dternative method for quantifying gel separated radiolabeled cleavage
products and subdrates uses cintillation counting instead of denstometry scanning
(DeYoung et d., 1997; L'Huillier et d., 1992, Ruffner et d., 1990). This method
involves using an exposed autoradiograph superimposed on the origind gd. Using the
autoradiograph as a guide, the regions of the gd corresponding to substrate and
product RNAs ae physcdly excised from the gd and placed into individud vids
with scintillation cocktall. The amount of RNA present in each band is then quantified
usng a dntillation counter. The use of sdntillation counting for quantifying RNA
avoids some of the limitations of dendtometry andyds, most importantly the range of
detection is increased.

The nonradioladbded methods for quantifying ribozyme cdeavage activity
generdly involve dsaining gel separated substrate and cleavage product RNA. The
gained RNA bands are then scanned and quantified usng denstometry. Agarose ges
can be used for separation followed by ethidium bromide saining and visudization
under an ultraviolet light source (Du et a., 1996; Lieber et a., 1996). This method is
sddom used for quantification due to its poor sengtivity and resolution. A more
sengitive dternative to ethidium bromide gaining for RNA detection is Slver ganing
(Du et d., 1996; Pdfner et d., 1995), where as little as 15 ng of RNA can be detected

in the presence of 7 M urea. In addition, Pafner et d (Palfner et d., 1995) describes a
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modified slver gaining protocol from Allen e d (Allen et d., 1989) that results in a
dggnificant reduction in background daning.  Without the modifications, Pdfner
reports that dlver staining according to Allen is not suitable for denstometry anayss
due to a high background. The use of other stains such as aziridine (Matsuhisa et d.,
1994) and dreptavidin-Nanogold-siver daning (Hauser-Kronberger, 1998) have aso
been described for detection of RNA. In addition, the visudization of RNA without
daning by short-wave UV epi-illumination has dso been described (Mukhopadhyay
and Roth, 1994).

A new mehod for quatifying ribozyme deavage activity involving
scintillation counting of sSlver sained radiolabeled RNA subgrate was developed by
combining the nonradicactive method of glver daning RNA for visudization
followed by excison and scintillation counting of the stained RNA tands (List, 1994).
Slver daning polyacrylamide gels prior to scintillation counting not only dlowed for
direct visudization of RNA, but dso alowed for a direct comparison of densitometry
scanning of the slver daned gels to tha of scintillaion counting of the same Siver
daned RNA. The RNA bands from the dlver daned gels were quantified by
dendtometry scanning prior to quantification by scintillation counting using the same
dlver gained gd. The % volume of pixds scamed (for the denstometry method),
and number of scintillation counts (for the scintillation method) for the uncdeaved
subgirate bands in the presence of ribozyme were compared to the negative control
RNA a each substrate concentration to determine the amount of ribozyme cleavage.

Usng these data, double-reciproca plots were constructed for both methods of



45

quantification.  The r* vaues of the best-fit lines from each plot was used for
comparing the accuracy of each method. In the comparison, the r* values were
ggnificantly grester when scintillation counting was used. These results were not
aurprisng conddering the low dynamic range (liner to 1.5 orders of magnitude
according to specifications from the manufacturer) of the imaging sysem BIO RAD
Gd Doc 1000 system (BIO RAD, Hercules, CA, USA) compared to the dynamic
range of scintillation counting (gpproximately 6 orders of magnitude) based on the
manufactures specification of the LS 6500 liquid scintillation sysem (Beckman
Coulter). For enzymatic assays, a large dynamic range is desired. In addition, when
performing an enzymatic assay in which the enzyme is held a a fixed concentration
and the subdtrate concentration is varied, the likdihood that error will occur in
determining  kinetic condants decreases as the range of substrate concentration
increases. Improvements  in imaging technology are dlowing for much greater
dynamic ranges for denstometry andyss, which may eventudly provide equivadent
cgpabilities to that of scintillation counting.  However, in laboratories where this
technology is not avalable, the mehod of quantifying radiolabded RNA by

scintillation counting appears to be a preferred method.

The NUH rule
Subgirate RNASs as targets for hammerhead ribozyme cleavage usudly contain
a GUC triplet sequence with cleavage occurring 3 of the cytosne. Other triplet

sequences have been reported which dlow for subgrate cleavage, but usudly a a
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ggnificantly decreased catdytic effidency (Shimayama et d., 1995). This is not
unexpected when one congders tha the mgority of naturaly occurring hammerhead
ribozymes utilize the same GUC triplet sequence for sdf cdeavage found in the
following: the satelite RNA of the tobacco ringspot virus (STobRV) (Buzayan et d.,
1986b), the postive srand of the (VLTSV) (Forster and Symons, 1987), the violet
tobacco motel virus (VWTMoV), both the postive and negative strands of the avocado
sunblotch viroid (ASBV) (Hutchins et d., 1986), and the newt sadlite2 RNA
(Epstein and Gall, 1987). And as with many things in life, there are exceptions to the
GUC rule. The negative strand of the (VLTSV) uses a GUA triplet target sequence for
cleavage (Forster and Symons, 1987) and the satellite RNA of the barley ydlow dwarf
virus (SBYDV) uses an AUA triplet target sequence.  With the advent of engineered
trans-acting hammerhead ribozymes, several sudies have been performed in vitro to
determine the mogt efficient target Ste sequence for hammerhead ribozyme cleavage
(Koizumi et d., 1988; Nakamaye and Eckstein, 1994; Perriman et d., 1992; Ruffner et
a., 1990; Shimayama et d., 1995; Zoumadakis and Tabler, 1995). Although it was
generdly agreed that the sequence GUC was among the mogt efficient in each of the
dudies, there were inconsstencies with regards to the efficiencies of other triplet
sequences.  For example, Perriman reported that when AUC was used as a target
sequence, virtudly no cleavage occurred.  This was in dsak contrast to the
observations of Zoumadakis, in which the AUC target was cleaved a the highest
efficiency of dl the sequences tested, even higher than that of GUC. Zoumadakis and

Ruffner each reported that the target sequence CUC had low cleavage efficiency, less
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than 10 percent in comparison to that of GUC, while Koizumi and Perriman each
obsarved efficiencies nearly equa to that of GUC. Smilar discrepancies were
reported for other triplet sequences. The combined results of these experiments lead
to the generd acceptance of the NUH rule, in which N stands for any base and H
gands for any base except for G (Shimayama et d., 1995). Shimayama and others
origindly used the desgnation X for any base except for G. More recently H is being
used to designate any base except for G (Junn and Kang, 1996). In generd, the NUH
rue dates that any target RNA contaning an NUH sequence can potentidly be
cleaved by a ribozyme. It is important to note that the NUH rule does not mention the
efficiencies of the various triplet sequences, and consderable doubt ill remained
about the relaive efficiencies. A possble reason for the inconsstencies may be due to
the limitations of the early cleavage assays. The catdytic efficiencies of ribozyme
cleavage were not reported as separate kinetic data such as Ky and Keg vaues, but
rather by comparing the percentage of subdtrate cleavage containing a given triplet
sequence to the percent cleavage of the GUC triplet. In 1995 Shimayama et d
performed a comprehensive study in which dl of the 12 possble NUH cleavage Stes
were compared and their kinetic vaues compared. In ther study, Shimayama € d
reported the K, of each target sequence as well as the K.z. From these data, the true
cadytic efidencies (Kea/Km) were reported. The Kcat of the GUC sequence was the
second highest value a 4.0 min-1 with AUC being the highest vaue a 4.4 mint. The
Km of the GUC sequence was the lowest vaue a 20 nM, while the Km of the AUC

was the highest of the 12 sequences a 700 nM. When the catdytic efficiencies were
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reported as Kea/Km, the GUC sequence was the highest value of the 12 sequences at
200 nM* min’. The sequences with the second and third highest values were CUC
(38 nM™* min?) and UUC (16 nM™* mint). While the AUC sequence had the highest
Kea vaue the low K, gave this target a low cataytic efficency of 6.3 nM™* min™.
The cadytic efficiencies reported by Shimayama et a are generdly consdered to be
the most accurate representation of possible NUH sequences, but they are not
considered absolute (Shimayama et d., 1995). A mgor reason for this doubt is that a
comparison based soldy on Kcx/Kn is problematic in ribozyme kinetics (Zoumadakis
and Tabler, 1995). These vdues are bdieved to be influenced by the surrounding
subgtrate nucleotides as well as the particular nucleotides in the ribozyme arms that
make up hdix | and Ill. In addition, varidions in reaction conditions such as pH,
Mg availability, temperature, and various ribozyme inhibitors and enhancers can
dter kinetic congtants. Because the GUC sequence consstently demondtrated high if
not the highest cataytic efficiency in each of the dudies involved, it is by far the mogt
common target Ste used for hammerhead ribozyme cleavage.  Hairpin ribozymes
target sghts have dso been sudied. They do not follow the NUH rule. The optimd
sequence for hairpin ribozyme cleavage has been defined as RYNGUC (R represents
A or G, Y represents C or U, and N can be any base) with cleavage occurring between

theN andthe G (Yu et d., 1998).
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Enhancersand inhibitors of ribozyme activity

It is important to note that in vitro reports of ribozyme activity are not dways
representetive of a ribozyme activity in cultured cdls or anmds.  Crisdl and his
colleagues reported a direct example of this (Crisdl et d., 1993). They performed two
separae experiments to determine the activity of 11 different hammerhead ribozymes
directed againg the tat RNA from HIV-1. In the firs experiment, they used in vitro
andyss to compare the relative cleavage activities of each ribozyme. In a separae
experiment, Crisdl & d andyzed the efficdencies of each ribozyme within cdls that
were infected with HIV-1. They observed the inhibition of HIV by a ribozyme that
did not show efficient cataytic activity in vitro. In addition, ribozymes that showed
high effidency in vitro faled to inhibit HIV growth in cdls Crisdl posulated that
protein interactions with the ribozyme RNA enhanced the ability of the ribozyme tha
showed poor in vitro activity, dlowing it to be a more efficent cadys. Crisdl
contended, “Current in vitro assays of ribozyme activity are not hepful in predicting
activity inthe cdl”.

Ribozyme eactivity can be enhanced or inhibited by associaing with severd
types of molecules. RNA binding proteins such as nucleocapsd protein of HIV-1
(NCp7) and hnRNP Al enhance the turnover rate of ribozymes by accderating the
atanment of the thermodynamicdly most dable species throughout the ribozyme
cadytic cycle (Bertrand and Ross, 1994; Herschlag et a., 1994; Tsuchihashi e 4d.,
1993). In addition, NCp7 has been shown to resolve a misfolded ribozyme-substrate

RNA complex that is otherwise long lived (Herschlag et d., 1994). Certain
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aminoglycosde anttibiotics can inhibit the activity of ribozymes.  Neomycin B,
kanamycin, 5-epi-gsomicin, and tobramycin have been shown to decrease the activity
of ribozyme cdeavage (Earnshaw and Gait, 1998; Hermann and Westhof, 1998; Llano-
Sotelo and Chow, 1999). Cryddlography anadyss has reveded sructurd
complementarities between the charged amino groups on aminoglycosdes and the
meta binding dtes within the cataytic pocket of hammerhead ribozymes (Hermann
and Westhof, 1998). This indicates the aminoglycosde antibiotics actudly compete
with magnesum for the metd binding Stes within the cataytic domain. In contrag,
viomycin has been shown to enhance the interactions between RNA molecules,
increesng the deavage activity of ribozymes (Olive et al., 1995). Unlike
aminoglycodde antibiotics, viomycin is a basc cydic peptide antibiotic of the
tuberactinomycin group. In his experiment, Olive reported that in the presence of
viomycin, the required magnesum concentration was decreased by one order of
magnitude.  Compstition assays using the metd ion terbium (II1) (Tb (1)) and
magnesum has demondrated that Tb (I1l) inhibited hammerhead ribozyme cleavage
by competing with magnesum (Feig et d., 1998). Oligonuclectide fadilitators have
adso been shown to enhance or inhibit ribozyme activity (Jankowsky and Schwenzer,
1996; Jankowsky and Schwenzer, 1998). When short oligonucleotides directed to the
substrate RNA immediately 5 and 3 of heix | and Il formation were added to
ribozyme cleavage reactions involving subdrates of different lengths, it was shown
that the presence of the facilitators enhanced ribozyme cleavage. It is proposed that

the facilitators accelerate the association of the ribozyme and subsrate by coaxid
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helix stacking. The effect of the facilitators may dso cause a conformaiond change
in the subdrate RNA increasng accesshility to ribozyme binding.  In addition, the
effect was more pronounced when facilitators were used with longer substrates

(Jankowsky and Schwenzer, 1996).

Protecting ribozymesin the cell

Ribozymes desgned for use in cdl culture or in vivo must be protected from
cdlular RNase degradation. If a ribozyme is expressed endogenoudly (incorporation
into the genome of cdls or transgenic animds), it should contain the same components
that protect endogenous mMRNA from exonucleases such as a 5 untrandated region
with a 5 cgp and a 3 untrandated region, which contains a polyadenylated tal. In
addition to protecting ribozymes from exonucleases, it has been shown that UA and
CA dinuclectide sequences are target Stes for endonuclesse cleavage and should be
avoided if possble (Qiu et d., 1998). Qiu and his colleagues demongrated using
primer extenson andyss that in cdlular extracts ribozymes were cleaved a these
dinucleotide sequences. Removd of these sequences made the ribozymes as wdl as
MRNAs more dable.  Finaly, the addition of extra UA and CA sequences to
ribozymes resulted in shorter half-lives

If a ribozyme is ddivered exogenoudy (injection or lipofectin association),
chemicd modifications can dramaticdly increase the dability of ribozymes RNases
utilize the ribose 2'-hydroxyl group to cleave the phosphodiester bond of RNAS,

therefore, RNase degradation can be avoided by its remova (Taylor et d., 1992). 2'-
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akoxy, 2'-fluoro, and 2'-amino functional groups can dso be added to the ribose to
avoid degradation (Degjardins et d., 1996; Goodchild, 1992; Hedenreich and
Eckstein, 1992; Peaolella et d., 1992). In addition, degradation from 3'-exonucleases
other than RNases can be inhibited by creating an internuclectide linkage such as a 5'-

5 or a3'-3 phosphate diester (Ortigao et al., 1992).

MRNA processing of Pol 11 transcripts

Eucaryotic mRNAs are produced as larger pree-mRNAs by RNA polymerase Il
(pal I1) in the nucleus. In eukaryotes, there are three mgor processing events involved
in the formation of mature MRNA: The addition of a 5-cap, solicing of exons, and the
addition of a polyadenylation tal to the 3'-end. All of these processes are thought to
occur co-transcriptiondly.  In addition, protein complexes involved in each process
are thought to play an important role by influencing the other processes. Severa pol |1
transcribed RNAs do not follow some of these processing events such as histone
MRNA, smdl nucler RNA (snRNA), smdl nucleolar RNA (shoRNA), and
heterogeneous nuclear RNA (hnRNA). Although shRNA, shoRNA and hnRNA are
pol 1l transcribed RNAS, they are not considered mRNA because they do not serve as

“messengers’ for trandation.

5-end mMRNA processing
In eukaryotes, dl pol Il transcribed RNAs are capped at the 5-end of the

MRNA (Lewis and lzaurrdde, 1997). The cap dructure is an inverted 7-methyl
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guanodgne linked by a 5-5 triphogphate to the firs nucleotide. This reaction is
caried out by an enzyme with two didinct enzymdtic activities, the capping enzyme
and a seocond enzyme caled RNA (guanine-7)-methyltransferase. First, the capping
enzyme uses an RNA 5 -triphosphatase activity to remove the last phosphate from the
5 -termind triphosphate.  Second, the capping enzyme then uses a guanylyltransferase
activity to trander GMP to the newly formed 5-diphosphate.  Findly the cap is
methylated by RNA (guanine-7)-methyltrandferase resulting in a 7-methyl-guananine
cap. The monomethylated form of the cap is cdled the cap O form.  Further
methylation has been observed in higher eukaryotes (Banerjee, 1980). Methylation at
the 2'-O postion of the second ribose ring produces a cap structure referred to as cap
1. Mehylaion a the 2-O posgtion of the third ribose ring produces the cap 2
dructure. It is thought that the presence of the extra methyl groups in the cep
structures may increase the resistance of mMRNAS to RNase degradation (Bouloy et 4.,
1980). The 5'-cap is bound by a complex of proteins called the cap-binding potein
complex (CBC). This complex is involved in premRNA solicing (lzaurralde et dl.,
1994), cleavage and polyadenylation of the mRNA 3'end (Cooke and Alwine, 1996;
Minvidle-Sabastia and Kedler, 1999; Wahle and Ruegsegger, 1999), and nuclear
export of the mature mMRNA to the cytoplasm (Adam, 1999; Izaurralde and Matta,

1992; Minvidle-Sabastiaand Kdler, 1999; Wahle and Ruegsegger, 1999).



3 -end mMRNA processing

In eukaryotes, dl preemRNAs are cleaved by an endonuclease the identity of
which is dill unknown (Wahle and Ruegsegger, 1999). Although a 30-kDa subunit of
the ceaage and polyadenylaion specificity factor (CPSF) that binds the
polyadenylation sgnd (AAUAAA) as wdl as the polyadenylation cleavage ste has
been implicated (Ba and Tolias, 1996), previous experiments suggest that this subunit
may not be essentid for cleavage (Gilmartin et d., 1995; Murthy and Manley, 1992).
It is known that a complex of factors is involved in the cleavage process. These
factors include CPSF, cleavage simulatory factor (CstF), cleavage factor | (CF-I),
cleavage factor 1l (CF-I1), and poly A polymerase (PAP). Following cleavage of the
3 end, dl mMRNAs (except for hisone mRNAS) ae polyadenylated by the enzyme
poly A polymerase (PAP). The polyadenylation reection dso involves a complex of
factors that includes PAP, CPSF, and poly A binding protein Il (PABP-Il). 5'-
deavage fragments lacking poly A tals are not detectable in crude cdl extracts or
recondiituted reactions suggesting that both the cleavage and poly adenylaion
reections are tightly coupled (Wahle and Ruegsegger, 1999). The poly A tal is
essentid  for dabilizing the mRNA and increesing its hdf-life in the cytoplasm.
Remova of the poly A tall has been shown to be a firs, and rate-limiting gep in
MRNA degradation (Beedman and Parker, 1995). The poly A tal is dso implicated in
the trangport of mMRNAs from the nucleus to the cytoplasm, which may be due to its
asociation with the 5-cap complex (Eckner et d., 1991, Huang and Carmichad,

1996; Minvidle-Sabastia and Keller, 1999).
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How mRNA reaches the cytoplasm

As previoudy mentioned the CBC that associates with the 5 cap dso
influences splicing and 3’ processng of the preemRNA. After the mRNA is processed
in the nucleus, the CBC remains asociated a the 5 cap of the mature mRNA.  The
proteins involved in 3 end processng are dso thought to remain bound, with CPSF
atached to the AAUAAA poly addition signd, PAP a the poly adenylation Ste, and
multiple PAPBP II's atached to the poly A tract. The association of al of the
aforementioned proteins and complexes are then thought to help direct transport of the
mature mMRNA to the cytoplasm (Minvidle-Sabastia and Keller, 1999). Growing
knowledge of the factors associated with mRNA during nuclear transport has lead to
an ealy underganding of how mMRNA reaches the cytoplasm. In a modd proposed by
Lewis and lzaurrdde (Lewis and lzaurrade, 1997), a proten cdled importin-a
asociates with the CBC/mRNA in the nucleus and directs transport through the
nuclear pore complex. Once in the cytoplaam, importinb associates with the
MRNA/CBC/ importin-a complex causing the rdesse of the mRNA with subsequent
recycling of the CBC/importin-a/importinrb complex back into the nucleus. More
recently, the importins have been placed into a family of transporter proteins cdled the
karyopherins, with additiona transport proteins such as exportins included (Adam,
1999; Gamblin and Smerdon, 1999). In addition, a smdl G protein named Ran, is
thought to mediate the karyopherin transport mechanism. In a modd proposed by

Adam the nuclear trangport cycle is driven by Ran (Adam, 1999). In the nucleus, the
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GTP form of Ran binds to exportins and its cargo (MRNA/CBC in the case of mRNA
export). The entire complex is trangported through a nuclear pore into the cytoplasm,
where the GTP is hydrolyzed to GDP by the GTPase RanGAP, which is attached to
the cytoplasmic fibrils of the nuclear pore by Ran binding proteins 1 and 2 (RanBP1 &
2) (Hillig et d., 1999). This causes a conformational change resulting in the release of
the mRNA with recyding of the GDP-Ran complex back into the nucleus. Once in
the nucleus, the GDP associated with Ran is exchanged for GTP by the guanine
nucleotide exchange factor RCC1. RCCL1 is located within the nucleus in association

with chromatin (Renault et d., 1998).

RNA compartmentalization

As with any enzyme cadyzed reaction the subsrate must be in close
proximity to the enzyme for catdyss to occur. It is therefore important to consider
the sub-cdlular locdization of mMRNAs and RZs. We know from badc cdlular
metabolisn that MRNAs are transcribed in the nucleus, are transported to the
cytoplasm, and eventudly end up a ribosomes for trandaion. A growing body of
evidence suggests that RNA trangport is more orchestrated than previoudy thought
and that cetain MRNAs are trangported to digtinct sub-cdlular  compartments
(Oleynikov and Singer, 1998). Cis-acting dements located in the 3'-untrandated
regions (UTR) of certain mRNAS have been shown to bind RNA binding proteins for
transport (Ferrandon et a., 1994; Macdonald and Kerr, 1997; Munro et a., 1999). Itis

proposed that these proteins either bind directly to actin or tubulin for transport, or are
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pat of a complex of interchangeable proteins that can recognize ether actin or tubulin
for trangport (Oleynikov and Singer, 1998).

Perhgps the most understood example of MRNA compartmentdization is seen
Drosophila.  In Drosophila oocytes, bicoid RNA is localized to the anterior, while
okar RNA is locdized poderiorly. These RNAS give rise to proteins that direct
formation of the head (anterior) and abdomen (posterior). The protein of the gene
staufen is involved in the transport of both bicoid and oskar MRNAs to their
respective sub-cdlular domains.  Staufen protein contains an RNA binding domain,
that recognizes a cis-dement in the 3-UTR of these MRNASs and has been shown to
associate with microtubules and to be trangported in a microtubule-dependent manner
(Ferrandon et d., 1994; St Johnston et d., 1991). Prospero mRNA, which is required
for proper mitods in Drosophila, has been shown to be trangported via actin filament
associated proteins, therefore, both actin and microtubule mechanisms of RNA
trangport exist (Jan and Jan, 1998).

While reports of this type of compatmentaization had been limited to
developing cdls of Drosophila (Ding e a., 1993; Ferrandon et a., 1994; Macdonald
and Kerr, 1997), Xenopus (Cote et a., 1999; Elisha et a., 1995), and budding yeast
(Jansen et d., 1996; Sl and Herskowitz, 1996), discoveries in differentiated cells such
as neurons (Baka et d., 1996; Landry and Hokfelt, 1998) and fibroblasts (Ross et d.,
1997) suggedts that RNA compatmentdization plays a key role in conveying
asymmetry to cedls. Recently, an 11-nuclectide cisdement (A2RE) of the mydin

basc protein mMRNA has been shown to be the binding sSte of heterogeneous



58

ribonuclear protein (hNRNP) A2 (Munro et a., 1999). hnRNP A2 is involved in
MRNA splicing and has been shown to mediate trangport of RNA in oligodendrocytes.
The aundance of hnRNP A2 in the cytoplasm of brain cdls suggests that this protein
may be involved in the transport of a wide variety of messages tha contain Smilar
reponse dements.  While relatively fev mRNASs have directly been shown to exhibit
such sophidticated mechaniams for cdlular locdization, it is possble that dl mMRNAS
contain some verson of these mechanisms and may prove to be an important
congderation for RZ desgn. Moreover, if cis-acting motifs are eventualy described
for dl mMRNASs, then the induson of these cis-acting moatifs into the 3-UTR of RZs

could proveto be crucid for optimizing RZ/substrate- RNA interactions.

Polymeraselll / tRNA-tethered ribozymes

RNA polymerase 11l (pol 111) transcribes large amounts of smal RNAs such as
tRNAs and smdl nucler RNAs that are highly abundant in dl cdls. The use of tRNA
derived promoters to improve the transcription of recombinant RNAs have been
reported with >100 fold incresses in accumulation of transcripts compared to pol 11
sysems (Thompson et a., 1995). Due to the high expresson levels of pal Il driven
transcripts, ribozyme congructs tethered to tRNAsS have been successfully used to
drive ribozyme expresson (Koseki et d., 1999; Kuwabara et a., 1999; Kuwabara et
al., 1998, Thompson et a., 1995). RibozymetRNA tethered transcripts have severa
advantages over pol Il transcribed ribozymes, they are produced a much higher levels

(Thompson et a., 1995), tRNA dructures are highly stable (Traboni et a., 1984), and



59

they are smadl, and therefore more mohile catalysts. In addition, they are produced in
dl cdls thereby removing the pol 1l concern of whether a promoter is active in a given
tissue.  All tRNAs contain A and B box promoter elements coded within the mature
tRNA transcription sequence, and a poly T tract for termination of transcription
(Wolin and Matera, 1999). To avoid 3 end processing of tRNAS, which would cleave
the tethered ribozyme sequence, the last seven bases of the mature tRNA-Vd can be
removed without effecting transcription (Koseki et a., 1999). This was firg
demongrated in 1984 by deetion experiments of methionine tRNA 3 sequences in a
cdl-free sygem and in cdls (Adeniyi-Jones et al., 1984). Adeniyi-Jones dso
demondirated that termination relied only on the presence of the poly T tract regardiess
of podtion. By moving the poly T tract further downstream, sequences greater than
1000 bases could be transcribed leading Adeniyi-Jones to suggest the potentid use of
tRNA leaders as promoters for recombinant RNAs (Adeniyi-Jones et a., 1984). As
with  mRNAs, tRNAs have dso been demondrated to use the exportin/RanGTP
system for trangport from the nucleus to the cytoplasm. A specific exportin, exportin
(tRNA) has been identified (Arts et a., 1998). It has been shown that, in addition to
blocking 3 processng by ddeting the last 11 bases of the mature tRNA-Met, the
export of the tRNA to the cytoplasm was inhibited and accumulated in the nucleus
(Bertrand et d., 1997). This suggested that 3 processng was important for tRNA
export from the nucleus. In contrast, the adtered 3' seven based of the tRNA-Vd
construct reported by Koseki et d has been used with at least 12 separate ribozymes,

dl of which were found in the cytoplasm dfter transcription suggedting that this
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sequence is not involved in exporti/RanGTP binding (Koseki et d., 1999). The
efficiency of the tRNA-Val/ribozyme tethered sysem developed by Koseki et d is
demondrated in cels dably transfected with the tRNA-Vd/ribozyme by a 97%
decrease in targeted U5 HIV RNA gene product and a ~99% inhibition of HIV

replication in HIV chalenged cdls.

Ribozymes as “tools’ for molecular biology

Ribozymes have been successfully used to decrease the expresson of a
specific gene for and tested as potentia thergpeutic agents for a variety of conditions,
the mgority of which are gene products involved in cancer and vird infections.
Leukemic processes due to the presence of a new gene product such as ber-abl, and H-
ras, are favorite targets for ribozymes because the RNA products of te ber-abl fuson
gene and activated H-ras are not found in normd cels and have been successfully
decreased in cdls (Funato et al., 1994; Ohta et a., 1996b; Snyder et a., 1993).
Ribozymes have aso successfully been used to reduce the over expresson of other
genes implicated in cancer processes such as c-fos (Ohta et d., 1996a; Scanlon et 4d.,
1991), tdomerase activity (Kanazawa et d., 1996; Yokoyama et a., 1998), tumor
necross factor (Sioud et al., 1992) reversd of multi-drug resstance (MDRL) in tumor
cdls (Kobayashi et a., 1994), abrogation of lung metastass by reduction of integrin
a6 subunit expresson (Yamamoto et d., 1996), and inhibition of matrix
metaloproteinase 9 expresson blocking mastasis in rat sarcomas (Hua and Muschd,

1996).
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Pethogenic viruses are dso mgor targets for ribozyme therepy. Ribozymes
have been used to successfully decrease vird infection in cels chdlenged with the
particular virus such as human papillomavirus (Chen et al., 1995), senda virus (Gavin
and Gupta, 1997), hepatitis C (Lieber et a., 1996; Welch et d., 1998), mumps virus
(Albuquerque-Silva et d., 1999), and HIV-1 (Brower et a., 1998; Chen et a., 1992,
Crisdl et d., 1993; Gervaix et d., 1997; Michienzi et d., 1996; Ojwang et d., 1992,
Rowe, 1996; Sun et d., 1994; Weerasinghe et d., 1991; Wong-Stad et a., 1998; Zhou
et a., 1996). One of the first successful atempts at creating resstance to HIV in cdls
was performed by Weerasinghe and his colleagues in 1991. Weerasinghe transfected
severd anti HIV-1 ribozymes (differing only by the promoter used to drive ribozyme
transcription) into a human CD4 lymphocyte-derived cdl line (Weerasinghe et 4d.,
1991). Although severd of the promoters used were able to delay the onset of HIV
infection when chdlenged with the virus, only cdls contaning a ribozyme under the
control of a tat-inducible promoter were able to resst HIV infection. According to
Weerasinghe, the reason that a tat-inducible promoter was used was because the HIV
protein tat had been shown to be a pogtive regulator of HIV gene expresson (Rosen
and Pavlakis, 1990). The use of a tat-inducible promoter not only upregulaied the
ribozyme a a crucid time of infection, it aso competed with HIV for the tat protein
resulting in less tat for HV induction. In 1995, Sun and his colleagues designed two
ribozymes directed againg the tat gene of HIV. The fird ribozyme (RZ1) was
targeted to a 5 splicing region of the tat gene with a target sequence of GUCA in the

gran HIV-1SF2. A single base mutation in a separate drain HIV-1I11B gave a target
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sequence GUCG and was used to determine the effect of a hdix | mismatch on this
particular ribozyme. The second ribozyme (RZ2) was targeted to the trandation
initiation sequence of the tat gene, which was consarved in both srains of HIV and
used as a control. Both ribozymes were trandfected into a human CD4 T cdl line.
When chdlenged with each of the two drains of HIV, RZ1 was only able to efficiently
cleave the tat RNA of HIV-1SF2 and not HIV-11IB. RZ2 was able to efficiently
cleave the tat RNA from both drans.  In addition, RZ1 containing cells were
ggnificantly protected from HIV-1SF2 infection but not from HIV-1IIIB infection.
RZ2 successfully inhibited infection from both strains of HIV. Sun concluded that the
resstance given to the cells containing ribozymes targeted againgt tat was due to thelr
cadytic activities and not the antisense effect because a sngle mismaich following
the GUC target sequence would only sgnificantly interfere with catalyss and not
ribozyme recognition (Sun et al., 1995).

Other examples of successful reduction in gene expresson using ribozymes are
indicated below: (1) the inhibition of faty acid synthess (30-70%) in 30A5
preadipocyte cdls dably transfected with a ribozyme directed againg acetyl-CoA
carboxylase (Ha and Kim, 1994). (2) An (~80%) decrease in b—amyloid peptide
(bAPP) mRNA in COS-7 cdls gably trandfected with either a hammerhead or hairpin
ribozyme drected againg bAPP. (3) A smilar decrease in bAPP was observed at the
protein level as observed by western blot andyss of cell extracts (Denman et d 1994).

(4) A (~40%) decrease in IGF-II mRNA levds of prostate cancer cdls expressng a
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double hammerhead ribozyme resulting in a prolonged doubling time from 28.3 hrs. to
425 hrs (Xu et a., 1999). (5) A ribozyme targeted againg the G protein g7 subunit
expressed in human HEK 293 cdls demongrated a (~40%) reduction in mRNA levels
with an (~85%) decrease in protein levels of the g7 subunit. This decrease was enough
to effectively reduce cAMP accumulaion in response to isoproterinol (a potent b—
adrenergic receptor agonist) simulation by (~30%) in cels containing the ribozyme.
Therefore the use of a ribozyme was indrumentd in suggesting a role for the g7
subunit in transducing the dgnd from the b—adrenergic receptor to adenylylcyclase
(Wang et d., 1997; Wang et a., 1999b).

In 1998, Hauji and his colleagues expressed a ribozyme directed againgt the
receptor for advance glycation end products (RAGE) in an effort to decrease the
effects of AGEs on diabetic nephropathy (Tsuji et d., 1998). AGESs are glycosylated
proteins that are commonly produce in diabetics due to the high blood sugar
environment. AGES increase the synthess of type IV collagen in glomeruli resulting
in nephropathy common to digbetic paients  In the experiment, a mesangid cdl line
was edablished from the glomeruli of mice. This cdl line was trandfected with a saf-
processing ribozyme in which a centrd hammerhead ribozyme tethered to a tRNA
sructure was flanked by two hammerhead ribozymes that cleaved cis regions resulting
in the liberaion of the sngle hammerhead ribozyme tethered to the tRNA. The
promoter used in this congtruct was a hybrid promoter syssem designated SRa that

was created by a separate lab in 1988 (Takebe et al., 1988). This promoter system
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consisted of the SV 40 promoter and part d the long termind repeat of human Fcdl
leukemia virus type-1. The SRa promoter system demonstrated a 10-20 fold increase
in expresson when compared to the SV 40 promoter in severd cdl types. In vitro
andyss demondraed the ability of the ribozyme to <df-cleave into the core
ribozymetRNA unit and to catadyze the cleavage of RAGE a the appropriate site.
RT-PCR was used to detect ribozyme expresson in transfected mesangid cdls.
RNase protection assays and RT-PCR demondrated a “decreass’ in RAGE mRNA
levels (no quantification of RAGE mMRNA levels was reported). Next ribozyme
transfected cells and control cells were exposed to AGE-bovine serum abumin (BSA)
or non AGE-BSA to examine the induction of type IV collagen. AGE-BSA treatment
in nontribozyme containing cels increased the levels of type IV collagen 1.86+0.30
fold compared to control cdls. In contragt, the ribozyme containing cells exhibited no
increase in type IV collagen (1.00+0.07) when treated with AGE-BSA in comparison
with BSA treated ribozyme-containing cdls.  Tsuji concluded that RAGE might be
involved in the development of diabetic nephropathy and tha ribozymes directed

agang RAGE could regulate the progression of the disease.

Ribozymes expressed in transgenic animals
To date, there are only a few reports in the literature in which a ribozyme has
been sably expressed in transgenic animals as a transgene.  In 1993 the first two cases

of ribozymes expressed in transgenic animas were reported (Heinrich et a., 1993;
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Zhao and Pick, 1993). Drosophila was used as the animd in each case and the genes
targeted were each decreased to the point where phenotypic changes were observed.
Zhao and Pick targeted the fushi tarazu gene product (tz), a gene that is involved in
the seven-dripe patterning and plays a role in neurogenesis during larval development.
Both of these stages are controlled tempordly by the expresson of the ftz at criticad
times during devdopment. By usng the drosophila heat shock protein promoter
(hsp70) to drive transcription of a hammerhead ribozyme in an inducible manner,
Zhao and Pick were able to interrupt both developmental processes individualy. The
disuption of the sevendripe patterning was achieved by giving transgenic embryos
two short heat pulses a two and two and haf-hours after egg laying (AEL). Smilarly,
three heat pulses were used between four and a hdf and five and a haf hours AEL
resulting in the absence of neurd tube formation.

Heinrich and Tabler in 1993 expressed a ribozyme directed againgt the primary
white gene transcript in drosophila. Once again a phenotypic change was observed by
the reduction of eye pigmentation. In vitro anayss was used to demondrate that the
target MRNA was catdytically cleaved by the ribozyme at the target sequence.

In 1994, the firg transgenic mamma expressng a ribozyme was reported by
Efrat and his colleagues (Efrat et a., 1994). In an effort to create an animal modd for
maturity-onset  disbetes of the young (MODY), a form of type Il non-inadin
dependent diabetes, Efrat consructed a hammerhead ribozyme directed aganst
glucokinase (GK) mRNA, transcription of which was driven by the rat insulin 11 gene

promoter/enhancer.  The condruct also contained an intron eement between the
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promoter and the ribozyme, and a smian virus 40 (SV 40) late polyadenylation signd
sequence a the 3 end. The plasmid containing the ribozyme consgtruct was used to
cregte tranggenic lines of mice via pro-nuclear microinjection of fertilized oocytes.
RT-PCR was used to confirm the expresson in b—cells of the pancreas by the presence
of band corresponding to a correctly spliced ribozyme. Mice from two separate lines
containing the ribozyme demondrated a 70% decrease in idet GK activity. In
addition, glucose dimulated insulin rdesse was impared, while both plasma glucose
and plasma insulin levels were reported to be norma. Efrat concluded that the mice
containing the GK ribozyme are likely to be predisposed to develop type |1 diabetes.

Larson and his colleagues produced the second transgenic mouse containing a
ribozyme in 1994 (Larsson et d., 1994). In their experiment, three ribozymes directed
agang different regions of b2-microglobulin (b2M) mMRNA were tested in NIH-3T3
mouse cels prior to expresson in mice in order to determine the mogt efficient
cadys. The ribozymes each contained the immediaie early gene enhancer/promoter
region from cytomegaovirus (CMV) to drive transcription.  No intron sequence was
incorporated into the construct and a second cis cleaving ribozyme was added to the 3
end ingead of a polyadenylation sgnd. Following andlyss in cel culture, the third
ribozyme (RZ-c) demondrated the highest cataytic efficiency with an 80% reduction
in b2M mRNA. This ribozyme was then used to create transgenic lines of mice via
pro-nuclear microinjection. Seven founders were obtained. RZ-c was not detectable

by Northern blot analysis, or by RNase protection assay. A band corresponding to the
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correct 9ze was observed by using RT-PCR. Although the authors contend that this
was proof of RZ-c expresson, the absence of an intronic sequence in their congtruct
makes it highly possble that the band seen represents PCR amplification of he DNA
gene sequence of the ribozyme and not expressed ribozyme RNA. The difficulty they
encountered trying to detect ribozyme RNA may have been due to the absence of a 3
poly (A) tal, resulting in rgpid degradation by nucleases. Neverthdess, Larsson
reported that Northern blot andyss of totd RNA from lung tissue of individud
transgenic mice demondrated a 22-94% decrease in b2M mMRNA leves. Larsson
could not explain the great variation observed from mouse to mouse, but suggested
that the CMV transcriptiona regulatory dement used in his congtruct could have been
affected by “trans-acting effects from known or unknown vird pahogens in our
animal colony”. Less dramatic decreases were aso reported in spleen and kidney
samples. No phenotype beyond b2M mRNA levels was reported.

In 1995 Heinrich and Tabler published a follow up to their 1993 experiment in
which they expressed a ribozyme directed agangt the primary white gene transcript in
tranggenic drosophila.  In this report, Heinrich and Tabler use the same hsp 70
promoter Zhao and Pick used in ther transgenic drosophila to drive expression of their
white gene ribozyme (Heinrich et d., 1995). Henrich and Tabler found that the
concentration of their ribozyme was proportiond to the copy number and the

suppressive effect of their ribozyme was dependent on ribozyme concentration.
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In 1996, a double transgenic mouse was used to express a ribozyme directed

agang bovine a—actadbumin mMRNA (L'Huillier et d., 1996). The double transgenic

mice were obtained by crossing a mouse transgenic for the bovine a—lactabumin gene
with a mouse transgenic for a ribozyme againg this gene transcript.  This hammerhead
ribozyme condruct contaned a mouse mammay tumor virus long termind repeat
(MMTV-LTR) to drive transcription, an SV 40 intron, and an SV 40 poly (A) signd.
This ribozyme was predicted to be 1150 bases after transcription and splicing, not
including polyadenylaion. The large sze of this ribozyme was due to the large 5
(transcription initiation was ~268 bases upsiream of the ribozyme) and 3 (the poly
(A) cleavage dte was ~822 bases downstream of the ribozyme) untrandated regions.
The ribozyme sequence itself contained only two 12-nuclectide arms and the standard
22 bases that make up the hammerhead structure.  The computer program mfold was
used to sdect the target sequence for this ribozyme based on predicted secondary
dructures.  Transgenic mice were firs made by pro-nucleer microinjection as with the
previoudy mentioned transgenic mice.  But unlike the other transgenic mice, this was
the firg ribozyme in a tranggenic anima to be detected by Northern blot andysis.  All
other ribozymes were detected by RT-PCR. A possible reason for this may be due to
its large dze. Northern blot andyss of bovine a-lactdbumin in mammay gland
tissue was reduced 22, 42, and 50 % in three separate lines compared to non-ribozyme
containing littermates.  Similar decreases were reported in the levels of protein. It was

a0 pointed out that the levels of endogenous mouse a—lactdbumin were unaffected
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by the presence of the ribozyme, and even though the GUC target sequence was
conserved across both species, 6 out of the 24 nucleotides that form helices | and Il
with the ribozyme were not conserved.

In an atempt to directly compare the effectiveness of antisense RNA,
ribozymes, and multi-ribozymes, Sokol e a produced transgenic mouse lines
contaning one of the three condructs directed againgt bacterid chloramphenicol
acetyltrandferase (CAT) gene transcripts present in another transgenic mouse line
(Sokol et al., 1998). All of the anti-CAT congiructs contained the same bovine a-sl-
casein promoter/enhancer dement, and the smdl t intron and poly (A) addition sgnd
derived from SV 40. Once again double transgenic mice were obtained by breeding
postive animas.  CAT proten levels were compared in lactating double-hemizygous
transgenic femde mice.  Mice contaning the antisense congruct demonstrated a 90%
decrease in CAT protein levels. This was very close to mice containing the ribozyme
condruct that demonsrated an 87% decrease.  Surprisngly, the multizyme exhibited
the lowest decrease in CAT protein levels a 67%. Sokol concluded that the

incorporation of multiple ribozymes does not enhance effectivenessin his system.

Clinical trialsinvolving ribozymes

Currently, there are a least two separate ribozymes being used in human
dinicd trids The firg of which is a hammerhead ribozyme directed againgt the
vascular endothelid growth factor (VEGF) receptor. VEGF is a cytokine that is

involved in normd vascular growth, but is dso implicated in severd pathologica
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conditions including proliferative retinopathy and solid tumor growth and metastass.
Elevated expresson of VEGF leads to neovascularization, which provides oxygen and
nourishment to tumor cels alowing for tumor growth and metasass  Ribozyme
Pharmaceuticals Inc. (RPI) and Chiron corporation have formed a joint effort to
decrease the ability of VEGF to signa by producing a hammerhead ribozyme directed
agang the VEGF receptor mRNA. The thergpeutic was given the name
ANGIOZYME™. Dr. Nassm Usman of RPI has reported, “The ribozyme compound
was able to completdy inhibit metastases in a dinicdly relevant colorecta cancer
modd. In addition, ANGIOZYME™ was shown to halt tumor growth and metastases
in a Lewis Lung Maurine model.” According to a recent press release (July 14, 1999),
RP announced the successful completion of Phase la and Ib human dinicd trids of
ANGIOZYME™. “The Phase la trid demonsraied excelent tolerability of low
single doses of ANGIOZYME™ administered either intravenously or subcutaneoudy
to hedthy volunteers. The subsequent Phase b trid, performed with cancer patients,
extended to higher doses of ANGIOZYME™ up to 300 mg/n? to help define the
goppropriate dosing for future Phase 1l and Il trids” Unlike most anti-cancer drugs,
no dinicdly dgnificant dde effects were observed. Prarmacokinetic  data
demongtrated that ANGIOZYME'™ was detectable a levels grester than those
predicted for an anti-angiogenic effect up to 24 hours following subcutaneous
injection. The next round of clinical studies was sad to begin Sx to nine months fom
the July 14, 1999 press release date, and will involve multiple dose schedules to study

the effects of continuous administration of ANGIOZYME™ V.,
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The second ribozyme currently in Phase Il dinicd trids is an anti-HIV double
ribozyme packaged in a retrovird vector. Once agan RPI was the sponsoring
company. The purpose of this Phase Il trid is “to assess the safety and feasibility of
adminigtering periphera  blood progenitor cdls (PBPC) transduced with retrovird
vectors encoding an anti-HIV double ribozyme to HIV + patients undergoing intensive
chemotherapy and sem cdl transplantation for non-Hodgkin's lymphoma.  To
determine if these geneticdly modified PBPC can engraft, differentiale, and circulate
in the blood of transplanted recipients” According to the Food and Drug
Adminigration the cdls themsdves tha are transduced with the ribozyme containing
retrovirus are conddered the “drug” for the study. The preceding information about
this Phase Il trid was obtained from the AIDS Clinicd Trids Information webste
(Wwww.actisorg). This website is sponsored by the FDA, the Center of Disease
Control and Prevention (CDC), and the Nationd Library of Medicine (NLM). In the
methods described at the RPI website (vww.rpi.com), patients will have bone marrow
sanples teken daly following injections of G-CSF to dimulate stem cell collection,
with as many as Sx collections if necessary. The stem cdls will be divided into two
groups. The firg will function as a negaive control and reman unchanged. The
second will be transduced with the ribozyme containing retrovirus.  Patients will then
undergo seven days of intense chemotherapy followed by infuson of the treated or
untrested stem cdlls back into the patients. According to the RPl website, the Phase |
safety sudy in five hedthy HIV infected individuds encountered no serious events,

with no deaths or withdrawals.
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GROWTH HORMONE
The Pituitary

In 1886, the French neurologst Pierre Marie pioneered pituitary endocrinology
with his observations that patients with acromegdy exhibited enlarged pituitaries.
This led Pere to suggest that the pituitary was involved in the progresson of this
disease spurring an interest in pituitary research.  The origins of the word pituitary, a
combination of the Latin word for mucus pituita) and the Greek word to spit (ptuo),
come from the origind beief that nasd mucus was produced in the pituitary (Wilson
and Foster, 1998).

The pituitary forms in the human embryo a about the third month of gedtation
under the control of severd genes the most dudied being pituitary transcription
factor-1 (Fit-1). PFit-1 has been shown to regulate the differentiation of three of the
five hormone releasng cdl types in the pituitary; somatotrophs, lactotrophs, and
thyrotrophs (de la Hoya et d., 1998). Somatotroph cells that produce growth hormone
(GH) are detectable as early as the third month of gestaion while the find hormone
secreting cdls to devedop in the anterior pituitary ae the lactotroph cdls, which
gopear a five months of gedation. The weight of the pituitary a birth is about 0.1g
and grows to an adult weight of 0.6g. Pituitaries in women tend to increase in weight
during pregnancy due to the increase in hormone production (Scheithauer et a., 1990).
The pituitary is divided into two digtinct lobes, the anterior and podterior lobes. The
anterior lobe accounts for 80% of the pituitary and is further divided into the pars

digdis, pars intermedia, and pars tuberdis. The pars diddis is the region of the



73

anterior pituitary in which dl five hormone-secreting cdl types resde. The posterior
pituitary dores the osmoregulatory hormones vasopressin, antidiuretic  hormone
(ADH) and oxytocin that are produced in the hypothalamus and releases them into the

blood stream.

A common themefor anterior pituitary hormones

All  hormones produced in the anterior pituitary ae released into the
bloodsream in a pulsdile manner.  Furthermore, al hormones produced in the
anterior pituitary are regulated by corresponding hormones produced in  the
hypothalamus (see table 1). These hypothalamic regulatory hormones are transported
via portd vens tha run from the hypothdamus to the anterior pituitary where they
bind to specific receptors on the individud cel types and either simulate or repress
pituitary hormone production. Mogt if not dl hormones produced in the anterior
pituitary exhibit a feedback control mechanism (see table 1). Hormones that are
secreted by target tissues of the pituitary hormones negatively regulate the production
of tha hormone. The only anterior pituitary hormone in which a feedback control

mechanism has not been discovered is prolactin (Wilson and Foster, 1998).
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Table 1. Relationship between hypothalamic, pituitary, and target tissue
secretion (taken directly from Wilson JD and Foster DW 1998 textbook et al 1998

p252).
Hypothdamic Rituitary Target Feedback
hormone hormone gland hormone
TRH Thyrotropin thyroid T3& T4
LHRH LH gonad E2& T
FSH gonad Inhibin, E2& T
Somatodtatin GH multiple IGF-1
GHRH GH multiple IGF-1
Dopamine Prolactin breast ?
CRH Corticotropin adrend Cortisol
AVP Corticotropin adrend Cortisol

AVP, arginine vasopressin; CRH, corticotropin-releasng hormone; E2, estradiol;
FSH, fallide-gimulaing hormone; GHRH, GH-releasing hormone; IGF-1, insulin
like growth factor-1; LH, luteinizing hormone; LHRH, LH-releasing hormone; T,
testosterone; T3, trilodothyronine; T4, thyroxine; TRH, thyrotropin-releasing

hormone,
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Growth Hormone

Growth hormone (GH) is a 22-kDa protein secreted form anterior pituitary into
the bloodstream where it acts on a variety of target tissues by binding to a specific
membrane bound receptor, GH receptor (GHR). GH beongs to the prolactin-GH
family, which includes GH, prolactin, and placentd lactogen. All three members of
this family share amino acid identities and are proposed to originate from a sngle
ancestral gene (Nidl et d., 1971). The dructura organization of each gene is amilar,
al with five coding exons and four introns (Barsh et a., 1983; Cooke et a., 1981). In
humans, the mgority of pituitay GH is found as a 191 amino acid single chan
polypeptide with two intramolecular disulfide bonds. A 20 kDa dternaively spliced
form of GH makes up less than 10% of pituitary GH (Cooke et a., 1988; DeNoto et
a., 1981). A nonpituitary form of GH is secreted by the placenta during pregnancy
and is termed GH variant. GH variant shares an 84% amino acid identity with the 22-
kDa pituitay GH with two disulfide bonds in the same postion (Frankenne et d.,

1988; Frankenne et a., 1987).

GH sgnaling

Circulating GH binds to two GHRs on the cdl surface (Cunningham e d.,
1991) resulting in a conformationd change in the dructure of the receptors (Mdlado
et a., 1997). The change in conformation results in the activetion of the tyrosne

kinase JAK -2 (seefigure 4). JAK-2 isa~120 kDatyrosine kinase that was first
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Figure 4. Several pathways involved in growth hormone signal transduction
(Carter-Su and Smit, 1998).
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described to be present in GHR preparations by Wang et a in 1993 and was shown to
asociate with the GHR by Argetsnger et d that same year (Argetsinger et d., 1993;
Wang et al., 1993c). Following tyrosne phosphorylation of JAK-2 and the GHR,
sgnal transducers and activators of transcription (STAT) 1, 3, 58 & 5b have been
shown to be tyrosine phosphorylated in response to GH treatment (Campbell et d.,
1995; Gronowski and Rotwein, 1994; Gronowski et a., 1995; Meyer et d., 1994;
Wang et d., 1994; Wood et d., 1995). All STAT proteins contain Src homology (SH)
2 & 3 domains, are ectivated by tyrosne phosphorylation, and form homo or hetero
dimers that are trangported to the nucleus and regulate transcription by binding to
gpecific DNA sequences. STATs 1 and 3 have been shown to bind the Sis-inducible
dement (SE) in the c-fos promoter in response to GH treatment. STAT-5 aand b can
each bind to g activated sequences (GAS)-like dements in the serine protesse inhibitor
2.1 promoter as well as the b-casein promoter. STAT-5 binding motifs have been
described on the GHR by GHR ddetion and mutationd experiments demondrating
tha STAT-5 a & b bind directly to the GHR (Smit et d., 1996; VanderKuur et d.,
1995b; Wang et a., 1996; Wang et a., 1995; Xu et al., 1996). Although activetion of
STATs 1 & 3 have been observed in response to GH, no direct association of these
STATs with the GHR has been observed. The STAT-1 binding matif identified on
interferon-g (INFg) and leukemia inhibitory factor (LIF) receptors, as well as the

STAT-3 binding motif identified on LIF receptors are not present on the GHR
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suggesting that STATs 1 & 3 are activated by GH without associating with the GHR
(Gerhartz et d., 1996; Greenlund et d., 1994; Stahl et a., 1995).

JAK-2 has dso been shown to activate the MAP kinase pathway, which is
implicated in cdlular growth and differentiation. Prior to the discovery in 1993 that
JAK-2 associates with and acts as the mgor kinase of GHR, three separate groups
reported that ERKs 1 & 2 were activated in response to GH treatment (Anderson,
1992; Campbdl et a., 1992; Harding et d., 1995; Wington and Bertics, 1992). It is
thought that the MAP kinase cascade is initiated by the association SHC at specific
SH2 domains to phosphorylated tyrosines on the GHR. SHC, now phosphorylated by
JAK-2 associates wth SH2 domain containing Grb2. Grb2 is complexed with SOS, a
guanine nucleotide exchange factor tha activates Ras, a membrane bound GTP
binding protein. The sarinethreonine kinase, Raf is activated by Ras which then
activates the tyrosne/sering/threonine kinase MEK. MEK then activates ERK 1 and 2
(Cobb and Goldsmith, 1995; VanderKuur et a., 1995a; Vanderkuur et d., 1997).

A third GH dgnding pathway was discovered by Argetsnger e d in 1995
(Argetsnger et d., 1995; Argetsnger et d., 1996). Argetsnger observed tyrosne
phosphorylation of insulin receptor subgrate (IRS) 1 and 2 in 3T3-F442A fibroblasts
in response to GH treatment. IRS-1 and —2 are 160-180 kDa mobile adapter proteins
origindly identified as dggnding molecules for insulin. The discovery of IRS
involvement in GH dgnding could account for ealier obsarvations that GH can
induce an inalin-like effect on fa and carbohydrate metabolism (Davidson, 1987).

This was demondrated by a trandent increese in glucose transporters (Glutl and
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Glutd) to the plasma membrane of adipocytes effectively increasng glucose transport
in response to GH treatment (Carter-Su et a., 1988; Tanner et d. 1992).
Phosphorylated tyrosnes on IRS molecules are responsble for association and
activation of a number of dgnding molecules including the regulatory subunit of PI3
kinase (p85), SH2 domain-containing tyrosne phosphatase (SHP2), and the Src
kinases (fyn, Nck, & Grb). In addition to GH simulaion of SHP2 via associaion
with IRS molecules, an isoform of the tyrosne phosphatase SHP2, SH2-Bb was
identified by Rui et d in 1997 to associate with JAK2, and not with IRS molecules
(Rui e d., 1997). The function of SH2-Bb is currently unknown, but beng a
phosphatase, it is probably involved in the negative regulation of JAK2 sgnding
events.

More recently, potentid negetive regulators of GH dgnding have been
identified. Moutoussamy et d reported that Grb10 interacts with both GHR and JAK2
in repone to GH treatment and down regulates some GH signding pathways
independent of STAT-5 (Moutoussamy et d., 1998). A newly found family of
proteins caled suppressors of cytokine signding (SOCS) have been identified and
have been shown act negaively on the sgnd transduction of cytokines. Seven
members of this family have been identified and include SOCS 1-7 (Bjorbaek et al.,
1998; Endo et al., 1997; Naka et a., 1997, Narazaki et al., 1998; Starr and Hilton,
1998; Starr et d., 1998; Starr et a., 1997; Yoshimura et d., 1995). SOCS-1, -2, & -3
have been shown to affect GH sgnding (Favre et a., 1999). Favre and her colleagues

used human kidney fibroblast 293 cells co-transfected with a st amount of monkey
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GHR contaning plasmid and st anount of a luciferase reporter gene fuson carrying
sx copies of the lactogenic hormone response dement (LHRE). LHRE is a response
eement of the b—casain promoter that is activated in response to GH treatment via
STAT-5. In addition, these cdls were co-trandected with increesng amounts of
either SOCS-1, -2, or =3 containing plasmids. Favre reported that cells transfected
with SOCS-1 or —3 inhibited the transcriptiond activation of the reporter gene in a
dose dependant manner. Cedls transfected with SOCS-2 also demonstrated a decrease
in transcription a low concentrations but a higher SOCS-2 concentrations an increase
in luciferase activity was obsarved. In addition, Favre reported that when SOCS-2
was co-expressed with SOCS-1 or SOCS-3, SOCS-2 was able to block the inhibitory
effect of SOCS-1 on GH dgnaing. Apparently this effect was specific for SOCS-1, as
SOCS-2 was unable to block the inhibitory effects of SOCS-3. Referring to the
interaction of SOCS-1 and —2, Favre suggested that the mechanisms of inhibition of
SOCS-1 and -3 are different and that a mgor role of SOCS-2 might be to restore the
sengtivity of cdls to GH fdlowing the initid inhibitory effects of other SOCS
molecules.  In support of Favre's proposed role for SOCS-2, she referred to a report
by Adams et d in 1998 that showed that SOCS-1 and —3 were expressed earlier than

SOCS-2 inresponse to GH treatment (Adams et al., 1998).

The GH receptor
The GHR beongs to the cytokine family of receptors, adl of which are dl

gangle membrane spanning with or without tyrodne kinase activity in thar
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intracdlular domains. Members of the cytokine family of receptors share homology
mainly in the extracdlular portion of the receptors including a cytokine receptor
homology (CRH) region, four conserved cyseine resdues, fibronectin type Ill,
modules, and a WSXWS motif (Wells and de Vos, 1996). In the cytoplasmic doman
three conserved regions are common to most cytokine receptors. They are termed box
1, 2, and 3 with respect to their amino to carboxyl position. Box 1 is located
gpproximately 10 amino acid resdues from the transmembrane domain, and boxes 2
and 3 being more carboxyl, respectivdly. The use of truncated GHRs demonstrated
that only fired 54 resdues of the cytoplasmic domain, which contains box 1 ae
aufficent for mitogeness (Colos et al., 1993). This region, as wel as others in the
cytoplasmic domain of the GHR is discussed in more detall later in the text. The GHR
has been found in mog tissues examined a some level with the highest levels being
present in liver, kidney, and fat (Slva et d., 1999). The GHR was firs cloned in 1987
by Leung et d from rabbit and human liver (Leung e d., 1987). This was soon
folowed by cdoning of GHR from mouse (Smith et d., 1989), rat (Mathews et a.,
1989), bovine (Hauser et d., 1990), sheep (Adams et d., 1990), and pig (Cioffi et d.,
1990). The mature GHRs are gpproximatdy 620 amino acid residues with an ~24
amno acd dngle membrane spanning region separding an ~246 amino acid
extracdlular domain and an ~350 amino acid cytoplasmic domain. The extracdlular
domains are glycosylated and responsible for ligand binding of the GH. In al species
dudies, the gene encoding the GHR aso encodes the GH binding protein. In mice, the

gene that codes for GHR/BP is made up of 11 coding exons with two mgor 5
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untrandated regions (UTR) dedgnated L1 and L2, The mgority of GHR and BP
transcripts expressed in tissues contain the L2 5-UTR, which is encoded by a sngle
exon goproximady 27 kb 5 of exon 2. High expressed levels of L1 5-UTR
containing transcripts are found only in the livers of pregnant mice (Moffat et d.,
1999). Two exons (4B and 8A) found in mice tha are not present in the human
GHR/BP gene. Moffrat and his colleagues used reverse transcriptase-polymerase
chan reection (RT-PCR) on mouse liver, kidney, mammay gland, and skeetd
muscle, and rat liver to determine the extent of exon 4B induson. In dl mouse
tissues studied, exon 4B was included. Exon 4B was not present in the ra liver
sample (the only tissue Moffra examined in rat), making 4B gpparently conditutively

included and unique to mice (seetable 2).

GH binding protein

In dl species dudied that contain GHR, a drculating GH hbinding protein
(GHBP) with an amino acid sequence corresponding to the extracdlular domain of the
GHR has been found. Although it has been shown that the GHR and GHBP ae
encoded by a single gene in dl species examined, the methods by which the two
proteins ae generated differ. In rodents, the receptor and binding protein are
generaed by dternative splicing of exon 8A (see figure 5). More specificadly, when
exon 7 splices to exon 8 excluding exon 8A (located between exon 7 and exon 8), the
GHR transcript is generated with poly adenosine (A) addition signa and trandationd

stop codon located in exon 10. When exon 7 splices to exon 8A, the GHBP transcript
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Table2. Amino acid sequence alignment of the exon 4B region within the GHR
from various species (Moffat JG et al 1999).

Exon 4 Exon 4B Exon5
Mouse PGSI QL YYAKR ESQRQAAR | AHEWI QEVKECPDY
Rat PGSI QLYYARR | AHEWI PEVWKECPDY
Human LGPl QLFYTRR NTQEWI QEVKECPDY
Fg PGSI QLFYI RR STQEWI QEVKECPDY
Rabbit PGSVQLFYI RR NTQEWI QEVKECPDY
Bovine PGSVOVEYI RR DI QEVKKECPDY
Sheep PGSVOVFYI RR DI QEVNKECPDY

Note: Exon 4B is apparently unique to mouse, and isfound in al mouse tissues
studied (Moffat JG et d 1999).
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IS generated with a poly A addition sgnd and trandationd stop codon contained
within exon 8A (Baumbach et a., 1989; Edens et d., 1994; Zhou et d., 1994). In non
rodent species, the generation of GHBP results from proteolytic cleavage of the GHR
(Sotiropoulos et al., 1993; Trivedi and Daughaday, 1988). Trivedi aso reported that
in humans, the mgority of GHBP generated by proteolytic cleavage occurs with
membrane bound GHR.  The location of cleavage in other species and the enzyme
responsble for cleaving the GHR are ill unknown. Curioudy, there is one report by
Marttini e d in which both proteolytic cleavage and dternative licing were observed
in monkey (Martini et d., 1997). This redundancy observed in the production GHBP
in the monkey, the evolution of a least two digtinct methods for generating GHBP,
and the presence of GHBP in dl species studied cortaining GH al suggest a criticd
role for GHBP in regulaing the actions of GH. Theories ranging from GHBP
increesng the actions of GH by binding serum GH and effectively prolonging its hdf-
life due to decreased rend clearance because of the increase in sze of the complex, to
GHBP decreasng the actions of GH by competing with the GHR, reman unproven.
Current work by Kopchick et d (unpublished work in progress) in which the GHBP is
sectivdy “knocked out” in mice by homologous recombination, and work by
Workman et d (unpublished work in progress) in which mouse GHBP containing an
epitope tag will be over expressed in mice, may provide the answers about GHBP

function.
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Figure 5. Alternative splicing of exon 8A in rodents pre-mRNA GHR/BP
transcripts determines whether GHR or GHBP is expressed  Splicing that
involves exon 8A excluson (top) results in the production GHR meature transcripts.
Splicing that involves exon 8A incuson (bottom) results in the production of GHBP
mature transcripts.  Exon 8A contains its own poly A addition sgnd and trandationd
stop codon. (Edenset d 1994).
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Discovering regions of the GHR important for association of signaling molecules

The growth hormone receptor (GHR), like other members of the cytokine
family of receptors, lacks intringc kinase activity and mugt therefore rdy on the
asociation of proteins with kinase activity. For the GHR, that protein is Janus kinase-
2 (JAK-2). Although 4 members of the JAK family have keen identified, only JAK-2
has been shown to associate with GHR and affect GH dgnding (Argetsnger et d.,
1993). Argetsnger and his colleagues (1993) firt demondrated that JAK-2 could
fom a complex with GHR in response to GH treatment. He performed
immunoprecipitation with anti-GHR antibody on GH trested and untrested fibroblasts
followed by an anti-JAK-2 immunoblot. The JAK-2 was able to co-precipitate
demondrating for the fird time tha JAK-2 associated with GHR.  In addition,
Argetsnger demondrated that JAK-2 functioned as a GH dependent tyrosine kinase
when he showed that JAK-2 immuno-complexes incubated with ¢32P ATP
incorporated phosphate onto tyrosine residues of JAK-2 and GHR in response to GH
treatment.

To further define the association of JAK-2 with GHR, Vanderkuur and his
colleagues have identified a region on the cytoplasmic doman of the GHR between
amino acids 297 - 311 that is required for the association of JAK-2 and GH dependent
JAK-2 tyrosne phosphorylation (VanderKuur et a., 1994). Vanderkuur used a series
of truncated GHRs, a GHR with amino acids 297 - 311 deeted, and a GHR with
prolines 300, 301, 303, and 305 changed to danines to determine the region of JAK-2

asocidion.  After transfecting the dtered receptors into Chinese hamger ovary
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(CHO) cdls, cdl lysates were immunoprecipitated with a GHR antibody followed by
an immunoblot usng a JAK-2 antibody.  The results showed tha the GHR truncation
a amino acid 294, the GHR with a deetion of amino acids 297 - 311, and the GHR
with mutated prolines at 300, 301, 303, and 305 were al unable to associate with
JAK-2. GH dependent JAK-2 tyrosine phosphorylation was aso lost in response to
these same mutaions, demondrated by an anti-JAK-2 immunoprecipitation followed
by western blot analysis with an anti- phosphotyrosine antibody.

In 1994 Wang and his colleagues discovered a second protein that associated
with the GHR in response to GH (Wang et d., 1994). In his experiment, Wang
transfected porcine GHR (pGHR) cDNA into mouse L-cdls (MLC). He then treated
these cdls with or without GH. After western blot andyss usng an anti-
phosphotyrosine antibody, only MLCs trested with GH demondtrated the presence of a
95 kDa protein that was tyrosne phosphorylated. Wang aso demondrated that
human, bovine, mouse, and ra GH were able to induce tyrosine phosphorylation of
the 95 kDa protein, while IL-2, EGF, FGF, PDGF, INS, and IGF-1 could not. Wang
termed the protein pp95.

In an unsuccessful effort to identify pp95, Xu and his colleagues performed a
series of immunoprecipitations and western blot analyses using anti-STAT-1, -3, and 4
antibodies (Xu et d., 1995). Anti-GHR antibody was adso used in case the protein was
actudly a fragment of the GHR. None of the suspected proteins were shown to be
present. Up until 1995, the only protein shown to associate with the GHR was the

previoudy mentioned JAK-2. Snce JAKs have been shown to activae sgnd
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transducers and activators of transcription (STATS), it was logical for Xu and his
colleegues to try to identify the unknown protein usng STAT antibodies.
Unfortunately they didn't use dl STAT antibodies because it wouldn't be until 1996
that Xu identified pp95 as STAT-5 usng a STAT-5 antibody and three other groups
adso identified STAT-5 as a GH respongve sgnding molecule (Chow et al., 1996;
Ram et al., 1996; Silvaet d., 1996; Xu et d., 1996).

In 1996, two important discoveries were made by Xu and his colleagues (Xu et
a., 1996). Firs, Xu identified pp95 as STAT-5, and second, he showed that STAT-5
asociated directly with GHR in a GH dependent manner.  Prior to this point, no
STATs had been shown to associate with GHR. To demonsrate that pp95 was
actudly STAT-5, Xu peformed immunoprecipitations with an anti-STAT-5 antibody
folowed by immunoblotting with ether anti-STAT-5 or anti-phosphotyrosne on
MLC transfected with pGHR and treated with or without GH. Not only did STAT-5
migrate a the predicted 95 kDa mass, it was dso tyrosne phosphorylated in GH
treated preps. To demondgtrate the association of STAT-5 with GHR, Xu performed
Immunoprecipitations udng anti-GHR antibody followed by immunoblotting with
anti-STAT-5 or anti-phosphotyrosine.  For both immunoblots, a 95-kDa protein was
CO-precipitated.

Now that it was known that STAT-5 associates with GHR in response to GH, a
logicd step would be to identify the region on the GHR to which STAT-5 associates.
Conveniently, this work had dready begun prior to the identification of the unknown

pp95 as STAT-5 by Wang and his colleagues (Wang et a., 1995). In 1995 Wang and
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his colleagues identified a region of the GHR on the cytoplasmic domain between
amino acids 476 -516 that was necessary for tyrosine phosphorylation of pp95. Using
a series of truncated GHRs transfected into MLCs, he performed western blot analyss
usng anti-phosphotyrosine on GH or nonGH treated cells. In his results, only wild
type, and the GHRs truncated at resdue 588 and 516 were able to induce tyrosne
phosphorylation of pp95. The GHRs truncated at resdue 476 or shorter were unable
to induce tyrosine phosphorylation of pp95.

In 1996, in an effort to further ducidete the interactions of STAT-5 with GHR,
Wang and his colleegues peformed a comprehensve andyss of the individud
tyrosnes on the cytoplasmic doman of GHR involved in STAT-5 associaion (Wang
et a., 1996). In his experiment, Wang individudly changed each tyrosne to
phenyldanine using oligonuclectide directed mutagenesis of the pGHR cDNA. He
adso additively changed the tyrosnes gsarting from the carboxyl-termind of the GHR
and proceeding in the amino termind direction until al the tyrosines were changed to
phenyldanine.  And dating with the receptor completdly void of tyrosnes he
sequentidly replaced eech individud tyrosne.  All together Wang had 22 individud
GHR mutant clones for this experiment. Each clone was then transfected into MLCs.
The expresson of each was verified by northern andyss and ther ability to bind GH
was verified by binding assays  STAT-5 phosphorylation assays were performed
usng cdls trested with or without GH followed by western blot andyds usng a

phosphotyrosine antibody. Wang's results indicated that the presence of a single
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tyrosine a pogtion 487, 534, 566, or 627 done was able to adlow GH induces STAT-5
phosphorylation.

The same sat of mutated receptors were andyzed by Hansen and his colleagues
for their ability to induce a CAT reporter congtruct containing a spi 2.1 promoter
sequence which contains a STAT-5 binding dement (Hansen et al., 1996). Once
again, the presence of an individud tyrosne a postion 534, 566, or 627 was sufficient
for CAT activation in this experiment. Curioudy, tyrosne 485, which was shown to
dlow STAT-5 tyrosne phosphorylation by Wang did not induce CAT eactivity for
Hansen. This suggests that tyrosne 485 can somehow dlow STAT-5 tyrosne
phosphorylation without STAT-5 activation. This may be due to the inhibition of
STAT-5 dimerization, a process that is required for STAT-5 trandocation to the

nucleus.

GH dimulated eactivetion of JAK/STAT dggnding has been shown to
deactivate gpproximately one hour after the remova of GH (Hackett et a., 1997). The
SH-2 domain containing protein tyrosne phosphotase-1 (SHP-1) is thought to act as
the molecule responsible for the deactivation of GH simulated JAK/STAT activation.
SHP-1 has been shown to down regulate interferon JAK/STAT sgnding (David e d.,
1995). A region in the cytoplasmic domain of human GHR between resdues 520 -
540 has been demondrated to play an important role in the deactivaion of GH
dimulated JAK/STAT dgnding (Hackett et d., 1997). In his experiments, Hackett

used a saries of truncated GHRs to demondrate that full length GHR and GHR
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truncated at resdue 540 exhibited norma desctivation of both GH induced STAT
complex, and rapid dephosphorylation of JAK-2. GHRs truncated at residue 521 and
ghorter did not demondrate ether deactivation of GH induced STAT complex or
dephosphorylation of JAK-2. Hackett aso reported that SHP-1 co-
immunoprecipitated with the GHR only in the absence of GH and upon GH trestmert,
the association was logt. In contragt to this, Ram and Waxman concluded that SHP-1
was not able to associate with GHR either in the presence or absence of GH (Ram and
Waxman, 1997). In addition, Ram and Waxman demondtrated that SHP-1 was able to
asociate with STAT-5 in the nude of GH treated cdls.  Although the results of
Hackett et d and Ram and Waxman contrast one another, they both suggest a role of

SHP-1 in the deactivation of GH activated JAK/STAT sgnding.

Regulation of GH

As previoudy mentioned, GH is produced in the anterior pituitary under the
control of two hypothaamic hormones, somatogtatin and GH releasing hormone
(GHRH) (see figure 6). GHRH has been shown to increases pituitasy GH by
upregulaing transcription of GH mRNA, and stimulate secretion by a Ca* dependent
mechanism leading to the accumulation of CAMP (Barinaga et d., 1983; Holl et a.,
1988). In contrast, somatostatin appears to have no transcriptiona regulatory activity,
only regulating the timing and amplitude of GH pulsiile rdease by lowering levels of
CAMP and intracellular C&&* (Holl et d., 1988). The simulatory effect of GHRH is

blocked by somatostatin (Wehrenberg et al., 1983). In addition to the neurond “open
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loop” regulatory system of the hypothdamus, GH is dso negaively regulated by two
“closed loop” sysems. GH itsdf has been shown to simulate somatodtatin release
from the hypothdamus in a short closed loop system (Abe et d., 1983; Berdowitz et
a., 198149). In along closed loop system, IGF-1 has been shown to both stimulate
somatodatin  rdlease form the hypothdamus and act directly on the pituitary by
inhibiting the effects of GHRH (Abe et al., 1983; Berelowitz et d., 1981b).

GH releasing peptides (GHRPs) are a group of atificiad compounds that cause
the rdlease of GH from the pituitary in al species tested (Seoane et a., 2000). The
identification of a naturd occurring receptor GH secretagogue-receptor (GHS-R) to
these synthetic peptides led researchers to hypothesize that an unknown natura ligand
exiged and that the GHRP were mimics of this naturd ligand (Howard et a., 1996;
McKee et a., 1997). Three years dter the initid cloning of GHS-R the naturd ligand
was discovered by Kojima and colleagues (Kgjima et a., 1999). Kogjima named this
new peptide “Ghrein” based on the Proto-Indo-European word “ghre” which means to
grow. The purified peptide conssts of 28 amino acids. Serine 3 in the peptide is O
n-actanoylated, a post-trandationd modification that is required for activity (Muccioli
et a. 2001). Ghrdin is produced manly in the somach with lower levels of
expresson detected in other tissues such as kidney and hypothdamus (Kojima et d.,
1999; Mori et d., 2000; Nakazato et a., 2001). Ghrelin has been reported to increase
in vitro GH secretion as well as in vivo plasma GH levels in rats and humans (Kgjima
et a., 1999; Peno et a., 2000) by binding to GHS-R in the hypothdamus and

pituitary (Muccioli et d., 2001). In addition to simulating GH secretion, recent



Figure 6. Factorsregulating the production growth hormone (Harris, 1996).
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dudies suggest that ghrdin is a mediator of feeding response.  Ghrdin injections
dimulae feeding and weight gain in rats, and ghrdin is negativey regulated by leptin

(Asakawaet d., 2001; Nakazato et a., 2001).

Affectsof pulsatile GH release

Studies in rats and mice have demondrated that the pulsdatile rdlease of GH
plays an important role in the effects of GH. Administrating GH results in increased
linear growth and weight gain, IGF-1 mRNA leves in skdetd muscle, and serum
IGF-1 levels to a grester extent than continuous adminigration (Clark et a., 1985;
Isgaard et a., 1988; Maiter et al., 1988). In addition, intermittent adminidtration of
GH in ra liver activates STAT-5 followed by nuclear trandocation, an event that did
not occur with continuous adminigtration of GH (Waxman et d., 1995). In a separate
experiment, Ram from Waxman's lab demondrated that STATsS 1 & 3 were activated
independent  of intermittent GH adminidration and confirmed that only STAT-5
required intermittent adminigration of GH for activation in ra liver cdls (Ram e d.,
1996). Furthermore, Gebert from Waxman's lab has demondrated thet it is the STAT-
5b isoform that is responsive to the pulsatile release of GH. Gilbert et d propose that
phosphatases in the nucleus play an important role in inactivating STAT-5b causng it
to move back to the cytoplasm to prepare for another round of activation by the next

pulse of GH (Gebert et d., 1997).
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GH action in vitro

GH affects the metabolism of most tissues in the body such as bone, muscle,
fa, liver, kidney, heart, intestine, lung, pancress, lymphocyte, testes, ovaries, and
breast, dl of which express GHR (Siva et d., 1999). Multiple studies have been
performed in which GH is administered to isolated tissues in vitro. Results indude
increased RNA synthess, plasma protein synthess and IGF-1 release in liver (Griffin
and Miller, 1974; Jefferson and Korner, 1967; McConaghey and Sledge, 1970),
increased amino acid trangport and incorporation in rat heart (Hjdmarson et d., 1969),
increased lipolysis and amino acid incorporation in rat adipocytes (Fain et d., 1965;
Goodman, 1968), increased DNA synthesis and sulfate incorporation in rabbit and rat
chondrocytes (Madsen et a., 1985), increesed mitods in rat lymphocyte, human
leukemic lymphoblasts and human erythrogenic precursor cdls (Desa et d., 1973;
Golde et a., 1977; Whitfield et d., 1971). The effect of GH has been shown to differ
depending on cdl type. For ingance, in mouse pre-adipocyte 3T3F442A cdl lines, it
has been shown that the sgnding molecules JAK-2, STATs 1, 3 & 5, IRS-1, PI-3
kinase, SHC, Grb-2, and kinases involved in the MAP kinase pathway are activated in
response to GH treatment (Carter-Su et d., 1996). In the human lymphoma cdl line
IM-9 STATs 1 & 3, and the MAP kinase pathway are not activated even though these
sgnding molecules were found to be present in the cdls and activated by other
substances such as interferon-g (INFg) and the phorbol ester TPA (Silva et d., 1996;
Slva e a., 1994). In addition, STATs 1 & 3, IRS-1, and SHC are not activated by

GH in ra liver and kdetd muscle.  Only JAK-2 and STAT-5 were shown to be
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activated in these cdls following GH trestment (Chow et d., 1996). Although the
mechanisms are not clearly understood, it gppears that the specific pathway activated

in response to GH may depend on the specific cell type.

GH action in vivo

GH is 0 named for its most obvious action, that of longitudind growth. The
absence of GH during puberty results in dwarfism, while an overabundance of GH in
subjects with active growth plates leads to gigantism. Metabolic effects of GH other
than growth have been established for close to 70 years. In 1934, Lee and Schaffer
demondrated that adminigration of crude GH extracts from the pituitary of bovine
increased protein mass while reducing fat mass in rats (Lee and Schaffer, 1934). GH
replacement thergpy in hypopituitary dwarf patients began in the late 1950's with the
use of GH harvested form human cadaver pituitaries (Beck et a., 1957). The firg
account of increased linear growth in pituitary dwarf children due to GH replacement
therapy was reported by Raben in 1958 (Raben, 1959). Initidly non-primate GH was
used and found to be inective in humans (Raben, 1958). Replenishing hGH to
physologicd levds in GH ddficient children enhances nitrogen baance, decreases
urea production, reduces carbohydrate utilization and redistributes body fat (Frohman
et a., 1967). Continuous adminigtration of GH to produce serum concentrations of 6
10 ug/L in patients with digbetes mdlitus causes lipolyss and ketoss This effect is
not observed in norma individuds when administered similar concentrations of GH

(Gerich et d., 1976). Continuous adminigration of GH producing serum
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concentrations of 10-50 ug/L in norma individuas results in insulin resstance without
changes in blood glucose, lipids, or ketone bodies. Prolonged adminigration of GH in
normd individuds results in fading hyperglycemia, hyperinsulinemia, and increased
faty acid concentrations (Metcafe et ., 1981).

Retinoic acid, an important regulator of embryonic development, has been
shown to increase expresson of GH mRNA in ra embryos (Umesono et al., 1988).
The GHR has been detected as early as day 12 in the rat embryos (Garcia-Aragon et
a., 1992) and has been shown to respond to retinoic acid in embryonic sem cells
(Ohlsson et d., 1993b). Ohlsson and his colleagues demongrated that in cultured
embryonic sem cells treetment with retinoic acid increased GHR mRNA levels over
100 fold. In contrast, Mathews and his colleagues reported that GHR is barely
detectable in fetd tissues (Mathews et a., 1989). Nevertheless, the presence of both
GH and GHR in embryos and their responsveness to retinoic acid suggest the GHR

might play an important role in embryonic devel opment.

GHR/BP gene disrupted mice

GHR/BP gene disrupted mice were created in our lab in 1997 via homologous
recombingtion (Zhou et a., 1997). Phenotypic differences in weight and body sze
were noticeable at 3 weeks of age, and continued throughout the lifespan of the mice.
These differences were observed most dramaticaly between homozygous gene-
disrupted ¢/-) and wild type (+/+) mice. While both mde and femde (+/-) mice tend

to be smdler than ther (+/+) littermates, no dgnificant difference has been published
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to date. The only reported physologica difference between the GHR/BP +/- and +/+
mice to date is a dgnificant difference in GHR levels as determined by GH binding
assays (Zhou et a., 1997). Although the actud levels were not reported (only a
datement that the difference was dgnificant), interpretation of the accompanying
graph suggests that made +/- mice exhibit ~50% GH binding compared to +/+ males,
while femde +/- mice exhibit ~75% GH binding compared to +/+ femdes. A GHR
western from the same report dso demondrated a non-quantified decrease in GHR
levels for the heterozygous mice as compared to wild type. No other sgnificant
physiologica differences have been reported for the GHR/BP +/- mice as compared to
+/+ littermates. The GHR/BP -/- mice gppear to mimic the human genetic disease,
Laron Syndrome (humans with a mutation dtering GHR function) (Kopchick and
Laron, 1999). The most notable smilarities include severdly depressed serum IGF-1
levels, delayed and retarded growth, delayed sexud maturity, and eevated serum GH
levdls with a complete inability to utilize GH. These mice therefore serve as a
vauable anima mode for this condition by alowing research to be performed on the
mice indead of humans. Moreover, these mice have served as vauable tools for
ducidating the physological effects of GH. Severd sudies have been performed to
Sudy the effects of GH in development, metabolic control, and longevity.

When GHR/BP -/- mde mice were mated with +/+ femdes only a 53%
pregnancy rate was observed compared to 88% for cortrol +/+ mde matings
(Chandrashekar et a., 1999). No sgnificant difference was observed in litter Sze or in

the number of pups born dead. Serum IGF-1 levels were undetectable in young adult
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mde GHR/BP -/- mice, while serum prolactin levels were sgnificantly increased. No
ggnificant difference observed in circulating luteinizing hormone (LH) or testogerone
levels between GHR/BP -/- and +/+ males. However, an attenuated increase in serum
LH levds following trestment with gonadotropin releasng hormone (GnRH), was
obsarved in the GHR/BP -/- mice. Tedoderone relesse was dso sgnificantly
decreased in tedtes isolated from GHR/BP -/- mice. A decrease in LH-simulated
testosterone release in testes from the GHR/BP -/- animds is likely due to a decrease
in the number of LH receptors, as GH administration has been shown to incresse LH
receptor number in the testes of hypophysectomized rats (Zipf e d., 1978).
Therefore, GH plays a role in testicular function both within the pituitary, by dtering
the effect of GNnRH on LH secretion, and within the testis, by effecting LH-stimulated
testosterone release (Chandrashekar et al., 1999).

Femae reproduction is aso dtered in the GHR/BP -/- mice (Danilovich et d.,
1999). The time of firg vagind opening in the GHR/BP -/- femdes is dgnificantly
delayed. In addition, pregnant GHR/BP -/- femdes have dgnificantly increased
placentd weights, while fetd weghts ae reduced regardless of fetd genotype
possbly due to the low IGF-I and/or insulin levels seen in the GHR/BP -/- animds
(Danilovich et d., 1999). Litter szes and newborn body weights are dso sgnificantly
reduced in GHR/BP -/- femaes.

Bone growth and remodding is dtered GHR/BP -/- mice (Sims et a., 2000;
Sogren et a., 2000). Disproportionate bone growth was observed when the lengths of

femur, tibia and crown-rump were andyzed in relaion to one another. Both
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femurtibia and femur/crown-rump GHR/BP -/- growth ratios expressed as a
percentage of +/+ bone growth were ggnificantly different. Femur growth was
decreased to a grester extent in the GHR/BP -/- animds than tibia or crown-rump
growth. This is suggested to result from the particular developmenta stage a which
each bone was formed (Sogren et a., 2000). Femur growth is reported to occur later
than tibia growth in mouse skeletd development (Windahl et d., 1999). In addition,
GH-dependent growth occurs mainly after birth (Garcia-Aragon et a., 1992; Ohlsson
et a., 1993z Zhou et d., 1997). Therefore, femur growth would be more sengtive to
GH action than tibia growth. GH's involvement in bone remodding is dso evident in
that bone minerd content is sgnificantly decreased in the GHR/BP -/- mice (S§ogren
et a., 2000). In addition, GHR expresson has been detected in osteoblasts and
chondrocytes further supporting GH importance in bone metabolism (Nilsson et 4.,
1995; Werther et a., 1990). GH's involvement in bone growth and remodding from
appears to be through GH-dimulated 1GF-1 production (Sms et d., 2000). GHR/BP -
/- mice recaving compensatory IGF-1 trestment exhibited near norma bone growth
and bone turnover during remodding as compared to control mice. These data
suggest that most of the GH action that influences bone growth and remodeling occurs
indirectly .

When organ weights are compared to body weight in GHR/BP -/- mice, the
kidney, spleen, heart, and testes are decreased proportiondly. Curioudy, a sgnificant
decrease in liver waght as wel as a Sgnificant increese in brain weight raive to

body weight has been reported (Sogren et d., 2000). These observations indicate that
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GH plays and more important role in liver growth and a less important role in bran
growth compared to the other organs. When brain weights are compared without
consgdering the body weight of the anima, no Sgnificant difference between GHR/BP
-/- and +/+ mice is observed. In addition, mice over-expressing GH have a decreased
brain weight relaive to body weight (Shea et d., 1987). Therefore, it gppears that GH
hes little effect on brain growth.

GHR/BP -/- mice dso exhibit a hypersengtivity to insulin (Coschigano e d.,
1999; Dominici et a., 2000). Fading insulin and fasing blood glucose leves ae
sgnificantly decreased in the GHR/BP -/- mice. Moreover, glucose tolerance is
decreased, while insulin sengtivity is increased in the GHR/BP -/- mice (Coschigano
et a., 1999). It has been suggested that the impaired glucose tolerance in the GHR/BP
-/- mice is probably not due to reduced sengtivity of the tissue to insulin bu rather to
an inability of the pancregtic 3—cdls to cope with increased glucose loads resulting
from the diminished insulin requirement in the GHR/BP -/- mice (Dominici et d.,
2000). The increased sengtivity to insulin gppears to resut from increased inqulin
receptor (IR) levds as wel as an increase in insulingimulated IR activaion
(increased insulin-gimulated tyrosine phosphorylation) in the GHR/BP -/- (Dominici
et al., 2000).

Lifespan of the GHR/BP -/- mice is sgnificantly increased compared to +/+
mice as wdl as +/- micee. Mae GHR/BP -/- mice are reported to live an average
975+106 days as compared to +/+ made littermate controls 629+72 days (Coschigano

et a., 2000). Femade GHR/BP -/- mice averaged 1031+41 days compared to 749+41
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days for +/+ femde littermate controls. In agreement, GH deficient mice dso have
longer average lifespans (Bartke et a., 1998; Brown-Borg et d., 1999). Therefore it
appears that the lack of GH activity leads to an increased lifespan.  Whether the
GHR/BP -/- mice actudly age dower or live longer due to a prolonged senescence is
not known, dthough the dday in fird vagind opening (Danilovich e d., 1999) and
the delay of firs conception observed in femde GHR/BP -/- mice (Zhou et d., 1997)
points to a decreased rate of development. Another theory suggests that a decreased
exposure to insulin can play an important role in the extenson of life (Parr, 1996; Parr,
1997).

GHR/BP -/- mice ae protected from diabetic nephropathy (Belush & 4d.,
2000). In an expeiment peformed by our laboratory, pancregtic [3-cdls were
destroyed with streptozotocin (STZ) trestment to induce diabetes in GHR/BP -/- and
+/+ mice. Blood glucose was increased ~4-fold as compared to vehicle-treated control
animas. Andyss of kidney weights from the ++ mice reveded a significat
increase in the diabetic mice when compared to non-diabetic mice. In contrast, kidney
weights from diabetic and non-diabetic GHR/BP -/- mice, did not change
Furthermore, gomerular volume and the ratio of mesangid aredltotd glomerular
surface area (an indicator of rena hypertrophy) were unchanged in GHR/BP -/- mice,
while a sgnificant increase occurred in didbetic +/+ animas. Rend histology showed
that only the +/+ diabetic mice exhibited glomerular lesons, while the GHR/BP -/-
gomeuli were dmilar in hidology to the nondiagbetic mice. The presence of

glomerular lesons and increese in mesangid area indicated that glomeruloscleross
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occurred in the +/+ mice when diabetes was induced with STZ, while kidneys from
the GHR/BP -/- mice were protected from STZ-induced digbetic damage. These

results suggest that GH plays a crucid role in the progression of glomeruloscleross.
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HYPOTHESISAND GOALS
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The generd god of this project is to creste GH resstance in cultured cells and

in transgenic mice usng a ribozyme approach. Hence, the following specific gods

outlines below were underteken in an effort to test the hypothess that the stable

integration of DNA encoding a hammerhead ribozyme targeted to the GHR mRNA

into cultured cells and mice will cause resistanceto GH.

l. To design and condruct a hammerhead ribozyme targeted to the mouse
GHR-mRNA with the gods of:

a

b.

C.

Andyzing the potentid target Sites from sequence data of MGHR

Dedgning a ribozyme based on nudeotide sequences flanking the
selected target Site

Cloning the ribozyme into a mamméalian expresson vector

. To test the ribozyme in vitro for activity and specificity by:

a

b.

C.

d.

Creating DNA templatesfor in vitro transcription
In vitro transcribing the ribozyme and GHR RNA
Performing ribozyme cleavage assays

Confirming the presence of cleavage products

[I. To create a gable cdl line that expresses detectable levels of GHR through:

a

b.

Sable trandgfection of the GHR/BP ‘ mini-gene’ into mouse L Cdlls
Verifying sable integration of the DNA
Determining the level of GHR expression in isolated clones

Deemining the levd of GH dimulaed STAT-5 activation in the
isolated clones
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Determining the relaionship between receptor number and STAT-5
activation

To test theribozyme in cultured cels by:

a

b.

Stable transfection of ribozyme DNA into mouse cdlls expressng GHR
Verifying dable integration of the DNA

Determining the leved of GHR expresson in ribozyme transfected
clones

Determining if a decrease in GHR sufficient to creste GH resstance in
the form of decreased GH stimulated STAT-5 activation

To test the ribozyme in transgenic mice:

a

b.

C.

d.

Egtablishing transgenic mice via microinjection of ribozyme DNA
Verifying Sable integration of the DNA
Determining the level of GHR expression in transgenic mice

Determining if adecrease in weight occursin the transgenic mice

To cross RZ transgenic mice to GHR +/- mice

a

b.

C.

Verifying genotype
Determining the level of GHR expresson in transgenic mice

Determining if adecrease in weight occurs in the transgenic mice
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MATERIALS

The plasmids pMTK-bGH-C, pMet-IG-mGHR, pMet-mGHR/BP, pMet-
STAT5A-flag, pMSV-D29, pCMV-bGH-B, pGB2/B, pGBL/H, and pGB/HR-7/8 were
obtained from Dr. John Kopchick (Ohio Univergty, Athens, OH). The plasmid pNTL,
containing the LoxP-TK/neo used in the cloning of pBPKO/99, was obtained as a gift
from Dr. Allen Bradley (Baylor College of Medicine, Hougton, TX). The plasmid
pUC19dt, used for all tRNA-tethered ribozyme condructions, was obtained as a gift
from Dr. Kazunari Tara (Universty of Tsukuba, Tsukuba Science City, Japan).
Oligonuclectides were purchased from Sigma-Genosys Fisher (The Woodlands, TX).
All modifying enzymes, induding redriction enzymes were acquired from New
England Biolabs (Beverly, MA) or Promega (Madison, WI). Elutip-dTM columns
were purchased from Schleicher and Scheull (Keene, NH). Large-scde plasmid
preparation kits were purchased from QIAGEN (Vaencia, CA). Sequencing reagents
induding Klenow were purchased in a kit from Amersham (Arlington Hts, IL). 3P
for sequencing and in vitro transcription reactions was purchased from DuPont NEN
Research Products (Boston, MA). In vitro transcription was performed using
MEGAscript™ and Megashortscript™  kits purchased from Ambion (Austin, TX). All
gd eectrophoresis apparati were purchased from BioRad (Hercules, CA). A LS 6500
liquid scintillation system purchased from Beckman Coulter (Fullerton, CA) was used
for dl sdntillaion counting. Ready Safe™ liquid scintillation cocktal and Poly-Q™
vids were aso purchased from Beckman Coulter. Mouse L cdls were obtained from

ATCC (Rockville, MD). LipofectAMINE, DMEM, and other cdl culture reagents
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and media components were purchased from Life Technologies Gibco BRL
(Rockville, MD). C57 black/6 mice were purchased from Jackson Laboratory (Maine,
USA). All other chemicas including those used for sSlver staining were purchased

from Fischer Scientific (Pittsburgh, PA) or Sigma Chemica (S. Louis, MO).
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METHODS

Selection of the ribozyme target site

The full-length cDNA sequence of the mouse GHR (see figures 7 & 8) was
used to identify GTC triplet sequences as potentid targets for ribozyme cleavage
(Moffat et a., 1999). From the GTC potentid target sequences, twelve base par
helices flanking the cytosne of the GTC target were identified. These hdlices,
representing helix |1 and 1l of a hammerhead ribozymeftarget RNA interaction, were
andyzed using criteria outlined in figures 9 & 10, reported in the literature to be
important for ribozyme desgn. A generd rating scheme was creasted based on the
following: The greater the number of adenosnes (#As) present in the ribozyme arms
the better (Herschlag, 1991). Multiple repeats of a dngle nuclectide (m-Ns) is
discouraged in primer prediction programs such as GeneWorks'™. The strong binding
asociated with high (GC) content favors non-specific association with short stretches
of sequence and is discouraged (Herschlag, 1991). Ribozymes have been shown to
degrade a a higher rate when UA and CA dinucleotides are present. These dtes are
specific targets for an unidentified endoribonuclease (Qiu et a., 1998). Usng these
criteria, the second GTC following the trandationd start Ste in exon 2 was sdected as
the target dte for ribozyme ceavages The dasic 22-nuclectide hammerhead

ribozyme core sequence was used for the cataytic core of the ribozyme.
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Exonl:  tgacaacccacgagctgecaagcaggegcagecaigggaagaggaggeaG T Ctagggagoggogg
cactggcagaggoeggctgctacageggoegatggtggegacggctgitactgaacceeggeagecgoggggateccgy
gatggG T Ceacgeggectgaggectcggetecageageccecaageggacacgaaccegegttct G T Cteocga
ggcgaaactccgey

Exon2: GTthaggtgatctttGTCagGTCttcttaaccttggca:tggcaGTCaccagcagca:attt
tctggaagigegg

Exon 3: ctacaccagctactcttggcaaagcttceccagttctgcasagaatcaatccaagectggggacaa

Exon 4: gttcttctggaasagectcgattcaccaagt G T Cgtteccctgaactggagacattttcatgetactggacaa
aggagataatcctgatttanagaccccaggatctaticagetgtactatgctaaaag

Exon 4B: ggaaagccaacgacaagctgcaag

Exon 5. aattgctcatgastggacccaggaatggaaagaatgecctgattatG T Ctetgetggaasaaaacagctgtt
acttcaactcatcatatacctccatttggataccctactgcat caagctaactacasatggtgatttgctggaccaasaatgtttc

actgttgacgaaatay

Exon 6: tgcaacctgatccacccattggectcaactggactttactasacattagtitgaccgggattcgtggagacate

caagtgagttggcaaccaccacccaatgcagatgtictgaagggatggataattctggagtatgaaattCagtacaaagaag
taaatgaatCasaatggaaagty

Exon 7. atgggccctatatggttaacatactG T Ccagtgtactcattgagaatggataaagaacatgaagt gcgggtg
agatccagacaacggagctttgaaasagtacagcgagticagegaaG T Cceteegtgtaatatttcctcagacgaacatatty
gaagcatgtgaagaag

Exon 8A: gaaccaaGT Ccaettctcagcacccacatcaagagattgacaaccacctgtatcaccagcticagagga
tcegecateedtadecttgtgggeacctgeattcatatgcacatacatgcatacycat aattcasagt astaaaa

Exon 8: atatccagtttccatggttcttaattattatcttiggaatatttggagtagcagtgatgctattigtagttatattttcaa
agCtegcasag

Exon 9: gattaagatgctgeattttacccccaG T Cecagticcaaagettaaagggattgatccagatctictcaag

Figure 7. cDNA sequence of exons 1 through 9 of mouse GHR. Potentid GTC
hammerhead ribozyme target sequences are represented in bold  print. The
trandationa start codon (atg) in exon 2 is boxed (Moffat et d., 1999).
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Exon 10: ggagggaagttggaggaggtgaacaccatcttaggcattcatgataactacaaacccgacttctacastgat
gattectggG T CgagtteattgagetagatattgatgaagcagaigtggatgageagectgaeggG T Ctgacacagac
agactictaagcaatgatcatgagaaatcagetggtatcettggagcanaggatgatgattctgggegtaccagetgttacga
ccctgacattttggatactgatttccataccagtgacatgtgtgatggtaccttgaagtitgctcaG T Cacagaagttasatat
ggaagctgatctettgtgcecttgatcagaagast ctgaagaacttgccttatgatgcettcecttggctctetgeatcectecatta
Ccccagacagtagaagaaaacaagccacagccacttttgagcagcgaaactgaggcaacccaccaactcgectctacacc
gatgagtaatcccacatcactggcasacattgacttttatgcccaagtaagegacattacaccagcaggtggtgat G T Cet
ttcceccaggecaasagattaaggcagggatagcccaaggcaatacccagegggaggtggecacgeccigecaagaaaa
ttacagcatgaacagtgectacttttgtgaG T CagatgccasaaaatgeatcgcetgtggeecG T Cgeatggaagecac
GT CttgtatasaaccaagctttaaccaagaggacatttacatcaccacagaaagccttaccactactgeccagatG T Ct
gagacagcagatattgctccagatgetgagatG T CtG T CecagactacaccacggttcacaccgtgcaG T Cteca
aggggccttatactcaacgcaactgctttgectttgectgacaasaagaettttccctectegtgtggttatgtgagcacagacc
aactgaacaaaatcatgcagtagcctttectatctttasatggcaagggaaaggctgggcacasacycttaaaccaasactat
gitttasatctgtgttgggagagcatgagegtggatatggattctasaatactttttctggasat G T Caasat atcaataagty
gaaaat caagaattcgtaat cagataaatgcteccattgtgaattataaatattttaatgaatt G T Ctttaagactgtatagtgg
cagtgattG T CtgtactgtggG T Ctaattttgtgatactasgcattasatagctacgttttttatgtatgtagatcatgcttitg
gaaasagcaasacaatcaggtggctttigcagticaggasattgaatgeagattatagcacaggctgattttttttttcttttitaa
ataactgggaactaasactctaggtgagaaggtaaaactagnttggatatgcaaaaceatttattttgacatnasattgatasag
atetttttaataatttacactttasgcatgagkmctttataatatgctacacacatattgtagticagaacaatccatctnaggatgt
agcagctacagtgtaaagagggnttcatgttitgG T Caatgaacgtasagaaaaccaaacaagttagatttttacaaagcc
Cttttataacttccaaaacttcttaact ctaaaaat G T Ctastaacctgcatt attagasaasaacatittaseatttgtaaacgaat
atttttttaattttgaaaactttatttttttttastgttgastcaacgtatcatacaccaaacagtasacagasattataatastggaag

aagtgcittcttcgacaaetitocattcaagccacacagctacagtaagageagiagaagigalgtggtgtgattggetagga
tgcageagagcitcaggast acaagaagigagagcccaaggatigggaggagggggctctcacatctecacagigeaG
T CtGT CaaacccagcttggtttttatagtattctaagaattattgtgtacaaggaaaaG T Ctcacatgtatgaaatccagt
alccagatggggtasagitagcagateataggataggasattcaagacctagatctagnactagtggactittttcacagaca
gnacacaadtttttaattcagggagaagggacagaatasatgacttcecact cacasagcacaactcagaagtasttasaca
ggtaacagaaaccttgecatcasaccittgataagatgtattitaagtagtaagcagtatticaatgcttnttacttaccctcccag
gacaaccgat ctcaaataagggageataaggtagatasasat cactttttgattctgtastaacatasacatagttcttigggttag
cacccccccasasaaaadtttatgggagaaagaggactctcagctgactgaagastacatntnatttaaatattttttagatge
ctgasactttaaaattacctttaagttttaatggattaccattttgccasgacctttgtggggasacaagcttaatgtitagtgatttt
gaaetctetttcatgcaggagagacagtgaaael ctagectigggtgtitaaggttegectigitactitgteatagatittaaioa
gtitttctgetactttgctgetatggtitctccaatggctacatgatitagttcatatgaagtat catcaacttagaatctattcagett
asagatgtgtgtittgatgaactatcttaccatttcaccataggctgaccacgtttctatagecasaaat agctaaatacctcaat
cagttccagaat G T CattttttggtactttgctggccacacaagecgttattcaccgtttaactagtigtgtictgcaG T Ctat
attaactttctttatG T Ctgtggetttttcecttcaaagticaatasa

Figure 8. cDNA sequence of exon 10 of mouse GHR. Potentid GTC hammerhead
ribozyme target sequences are represented in bold print. The trandational stop codon
(tag) isboxed (Moffat et d., 1999).
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#As mNs GC CA/UA
Exon 2: atggatcttt GICaggtcttcttaa
uaccuagaaaca uccagaagaauu 11 3 8 3
tctttgtcagGICttcttaaccttg**
agaaacagucca aagaauuggaac 12 3 9 2
ggcact ggcaGlICaccagcagcaca
ccgugaccguca uggucgucgugu 2 1 12 1*

Exon 4. tt caccaagt GICgttcccct gaac
aagugguucaca caaggggacuug 7 4 12 3

Exon 5: ccctgattat GICt ct gct ggaaaa
gggacuaauaca agacgaccuuuu 8 4/3 10 3

Exon 7: ttaacat act GTCcagt gt act cat

aauuguaugaca gucacaugugua 8 1 8 5

gttcagcgaaGICct ccgt gt aat a

caagucgauuca gaggcacauuau 6 1 11 5
Exon 8a: aaggaaccaaGICcaattctcagca

uuccuugguuca guuaagagucgu 10 1 10 2
Exon 9: tttacccccaGlICccagtt ccaaag

aaauggggguca ggucaagguuuc 6 5/3 7 2

Figure 9. Potential ribozyme target sites from exons 2-9 with corresponding
antisense arms that represent helices | and Il of ribozyme-GHR mRNA
recognition. The numbers to the right of the sequences represent criteria reported to
be important for ribozyme desgn. The greater the number of adenosines (#AS)
present in the ribozyme arms the better (Herschlag, 1991). Multiple repesats of a sngle
nucleotide (MmNs) is discouraged in primer prediction programs such as
GeneWorks™. The strong binding associated with high (GC) contert favors non
goecific association with short dtretches of sequence and is discouraged (Herschlag,
1991). Ribozymes have been shown to degrade a a higher rate when UA and CA
dinucleotides or present. These dtes ae gpecific targets for an  unidentified
endoribonuclease (Qiu et a., 1998). **Target Ste sdlected for ribozyme design.

Key: (bold underlined = optimal; bold = good; regular text = indifferent; italic =
sub optimal)
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#As m Ns GCCA/ UA

Exon 10: tgattcctggGIrCgagttcattgag
acuaaggaccca cucaaguaacuc 9 1t 11 4

agact gaaggGTICt gacacagacag

ucugacuuccca acugugucuguc 3 1t 12 1
agtttgctcaGlrCacagaagtt aaa
ucaaacgaguca ugucuucaauuu 7 2t 8 3
aggt ggtgat GICctttccccaggc
uccaccacuaca gaaagggguccg 7 1glt 14 4
acttttgtgaGlrCagat gccaaaaa
ugaaaacacuca ucuacgguuuuu 7 1P1qg 8 3
gct gt ggcccGICgcat ggaagcca
cgacaccgggca cguaccuucggu 4 1t 16 3
t ggaagccacGICtt gt at aaaacc
accuucggugca aacauauuuugg 6 1q 10 3
ctgcccagat GICt gagacagcaga
gacgggucuaca acucugucgucu 4 1t 13 2
at gct gagat GTCt gt cccagact a
uacgacucuaca acagggucugau 7 1t 11 4

Figure 10. The first 9 Potential ribozyme target stes from exons 10 with
corresponding antisense arms that represent helices | and 111 of ribozyme-GHR
MRNA recognition. The numbers to the right of the sequences represent criteria
reported to be important for ribozyme desgn. The greater the number of adenosines
(#As) present in the ribozyme arms the better (Herschlag, 1991). Multiple repests of a
gngle nucectide (mNs) is discouraged in primer prediction programs such as
GeneWorks™. The srong binding associated with high (GC) content favors non
gpecific association with short dretches of sequence and is discouraged (Herschlag,
1991). Ribozymes have been shown to degrade at a higher rate when UA and CA
dinuclectides or present. Thee dtes ae pecific targets for an  unidentified
endoribonuclease (Qiu et d., 1998). Key: (bold underlined = optimal; bold = good,;
regular text = indifferent; italic = sub optimal)
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GHR-RZ plasmid congtruction

Plasmid DNA manipulaions were peformed usng dandard cloning
techniques (Maniatis et d., 1982). The plasmid pMe-IG-mGHR contaning the
ampicillin  resgance gene, a bovine growth hormone poly adenylaion <Sgnd
sequence, and a mouse metdlothionine-1 transcriptiond regulatory eement was used
as an expresson vector for the GHR ribozyme (see figure 11). The plasmid was
prepared for ligation by digestion with Xbal and Xbol. The fragments were separated
for 2 hours a 100 volts by eectrophoresis on a 1% agarose gel in TAE buffer (25mM
tris-Acitate pH 80, 10 mM sodium acetate, 1 mM EDTA). DNA bands were
visudized under ultraviolet light in the presence of ethidium bromide and the ~4100
bp band corresponding to the pMet-1IG-mGHR expresson vector done (minus the
MGHR cDNA) was removed usng a scdpe. The fragment was placed into didyss
tubing containing TAE. The DNA was extracted from the agarose by eectrophoresis
for 1 hour a 80 volts and purified using Elutip-d™ (Schleicher & Schuell Inc., Keene,
NH) ion exchange columns equilibrated with a low sdt buffer (0.2 M NaCl, 20 mM
TrissHCl pH 7.5, 1 mM EDTA). The column was washed once with 5 ml of the low
sat buffer. The DNA was duted from the column with 500 ul of a high sdt buffer (1
M NaCl, 20 mM Tris-HCl pH 7.5, 1 mM EDTA). The DNA was then precipitated
with 2 volumes of 100% ethanol a 4°C for one hour. The precipitated DNA was
pelleted by centrifugation for 10 minutes at 16,000 x g. The DNA pdlet was washed
once with ~1 ml of 70% ethanol followed by desiccation in a Speed-vac centrifuge.

The DNA was resusended in deionized H,O. The ribozyme DNA insert for ligation
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pMet-1G-mGHR

RZw xnol
& Xbal
\ ipni
-Xbal/Xhol digest .
-isolate vector fragment -anneel RZ oligos
-mix
-ligate

Kpnl

Xhol

pMet-GHR/RZ o

Figure 11. The Consruction of pMet-GHR-RZ. The plasmid pMet-1G-mGHR
contaning the ampicillin ressance gene, a bovine growth hormone poly adenylation
ggnd sequence, and a mouse metdlathionine-1 transcriptiond regulatory dement was
used as an expression vector for the GHR ribozyme. The plasmid was prepared for
ligation by digestion a unique Xbal and Xbol dtes Oligonucleotides encoding the
sense and antisense sequences of the GHR-RZ were annedled with overlapping Xbal
and Xbol stesat the5 and 3 ends, respectively.
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was prepared by anneding 10 ug of 52 nucleotide long sense, and 10 ug of 52
nucleotide long antisense oligonuclectides in T4 DNA ligase buffer from Promega (30
mM Tris-HCl pH 7.8, 10 mM MgCh, 10 mM DTT, 10 mM ATP) in a totd volume of
60 ul. The reaction mixture was heated to 98°C and dowly cooled to 25°C over a
period of 1 hour (when anneded, the ribozyme oligonucleotide DNAs were designed
to have Xbal / Xbol overhangs a the 5 and 3 ends, respectively). 1 ul of the
ribozyme anneding reaction was removed and added to a ligation reaction containing
100 ng of the ~4100 bp pMet-1G-mGHR expresson vector cleaved a the Xbal and
Xbol. The ligaions were peformed according to the manufactures ingructions
(Promega; Madison, WI). To the ribozyme and vector DNAS, 1 ul T4 DNA ligase, 1
ul of T4 DNA ligase buffer and H,O to a find volume of 10 ul was added. The
ligation reaction was incubated 14°C for 16 hours. Following the ligation reaction the

reaction was diluted with 32 ul of TE (10 mM Tris-HCI pH 8.0, 1 mM EDTA).

Bacterial transformations

Trandformations were performed according to the manufactures indructions
(Gibco BRL; Gaithersburg, MD). 1 ul of the diluted ligation resction mixture was
added to 20 ul of E. coli DH5a dran pretreated with cacium chloride. The cdls were
incubated on ice for 30 minutes followed by a brief heat shock at 42°C for 45 seconds.
80 ul of SOC medium (2% Tryptone, 0.5% yeast extract, 10 mM NaCl, 25 mM KCl,

10 mM MgSO,s) was added to each transformation resction tube followed by
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incubation a 37°C for 1 hour. The cels were then spread on LB agar plates (10 g
tryptone, 5 g yeast extract, 10 g NaCl, 15 g Bacto-agar, HO to 1 L) containing 50

ug/ml ampicillin and incubated over night at 37°C.

Small-scale plasmid preparations

Following the overnight incubation of plaed trandformed cdls, individud
bacterial colonies were transferred to individud tubes containing 5 ml of LB media
with 50ug/ml ampicillin and incubated a 37°C overnight. Plasmid DNA was then
isolated by the akaine lyss method as described (Manidtis et a., 1982). 1.5 ml
cultures were transferred to 1.5 ml Eppendorf tubes, centrifuged a 16,000 x g for 30
seconds and the resulting supernatant was aspirated and discarded. The pelleted cdls
were resuspended in 100 ul of lyss buffer (25 mM Tris-HCl pH 8.0, 10 mM EDTA,
50 mM glucose) and incubated for 5 minutes a room temperature. The cdls were
lysed by the addition of 200 ul 0.2 N NaOH + 1% SDS. Following lyss, the samples
were neutrdized with 150ul cold KOAc buffer (60 ml 5 M KOAc, 1.5 ml glacid
acetic acid, 28,5 ml HO, pH 4.8) for 5 minutes on ice. The samples were centrifuged
for 5 minutes a 16,000 x g. The supernatant was then transferred to new Eppendorf
tubes. An equa volume of a 1:1 mixture of phenol/chloroform was added followed by
mixing by brief vortex and centrifugation for 2 minutes at 16,000 x g. The supernatant
was then trandferred to new Eppendorf tubes in which the DNA was precipitated by

the addition of 2 volumes of ethanol, vortexing and centrifugetion. The pdleted DNA
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was washed with 70% ethanol, dried and resuspended in 50 ul TE containing 20

mg/ml RNase A.

Screening clones/ sequencing

Initid screening for plasmids containing the ribozyme insart was performed
usng the redriction endonuclease Kpnl on plasmid DNA isolated from smdl-scde
plasmid preparations. The digested plasmid fragments were resolved on a 0.8%
agarose gel at 100 volts for 30 minutes. The sequences of the plasmids containing the
ribozymes were confirmed by dideoxy chain termination method according to the
manufactures indructions (Amersham; Arlington Hts, IL). 2 ug of each plasmid were
denatured in a solution of 0.2 N sodium hydroxide for 5 minutes & 80°C. The
solution was neutrdized with sodium acetate.  The plasmid DNAs were then
precipitated with ethanol, washed and dried in a vacuum desiccator. An
oligonuclectide primer (designed to begin a the 5 CAP sequence of the
metalothionine promoter and direct DNA extenson in a 3 direction towards
ribozyme sequences) was combined with the denatured DNAs and anneded by
heating to 65°C for 2 minutes and then dowly cooling to 30°C. T7 DNA polymerase,
dl four dNTPs, sequenase buffer, and a->2P labeled dATP were added and the mixture
was incubated for 3 minutes at 25°C. Four equa diquots of the mixture were added
to four tubes containing the didioxynucleotides of G, A, T, and C and incubated for 5

minutes & 37°C. The reaction was stopped with the addition of formamide and heated
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for 2 minutes & 95°C. The reaction mixtures were separated on a 6% polyacrylamide
gd containing 8M urea. The ge was fixed in a solution of 10% methanol and 10%

acetic acid, dried, and exposed to film overnight.

L arge-scale plasmid preparations

To isolate a large amount of plasmid DNA, bacteria postive for the plasmid
containing the ribozyme were added to 100 ml of LB media contaning 50 ug/ml
ampicillin and incubated a 37°C overnight on an orbita shaker set a 180 rpm. 20 ml
of the cdl growth were added to 500 ml of LB media containing ampicillin and
incubated a 37°C. For al pBR322 based plasmids (pMet-IG-mGHR, pMet-
MGHR/BP, pMTK-bGH-c, pGHR-RZ, and pBPRZ) 170 ug/ml chloramphenicol was
added to growing cultures to increase plasmid copy number and reduce the amount of
chromosoma DNA in the plasmid preparations.  Following the growth of overnight
bacterid cultures, plasmid DNA was isolaed usng QIAGEN Pasmid Maxi Kits
according to manufecturers instructions (QIAGEN; Vadencia, CA). Bacterid cdls
were pdleted by centrifugation for 15 minutes a 6000 x g a 4°C. After discarding
the supernatant the cells were resuspended in 10 ml buffer P1 (50 mM Tris-HCI pH
8.0, 10 mM EDTA; 10 ug/ml RNase A) by vortexing. To lyse the cdls, 10 ml of
buffer P2 (200 mM NaOH, 1% SDS) was added, mixed by inverting the tubes 5 times
and incubated at room temperature for 5 minutes. The mixture was then neutraized

with 10 ml of buffer P3 (3.0 M potassum acetate pH 5.5). The lysate was then
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trandferred to a QIAfilter catridge (for filtering out cdlular debris) where it was
incubated at room temperature for 10 minutes. During the incubation, a QIAGEN-tip
anion exchange column was equilibrated with 10 ml buffer QBT (750 mM NaCl, 50
mM MOPS pH 7.0, 15% isopropanol, 0.15% Triton X-100). After the 10 minutes
incubation, the lysate in the QIAfilter cartridge was filtered into the equilibrated
QIAGEN-tip column and dlowed to gravity flow though the column. The column
was then washed 2 times with 30 ml of buffer QC (1.0 M NaCl, 50 mM MOPS pH
7.0, 15% isopropanal). The plasmid DNA was then duted from the column with 15
ml of buffer QF (1.25 M NaCl, 50 mM Tris-HCI pH 8.5, 15% isopropanol). The
DNA was precipitated by the addition of 0.7 volumes (10.5 ml) isopropanol and
centrifugation at 15,000 x g for 30 minutes a £C. The DNA pdllet was washed with

70% ethanol ar-dried and resuspended in TE.

In vitro transcription.

Large-scde synthesis of subdrate and ribozyme RNAs were performed using
T7-MEGAscript and T7-MEGAshortscript  kits, respectively (Ambion; Audin, TX)
according to the manufacture’s protocol. The template DNAS used for the production
of ribozyme transcripts were synthesized by PCR (see figure 12). A 5 primer directed
to the CAP sequence of the metdlothionine promoter was designed with a 23 base T7
promoter sequence appended at the 5 end. Amplification of the target DNA vyielded
PCR products, which contain the T7 promoter upstream of the ribozyme sequences.

The PCR product was purified by phenol/chloroform extraction, ethanol precipitation,
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6 base overhang
for efficient

transcription Met 5 primer sequence

TGGTAGTAATACGACTCACTATAGGGAGGGTCACCACGACTTCAACG

Core T7 promoter sequence
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Figure 12. DNA templates for in vitro transcription were generated by PCR. A
5 primer (boxed sequence at top) directed to the CAP sequence of the metdlothionine
promoter was designed with a 23 base T7 promoter sequence appended at the 5 ends.
Amplification of the target DNA yiedded PCR products that contained the T7 promoter
upstream of the ribozyme sequences (bottom). This dlowed for the production of a
PCR product that, when transcribed in vitro by T7 DNA polymerase run off
transcription, would produce RNA dsmilar in dze to the predicted RZ-mRNA

transcribed in vivo (with the exception of MRNA processing events).
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ethanol wash, vacuum desiccation, and resuspended in RNase free water supplied by
the T7-MEGAsript kit.  In vitro transcription was performed according to T7-
MEGAscript kit manufacture' s indructions (see figure 13) 5 ul of a 200 ng/ul purified
solution of DNA containing the T7 core promoter sequence were added to the
following mixture 2 ul 10 x transcription buffer, 2 ul ATP solution (75 mM), 2 ul
CTP solution (75 mM), 2 ul GTP solution (75 mM), 2 ul UTP solution (75 mM), 2 ul
T7 MEGAshortscript enzyme mix, and 2 ul RNese-free deionized water for a find
volume of 20 ul. For RNA used in sngle turnover reactions for determining kinetic
constants, 1 ul *?P-labeled UTP (10 mM) was added to the reaction (DuPont NEN
Research Products, Boston, MA). The contents were mixed by gentle vortexing
followed by a brief microcentrifuge soin to collect dl the reection mixture a the
bottom of the tube. The reaction was incubated for 4 hours a 37°C. Incubation was
stopped by the addition of 10 ul of RNase-free deionized water and 30 ul of lithium
chloride precipitation solution. The RNA was then mixed thoroughly, chilled for 30
minutes a -20°C, and centrifuged for 15 minutes a maximum speed. The supernatant
solution was carefully removed by aspiration with a smal glass pipette.  The RNA
was then washed with 70% ethanol and the supernatant once again removed with a

glass pipette. The RNA was then dried with vacuum desiccation.

Ribozyme Cleavage Assays
The concentrations of ribozyme and substrate RNA’'s were determined by

spectophotometry and the molarities calculated. 1.5 ml RNase-free microfuge tubes
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Figure 13. In vitro transcription usng PCR generated DNA templates. T7 RNA
polymerase in vitro transcription reactions performed usng PCR generated DNA
templastes containing T7 core promoters designed into the 5-primers.  The RNAS
were quantified and combined to verify cleavage activity of the GHR-RZ. The RZ
was predicted to annedl to a target Ste 91 nts into the truncated GHR-substrate RNA
(618 nt). Following cleavage catalyzed by the RZ, a 91 nt 5 cleavage product and a

527 nt 3' cleavage product were predicted.
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were placed on ice and the ribozyme and substrate RNA’s were added to a “standard’
reaction nixture of 50 mM Tris-Cl pH 7.5, 50 mM NaCl, and 10 mM MgChL. The
“gandard” reaction mixture was based on conditions most commonly used in reported
ribozyme cleavage assays (RCAS). These conditions were confirmed by performing
RCAs in which each of paameaers were dtered individudly. Multiple turnover
reactions were incubated at 37°C for various amounts of time by removing 20 ul
diquots a specific time intervas.  Vaying concentrations of substrate RNA’s were
incubated with a fixed ribozyme concentration to determine the cleavage activity of
individual ribozymes in vitro. Single turnover reactions were incubation & 59°C for
15 minutes. All reactions were stopped by the addition of stop solution that contained
95% formamide, 20 mM EDTA, 0.05% bromophenol blue and 0.05% cyanocyanol
and placed on dry ice. The reactions were heated for 2 minutes at 95°C and ice
quenched to discourage RNA/RNA intermolecular binding prior to resolving via gd
electrophoress. RNA’s from the individud reactions were resolved on 6%

polyacrylamide gelsin 8 M urea.

Silver Staining, Image Analysisand Scintillation Counting

Polyacrylamide gds containing the resolved RNA from the ribozyme cleavage
reactions were slver sained according to Pafner et al (Pafner et d., 1995). Gds
were incubated in a 1% solution of HNO® for 15 minutes followed by a 15-minute

incubation in a solution of 0.2% Slver nitrate.  The gels were rinsed with deonized
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H,O and placed in a deveoping solution (30 gL NaCOs, 05 ml/L 37%
foomadenyde, 2 mgllL sodium thiosulfate) untii RNA bands were visble
(approximately 20 minutes). The gds were fixed with 10% acetic acid for 10 minutes
and dried between a piece of 3M filter paper and a clear cellophane sheet for 1 hour on
a heated gd dryer. Image andyss was performed on the dried gels using the BIO
RAD Gd Doc 1000 system and molecular andyst software (BIO RAD, Hercules, CA,
USA). Following image andyss, the slver sained RNA bands were excised from the
gd and placed into Poly-Q™ vids with Ready Safe™ liquid scintillation cocktail
(Beckman, Arlington Hts, IL). An LS 6500 liquid scintillation system (Beckman) was

used for scintillation counting.

Generating stable mouse L cells expressing mouse GHR

Mouse L cdls (subcutaneous connective fibroblasts) negative for both
thymidine kinase (TK) and adenine phoshoribosyltrandferase (APRT) were sably
transfected usng the CaPO, method previoudy described (Wigler 1977, Wold 1979,
Pellicer 1980, Roberts 1982, Kelder 1994). Approximaely 1x10° cdls in culture
medium (DMEM containing 10% serum and 50 ug/ml gentamicin sulfate) were passed
to 100 mm culture dishes and incubated for 18 hours at 37°C. 3 ug of pMet-GHR/BP
(see figure 14), 30 ng of pDI AT3, 15 ug of L cdl DNA and 60 ul 2 M CaCl, was
mixed in deionized H,O to a volume of 500 ul. The DNA mixture was then added to
an equd volume (500 ul) of 2x HEPES buffered sdine (21 mM n-2-

hydroxyethyl piperazine-n' - 2-ethanesulfonic acid (HEPES), 137 mM NaCl, 5 mM
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Figure 14. The mouse GHR/BP expression vector pMet-mGHR/BP was used to
create stable mouse L cells that express both GHR and GHBP. The plasmid
contained the ampicillin resstance gene, a bovine growth hormone poly adenylation
ggna sequence, ad a mouse metdlothionine-1 transcriptiona  regulatory  element.
The GHR’mini-gene’ contained mMGHR cDNA plus genomic sequence from the 3
end of exon 7 to the 5 end of exon 8. The incdluson of intervening sequences flanking
exon 8a dlowed for expression of both the GHR and GHBP dternatively spliced gene
products.
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KCI, 0.7 mM N&POQO4, 6 mM glucose) containing 10 ul 70 mM phosphate pH 6.9 and
incubated for 15 minutes at room temperature. The combined mixture was added to
the L cdls and incubated a 37°C for 5 hours. Following the incubation, the
transfection media was removed and the cells were incubated with 10 ml HEPES
buffered sdine containing 5% dimethyl sulfoxide for 90 seconds. The cdls were then
washed twice with DMEM followed by the addition of 10 ml culture medium (DMEM
contaning 10% sarum and 50 ug/ml gentamicin wulfate). 24 hours dfter the
transfection, the cells were passed to 150 cnt flasks and APRT+ cdlls were selected in
culture medium containing 4 ug/ml azaserine and 15 ug/ml adenine.  Once the
surviving cdls had expanded to approximatdy 70 % confluence in the 150 cnf flasks,
TK+ cdls were sdected usng HAT media (culture media contaning 15 ug/ml
hypoxanthing, 1 ug/ml aminopterin and 5.15 ug/ml thymidine). HAT media was d0
used for maintaning the cdls following sdection a 37°C in a humidified amosphere
of 5% CO,. From the surviving pools of cdls individud clones were isolated by
passing cdls into 96-well plates & a concentration of 0.5 cdlswel. Wéls containing
sngle cedls were identified under a dissecting microscope.  Following expangon of the
individual clones, colonies were transferred to individud 25 cnf flasks by sirring the
bottom of the wells with a pipette tip and removing the medium. HAT medium was
added back to the wells of the 96-wel plate to dlow the cels Ieft over from pipetting

to expand for PCR andyss.
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PCR on GHR/BP transfected cells

PCR was peaformed on 15 dable cel lines to verify the presence of the
transfected GHR/BP DNA. Medium was removed from cdl colonies growing in 96-
well plates. 190 ul of PCR lyss buffer (10 mM Tris-HCI pH 8.0, 50 mM KCl, 0.45%
NP-40, 0.45% Tween-20) with 10 ul of a 20 mg/ml stock solution of Proteinase K (20
mg/ml Proteinase K, 40% glycerol, suspended in PCR lysis buffer) was added back to
each well containing the desred cdl colonies. The plates were then incubated over
night at 55°C. The resulting cdl lysates were then trandferred from individua wells to
1.5 ml Eppendorf tubes. 4 ul of cdl lysate was added to 26 ul of a PCR “master mix”
cocktail containing (3 ul 10 x PCR reaction buffer (500 mM KCI, 100 mM Tris-HCI
pH 9.0, 1% Triton X 100), 1.8 ul 25 mM MgCh, 24 ul of an equad mixture of al 4
dNTPs each a 25 mM in the mixture, 0.375 ul 20 uM of the 5 primer
GTCACCACGACTTCAACGTCC (directed to the transcriptiond dat dte in the
mouse metdlothionein-1 transcriptiona regulatory eement), 0.375 ul 20 uM of the 3
primer CTACAAATAGCATGACTGCTAGTCC (618 bases 3 of the mouse GHR
cDNA trandationd dart site), 17.65 ul H20, 0.15 ul 5 wul Tag DNA polymerase) per
sample. The reactions were heated 2 minutes a 94°C, cycled 30 times from 94°C for
20 seconds to 58°C for 20 seconds to 72°C for 20 seconds, and held at 4 C until
removad from the thermocycler. 10 ul of the each PCR reaction was loaded onto a

0.8% agarose gd and resolved for 30 minutes at 100 volts.



130

Screening cellsfor functional GHR expression

The dably transfected GHR/BP DNA podtive L cdls as wel as double
transfected GHR-RZ cdls were screened for GHR expresson usng GHR binding
assays as described by Emtner et d 1990. In 6wdl tissue culture plates monolayers
of the stable cells were propagated to 100% confluence (~1x10° cdlsiwel). The cdls
were depleted in serum free DMEM medium for 2 hours a 37°C. Cdls were then
washed 3 times in 1x PBS containing 0.1% bovine serum dbumin (BSA). 160,000
cpm of %1-hGH a a concentration 1 nM in 2 ml of 1x PBS with 0.1% BSA was
added to esch wel with or without 100 nM non-redioactive bGH. The cdls were
incubated for 2 hours a room temperature on a dow orbital shaker.  Following
incubetion, the cells were washed twice with 1x PBS + 0.1% BSA. The addition of 1
ml of 0.1 N NaOH + 1% SDS to each well, followed by 5 minutes of fast shaking on a
orbital shaker was performed to lyse the cdls. Cdl lysates were then trandferred to
vids contaning 10 ml Ready Safe™ liquid scintillation cocktail (Beckman Coulter)
and the number of counts was measured usng a LS 6500 liquid scintillation system
purchased from (Fullerton, CA). The evauaion of relative GHR expresson for each
dable cdl line was based on the mean vadue of a least two experiments. Each
experiment was caried out in triplicate. The sixth GHR/BP cdl line, which had a
medium level of GHR expresson (as compared to dl 15 cdl lines screened by GHR

binding assays), was selected for subsequent study and referred to as “E6” cells.



131

Stable transfection of E6 cellswith a GHR-RZ

E6 cdls, which express GHR (Mouse L cdls gably transfected with GHR/BP
DNA), were used for GHR-RZ trandfections. GHR-RZ transfections were performed
according to the generd procedure for Sable trandfection of adherent cells with
LipofectAMINE™ outlined by the manufacturer's protocol (Gibco BRL). E6 cels
were maintained in HAT medium a 37°C in a humidified atmosphere of 5% CO..
Cdls were cultured in a 150cn? flask to a confluence of approximady 50%
(~3X107cdls). 1 ml of solution A (20 ug pMet-GHR-RZ, 200 ng pRSV-neo, DMEM
to a totd volume of 1 ml) and 1 ml of solution B (600 ul LipofectAMINE™™, DMEM
to a tota volume of 1 ml) were prepared in polystyrene tubes. The two solutions were
mixed gently and incubated for 30 minutes a room temperature. The cdls were
washed 1x with DMEM. 10 ml HT media without serum (DMEM with only 15 ug/ml
hypoxanthing, and 5.15 ug/ml thymidine added) was added to each flask. Following
the 30-minute incubation, the A/B mixture, was gently added to the flask. 5 hours
after the dart of the trangfection, 10 ml of HT media with 20 % serum was added to
the flask and incubated for 19 hours.  Following the 19-hour incubdtion, the
transfection medium was removed and fresh HAT medium was added back to the
cdls. 72 hours dafter the start of the transfection, the cdls were cultured in neomycin
section medium (HAT medium with 05675 mg/ml Geneticin, a neomycin andog
purchased from Gibco BRL). Following one week of sdection in the HAT medium
with 0.5675 mg/ml Geneticin, the surviving cdls were mantained in HAT medium

with 0.28375 mg/ml Geneticin.  From the surviving pools of cdls, individua clones
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were isolated by passng cdls into 96-well plates a a concentration of 0.5 celswdll.
Wedls containing sngle cdls were identified under a dissecting microscope.
Following expanson of the individud clones, colonies were trandferred to individua
25 cnt flasks by irring the bottom of the wells with a pipette tip and pipetting off the
medium. HAT medium was added back to the wells of the 96-wdl plae to dlow the

cdlsleft over from pipetting to expand for PCR analysis.

PCR screening of GHR-RZ transfected E6 cells

PCR was peformed on 10 dable cel lines to verify the presence of the
transfected GHR-RZ DNA. The method of screening was Smilar to method described
ealier for PCR screening of GHR/BP transfected cells with the following exception:
While the same 5 primer GTCACCACGACTTCAACGTCC (directed to the
transcriptional dat Ste in the mouse metdlothionein-l  transcriptiond  regulatory
dement) was used, a different 3 primer was used for detecting the RZ “mini-gene’.
The 3 primer, CTACAAATAGCATGACTGCTAGTCC (directed to the poly
adenylation signa sequence located in the bovine GH exon4, 3 of the RZ sequence)

was used in the reactions.

Preparation of RNA from cultured cdls
RNAs from cultured cels were prepared based on procedures outlined in
current protocols in molecular biology for the preparation of cytoplasmic RNA by

from tissue culture cdls (Gilman, 1997). Cells were grown to confluence in 75 cnt
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flasks (~6x10’ cdls). Medium was removed from the flasks and cells were washed 3
times with ice chilled 1x PBS. 10 ml of ice chilled 1x PBS was added to each flask.
The cdls were then scrgped from the bottom of the flasks and transferred to 15 ml
conica tubes pre-chilled on ice. The tubes were centrifuged a 300 x g for 5 minutes
and media discarded.  The cdls were lysed by mixing with 375 ul of lyss buffer B (50
mM Tris-HCI, pH 8.0, 100 mM NaCl, 5 mM MgCh, 0.5% NP-40) and incubating for
5 minutes on ice. The lysates were then centrifuged for 2 minutes at 15,000xg at 4 C.
The supernatant was removed to new tubes containing 4 ul of 20% SDS. The samples
were mixed by vortexing. The samples were then incubated in 25 ul of 20 mg/ml
proteinase K for 15 minutes at 37°C. 400 ul of 1:1 phenol/chloroform was added to
the samples, mixed by vortexing, and centrifuged for 10 minutes a 15,000 xg. The
agueous layers were removed to new tubes where a second phenol/chloroform
extraction was performed. Aqueous layers from the second extraction were removed
to new tubes. 40 ul of 3 M NaOAc pH 5.2 and 1 ml of 100% ethanol was added to
each sample, mixed by inverting ~10 times, and incubated over night a -20°C. The
folloming day the samples were centrifuged 15,000 xg for 15 minutes a 4°C. The
pelleted RNAs were rinsed with 1 ml 75% ethanol/25% 0.1 M NaOAc and dried in a

speed-vac vacuum desiccator.
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Removal of DNA from RNA samples

RNA samples were trested with RNase free DNase | to remove any
contaminating DNA according to procedures outlined in current protocols in
molecular biology (Gilman, 1997). RNA samples were resuspended in 50 ul TE. 50
ul of a DNase | cocktail (10 ul 100 mM MgCl2/10 mM DTT, 0.2 ul of 25 mg/ml
RNase-free DNase I, 0.1 ul of 50 U/ul placental ribonuclease inhibitor, 39.7 ul TE)
was added to each sample and incubated for 15 minutes at 37°C. The DNase digestion
was stopped by the addition of 25 ul DNase stop mix (50 mM EDTA, 1.5 M NaOAc,
1% SDS). 125 ul of 1:1 phenol/chloroform was added to the samples, mixed by
vortexing, and centrifuged for 10 minutes at 15,000 xg. The agueous layers were
removed to new tubes where a chloroform extraction was performed.  Supernatant
from the second extraction was removed to new tubes. 325 ul of 100% ethanol was
added to each sample, mixed by inverting vortexing, and incubated over night at -

20°C. The following day the samples were centrifuged 15,000xg for 15 minutes at
4°C. The pelleted RNASs were rinsed with 1 ml 75% ethanol/25% 0.1 M NaOAc and

dried in a speed-vac vacuum desiccator.

Northern blot analysis
Northern andyses were preformed based on procedures outlined in current
protocols in molecular biology (Gilman, 1997). Gd dectrophoress equipment and

the Pyrex trander dish were soaked in 0.1 M NaOH for 1 hour and rinsed with
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digtilled water prior to use. In RNase free microcentrifuge tubes 10 ug of RNA was
prepared in a denaturing cocktall (25 ul deionized formamide, 9 ul 37% (w/v)
formadehyde, 5 ul 5x MOPS pH 7.0, deionized HO to a find volume of 50 ul). The
samples were gently mixed and incubated for 15 minutes a 55°C. Following the
incubation, the samples were placed on ice and 10 ul of formadehyde loading buffer
(2 mM EDTA, pH 80, 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanal,
50% glyceral) was added. The samples were then loaded into wells of a 1% agarose
gd and resolved for 1 hour at 100 volts. The gd was stained in an RNase free glass
dish with 0.5 M ammonium acetate and 0.5 ug/ml ethidium bromide for ~30 minutes
and photographed next to a ruler usng a ultraviolet tranglluminator. A GeneScreen
Plus nylon hybridization trandfer membrane was cut to dze and pre-soaked in
deionized H,0 for 15 minutes. The gd was placed in a dish and washed 2 times ~15
minutes with deonized H»0 for to remove formamide. The gel was then incubated for
30 minutes in 0.05 M NaOH/1.5 M NaCl followed by an incubation in 0.5 M Tris-HCI
pH 7.4/1.5 M NaCl for 20 minutes. A find incubation in 20x SSC for 45 minutes was
performed prior to the transfer.

Transfer was set up using these materids sandwiched from bottom to top in an
RNase free glass dish filled ~1 cm deegp with 20x SSC: upside-down gd tray, 3 grips
of Whatman 3 MM paper cut to overhang on two ends, gel containing the RNA, nylon
hybridization transfer membrane cut to the same sze as the gd, 5 sheets of Whatman
3 MM paper cut to the same sze as the gd, a ~1 inch stack of paper towels cut to the

same Sze as the gd, and a glass plate on top. The RNA was transferred overnight.
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The membrane was removed, rinsed with 2x SSC and placed (dill wet) under a
ultraviolet dosdinking light source for 1 minute.

The membrane was incubated in a rotating hybridization oven a 42°C for 2
hour in 20 ml hybridization solution (5x SSPE, 50% deonized formamide, 5x
Denhardt's solution, 4 ml 5 M NaCl, 10% dextran sulfate, 1% SDS). A 3?P labeled
probe directed to the extracdlular domain of the GHR/BP (exons 2-7) was prepared
usng a random primed DNA labding kit purchased from Roche Diagnogtics
(Mannheim, Germany). After the initid 2 hour pre-hybridization incubation, 20 ul of
probe (~0.01ug at 3 1x10° cpm/ug) was boiled with 200 ul of sdmon sperm DNA (10
mg/ml) for 10 minutes and added to the hybridization solution. The membrane was
then incubated with hybridization solution containing the ribozyme probe over night at
42°C. The following day the hybridization solution was removed and the membrane
was washed 2 times for 15 minutes each in 2x SSPE a room temperature followed by
two 30 minute washes in 2x SSPE + 2% SDS at 65°C. A find wash in 0.1x SSPE for
15 minutes was performed a room temperaiure. The membrane was ar-dried on
3MM filter paper for approximady 5 minutes to remove excess liquid and placed in

an autoradiograph cassette with film.

Isolation of DNA for dot blot analysis
DNA dot blot andyss was peformed on cdls dably trandfected with

GHR/BP DNA and cdls sably transfected with GHR-RZ. In addition, al transgenic
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mouse lines were verified by DNA dot blot andyss. For mice, gpproximatey 1 cm
(~200-400 mg of tissue) was removed from the tip of the tall usng Serile scissors.
For cultured cdls, approximately 1x10” cells were harvested from 25 cnt flasks The
tissue was placed into 1.5 ml Eppendorf tubes with 500 ul SSTE (100 mM NaCl, 1%
SDS, 50 mM Tris-HCl pH 8.0, 15 mM EDTA pH 8.0) containing 400 ug proteinase K
and incubated over night at 55°C. The following day, 20 ul of 10 mg/ml RNase A was
added to each tube and incubated at 37°C for 1 hour. 500 ul of a 1:1 mixture of
phenol/chloroform was then added, mixed by rotating & room temperaure for 5
minutes, and centrifuged a 16,000xg for 10 minutes. The upper agueous phase was
then transferred to new tubes. 20 ul of 5 M NaCl followed by 500 ul of 4°C
isopropanol were added. The samples were mixed by vortexing approximatey 5
seconds and centrifuged a 16,000xg for 10 minutes. The liquid was then removed
from the tubes and the DNA pellets were washed with 70% ethanol and dried in a
speed-vac. The DNA was resuspended in 500 ul deionized H0. The concentration of

each sample was determined by spectrophotometry.

DNA dot blot analysis

For each sample, 10 ug of DNA was suspended in a volume of 180 ul. 20 ul
of 3 M NaOH was added and the samples were incubated a 65°C for 1 hour to
denature the DNA. The samples were then neutrdized by the addition of 200 ul 2 M

NH4OAc, mixed by vortexing, and placed on ice. The samples were then loaded into
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wels of a manifold Il dot-blot system purchased from Schleicher & Schuel (Keene,
NH). A vacuum was applied to the apparatus drawing the samples onto a
GeneScreen-Plus nylon hybridization transfer membrane (NEN life sciences products,
Boston MA) pre-soaked in 10x SSC (87.65 g NaCl, 44.1 g sodium citrate, HOto 1 L
pH 7.0). 5 minutes after dl the samples had passed through the wedls the membrane
containing the DNA samples was removed from the apparatus and ar-dried over
night..  The membrane was incubated in a rotating hybridization oven a 42°C for 1
hour in 20 ml hybridization solution (10 ml deionized formamide, 4 ml 5 M NaCl, 4
ml 50% dextran sulfate, 2 ml 10% SDS). A 2P labeled probe directed to the 5
untrandated portion of the medlothionein-l transcriptional regulatory eement was
prepared using a random primed DNA labeling kit purchased from Roche Diagnostics
(Mannhem, Germany). After the initid 1 hour pre-hybridization incubation, 20 ul of
probe (~0.01ug at 3 1x10° cpm/ug) was boiled with 500 ul of sdmon sperm DNA (10
mg/ml) for 10 minutes and added to the hybridization solution. The membrane was
then incubated with hybridization solution contaning the metdlothionein-1 probe over
night a 42°C. The following day the hybridization solution was removed and the
membrane was washed for 5 minutes in 2x SSC at 56°C followed by a 30 minute wash
in 2x SSC + 0.1% SDS at 56°C. The membrane was ar-dried for goproximately 15

minutes and placed in a autoradiograph cassette with film.
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Preparing cell lysatesfrom cell culturefor western blot analysis

Cells were cultured in 75 con? flasks to a confluence near 100%. Medium was
removed from the flasks and 10 ml of ice-chilled 1x PBS was added. The cells were
then scrgped from the bottom of the flasks and transferred to 15 ml conica tubes pre-
chilled on ice. The tubes were centrifuged a 1000 x g for 3 minutes and media
discarded. The cels were resuspended in 1 ml of UBI lyss buffer (20 mM Tris-HCI
pH 74, 10 mM EDTA, 100 mM NaCl, 1% NP-40, 10 ug/ml PMSF, 1 ug/mi
Aprotinin, 1 ug/ml leupeptin, 1 mM NaVanadate). DNA in the cdl lysates was
sheered by passing the lysates through a 22 gauge needle ~10 times. The lysates were
then transferred to pre-chilled 1.5 ml Eppendorf tubes and incubated on ice for 20

minutes. The lysates were then centrifuged a 16,000x g for 20 min a 4°C. The

supernatant was removed and stored in 50 ul diquots a -80°C.

Determining cell lysate protein concentrations (Bradford assay)

Protein concentrations of the cell lysates were determined by using Bradford
assays as previoudy described (Bradford, 1976). 5 ul of cdl lysate were diluted with
795 ul of H,O in semi-micro 1.5 ml digposable polystyrene cuvettes (Bio-Rad;
Hercules, CA). Bovine serum abumin (BSA) standards were prepared with set
concentrations as controls. 200 ul of protein assay dye reagent purchased from Bio-
Rad was added to the diluted samples and mixed by inverting the cuvettes 10 times.

The samples were incubated at room temperature for 10 minutes. Following
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incubation, the optical density was measured a a waveength of 595 nm and the

concentrations were determined based on comparisons to the BSA standards.

SDS-PAGE for western analysis

Samples were diluted to equal protein concentrations with H,O and 3x SDS-
PAGE sample buffer (0.15M Tris base pH 7.4, 10% SDS, b-mercaptoethanol, 20 mg
bromophenol blue) and heated in a boiling water bath for 5 minutes. Protein |l
systems purchased from Bio-Rad were used for casting polyacrylamide gds, resolving
protein, and trandering proten from the polyacrylamide ges to nitrocdlulose
membranes. 500 ug of totd protein / sample was loaded into wells on a 7.5% SDS-
PAGE gd. The proteins were resolved for 2 hours at a congtant 150 volts. The
polyacrylamide gl was removed from the resolving gpparatus and placed in trandfer
buffer for 10 minutes (25 mM Tris base, 192 mM glycine, 20% methanol, 0.1% SDS,
05 mM sodium orthovanadate). A Hybond ECL nitrocdlulose membrane
(Amersham Pharmacia Biotech; Buckinghamshire, England) was cut to sze, placed in
H,O for 5 minutes and then placed in transfer buffer for 5 minutes  The
polyacrylamide ge and nitrocdlulose membrane were then placed together and
proteins were transferred from the g to the membrane a 70 volts for 1 hour.
Following the transfer, the membrane was then placed directly into an appropriate

blocking solution.
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Coomassie staining

Following eectrophoresis of proteins, some gels were stained usng Coomassie
Brilliant Blue ingead of being trandferred to nitrocdlulose membranes. The gd was
placed in Coomassie Brilliant Blue Stain (0.25G Coomassie Brilliant Blug, 90 ml 1.1
viv Methanol:water, 10 ml of glacid acetic acid). Geds were dained overnight at room
temperature with dight agitation. The following day, the gd was then placed in de-
ganing solution (1.1 viv Methanol:water and 10% acetic acid) and incubated at room
temperature with dight agitation. The de-dtaining solution was replaced with fresh
solution periodicdly, until no gain was vigble in the portions of gd containing no
resolved proteins. Images of the de-stained gd were then scanned in using a Duoscan

T1200 transparency scanner purchased from AGFA (Mortsd, Belgium).

Immunoaoblotting with GHR antiserum

Immunoblots were performed using a modified protocol based on methods
previoudy described (Cataldo, 2001). Initidly attempts using the origind protocol did
not dlow sufficient separation of the GHR specific band from nonspecific bands.
Tissues collected from GHR -/- mice were used to venify the identity of the GHR
specific band. Therefore, the following protocol was crested as the result of ~20 GHR
western blots dtering individua steps.

Immediatdy following gel transfer, the nitrocellulose membrane was incubated
in a 6% milk blocking solution (6% non-fat powdered milk, 1x TBS pH 7.6, 0.05 %

tween-20) for 1 hour at room temperature with constant agitation. The membrane was
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then incubated in 6% milk blocking solution containing GHR antissrum  diluted
1:5,000 overnight a 4°C with congtant agitation. The GHR antibody (clone #181, a
monoclona antibody produced in rabbit and is directed to the intracelular domain of
the mouse GHR) was obtaned as a gift from Dr. Frank Taamantes (Professor of
Biology a the Universty of Cdifornia, Santa Cruz). The following day, the
membrane was washed 4 times for 5 minutes with 1x TBS containing 0.05% tween+
20. The membrane was then incubated in 6% milk blocking solution containing goat
anti-rabbit 1gG horseradish peroxidase conjugated secondary antibody (Boehringer
Mannheim; Indiangpolis, IN) diluted 1:5000 a room temperature for one hour with
conglant agitation. The membrane was washed 4 times for 5 minutes with 1x TBS
containing 0.05% Tween-20. The membrane was then incubated in ECL Western
Blotting Detection Reagent (Amersham Pharmacia Biotech) for 1 minute a room
temperature.  The membrane was then removed from the ECL reagent, covered with
clear plagtic wrap (dill wet with ECL reagent), and placed into an autoradiograph

casstte with film.

Treatment of cellsfor analysisof STAT-5 activation

To determine GH induced STAT-5 activation (phosphorylation) in cultured
cdls, cdl lines gably trandected with GHR/BP DNA, and GHR/BP dable cdls
trandfected with GHR-RZ DNA were tregted with GH and andyzed by western blot
andyds udng an anti-phosphotyrosine antibody as previoudy described (Wang et d

1993). Cdls cultures a approximatdy 80% confluence in 75cnt flasks were depleted



143

in serum free medium for 2 hours. Following cdl depletion, 500 ng/ml bGH was
added to the flasks. The cdls were incubated for 10 minutes in the GH containing
medium a 37°C. Following the incubation, the flasks were immediately placed on ice
where the media was removed and 10 ml iced 1x PBS was added. The cdls were
scraped from the flask bottom, transferred to 15 ml conical tubes, and centrifuged at
1000x g for 3 minutes at 4C. The supernatant was removed and 1 ml of ice-chilled
UBI lyss buffer was added. DNA in the cdl lysates was sheered by passng the
lysates through a 22 gauge needle ~10 times. The lysates were then transferred to pre-
chilled 1.5 ml Eppendorf tubes, incubated on ice for 20 minutes, and centrifuged at

16,000x g for 20 min a 4°C. The supernatant was removed and stored in 50 ul

diquotsat -80°C.

Immunoblotting with anti-phosphotyrosine antiserum

Immediately following gd trander, the nitrocdlulose membrane was washed
briefly in rinang buffer (10mM TrissHCI pH 7.4, 75mM NaCl, 0.1% Tween-20, and
1ImM EDTA) and then incubated overnight a& 4°C with congant agjitation in rinsng
buffer containing 4% Bovine Serum Albumin.  The following day, the membrane was
washed 4 times for 5 minutes five minutes with ringng buffer. The membrane was
then incubated for one hour & room temperature with condant agitation in rinsng
buffer containing a 1:10,000 dilution of horseradish conjugated anti-phosphotyrosine
antibody (clone PY20) purchased from ICN pharmaceuticas (Costa Mesa, CA). The

membrane was washed 3 times for five minutes with rinang buffer. The membrane
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was then incubated in ECL Weden Blotting Detection Reagent (Amersham
Pharmacia Biotech) for 1 minute a room temperature. The membrane was then
removed from the ECL resgent, covered with clear plagtic wrap (still wet with ECL

reagent), and placed into an autoradiograph cassette with film.

Protein extraction from Mouse Tissues

Mice were weighed then sacrificed by cervica didocation. Liver and kidneys
were removed from the animas and each tissue was weighed.  Samples not
immediately used were wrgpped in duminum fail, frozen immediatdy by placing in
liquid nitrogen, and stored & —80°C. Tissues were then placed in 50 ml conicd tubes
with UBI lyss buffer and homogenized usng a polytron homogenizer purchased from
Brinkman (Westbury, NY). 1 ml of lysis buffer was added per 0.3 grams of liver. 1
mL of lyss buffer was added per 0.15 grams of kidney. The homogenized samples
were incubated on ice for 20 minutes and centrifuged at 16,000x g for 20 minutes at

4°C. The supernatant was then stored in 100 ul aiquots at —80°C.

Preparation of GHR-RZ DNA for microinjection

41.2 ul of 0485 ug/ul pMet-GHR-RZ (20 ug) was digested with 120 units
Kpnl (Promega) in 1x Promega buffer J (10 mM Tris-HCI pH 7.5, 7 mM MgCh, 50
mM KCl, 1 mM DDT) in atota volume of 200 ul. The reaction was incubated for 4
hours & 37°C. Following the incubation, the reaction was resolved on a 0.8% agarose

gd in Ix TAE buffer br 30 minutes a 80 volts. The gel was resolved in the absence
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of ethidium bromide to avoid intercaaion of the dye into DNA used to create
transgenic mice. To locate the proper DNA band within the gd, 10 ul of the 200 ul
reaction was loaded into a small wel outsde the preparaive wel contaning the
remaining 180 ul of the reaction. The sde of the gd containing the resolved reaction
that was loaded into the smdl well was removed with a scapd and placed into a
olution of 1x TAE contaning ethidium bromide.  After goproximately 20 minutes,
the gd section was “pieced” back together in it origind pogtion with the large portion
of the gd and placed on a ultraviolet light trans-illuminator. Using the visble bands
in the ethidium sained section of gd, a section of the ungtained gd corresponding to
the ~900 base par DNA fragment was excised. The gd section was placed into
didyss tubing containing TAE. The DNA was extracted from the agarose by
electrophoresis for 1 hour a 80 volts and purified usng Elutip-d™ (Schleicher &
Schudl Inc., Keene, NH) ion exchange columns equilibrated with a low sdt buffer
(0.2 M NaCl, 20 mM Tris-HCl pH 7.5, 1 mM EDTA). The column was washed once
with 5 ml of the low sdt buffer. The DNA was euted from the column with 500 ul of
a high st buffer (1 M NaCl, 20 mM Tris-HCl pH 7.5, 1 mM EDTA). The DNA was
then precipitated with 2 volumes of 100% ethanol a 4°C for one hour. The
precipitated DNA was peleted by centrifugation for 10 minutes a 16,000 x g. The
DNA pellet was washed once with ~1 ml of 70% ethanol followed by desiccation in a
Speed-vac centrifuge.  The DNA was resugpended in microinjection buffer (1 mM
Tris-HCI pH 8.0, 0.1 mM EDTA) to a concentration of 4 ng DNA per ul buffer. The

DNA was then microinjected into the mae pro-nucle of pre-zygotic fertilized eggs by
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the animd technica daff a the Edison Biotechnology Inditute, Athens OH (Lacy et

al., 1994).
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RESULTS
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Creating the RZ expression vector

After careful andyss of the GHR sequence, the third GTC sequence within
exon two was sdlected as a RZ target. The GHR-RZ targeted to sequence located in
exon 2 was cloned into the mammaian expresson plasmid pMet-1IG-mGHR a unique
Xbal/Xbol redriction dtes. The resulting plasmid, pMet-GHR-RZ, utilized the mouse
metdlothionaein-I  (Met-1) transcriptional  regulatory dement (TRE) for conditutively
high levels of RZ expresson and which dso can be up-regulated in mouse cdls and in
mice with Zinc treetment. A bovine GH (bGH) polyadenylation (PA) sgnd was
present at the 3 end of the RZ for transcription termination. Restriction endonuclease
digegtion with Kpnl revealed 9 clones (10, 16, 20, 22, 37-39, 41, & 43) with the proper
predicted sized fragments (~3851 bp and ~922 bp) as seen in figure 15 (dso see figure
6 for plasmid map). DNA sequencing results (see figure 15) confirmed that clone 37
and clone 41 had the proper integration of RZ-DNA into the expresson plasmid.
Although sequencing was performed on dl 9 potentidly postive dones, only
sequencing data from clones 37 and 41 were clear enough to confirm proper cloning

had occurred.

Creating DNA templatesfor T7 run-off transcription

RZ-DNA templates for in vitro transcription were produced by PCR
amplification. The incorporation of a core T7 promoter sequence into the design of
the 5 primer alowed the PCR product to serve as a template for run-off transcription

by T7 DNA polymerase. The beginning and ending of PCR amplification for the RZ
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AAACCECCTG CTGEGTGCAA ACCCTTTGOG CCOGACTGTIC

CAP

CAACGACTAT AAAGAGEECA GCCTGICCTC TAA CAC

B.

CACGACTTCA AGCTTCTGAG TACCTTCTCC TCACTTACTC

Xbal

OGTAGCTCCA GCTTCACCAG A‘r/ch

Xhol

TGATGAGTCC GTGAGGACTA ARCCTCACAR AGACTCCAG

Poly A

TGICCTTTCC TAATAAAATG AGGAAATTGC ATCGCATTGT
CTGAGTAGGT GICATTCTAT TCTGEEEEGT GEEGETGEEEC

AGGACAGCAA GECEGAGGAT TGEEAA

Figure 15. Screening pMet-GHR-RZ clones. A. Redriction endonuclease digestion
with Kpnl reveded 9 clones (10, 16, 20, 22, 37-39, 41, & 43) with the proper
predicted szed fragments (~3851 bp and ~922 bp). B. DNA sequencing results
confirmed that clone #37 and clone #41 had the proper integration of RZ-DNA into
the expression plasmid. Sequence obtained from the other clones was either incorrect
or not clear enough for confirmation. The 161 nucleotides of shaded sequence
represent the entire predicted ribozyme transcript.  The light shaded sequences
represent 5 and 3 UTR regions, while the dark shaded sequence represents the core
ribozyme with the 12 nt 5 and 3 arms boxed. The transcriptiond start and poly A
addition Stes are indicated by an arrow and a line, respectively. The Xbal and Xbol
restriction stes used for cloning were preserved as indicated with brackets.
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DNA template was a the Met-1 transcriptional start Site and bGH poly A addition gte,
repectively.  This adlowed for the production of a PCR product that, when transcribed
in vitro by T7 DNA polymerase run off transcription, would produce RNA smilar in
sze to the predicted RZ-mRNA transcribed in vivo (with the exception of 5 an 3 end
processing). That is, the in vitro transcribed RNAS were designed to begin and end a
the predicted in vivo transcseriptiona start and stop Sites.

GHR-DNA templates for in vitro transcription were produced using the same
strategy, initidly. The same T7-Met 5 dart Ste primer was used as the 5'-primer, and
initidly, the same bGH-PA addition dte 3'-primer was used to produce a PCR
generated GHR-DNA template designed to yidd a full length GHR run off transcript.
Production of RNA from the full-length GHR-DNA templates (~2.1 kb) proved to be
troublesome. Low yidds of PCR generated full length DNA template, low yidds of in
vitro transcribed GHR-RNA, and difficulty in resolving full length GHR-RNA on
polyacrylamide gels led b the re-design of the 3'-primer used to create the GHR-DNA
template. The second 3'-primer was designed to produce a truncated (618 bp) GHR-
DNA template. As before, the same T7-Met 5 dart Site primer was used as the 5'-
primer, while the redesigned (618-GHR) 3 -primer was used to generate PCR
amplified GHR DNA templates. Both RZ and truncasted GHR DNA templates
generated by PCR were then used for in vitro transcription reactions. RNAS were
purified and concentrations were determined by spectrophotometry.  From the RNA
concentrations and the known size of RZ and truncated GHR RNAs, the molarities of

each RNA solution were calculated.
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Ribozyme cleavage assays

Ribozyme cleavage assays (RCA) were performed usng RNA purified from in
vitro transcription reactions.  The RNA products of the RCAs were resolved on 1%
agaoxe gds and daned with ethidium bromide  Visudization under ultraviolet light
reveded that this method was not sufficient, as the cleavage products were not visble
as diginct bands. Therefore, denaturing PAGE gels usng 8 M urea were used to
resolve the RNAs.  Initidly the resolved PAGE gels were dso dained with ethidium
bromide for visudization of RNA. Agan, this method proved to be insufficient for
visudization of RNA. The find method that dlowed for successful visudizetion of
resolved RCAs involved slver gaining.  Agan, denaiuring PAGE gds were used with
8 M urea. Following dectrophoresis, the polyacrylamide gds were slver stained and
dried.  Initidly, direct visualization and dendtometry scanning of the dlver dained
RNA bands was used for andyss of RNA cleavage. The data obtained from
denstometry scanning proved to be insufficent for quantification of RZ deavage
activity when kinetic constants were determined as large r* vaues from double
reciprocad plots were observed using this method. Therefore, the method that was
adopted for quantification of RZ cleavage in single turnover RCAs was a dud method
of slver staining and quantification of 2P labeled GHR substrate RNA by scintillation
counting.

Five RCAs were performed using the method outlined in the methods section
a various RZ to GHR substrate RNA concentrations (1:10, 1.5, 1:1, 5:1, and 10:1). In

each of the reactions, cleavage products were observed (see figure 16). This
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RZ : GHR molar ratio

240nt

11:10 1:1 51 10:1 GHR RZ

. <4—GHR (618)
<_3'-cleavage
product
(527)

5' cleavage
<«4— product
(91)

Figure 16. RCAs of GHR-RZ and GHR substrate RNAs at various molar ratios.
Lane 1 contained a 240 nt RNA marker. Lanes 2-6 contained the reections of five
different RCAs a various molar raios ranging from 1:10 to 10:1 RZ:GHR. Control
lanes 7 and 8 contained truncated GHR substrate RNA adone and RZ RNA aone,

respectively. The arrows indicate the location of the resolved RNAs.
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demondrated that the RZ was active. In addition, in each of the five reactions,
cleavage occurred at the designed target Ste within the truncated GHR RNA. This
was evident in that the cleavage products were as predicted with ~91 nt long 5, and
~527 nt long 3 agpparent in each of the reactions. The amount of cleavage dso
increased in the reactions as the concentration of RZ was increased, suggesting the RZ
as the agent cadyzing specific cleavage in the each of the reactions. Control GHR-
substrate RNA incubated in the absence of RZ had no sign of cleavage a any specific
region further identifying the RZ as an active and specific endonuclesse.  Thus, the
ribozyme did in fact cleave GHR-RNA.

Approximate optima conditions for RZ cleavage were determined by
performing severd RCAs in which the concentrations of NaCl and MgCh were varied
as wdl as pH, and temperature. Each of these variables was dtered individualy while
the other effectors of RZ performance were held constant. The first parameter to be
dtered was NaCl (see figure 17). Fve RCAs were st up varying only the
concentration of NaCl (0, 10, 50, 100, 500 mM), while holding constant pH,
temperature, and the concentrations of MgCh, RZ, and GHR-RNA. Andyss of RZ
cleavage activity in the various concentrations of NaCl reveded no discernable
difference in deavage between each of the five RCASs, even in the absence of NaCl.
Since the cleavage activities in the five reactions containing 0, 10, 50, 100, and 500
mM NaCl were indiginguishable, and 50 mM NaCl is most commonly used in the
literature, there appeared to be no reason to stray from the standard 50 mM NaCl in

future RCAs.



154

A. [NaCl] mM
>
0O 10 50 100 500

- 4+—GHR
= 3’ product

<— 5 product

B. [MgCl2] mM

>
0 5 10 20 100

GHR
3’ product
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Figure 17. Determining approximate optimal concentrations of NaCl and MgCl,
for GHR-RZ in vitro cleavage. All reactions were incubated at 50°C for 20 minutes
a pH 75 a a5:1 molar ratio of RZ to substrate. A. Five RCAs were set up using set
reaction conditions with varying NaCl concentrations (0, 10, 50, 100, 500 mM). B.
Five RCAs using varying concentrations of MgCh (0O, 5, 10, 20, 100 mM).
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The second parameter to be atered was MgCh. Five RCAs were set up using various
MgClL concentrations (0, 5, 10, 20, 100 mM). Anayss of RZ cleavage activity
revealed that a MgCh concentration of 10 mM was sufficient for near optimad RZ
cleavage. No cleavage was observed in the absence of MgCh and only negligible
cleavage was observed at 5 mM MgCh. While Md* is a cofactor in RZ catalysis 10
mM MgClk proved to be optimum for cleavage. Moreover, & 20 mM MgCh
indiscriminate RNA cleavage occurred as evident by snearing on the slver gain. The
indiscriminate RNA cleavage occurred to a much grester extent a2 100 mM MgClh.
Minima smearing was observed a 10 mM MgCh, only dightly more than in the
absence of MgCl, or a 5 mM.

The third parameter to be atered was pH (see figure 18). Five RCAs were st
up using various pHs (7.1, 7.3, 7.5, 7.7, and 7.9). Andyss of RZ cleavage activity
revedled an optimad pH & pH 7.5, which is commonly used RZ in vitro cleavage
reactions. Therefore, the standard pH of 7.5 was used in future RCAs. Less cleavage
was detected a pH 7.3 while only dight cleavage was detected at pH 7.1. While the
amount of cleavage was amilar between pH 7.5 and 7.7, a pH of 7.7, most of the
RNA was degraded into a nondiginguishable fragments, which gppeared on the siver
dained gel as a smear. The RNA was dmost completely degraded at pH 7.9 as no
bands or smear was visblein the slver sained gdl.

The finad parameter to be dtered was temperature (see figure 19). Eight RCAs

were set up using various temperatures (0, 37, 42, 47, 52, 57, 62, 67°C) and standard
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pH

r

Figure 18. Determining approximate optimal pH for GHR-RZ in vitro cleavage.
All reactions were incubated at 50°C for 20 minutes in 10 mM Mg Ch and 50 mM
NaCl a a 5:1 molar ratio of RZ to subdrate. B. Five RCAs usng varying pH varying
by 0.2 units (7.1, 7.3, 7.5, 7.7, 7.9).
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Reaction temperature (°C)

 <— product

‘240nt
0O 37 42 47 52 57 62 67! marker
' ' GHR
3’ cleavage
product
i 1 240nt
RZ
' '__';- 5' cleavage
1 2 3 4 5 6 7 8 9

Figure 19. Determining approximate optimal temperature for GHR-RZ in vitro
cleavage. All reactions were incubated for 20 minutes in 10 mM Mg Chb and 50 mM
NaCl, pH 7.5 a a 1.5 molar ratio of RZ to substrate. Eight RCAs were st up using
st reaction conditions with temperatures varying by 5°C (0, 37, 42, 47, 52, 57, 62,
67). Maxima cleavage was observed at 57°C (lane 6) and 62°C (lanes 7).
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reaction conditions (50 mM Tris-Cl pH 7.5, 50 mM NaCl, and 10 mM MgChL). A 1.5
ratio of RZ to GHR-substrate RNA was used in these eight RCAS, respectively. The
resction designated 0°C was incubated on ice and was therefore mog likdy dightly
greater than the given temperature. Nevertheless, the RCA incubated on ice reveded
no detectable cleavage. Anayss of cleavage a the various temperatures reveded a
temperature dependent increase from 0°C to 57°C with dmilar maxima cdeavege
occurring & 57°C and 62°C. A dight bias for maxima cleavage occurred a 57°C
therefore, the optima temperature of the GHR-RZ for in vitro cleavage was
designated 59°C. Although the optima in vitro temperature is 22°C higher than that
of the 37°C in vivo environment of cultured cdls and mice, the presence of many
extraneous factors such as RNA binding proteins in vivo makes predictions of RZ arm
length and GC content difficult. It is important to note in vitro results do not dways
correlate with RZ activity in vivo (Crisdl et a., 1993) and that in vitro optimization
experiments were peformed for the purpose of obtaining conditions for determining
kinetic data from the RZ.

To determine if the GHR-RZ has the ability to turnover (cleave more than one
substrate RNA), a timed RCA were performed (see figure 20). The timed RCA was
st up as indicated in the methods section under multiple turnover conditions. The RZ
to GHR-subsirate RNA ratio was set a 1:20, respectively. At st time points, 20 ul
diquots were removed from the RCA and immediady frozen on dry ice in sop

solution. When the last the reaction was completed, the 20 ul samples from the
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- —y H
Rz
5 cleavage
- - - ” <4— product
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Figure 20. Timed RCA performed at 37°C using a RZ to GHR-substrate RNA
ratio at 1:20, respectively. At st time points, 20 ul diquots were removed from the
RCA and immediatdly frozen on dry ice in sop solution. When the last the reection
was completed, the 20 ul samples from the various time points were resolved and
dlver daned. Greater than 5% cleavage was achieved within the firg 30 minutes of
incubetion (lane 6). Approximately haf the subdrate was cleaved after two hours of

incubation (lane 8). At four hours of incubation approximately 70% of the substrate
RNA was cleaved (lane 9).
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vaious time points were reolved and slver daned.  Andyss of the slver stained
RCA image reveded that the GHR-RZ was able to turnover. For turnover to exist in a
reaction with 20 fold less RZ, grester than 5% cleavage must occur. This was
achieved within the firdg 30 minutes of incubation. Approximately hdf the subdtrate
was cleaved after two hours of incubation. At four hours of incubation approximeately
70% of the substrate RNA was cleaved. The 24 hour incubation exhibited a high
degree of non-specific RNA degradation as neither the substrate band nor the larger 3
cleavage product band were vigble in the dlver stained gd. Curioudy, the 5
cleavage product appeared to be more resistant to RNase degradation in the reactions.
In the 24-hour reaction, the uncleaved substrate, 3'-cleavage product, and RZ RNAs
were dl nearly degraded, while a dgnificant amount of the 5'-cleavage product was

gl intact.
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Establishing GHR expressing mouse L-cells

In an effort to creste a mouse cell line that expresses detectable levels of GHR,
the pMet-GHR/BP plasmid was gsably transfected into mouse L-cdls (see figure 21).
After sdection in HAT media, 15 individud clones were expanded. The cdls were
tested for stable integration of the pMet-GHR/BP DNA by PCR. Two separate sets of
primers were used for the PCR screening.  Of the 15 trandfected cdll lines, dl were
DNA postive for the pMet-GHR/BP as indicated by PCR amplification. GH binding
assays were performed to determine the rdative levels of GHR expresson in the 15
clones (see table 3). While no specific binding was observed in non-transfected
mouse L-cdls dl of the DNA postive gable cdl lines exhibited specific binding of
125|_|abled hGH. The number of counts measured ranged from a low of ~650 cpm, to
a high of ~3,800 com. The dably transfected cdl line that demonstrated a moderate
amount of GHR expresson leved (~1334 cpm) relative to the 14 other clones was
sdected for use in GHR-RZ cdl culture andyds.  This cdl line was expanded from

the pMet-GHR/BP stably transfected clone #6 and will be referred to as E6 cells.

Establishing stable cell lineswith the GHR-RZ

The E6 cdl line (previoudy trandfected with a GHR/BP “mini-gene’) was used
for gable transfection of the GHR-RZ. EG6 cdls were maintained in HAT media The
pMet-GHR-RZ plasmid was co-transfected with the plasmid pRSV-NEO. Pools of
transfected cells were sdected for neomycin resstance in HAT media containing 400

ug/ul G-418 (aneomycin analog). Surviving cdlswere maintained in HAT media
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Figure 21. PCR screening of stable L cells transfected with a GHR/BP “mini-
gene’. Two separate sets of primers were used for the PCR screening.  A. Both sets
of reactions utilized a 5-primer directed -65 bases into the metdlothionein UTR
(striped arrow pointing to the podtion of the plasmid). The 3'-primers for the first and
second set of reactions were directed positions 438 bases (black arrow) and 212 bases
(white arrow) into the GHR/BP mini-gene, respectively. B. All 15 clones were PCR
postive for the mini-gene.  Lanes +C contained pMet-GHR/BP plasmid and served as
apodgtive control, while non-transfected L cdll lysate served as a negetive corirol (-C).
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Table 3. Relative GHR expression in L cells stably transfected with a mouse
GHR/BP “mini-gene”’: Rank assigned by Specific binding of *2°|-labled hGH.

Rank Clone # Specific Binding

(c.p.m.)
1 15 3799
2 1 3281
3 2 1576
4 14 1415
5 6 (E6) 1334
6 11 1116
7 12 1036
8 10 895
9 3 894
10 7 864
11 13 775
12 8 735
13 9 715
14 5 680
15 4 643
16 L cdl (-C) 0

In 6-well tissue culture plates monolayers of the Stable cells were propagated to
~1x10° cellswell. 160,000 cpm of 1?°|-hGH a a concentration 1 nM in 2 ml of 1x
PBS with 0.1% BSA was added to each well with or without 100 nM non-radioactive
bGH. The cdls were incubated for 2 hours at room temperature. The cells were lyses
by the addition of 1 ml of 0.1 N NaOH + 1% SDS to each well. Cdl lysates were then
trandferred to vias and the number of counts was measured. The evauation of
relative GHR expresson for each stable cdl line was based on the mean vaue of two
experiments.  The sixth GHR/BP cdl line (shaded), which had an intermediate leve of
GHR expresson (as compared to al 15 cdl lines screened by GHR binding assays),
was chosen for subsequent study and referred to as“E6” cdlls.
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containing 200 ug/ul G-418 and isolated in 96-well plates. 10 cdl lines, expanded
from the individud clones, were andyzed for incorporation of the GHR-RZ “mini-
gene’ by PCR (see figure 22). Of the 10 cdl lines analyzed, dl were DNA pogtive

for the GHR-RZ asindicated by PCR amplification.

GHR binding assays on RZ transfected cells

GHR binding assays were peformed to determine the rdative levels of GHR
in the 10 clones (see table 4). The parentd E6 cdl line was used as a postive control.
The specific binding observed in the stable RZ trandfected cdls was divided by the
specific binding of the nonRZ transfected E6 cdls to determine the amount of GHR
decreased in these cdls  Eight out of ten of the RZ-DNA postive stable cdl lines
exhibited a decrease in specific binding of ?°I-labled hGH ranging from 25% to a
52% decrease as compared to E6 cdls. The fifth clone 6-5, which exhibited the
greatest decrease in GHR expresson (52% decrease), was used in for further study.
Clone 6-4, which exhibited the second grestest decrease in GHR expresson (44%

decrease) was aso used in some of these sudies.

Northern blot analysis of RZ transfected cells
Northern blot andysis was performed on tota RNA isolated from GHR/BP
transfected E6 cells and RZ transfected 65 cdls (see figure 23). RNA isolated from

nontransfected L cdlls was used as acontrol. A probe designed against sequencein
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Kpnl

pMet-GHR/RZ

Figure 22. PCR screening of E6 cells stably transfected with the GHR-RZ. (A) A
5 -primer directed to the metdlothionein transcriptional dart ste (striped arow) and a
3’ -primer directed to the bGH poly A addition site (white arrow) were used to produce
a predicted 161 bp PCR product. (B) All 10 clones selected were PCR postive for the
GHR-RZ DNA. Lanes 11, 12 and 13 served as controls with pMet-GHR-RZ plasmid
in the postive control reaction (+C), nontransfected L cdl lysate and no cel lysate
added in the negative control reactions, respectively (-C).
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Table 4. Relative GHR expression in E6 cells stably transfected with the GHR-
RZ: Rank assigned by (specific binding of RZ transfected clone / specific binding
in parent E6 cells).

Rank Clone# Spe(%glngég?l g
E6 (+C) 100
1* 6-5* 47.9*
2 6-4 55.6
3 6-8 64.6
4 6-1 66.3
5 6-3 71.5
6 6-7 73.5
7 6-6 83.0
8 6-2 88.3
9 6-9 98.1
10 6-10 102
11 L cdl (-C) 0

In 6-well tissue culture plates monolayers of the dable cels were propagated to
~1x10° cellswell. 160,000 cpm of *?°I-hGH a a concentration 1 nM in 2 ml of 1x
PBS with 0.1% BSA was added to each well with or without 100 nM non-radioactive
bGH. The cdls were incubated for 2 hours a room temperature. The cdls were lyses
by the addition of 1 ml of 0.1 N NaOH + 1% SDS to each well. Cdl lysates were then
trandered to vids and the number of counts was measured usng a scintillation
counter. The evaduation of reative GHR expresson for each stable cel line was based
on the mean vdue of two experiments *The clone 6-5, exhibited the greatest
decrease in GHR expresson and was usad in for further study. Clone 6-4 which
exhibited the second grestest decrease in GHR expresson was dso used in some of
these studies.
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Figure 23. Analyss of GHR and GHBP transcripts from E6 cdls stably
transfected with the GHR-RZ. Northern blot analyss was performed on tota RNA
isolated from nonttransfected L cdls (lane 1), GHR/BP transfected E6 cdls (lane 2),
and RZ transfected E6 cdls (lane 3). A. A probe designed againgt sequence in the
GHR/BP cDNA from exons 2-7 so that it recognized both the GHR and GHBP
transcripts.  No transcripts were detected in negative control L cell preparations. B.
Ethidium bromide staining of the agarose gel prior to RNA transfer served as control
for RNA sze and the amount of RNA loaded per wel. 28s, 18s, and 5s ribosoma

subunits are indicated.
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the GHR/BP cDNA from exon 2-7 o0 that it recognized both the GHR and GHBP
transcripts was used. A greater quantity of both GHR and BHBP transcripts was
detected in E6 cells not transfected with the RZ than 6-5 cdls that were RZ
transfected. No transcripts were detected in negative control L cell preparations. The
decrease in GHR and GHBP transcripts observed from RZ transfected 6-5 cells was
most likdy more dramatic when the amount of totdl RNA present in each lane was
condgdered.  Ethidium bromide daning of the agarose gd prior to RNA transfer
reveded that gpproximately twice the amount of tota RNA isolated from clone 6-5

was present compared to E6 RNA.

Western blot analysis of GHR-RZ transfected cells

To further verify the decreased GHR levels in the RZ trandfected cdll lines 64
and 6-5, western blot andlysis usng an anti-GHR monoclond antibody was performed
(see figure 24). Cdl lysates were isolated from approximately 1x10” cells for each
clone. The concentration of protein in the lysates was determined using Bradford
assays and equdized prior to western analyss.  Three bands were visble on the
western blot with sizes of 110 kDa, 66 kDa and 46 kDa. The top 110 kDa bands,
which are the predicted sze of the GHR, were used for denstometry measurements.
In agreement with results from the GH binding assays, the amount of GHR detected in
western blot for clones 6-4 and 6-5 were approximately 50% that of the posgtive
control E6 cells. No GHR was detected for the non-transfected mouse L-cdls. The

presence of the 66 kDa and 46 kDa bands were likely aternatively processed versions
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Figure 24. Western blot analysis of protein isolated from cultured cells. Western
blot andyss was performed on totd cedl lysates isolated from non-transfected L cels
(lane 1), GHR/BP transfected E6 cdls (lane 2), and RZ transfected E6 cells clones 65
and 6-4 (lane 3 and 4, respectively). A monoclond antibody designed against
sequence in the cytoplasmic region of the GHR so that it recognized only the GHR
gene product. No GHR was detected in negative control L cdl preparations.
Molecular weights of the bands in kilo Ddtons (kDa) are marked.
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of the GHR or cleaved portions of the cytoplasmic region. These bands were most
likely fragments of the GHR as the lane containing L cdl control lysates did not have

the three bands or any other bands.

Decreased GH stimulated STAT-5 tyrosine phosphorylation in RZ transfected
cells

The effect of decreased GHR levels (in RZ transfected clones 64 and 65) on
GH induced dgnding was andyzed by measuring the amount of STAT-5 tyrosne
phosphorylation in response to GH treatment. Western blot andysis usng an anti-
phosphotyrosine (PY-20) polyclond antibody was peformed (see figure 25).
Approximatdy 1x10° cdls for each clone were treated with 500 ng/ml bGH for 10
minutes prior to harvesting cell lysates. Nontreated cells were dso harvested to serve
as negative controls for each clones andyzed. The concentration of protein in the
lysates was determined and equdized prior to western andyss. Andysis of the PY-20
immunoblot reveded a predominate band, which migrated to an area a the proper sze
for STAT-5 (~95 kDa), was present only in the GH treated E6 cells. Only dight bands
a this sze were vishle in GH treated clone 64 and 65, suggesting that GH induced

STAT-5 activation was severdly decreased in these GHR-RZ postive cdlslines.

Decreased GHBP levelsin RZ transfected cells
The amount of GHBP produced in cdones 6-4 and 6-5 was adso measured.

Using 75 cn flasks, cells were alowed to grow to 100% confluence (approximately
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Figure 25. Decreased GH stimulated STAT-5 tyrosine phosphorylation in RZ
transfected E6 cells. Wedern blot analyss usng an anti-phosphotyrosine (PY-20)
polyclona antibody was performed on totd cel lysaes isolated from nontransfected
L cdls (lanes 1 and 2), GHR/BP trandfected E6 cdls (lanes 3 and 4), and RZ
transfected E6 cdls clones 6-5 and 6-4 (lanes 5 and 6) and (lanes 7 and 8),
respectively. Approximately 1x10° cdlls for each clone were treated with 500 ng/ml
bGH for 10 minutes prior to harvesting cell lysates (lanes 2, 4, 6, and 8). Non-treated
cdls were dso harvested to serve as negative controls for each clones andyzed (lanes
1,3, 5 and 7). A molecular weight standard indicating 97 kDa and 220 kDa is marked
(lane 9). The concentration of protein in the lysates was determined and equdized
prior to western anadyss. Bands from the molecular weight standard are marked in
kilo Ddtons (kDa). The bands migrating at 95 kDa (marked in bold) have been shown
previoudy to be STAT-5 (Chow et d., 1996; Ram et a., 1996; Slva et a., 1996;
Wang et a., 1994; Xu et d., 1996; Xu et ., 1995).
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9x10” cdls). Upon reaching confluence, the cells were washed and covered with 15
ml DMEM without serum.  The media were collected after 24 hours of incubation and
filtered usng 045 um vacuum filters and placed on dry ice. The samples were then
sent to Dr. Gerhard Baumann a Northwestern Universty where GHBP levels were
determined usng GH affinity columns. The leves of GHBP from cdone 6-4 and 6-
Swere 32% and 38% decreased, respectively, as compared to the parental E6 cells. No

GHBP was detected in the non-transfected L-cdl control medium.

Determining GHR levelsrequired for STAT-5 activation in mouse L-cells

Mouse L-cdls, were used to edtablish sable cdl lines that express various
levels of GHR. The pMe&-GHR/BP plasmid was stably tansfected into mouse L-cdls
as described earlier in this text. Initid screening of the 15 clones to determine the
rlaive levds of GHR expresson was peformed usng competitive GH binding
assays. While no specific binding was observed in non-transfected mouse L-cdls al
of the DNA postive stable cdl lines exhibited specific binding of 1%°I-labled hGH.
The number of counts measured in the stable cedl lines exhibited a range of ~6 fold
from the lowest to highet GHR expressng cdls. Based on data from the initid GH
binding assays, 6 of the GHR transfected stable cel lines representing a variety of
GHR expresson were sdected for further sudy. DNA dot blot analysis using a probe
directed to the metdlothionein-1 transcriptiond regulatory element was used to screen
the cdl lines for DNA copy number. GH binding assays usang a set concentration of

125|_.GH and varying concentrations of competing non-labeled GH were performed to
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determine the number of GHRs per cdl for each of the cdl lines. In addition to the
binding assays, the number of cels per wedl were counted usng duplicate plates
seeded with the same concentration of cdls as used in plates for binding andyss.
Usng Scatchard plots and cdl number (determined using a hemocytometer), the cdl
surface receptor numbers were determined for each cell line. The results showed that
the number of GHRs per cdl ranged from 50,000 to 240,000 in the GHR transfected
cdl lines (see table 5). One of the cdl lines (clone #6), exhibiting 170,000 GHRs per
cdl, was dably trandfected with a GHR-RZ. GHR leves in one of the GHR-RZ
clones was determined to be 81,000 GHR per cell, a decrease of ~48%. This decrease
was sufficient to lower the number of GHRs per cell to levels smilar to receptor leves
found in the GHR trandfected clone #8 which expressed 80,000 GHRs per cdl.
Therefore two cdl lines containing Imilar levels of GHR were established usng two
different methods, GHR transfection and GHR + RZ transfection.

Comparison of DNA copy number and GHR expresson reveded a trend in
that the three highet copy number cdl lines (containing ~30-70 copies of the
GHR/BP “minigene’) had the highet leves of expresson (110,000-240,000
GHRS/cdl) while lower copy number cel lines (~5-10 copies) exhibited lower levels
of expresson (50,000-80,000 GHRY/cdll)(see Table 6). This trend was not absolute in
that certain cdl lines with greater copy numbers of GHR DNA demongrated lower
levels of GHR expresson compared to cel lines with lower copy numbers. The man

example of thisisseen in cdl line #10, which had more than twice the copies of
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Table 5. GHR number per cell was determined for several of the cell lines stably
transfected with a GHR/BP “mini-gene” and for clone 6-5, which was also
transfected with a GHR-RZ.

STAT-5 activation

Clone# GHR number /cell (band intensity)

L odl 2000 0.33
12 50,000 5.82

4 57,000 7.86

8 80,000 11.37
6-5 81,000 11.73
10 110,000 18.73

6 170,000 22.20

15 240,000 22.96

In 12-wdl tissue culture plates monolayers of the dable GHR/BP cdls were
propagated to confluence. 80,000 cpm of 1%°1-hGH a a concentration 1 nM in 1 ml of
1x PBS with 0.1% BSA was added to each well with or without non-radioactive bGH.
8 different concentration of bGH were used to compete with the *2°I-hGH. In addition
to the binding assays, the number of cels per wel were counted using duplicate plates
seeded with the same concentration of cells as used in plates for binding andyss.
Usng Scatchard andyss and cdl number, the cel surface receptor numbers were
determined for each cel line  The evduation of rdaive GHR expresson for each
gdable cdl line was based on the mean vdue of three experiments. E6 cdls with and
without RZ are reported (shaded). Densitomeiry scanning data from PY-20 western is
reported in the last column for comparison.
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Figure 26. GH dsimulated STAT-5 tyrosine phosphorylation in stable cells
expressing various levels of GHR. A. Weden blot andyss usng an anti-
phosphotyrosine (PY-20) polyclond serum was peformed on totd cdl lysates
isolated from non-transfected L cdls (lanes 1), GHR/BP transfected cells (lanes 2-9),
and RZ transfected E6 cdls, clone 6-5 (lane 7). Cels were treated with 500 ng/ml
bGH for 10 minutes prior to harvesting cedl lysates (lanes 1-8). GH treated L cdls
(lane 1) and non-treated clone #15 cdls (lane 9) were included as controls.  The
concentration of protein in the lysates was determined and equdized prior to western
andyss. STAT-5 band intendities were measured by dendtometry scanning and are
reported at the bottom of the gdd. Two gds were resolved using at the same time using
gmilar conditions. B. Of the two gds, one was stained with coomassie blue to further
demonstrate equa amounts of protein were loaded for each clone.
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Table 6. A comparison of GHR/BP “mini-gene’” DNA incorporation to GHR
expression level in transfected clones.

e R
Clone # number mini-gene
[cell DNA*
L cdl 2000
12 50,000
4 57,000
8 80,000
10 110,000
6 170,000
15 240,000

*DNA dot blot andyss was peformed on the stable cdl lines to determine the
relative amount of incorporated GHR/BP DNA. Approximate DNA copy numbers are
indicated to the right of each DNA dot blot
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GHR/BP “minigene’ (~70 copies) as cdl line #6 (~30 copies) but only expressed less
GHRYcdll (110,000 for clone #10 and 170,000 for clone #6).

STAT-5 activation was dso andyzed in the GHR/BP dable cdl lines
Western blot andyds usng an anti-phosphotyrosine (PY-20) polyclond serum was
performed (see figure 26). Approximatdy 1x10° cells for each clone were treated
with 500 ng/ml bGH for 10 minutes prior to harvesting cell lysates. Non-treated cdlls
from clone #15 (the clone with the highest level of GHR expresson) were dso
harvested to serve as a control. Non-transfected L-cells were also included to serve as
a negdive control. The concentration of protein in the lysates was determined and
equaized prior to western andysis.  In addition, duplicate gds were resolves and
daned with coomasse blue to verify that equa concentration of cdlular proteins were
present from lane to lane.  Anayss of the PY-20 immunaoblot reveded a band, which
migrated to an area a the proper Sze for STAT-5 (~95 kDa), that appeared with
different intengties in lanes representing the cdl lines with various leves of GHR
expresson. Only dight bands with the predicted sze were visible in GH treasted L-cdll
control and nonGH trested clone #15. Band intendties as determined by
denstometry were compared to the levels of GHR expresson for each done. When
data from these two measurements were plotted (see figure 27), a linear increase was
observed in STAT-5 activation as the number of GHR/cdl increesed up to
~110,GHR/cdl.  Maximum ectivation of STAT-5 was approached at ~240,000
GHR/cdl as only a dight increase was observed between clone #6 with 170,000

GHR/cdl and clone #15 with 240,000 GHR/cdll. The relationship between GHR
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GH stimulated STAT-5 tyrosine phosphorylation vs. GHR number in stable cells
expressing various levels of GHR.
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Figure 27. GH stimulated STAT-5 tyrosine phosphorylation vs. GHR number in
stable cells expressing various levels of GHR. GH binding assays usng a set
concentration of ?°|-GH and various concentrations of competing non-labded GH
were paformed to determine GHR gpecific binding for each cdl line  Usng
Scatchard analysis and cdl number, the number cell surface GHRs was determined for
each cdl line. STAT-5 activation as measured by PY-20 western blot andyds was
plotted againg GHR number per cell. Clone 6 (gray circle) and RZ transfected clone
6-5 (black circle) are represented by circles, while dl other clones are represented by

gray sguares.
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number and STAT-5 activation was strengthened by the observation that the levd of
STAT-5 activation in GHR-RZ transfected clone #6-5 with 81,000 GHR/cell (reduced
from 170,000 GHR/cdl in the parent clone #6) was smilar to that of the GHR

transfected clone #8 with 80,000 GHR/cell.
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GHR-RZ transgenic mice

The pMe-GHR-RZ mammdian expresson plasmid was used to generate
GHR-RZ transgenic mice. The plasmid was digested with Kpnl to generate an ~1 kb
fragment and isolated without the use of ehidium bromide. The DNA was
resuspended in microinjection buffer to a concentration of 4 ng DNA per ul buffer.
The DNA was then microinjected into the mde pro-nucleé of pre-zygatic fertilized
eggs by the animd technicd daff a the Edison Biotechnology Inditute, Athens OH
(Lacy et d., 1994). One hundred and twelve offspring were produced from the
microinjection procedure.  Transgenic mice were screened usng PCR andysis (see
figure 28) with 5 and 3 primers directed to the 5 metadlothionein-1 untrandated
region and 3 bGH poly A region of the GHR-RZ “mini-gene’, respectively. Of the
112 mice screened, only two females were DNA positive (mouse #76 and mouse #99).
The RZ-DNA postive females were mated with non-transgenic maes in an atempt to
produce two lines of GHR-RZ transgenic mice.  Thirteen attempts to produce
offspring were unsuccessful.  Observetions of hbirthings during severa of the laer
attempts reveded that both the transgenic femaes were killing their pups shortly after
birth. In an effort to circumvent this problem, experienced foster femae mice were
housed with the transgenic females No surviving pups were obtained from these
breedings. The femde transgenic mice cannibaize their own pups and the pups of the
nonttranggenic foder femade mice.  Find atempts to remove transgenic femdes
immediately after giving birth dso proved unsuccessful. Fogter femaes were dso

observed cannibalizing the pups from the transgenic mice. After ~18 months of
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Figure 28. PCR screening of mouse tail DNA from the first set of founder mice
microinjected with the GHR-RZ. A. A 5-primer directed to the metalothionein
transcriptional start Site (striped arrow) and a 3'-primer directed to the bGH poly A
addition ste (white arrow) were used to produce a predicted 161 bp PCR product. B.
Only two mice were PCR postive for the GHR-RZ DNA. The lagt two lanes in the
bottom right corner contained the controls with pMet-GHR-RZ plasmid in the postive
control reaction (+C), non-transgenic mouse tall DNA in the negative control reaction

(-C), respectively.
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breeding the two transgenic femaes no longer became pregnant and each femde died
at ~20 months of age.

Following unsuccessful attempts to continue GHR-RZ transgenic mouse lines,
a second round of microinjections were performed using the same methods. One
hundred and twenty seven offspring were produced from the microinjection procedure.
DNA dot blot andyss usng a probe directed to the metdlothionein-1 transcriptiond
regulatory element was used to screen the mice (see figure 29). Of the 127 mice
screened, three were DNA positive (mouse #93-female, #113-male, and #126-femde).
Intensity of the blots as compared to copy number controls indicated that the number
of GHR-RZ “mini-genes’ integrated in the genome of the pogtive mice ranged from
~5 to ~30 copies (~5 copies for founder #93, ~5 copies for founder #126, and ~30
copies for founder #113). Transgenic founders were successfully mated with non
transgenic mice to expand the mouse liness DNA dot bots were used to identify
transgenic mice from each round of breeding. Due to problems breeding the lines 93
and 126, founder line 113 was expanded to a much grater extent. Once three
generations of each mouse line were edtablished, sx animds (3 mde and 3 femde)
from each of the three tranggenic lines were sacrificed for andyss of GHR leves.
Due to low copy numbers of the integrated RZ-DNA in founder lines 93 and 126, a
diginction between homozygous and heterozygous animas could not be made.
Therefore, a RZ-DNA postive genotype (which mogt  likdy included some
homozygous mice as wel as heterozygous animals) was used for desgnation of mice

in founder lines 93 and 126. Both heterozygous and homozygous mice were used for
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Figure 29. DNA dot blot analysis of mouse tail DNA from the second set of
founder mice microinjected with the GHR-RZ. DNA dot blot andyss usng a
probe directed to the metdlothionein-1 transcriptional regulatory eement was used to
screen the mice.  Of the 127 mice screened, three were DNA postive as indicated
(mouse #93-femde, #113-made, and #126-femde). Intensty of the blots as compared
to copy number controls indicated that the number of GHR-RZ “mini-genes’
integrated in the genome of the positive mice ranged from ~5 to ~30 copies (~5 copies
for founder #93, ~5 copies for founder #126, and ~30 copies for founder #113).
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founder 113. The livers of sacrificed animas were used to peform GHR western blot
andyss and those from GHR “knockout” mice served as controls for the GHR
westerns.  The GHR antibody (clone #181, a rabbit monoclond antibody recognizing
the intracdlular domain of the mouse GHR) was used. Initid GHR westerns
performed using a protocol previoudy described (Cataldo, 2001). While the presence
of a GHR specific band was obtained usng this procedure, it was not separate from
the extraneous bands (see figure 30). These bands were determined not to be
asociated with GHR because they were aso present in liver samples from the
negetive control GHR “knockout” mice, which do not express GHR. Maodificaions
were made to the protocol, which eventudly led to GHR westerns that dlowed for
separdion of GHR from nonGHR proteins that were immunoregtive to the GHR
antibody. Using the modified protocol, western blot analyss was performed on liver
samples from the three GHR-RZ founder lines. Andyds of band intengties from
individua mice in the same genotype reveded incondgtencies. Conclusions about
GHR Evels in a given genotype were not attempted due to a large observed variability
from individud mice in the same genotype (see figure 31). Therefore, in an effort to
increese the number of animds from a given genotype observed by wesern blot
andyss, 6 liver samples were pooled for each genotype andyzed (see figure 32).
Andyss of immunoblots from three westerns reveded no change in GHR leves in
transgenic mice from founder 93 and founder 126 when compared to non-transgenic
littermate controls. Only a dight change in GHR levels was obsarved in transgenic

mice from founder 113 when compared to controls. Due to the variability observed in
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Figure 30. Modified western blot analysis on mouse liver samples using a GHR
antibody. A. A GHR westerns performed using a protocol from Dr. Cataldo (Cataldo,
2001). The lagt 3 lanes contain liver samples from -/- GHR KO mice, which do not
express the GHR, while lanes 1-6 contain liver samples from GHR +/- and +/+ mice,
which express GHR. B. A GHR western performed using a modified protocol based
on the protocol from Dr. Tdamantes. Lane 3 contains pooled liver samples from 3 -/-
GHR KO mice as indicated, while the other lanes contain liver samples from +/+, +/-,
GHR-RZ pogdtive and negetive animds dl of which express the GHR. C. The
columns below the two immunoblots are a brief description of the initia protocols
used for western blot analysis. The arrows indicate the modifications that were made
with the old protocol to the left and the modification to the right of the corresponding
arow. The pH, NaCl and milk concentrations were dtered individudly in the MTT
buffers (Milk, TBS-Tween) as well as the voltage and duration of esolving the SDS-
PAGE gd to produce a more distinct GHR band.
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Figure 31. Western blot analysis on individual mouse liver samples using a GHR
antibody. Lanes 1-9 contan individud liver samples from fourth generation
offgoring of RZ DNA-postive founder 113. Three nonttransgenic littermates (lanes t
3), three heterozygous GHR-RZ mice (lanes 4-6), and three homozygous GHR-RZ
mice (lanes 7-9) were used. Liver samples from three individud GHR -/- animds
were included as controls (lanes 10-12).
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Figure 32. Western blot analysis on pooled mouse liver samples using a GHR
antibody. All lanes contan pooled liver samples from 6 mice of the indicated
genotype. Lanes 1-3 contain liver samples from the three genotypes of the GHR
“knockout” mice as indicated. Lanes 4-6 contan liver samples from the three
genotypes of the founder 113 GHR-RZ mice as indicated. Lanes 7 & 8 contan
samples from non-transgenic littermates and RZ podtive mice from founder 93,
respectively. Lanes 9 & 10 contan samples from non-transgenic littermates and RZ
positive mice from founder 126, respectively.
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wedterns performed on liver samples from individuad mice it could not be concluded
that a decrease in GHR had actudly occurred in transgenic mice from founder 113.
But, in the event that the observed dight decrease in GHR from the founder 113 mice
was actudly representative of a decrease in receptor leves, this line was further
analyzed for decreased GHR levels.

Snce it is known that heterozygous GHR (+/-) “knockout” mice have a
decrease in GHR (only one functiond alele), and that these animas do not appear to
exhibit any observed phenotypic change as a consequence, the founder 113 GHR-RZ
mice were crossed with heterozygous “knockout” mice to produce GHR-RZ
tranggenic mice that have only one functiond GHR dlde  The reasoning for this
cross is to creste an observable phenotypic change in the heterozygous GHR (+/-)
“knockout” mice. If a decrease in GHR levels had occurred in the founder 113 line of
mice, this cross could possibly decresse the levels of GHR in the heterozygous GHR
+/- mice to levds sufficient for change into a phenotype  Additiondly, hdf the
animas obtained from these breedings were given drinking water with 25 mM ZnSO,
in an effort to upregulate transcription of the metalothionein-1 driven GHR-RZ "mini-
gene’.

One hundred thirty two (132) mice were obtained from breeding the founder
113 line of mice with heterozygous “knockout” mice. DNA dot blot andyss usng a
probe directed to the metdlothionein-1 transcriptional regulatory dement was used to
screen the mice for the presence of RZ-DNA (see figure 33). Of the 132 mice

screened, 67 were DNA positive.  PCR screening was used to determine the genotype
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of the GHR heterozygous (+/-) and wild type (+/+) mice (see figure 34). Of the 132
mice screened, 63 were missng one dlde while the other 69 mice had both functiond
GHR dldes. For PCR screening, the 5'-primer was directed to sequence located in
exon 3. Two 3'-primers were used to digtinguish between the wild type GHR/BP gene
and the disrupted gene. The first 3'-primer was directed to sequence located in exon
4. This sequence was present in both wild type and gene-disrupted genes. The secord
3’ -primer was directed to a duplicated sequence located in the neomycin insert present
only in disrupted genes. Wild type mice produced a single 390 bp PCR product, while
the heterozygous mice aso produced the 390 bp PCR product (heterozygous animas
still have one functiond alee) aswell as 290 and 220 bp PCR products.

The four genotypes (+/+ GHR without RZ, +/- GHR without RZ, +/+ GHR
with RZ, and +/- GHR with RZ) were divided into two groups (Zn trested and control)
to creaste 8 different groups of mice. Mde and femae mice were further divided to
create 16 digtinct groups of mice. The phenotypes that were measured were body
weight (see figures 35-39) and GHR levels (see figure 40). All mice were weighed
once a week on the same day. Weight measurements starting at weaning (4 weeks of
age) and continued for 8 weeks. Statidical analyss of mouse weights reveded no
dggnificant change in weight between tranggenic GHR-RZ mice and non-transgenic
mice regardless of sex, “Knockout” genotype, or zinc treatment. Even when dl
groups were combined to creste RZ transgenic and non-transgenic groups with n = 67
and n = 65, respectively, no dgnificant difference in weights was observed (see figure

39). Inaddition, GHR western blot andysis of pooled mae and femae liver samples
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Figure 33. DNA dot blot analysis of tail DNA isolated from offspring of matings
between founder 113 GHR-RZ mice and GHR heterozygous “knockout” mice.
DNA dot blot andyss usng a probe directed to the metdlothionein-1 transcriptiona
regulatory element was used to screen the mice. Of the 132 mice screened, 67 were
DNA positive as indicated with anima number to the left of each corresponding blot.

Two previoudy identified nonrtransgenic tal samples ad two RZ transgenic tall
samples were included as controls (boxed).
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Figure 34. PCR screening of mouse tail DNA isolated from offspring of matings
between founder 113 GHR-RZ mice and GHR heterozygous “knockout” mice.

Of the 132 mice screened, 63 were DNA postive as indicated with anima number
above each of the corresponding PCR products. Two previoudy identified wild type
tal samples and two heterozygous “knockout” tail samples were included as controls
(boxed). The 5-primer was directed to sequence located in exon 3. Two 3 -primers
were used to distinguish between the wild type GHR/BP gene and the disrupted gene.

The firg 3 -primer was directed to sequence located in exon 4. This sequence was
present in both wild type and disrupted genes. The second 3'-primer was directed to a
duplicated sequence located in the neomycin insart present only in disrupted genes.
Wild type mice produced a single 390 bp PCR product, while the heterozygous mice
also produced the 390 bp PCR product (heterozygous animas gill have one functiond
alde) as wel as 290 and 220 bp PRC products. A 100 bp DNA molecular weight
standard is present in the top right lane. The 200, 300, and 400 bp bands are marked
to the right of the bands.
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Figure 35. Mouse weights from zinc-treated male offspring of matings between
GHR-RZ mice and GHR heterozygous “knockout” mice. Offspring were given 25
mM ZnCh drinking water starting at one month of age. Weights were recorded & the
gart of treatment (1 month old) and continued for 5 weeks. Data points represent the
average weights of groups with 69 individuds for each genotype. Four genotypes are
represented for each group (+/+ = Wild type GHR, no RZ; +/+ RZ = Wild type GHR,
RZ tranggenic; +/- = Heterozygous GHR KO, no RZ; +/- RZ = Heterozygous GHR
KO, RZ transgenic). Error bars represent standard error of the mean of each point.
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Figure 36. Mouse weights from non-treated male offspring of matings between
GHR-RZ mice and GHR heterozygous “knockout” mice. Offspring were given
digtilled drinking weter sarting a one month of age. Weights were recorded darting
a 1 month of age and continued for 5 weeks. Data points represent the average
weights of groups with 6-9 individuas for each genotype. Four genotypes are
represented for each group (+/+ = Wild type GHR, no RZ; +/+ RZ = Wild type GHR,
RZ tranggenic; +/- = Heterozygous GHR KO, no RZ; +/- RZ = Heterozygous GHR
KO, RZ transgenic). Error bars represent standard error of the mean of each point.
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Figure 37. Mouse weights from zinc-treated female offspring of matings between
GHR-RZ mice and GHR heterozygous “knockout” mice. Offgpring were given 25
mM ZnCh drinking water starting at one month of age. Weights were recorded & the
gart of trestment (1 month old) and continued for 5 weeks. Data points represent the
average weights of groups with 9-10 individuas for each genotype. Four genotypes
are represented for each group (+/+ = Wild type GHR, no RZ; +/+ RZ = Wild type
GHR, RZ tranggenic; +/- = Heterozygous GHR KO, no RZ; +/- RZ = Heterozygous

GHR KO, RZ transgenic).

point.

Error bars represent standard error of the mean of each



195

30.0
Control Females

25.0

20.0

150;/ I_,’ ’

()
10.0
+/+
5.0 —®—+/+ RZ =
+/-
--®--+/- RZ
OO T T T T 1
0 1 2 3 4 5

Weeks of Treatment

Figure 38. Mouse weights from non-treated female offspring of matings between
GHR-RZ mice and GHR heterozygous “knockout” mice. Offsoring were given
digtilled drinking water garting a one month of age. Weights were recorded sarting
a 1 month of age and continued for 5 weeks. Data points represent the average
weghts of groups with 9-10 individuds for each genotype. Four genotypes are
represented for each group (+/+ = Wild type GHR, no RZ; +/+ RZ = Wild type GHR,
RZ tranggenic; +/- = Heterozygous GHR KO, no RZ; +/- RZ = Heterozygous GHR
KO, RZ transgenic). Error bars represent standard error of the mean of each point.
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Figure 39. Mouse weights from all offspring of matings between GHR-RZ mice
and GHR heterozygous “knockout” mice. To detect any effect the RZ had on
animd weght, dl genotypes (GHR +/+ and GHR +/-), sex, and zinc trestment groups
of mice were combined into two man groups (RZ transgenic and non-transgenic).
Data points for RZ transgenic mice represent the average weights from a group with
67 individuads, while daa points for nontransgenic mice represent the average
weights from a group with 65 individuds Error bars represent standard error of the
mean weight &t each time point.
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from each of the separate groups (except mae and femade samples) dso showed no
difference between GHR levels when GHR-RZ transgenic samples were compared to

non+transgenic controls regardless of zinc trestment (see figure 40).
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Figure 40. Western blot analysis of pooled mouse liver samples isolated from
offgporing of matings between founder line 113 GHR-RZ mice and GHR
heter ozygous “knockout” mice usng a GHR antibody. All lanes contain pooled
liver samples from 6 mice (3 mae and 3 femae) of the indicated genotype. Lanes 1-4
contained liver samples from the zinc trested mice with the genotypes indicated above
the lanes. Lanes 5-8 contained liver samples from the mice not treated with zinc
(genotypes are indicated above the lanes). Lanes 911 contained liver samples from
the three genotypes of the non-zinc treated GHR “knockout” mice to serve as controls.
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DISCUSSION
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There are many factors to congder when desgning an efficient hammerheed
ribozyme for decreasing gene expresson. Fird, an gppropriate target sequence must
be sdected. While the target sequence can contain the nucleotides NUH, where N is
any base and H can be A, U, or C, the triplet sequence GUC has been shown to have
the highest cdleavage potentid (Shimayama et d., 1995). The second GTC following
the ATG trandationd dart Ste in exon 2 was sdected as the target Ste for ribozyme
cleavage. This dte was sdected based on severa criteria reported to influence
ribozyme activity. The specificity and efficiency of a RZ is proposed to be increased
by increesng the number of adenodnes (#AS) in the ribozyme ams (Herschlag,
1991). Multiple repeats of a single nucleotide (mNs) are discouraged in primer
prediction programs such as GeneWorks'™. The strong binding associated with high
(GC) content favors non-specific association with short sretches of sequence and s,
therefore, discouraged (Herschlag, 1991). Ribozymes have been shown to degrade at
a higher rate when UA and CA dinuclectides are present. These dtes are specific
targets for an unidentified endoribonuclease (Qiu et a., 1998). Usng these criteria,
the second GTC following the trandaiond dat dte in exon 2 of the GHR was
sdected as the target Ste for ribozyme cleavage. This region was dso sdected
because of its proximity to the 5 end of the messsge.  The reasoning behind this
strategy is to avoid the trandation of a 5 cleavage product, as previoudy reported
(Wang et d., 199938). In this report, the 5 cleavage product of Apolipoprotien B
MRNA was trandated yielding a truncated protein with the predicted sze. Potentid

GTC target Stes located within the first exon of GHR representing the 5 untrandated
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region of the message were not used due to presence of multiple 5 untrandated
regions (Moffat et a., 1999). Smilarly, the firsd& GTC located in exon 2 was ruled out
because the G in the GTC was the fird nucleotide of the exon and any ribozyme
desgned to this region would have to span the splice junction from exon 1. The
hammerhead ribozyme cataytic core was sdected over other potentid ribozymes due
to its broad use and superior in vitro and in vivo caaytic activity when directly
compared to the hairpin and HDV ribozymes (Chowrira et d., 1994). HFanking the
hammerhead cataytic core were 12 nt 5 and 3 ams  Although this length was
sdected based manly on other successful hammerhead ribozymes expressed in
tranggenic mice from the literature (Efrat et d., 1994; L'Huillier et d., 1996), this
decison was more abitrary than other desgn aspects of the ribozyme. The GC
content and arrangement of each target Ste presented in the literature are unique and,
therefore, each target sequence would most likdy have its own “optima length”.
With no geadfast number given for RZ arm length, severd arguments in the literature
were condgdered. The numbers of bases present in the antisense ams affects the
goecificity and turnover rate of the ribozyme. Longer antisense ams decrease the
turnover rate, while increesng the specificity of the ribozyme to its designated target
RNA. A greaster G/C content also decreases the turnover rate because of the relative
number of hydrogen bonds compared to A/U (three and two, respectively). It has been
reported that the optimal Kea/Ky, a 37°C is achieved in vitro when hdix | and Il are a
combined length of 12 nuclectides (Bertrand and Ross, 1994). While this length may

be optimd in vitro, it gppears that longer lengths are required for target dte
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recognition in vivo (Gavin e d., 1997). In addition, the consequence of usng a
ribozyme that only recognizes 12 bases of a target MRNA would be an increase in
non-specific MRNA cleavage. According to Alberts and his colleagues, there are an
edimated 20,000 different MRNA species in a typicd mammadian cdl with an average
length of 2000 bases (Alberts, 1994). |If this esimaion holds true, the sequence
complexity would be ~4x10’. For a ribozyme to recognize a unique sequence, a least
13 bases are needed to produce a complexity of ~7x10” or (4*3).

The find condderation affecting RZ performance was the type of mammdian
expresson plasmid. The expresson plasmid used for RZ production in anima cdls is
an important condderation. High levels of RZ transcript are required for sgnificant
decreases in targeted gene products (Bertrand et d., 1997). The expresson plasmid
sected for RZ expresson utilized the mouse metdlothionen-l TRE and a bGH
polyadenylaion sgnd. The mouse medlothionen-l TRE coupled with the bGH
polyadenylation sgnd has proven to be an effective combinatiion in our and the
laboratory of others (Kopchick et al., 1990; Miller et a., 1989; Naar et a., 1991;
Sotelo e d., 1995). Even in the absence of meta ion treatment the mouse
metdlothionein-l TRE activates transcription at high levels in mouse cdls  Moreover,
the expresson of metdlothionein-I driven congructs is ubiquitous (Choudhuri et d.,
1995; Leone, 1986; Pitt et al., 1992; Zelger et d., 1993). Therefore, this fuson gene
was utilized for RZ expressonin cultured cdlsand in mice.

Prior to expressing the RZ in cdls the ability of the RZ to specificdly cleave

GHR-RNA was tested. The incorporation of a core T7 promoter sequence nto the
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design of the 5 primer dlowed the PCR product to serve as a template for run-off
transcription by T7 DNA polymerase (Weler and Rosette, 1990). This draegy
successfully dlowed us to bypass an additiond cloning step in which the GHR-RZ
congtruct would have been sub-cloned into a T7 promoter containing plasmid for in
vitro run-off transcription. PCR generated DNA templates of the GHR-RZ were
desgned to match the predicted sze of the in vivo transcribed GHR-RZ. The
beginning and ending of PCR amplification for the RZ DNA template was a the Met-1
transcriptional start site and bGH poly A addition Ste, respectively. This dlowed for
the production of a PCR product that, when transcribed in vitro by T7 DNA
polymerase run-off transcription, would produce RNA smilar in sze to the predicated
RZ-mRNA transcribed in vivo with the exception of 5 and 3' end processing.

Initidly, the same drategy that was used to creete the full length RZ RNA was
used to create GHR-DNA templates. Production of RNA from the full-length GHR-
DNA templates (~2.1 kb) proved to be troublesome as low yieds of in vitro
transcribed GHR-RNA were obtained. The low yidds from the in vitro transcription
reactions are possbly due to the presence of sequences that resemble phage
termination dgnds, or due to the longer length of template increasing the likelihood
that the polymerase would fal off of the template prior to transcription of the full
length RNA. Of the two posshilities, the latter gppears to be more likdy in tha
specific bands were not observed, only nonspecific smears from the predicted size to

~500 bases were observed.
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The second 3'-primer was designed to produce a truncated (618 bp) GHR-
DNA template. The truncated GHR gave high yidds of PCR generated full length
DNA template, high yidds of in vitro transcribed GHR-RNA, and the RNA was
successfully resolved on polyacrylamide ges.  Although a full length GHR-RNA
ubdrate was more dedrable in order to mimic the sze of the cdlular counterpart,
even a full length in vitro transcribed GHR-RNA sill would not represent the true
cdlular GHR-RNA. Events such as 5 and 3 processng not only change the size of
the RNA but aso dlow for auxiliay RNA binding proteins to bind the RNA. Thisin
addition to many other cdlular factors that are not represented in test tube RNA
reections places less importance on obtaning a “full length” substrate RNA for in
vitro cleavage reactions. Therefore, consdering the statements above, the difficulty in
obtaining and handling of full length subdrate, and snce the RZ deavage Ste was
located only 91 nts from the 5 end of the GHR transcript, the GHR truncated 618 nts
after the transcriptiona stat Site was used for in vitro anayss.

Cleavage of the truncated GHR-RNA was observed in each RCA containing
the GHR-RZ (with the exception of the RCAs performed a 0°C, pHs below 7, and
reaction performed without MgChL), while cleavage was not observed in Smilar
reections without RZ. This demondrated that the GHR-RZ was cadytic. The
production of in vitro syntheszed RNA for the RZ cleavage assays dso limited the
possibility of proteinacious contaminates that could ill be present if RNAs were
isolated from cdls or if RCAs were performed in cdl lysates. The predicted 527nt 3

and 91nt 5 cleavage products observed in each of the reactions suggests that cleavage
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had occurred a the engineered target sSte. No secondary cleavage bands were
obsarved in any of the RCAs performed dthough non-specific smearing on the siver
Stained gels was observed to some degree for dl of the RCAs performed. Examples of
smearing are seen in figure 20 where the degree of smearing increased with incubation
time. Snce this smearing did not produce any discernable banding in the slver
daned gels and because the smearing was dmilar to that observed in reactions
without RZ, it appears that the degradation of the RNA was not related the RZ. The
gnearing was mog likdy due to RNase contamination (Bisbd, 1997; Goto and
Mizuno, 1971; Hansdorf et a., 1994). With this sad, one could argue that it is
possble that a contaminating endo-RNase cleaved the GHR-RNA ingead of the
ribozyme 4ill exitss ~ However, snce the smearing was observed in both RZ
containing and non-RZ containing RCASs, and no specific band was observed in RCAs
not contaning RZ, it is highly unlikdy tha the contaminating RNases caused the
specific cleavage obsarved only in RZ containing reactions.  Another explanation for
the nonspecific degradation of RNA was due to M¢f* in the reactions. When M¢f”
concentrations were dtered in the RCAs, non-specific smearing was aso observed at
higher concentrations of Mg (see figure 17). This was not surprisng since certain
metd ions such as Mg and M’ are known to cause non-specific deavage of RNA
(Kuo and Herrin, 2000). Although Mg?* probably contributed to the non-specific
RNA degradation, the mgority of the degradation was agan most likdy due to
RNases because reactions performed in the absence of Md* siill exhibited degradation

(figure 17).
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Interegtingly, the 5'-cleavage product was more protected from degradation
than the 3'-cleavage product; uncleaved substrate RNA; and the RZ RNA as seen in
figure 20. Following 24 hours of incubation, only the 5'-cleavage product remained
clearly visble while the other RNAs were barley detectable. It is possble that the
secondary  dructure formed in the 5-cleavage product protected it from RNase
degradation. While many RNases appear to be non-specific, some RNases have been
shown to recognize certain RNA gructures (Diwa et d., 2000). It is aso possble that
the andl gze of the 5-cleavage product precluded it from RNase degradation.
Cetain RNA hinding proteins such as poly A binding proteins (PABP) have been
shown to require specific lengths of sequence, and once the sequence is reduced
beyond this requirement, the PABPs no longer recognize the RNA and fdl off
(Bedman and Parker, 1995).  While 91 nuclectides is much larger than the ~30
nucleotide requirement for PABP, it is possble that the particular RNases that are
contaminating the in vitro RCAs have some sort of length requirement.

It must be noted that in vitro reactions were performed solely for the purposes
of decribing the enzymatic activity of the RZ in vitro and not as for the purpose of
predicting success in vivo. This is important when consdering the performance of the
RZ under various conditions such as temperature. We see from the temperature
optimization reactions that the RZ was mogt active a 59°C (figure 19). If only in vitro
results were consdered when designing a RZ, then it would make sense to redesign
the RZ with shorter antisense ams and/or lower GC content. But the complexity of

the cell has made such predictions inappropriate as it has been shown previoudy that
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no correlatiion exists between in vitro and in vivo RZ adtivity (Crisdl et d., 1993;
L'Huillier et d., 1992, Steinecke et a., 1994). Perhgps Crisdl’'s experiments
demondrated this point most effectively by comparing the activities of 11 different
hammerhead ribozymes in vitro and then in vivo for the ability to inhibit HIV. Crisdl
reported that ribozymes with high effidency in vitro had faled to inhibit HIV in cdls.
In contrast, he aso observed the inhibition of HIV by a ribozyme that did not show
efficdent catdytic activity in vitro. However, in vitro sudies are vauable in that they
demondirate that a given RZ desgn possesses enzymatic activity. Detection of RZ
cleavage in vivo is difficult due to rapid degradation of the unprotected cleavage
products, therefore, performing in vitro cleavage assays are worthwhile.

Explanations for the lack of corrdation when RZ ae used in vivo can be
attributed to reports that RZ activity can be enhanced or inhibited by associating with
severd types of molecules RNA binding proteins such as nucleocgpsd protein of
HIV-1 (NCp7) and hnRNP A1l enhance the turnover rate of ribozymes by accderating
the atainment of the thermodynamicdly most sable species throughout the ribozyme
cadytic cycle (Bertrand and Ross, 1994; Herschlag et d., 1994; Tsuchihashi et 4.,
1993). In addition, NCp7 has been shown to resolve a misfolded ribozyme-substrate
RNA complex that is otherwise long lived (Herschlag et d., 1994). Certain
aminoglycosdes can inhibit the activity of ribozymes (Earnshaw and Gait, 1998;
Hemann and Weshof, 1998; Llano-Sotelo and Chow, 1999). Crystdlography
andyss has reveded dructurd complementarities between the charged amino groups

on aminoglycosdes and the metd binding dtes within the cataytic pocket of
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hammerhead ribozymes (Hermann and Westhof, 1998). This indicates the
aminoglycosdes actudly compete with magnesum for the metd binding Stes within
the cadytic doman. In contras, viomycin has been shown to enhance the
interactions between RNA molecules, increasing the deavege activity of ribozymes
(Olive e d., 1995). Unlike aminoglycosde antibictics, viomycin is a basc cydlic
peptide antibiotic of the tuberactinomycin group. In the presence of viomycin, the
required magnesum concentration is reported to be decreased by one order of
magnitude.  Oligonucleotide fecilitators have aso been shown to enhance or inhibit
ribozyme activity (Jankowsky and Schwenzer, 1996; Jankowsky and Schwenzer,
1998). When short oligonuclectides directed to the substrate RNA immediatedly 5 and
3 of hdix | and Il formation were added to ribozyme cleavage reactions involving
substrates of different lengths, it was shown that the presence of the facilitators
enhanced ribozyme cleavage. It is proposed that the facilitators accelerate the
asociaion of the ribozyme and substrate by coaxid helix stacking. The effect of the
facilitators may aso cause a conformationa change in the substrate RNA increasing
accesshility to ribozyme binding. And while oligonucdleotides do not exist in vivo,
the presence of many RNA species could mimic this effect for certain targeted RNAS.
Following the in vitro confirmation that the GHR-RZ was catdyticaly active
and specific for the engineered target dte, the GHR-RZ was tested in cultured cdls.
Since the GHR-RZ was ultimady designed for expresson in mice, a mouse cdl line
was chosen for cdlular andyss.  Although our laboratory dready had mouse L cdl

lines stably transfected with GHR cDNA the cDNA was isolated from pig (Wang et



209

a., 1993b), andyss of the target dte in the porcine GHR nucleotide sequence
compared to that of the mouse reveded that 7 out of the 24 nucleotides represented in
the RZ/GHR heices were mismaiched. Therefore, to create a mouse line with high
levels of mouse GHR, L cdls were trandfected with a mouse GHR/BP “mini-gene’.
The “mini-gene’ contained mouse GHR cDNA from exon 2-10 with a section of
genomic sequence from exon 7 through exon 8. Following confirmation by PCR of
gable DNA incorporatiion, GHR expresson was measured usng GH binding assays.
GHR expresson was observed in 100% of 15 GHR/BP DNA postive lines isolated.

This not only provided a cdl line in which the GHR-RZ could be tested, it
demondirated that the mouse metdlothionein TRE was active in these cdls. One of
the cdl lines (E6) that demondrated a relaively moderate level of GHR expresson
was selected for RZ andysis.

The GHR-RZ construct pMet-GHR-RZ was stably transfected into the E6 cell
line. The dable integration of the pMe-GHR-RZ into the E6 cdl genome was
verified by PCR. The ability of the RZ to decrease GHR expresson was verified by
northern blot, western blot, and GH binding assays. All three methods used to
measure GHR levels indicated a 50% decrease in GHR levels was achieved in two of
the RZ trandfected cdl lines (6-4 and 65). Western blot andyss usng a monoclond
antibody directed to the cytoplasmic region of the GHR reveded three separate bands
(110 kDa, 66 kDa and 46 kDa) specific for the intracellular region of the GHR (see
figure 24). While the predicted molecular mass of the GHR protein is 72.8 kDa, post-

trandationa modifications such as glycosylation and ubiquitination produce a 110-120
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kDa protein. While the presence of multiple bands is often described in GHR western
blot andyses, the true identities of these bands remain unknown. Since the antibody
used in this case was directed to the cytoplasmic doman of the GHR, the GHBP
corresponding to the extracdlular domain of the receptor can be ruled out. While it is
tempting to suggest that the 110 kDa GHR yielded the 66 and 46 kDa bands, the
oecificity of the antibody to the cytoplasmic doman once agan rules out this
posshility. It is therefore likely that the bands represent two separate products of the
cytoplasmic domain that differ in Sze but contain the same epitope to which the
antibody recognized.

GHBP levels were also decreased in the RZ transfected cdll lines 64 and 65
by 32 and 38%, respectively. While a decrease was expected in GHBP because the
RZ targeted exonic sequence common to both GHR and GHBP mRNAs (exon 2), the
decrease was not equd to that observed for the GHR (both ~50%). Andyss of the
northern blot using a probe directed agangt exons 2-7 adso demondrated that more
GHBP mRNA was present in RZ trandfected cdls as wdl as in nonRZ transfected
cdls (figure 23). This indicated that the parentd E6 cells were producing more GHBP
than GHR mRNA to begin with and that the RZ was not preferentidly decreasing
GHR messsge. The presence of introns flanking exon 8a in the pMet-GHR/BP
“minigeneg’ dlowed for dterndive splicing of the premRNA GHR/BP transcript to
GHBP and GHR mRNAs. The incluson of exon 8a dlows for the production of
GHBP mRNA while skipping this exon dlows for the production of GHR mRNA.

Appaently a preference for the incdluson of exon 8a exids in this cdl line with this
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congruct. Recently it has been suggested that the opposing effects of sering/arginine-
rich proteins (SR) and heterogeneous nuclear ribonucleoprotein (hnRNP) A1l influence
dternative splicing (Caceres et a., 1994; Ichida et al., 2000). Increased expression of
SR activates proxima 5 splice dites, and promotes the exon inclusion, while increased
expresson of hnRNP Al activates disad 5 splice Stes and promotes exon skipping.
Therefore, if this view of control during dternative splicing is correct, it would be
interesting to see if SR is expressed to a greater extert than hnRNP Al in these cels
and if these cdlsfavor exon inclusion for al preemRNAS.

Attempts to detect the RZ RNA were unsuccessful using northern blot andysis
and RNase protection assays. Difficulties in detecting RZs expresson with sgnificant
reductions in the targeted genes have been reported previoudy (Efrat et d., 1994;
Heinrich et d., 1993; Sokol and Murray, 1996). Larsson and colleagues reported a 22-
94% decrease in b2M mMRNA levels from lung tissue of individud transgenic mice
with no detection of RZ RNA by northern blot andlyss, or by RNase protection assays
(Larsson et d., 1994). Efrat and colleagues reported a 70% decrease in idet GK
activity with no detection of RZ RNA by northen blot andyss, or by RNase
protection assays (Efrat et a., 1994). The firg ribozyme to be detected by Northern
blot andyss in a transgenic mice was described by L’Huillier and colleges in 1996
(L'Huillier et d., 1996). Prior to this dl other ribozymes were detected by RT-PCR.
A possible reason for this may be due to differences in Sze. The RZ utilized here was
predicted to be 161 nucleotides in length (not including the poly A tal). The RZ that

was detected by northern was predicted to be 1150 bases after transcription and
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golicing, not including polyadenylation. The large sze of this ribozyme was due to
the large 5 (transcription initiation was ~268 bases upstream of the ribozyme) and 3
(the poly (A) cleavage Ste was ~822 bases downstream of the ribozyme) untrandated
regions. It is possble tha the very naure of ribozymes with strong secondary
dructure, smdl size, and the formation of antisense recognition with target RNA,
makes the detection of RZs difficullt.

Following the successful reduction in GHR leves in the E6 cdls trandfected
with RZ, we wanted to see if this reduction was sufficient to dter GH sgnding
through STAT-5 activation. The two RZ transfected cdl lines (6-4 and 65) exhibited
a diginct reduction in GH dimulaied STAT-5 activation as determined by western
blot andyss udng anti-phosphotyrosne (PY-20) serum.  The bands migrating a 95
kDa have been shown previoudy to be STAT-5 in three separate laboratories (Chow et
a., 1996; Ram et a., 1996; Silva et d., 1996; Wang et d., 1994; Xu et d., 1996; Xu et
a., 1995). The degree of reduction was greater than 50% for both of the RZ DNA
postive cdl lines. Therefore it appeared that a 50% reduction in GHR level was
afficient to decreese GH simulated sgna transduction through STAT-5 in E6 cdls
(seefigure 25).

In an effort to better understand the reationship between GHR leve and
STAT-5 attivation, the dable cdl lines initidly transfected with the GHR/BP “mini-
gene’ were further dudied in greater detal. Utilizing the range of GHR expression
observed in the 15 cdl lines, 6 of the gtable lines representing the highest, lowest, and

4 intermediate GHR expressers were sdlected to determine the effect of GHR leve on
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STAT-5 activation. GHR number in the 6 cdl lines ranged from ~50,000 to ~240,000
GHR/cdl. Andyss of cdl surface receptor number plotted againgt STAT-5 activation
in GH treated cdls suggests that maxima ectivation was approached in cdls
expressing ~240,000 GHR/cdl. Only a dight increase in STAT-5 activation was
observed between the cel lines expressng ~160,000 GHR/cel and ~240,000
GHR/cdl. In addition, a linear relaionship was observed for cells expressng less than
~110,000 GHR/cell.

The RZ trandected clone 6-5 was dso andyzed adong dde the 6 GHR
expressing clones. The degree of STAT-5 activation in the RZ trandfected cdl line 6
5 was dmilar to that of the GHR expressng clone #3 which expressed ~80,000
GHR/cdl. The number d GHRS/cdl in the RZ transfected cdl line was determined to
be ~81,000, dso smilar to levels observed in clone #8. The smilarities in receptor
number and STAT-5 activation between these two clones (6-5 & 8) further verified the
relationship in that tvo separate methods were used. For clone #8, 80,000 GHRs/cell
were expresed in this cdl line due to gable trandfection of the GHR/BP “minigene’.
For clone 6-5, 81,000 GHRYcdl were expressed as the result of a stable RZ
trandection into a cdl line previoudy transfected with the GHR/BP “minigene’. This
was a 48% decrease in GHR number as compared to the parent E6 cedlls which
expressed ~170,000GHR/cell.  These results confirmed the previous findings that
GHR leves were decreased in these cdls by ~50%, and that this decrease was
aufficdent for a reduction in GH sgnding through STAT-5. In addition, the ribozyme-

associated reduction observed in clone 6-5 dso helped to reinforce the reationship
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described by the plot linking GHR number and the degree GH simulated STAT-5
activation. The trandfection of the RZ into clone E6 decreased both the number of
GHRs and the degree of STAT-5 activaion in a manner that obeyed the line
describing the relationship between the two factors determined in the absence of RZ
trandfection. Simply dated, “the results from the RZ transfected cedlls were on the line
of the results from the GHR transfected cells. ©

The pMe-GHR-RZ mammdian expresson plasmid was used to generate
GHR-RZ transgenic mice. Three of the 127 mice screened by DNA dot blot analyss
were DNA postive (mouse #93-femde, #113-male, and #126-femde). Intengty of
the blots as compared to copy number controls indicated that the number of GHR-RZ
“min-genes’ integrated in the genome of the pogtive mice ranged from ~5 to ~30
copies (~5 copies for founder #93, ~5 copies for founder #126, and ~30 copies for
founder #113). The livers of sacrificed animals were used to perform GHR western
blot andyss. Livers from GHR “knockout” mice were adso obtained to serve as
controls for the GHR westerns.  Based on the intendty of bands following andyss of
liver from individuad mice, the conduson drawn was that an insufficient number of
sanples due to large vaiations in GHR leveds from animds in the same genotype.
Determining GHR levels from individud mice was therefore difficult.  Therefore, in
an dffort to increase the number of animas from a given genotype observed by
wedern blot andyss, dl 6 liver samples were pooled for each genotype andyzed.
Andyss of immunoblots from three westerns reveded no change in GHR leves in

transgenic mice from founder 93 and founder 126 when compared to non-transgenic
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littermate controls. Only a dight change in GHR levels was observed in tranggenic
mice from founder 113 when compared to controls. Due to the variability observed in
westerns performed on liver samples from individuad mice it could not be concluded
that a decrease in GHR had actudly occurred in transgenic mice from founder 113.
But, in the event that the observed dight decrease in GHR from the founder 113 mice
was actudly representative of a decrease in receptor levels, this line was further
analyzed for decreased GHR levels.

Snce it is known tha heterozygous GHR (+/-) “knockout” mice have a
decrease in GHR (only one functiond dlde) (Zhou 1997), and that these animas do
not appear to exhibit any observed phenotypic change as a consequence, the founder
113 GHR-RZ mice were crossed with heterozygous “knockout” mice to produce
GHR-RZ transgenic mice that have only one functiond GHR dlde. The reasoning
for this cross was to create an observable phenotypic change in the heterozygous GHR
(+/-) “knockout” mice. If a decrease in GHR levels had occurred in the founder 113
line of mice, this cross could possibly decrease the levels of GHR in the heterozygous
GHR +/- mice to levels aufficient for phenotypic change. In a further atempted to
creste a phenotypic change in these mice by upregulaing transcription of the
metdlothionein-1 driven GHR-RZ "mini-gene’, zinc was introduced to the mice
Trestment was continuous for 5 week. Supplementing the drinking water of a mouse
with up to 25 mM ZnSO, has been shown to increase the rate of transcription of a
metdlothionein-l TRE containing transggere with no ggnificant change in - mortdity

rate (Eisen et a., 1998; Siewerdt et a., 2000). Mice receiving treatment had ther
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sandard drinking water supplemented with 25 mM ZnSO, ad libitum darting & age
weaning (28 days). Mice were sdected a weaning through the next five weeks
following weaning in an effort to catch the GH dependent phase of growth. The mice
were not treated prior to this because it was not known exactly when the pups would
begin drinking the water and if that trangtion was Smilar in timing for dl mice
dudied. Therefore the time of regular weaning in the mouse colony was sdected.
Andyss of mouse growth curves in the GHR -/- mice indicate that the GH dependent
growth in mice does not occur until gpproximatdy two weeks of age. This is evident
in that GHR -/- animas do not show phenotypic differences from GHR +/+ littermates
until ~2-3 weeks of age (Zhou 1997). Therefore, the growth in the five weeks
following weaning appears to be effected to a great extent by GH. Additiondly,
because the weights of the mice were the phenotype that was measured, weights were
not measured beyond this period as the effects of weight gain are influenced to a
higher degree by body fat compostion and to less of a degree by bngitudind growth
as obsaved in younger mice.  Andyss of mouse weghts reveded no sgnificant
change between tranggenic GHR-RZ mice and non-transgenic mice regardless of sex,
“Knockout” genotype, or zinc treatment. In agreement, GHR western blot anayss of
pooled mae and femde liver samples showed no difference in GHR leves when
GHR-RZ transgenic samples were compared to norttransgenic controls. The GHR-
RZ therefore was ineffective at decreasing GHR in mice.

The precise reason why the RZ failed is not known but severd explanations are

suggested in figure 41. The inability to detect RZ RNA suggests that the RZ was not
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Figure 41. Several important factors that can influence the success of a ribozyme
in vivo.
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expressed.  While this remains a likely scenario, the inability to detect RZ does not
necessarily mean that it was not there. Reports of successful reductions in gene
expression in the absence of RZ detection by northern blot and RNase protection assay
suggests that unidentified factors can block RZ detection.  The tight secondary
dructure of RZs and the presence of antisense ams may play a role in blocking
detection. Since the RZ was specificdly engineered to bind target RNA, it is possble
that denaturing conditions during RNA analyses are not sufficient for separation.

If the RZ was not transcribed, a possble explanation might be due to the
absence of an intron in the RZ condruct. The inclusion of intronic sequence can dlow
for expresson of cDNA in tranggenic animas that ae not transcribed or are
transcribed a low levels in ther absence (Brinster et d., 1988; Clark et a., 1993;
Whitdaw et da., 1991). In addition, intron containing and norrintron containing
congiructs that have different transcription efficiencies in tranggenic animas can be
expressed in cdl culture with no difference in transcription efficiency (Bringer et d.,
1988; Whitdlaw et d., 1991). It is thought that transcriptiond enhancer sequences are
located in cetan introns and therefore incluson of these introns increases
transcription efficiency (Clark et d., 1993; Whitdlaw et al., 1991). It is suggested that
this efect on genes in animds diffes from cutured cdls in that cdls in living
organisms are exposed to more developmenta influences (Bringter et a., 1988). In
addition, the presence of splicing machinery is thought to incresse transcription
effidency and assg in the export of mMRNAs though the nuclear pores (Huang and

Carmichael, 1996; Lewis and lzaurrdde, 1997). Andyds of RZs tha have been
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shown to decrease target MRNA in transgenic mice previoudy suggest tha the
incdluson of an intron into the expresson cassette dlows for successful transcription of
the RZ (Efrat et d., 1994; L'Huillier et d., 1996; Sokol et d., 1998). Although this
requirement is not absolute in that a RZ not containing an intron has been reported to
be expressed in transgenic mice with concomitant decrease in target RNA (Larsson et
a., 1994). It is ds0 posshle that the RZ-DNA integrated into a location of the
genome that slenced the gene (Clark et d., 1993). While this emains a posshility, it
IS less likdy when we consder that al three separate lines of mice faled to decrease
GHR levels If this were the cause, it would have had to occur in dl three mouse-
lines. Other posshle explanations for the falure of the RZ in vivo indude the
presence of cdlular inhibitors of RZ activity (Feig et d., 1998), midolding of the RZ
(Bass et d., 1999), RNase degradation (Qiu et a., 1998), the indbility of the RZ to be
exported from the nucleus (Bertrand et a., 1997, Huang and Carmichael, 1996;
Koseki et a., 1999), locdization of the RZ to regions of cytoplasm that are distinct
from the location of the GHR mRNA (Bertrand et a., 1997; Ding e a., 1993
Oleynikov and Singer, 1998), improper length of the anneding ams leading to
decreased turnover for arms that are too long or non-specific recognition for ams that
are too short (Gavin and Gupta, 1997; Sioud, 1997), an inaccessible target Ste due to
secondary dructure of the GHR mRNA and/or the presence of an RNA binding
protein (Amarzguioui et a., 2000; Scherr and Ross, 1998).

While the GHR-RZ did not decrease GHR levels in transgenic mice, the same

RZ congruct was successful a decreesng GHR levels by 50% in E6 cdls. This
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decrease was aufficient enough to dter GH ggnading as observed by a concomitant
decrease in GH simulated STAT-5 activation. Therefore, GH resistance was created
in the RZ trandected cdls. A reationship between the level of GHR expresson leve
and GH induced STAT-5 activation was edtablished in the GHR/BP transfected cdls.
In RZ trandected cels, the decrease in GHR number and ability to activate STAT-5
conformed to this rddionship. Wheher a dmilar decreese in GHR leves in
tranggenic mice would result in a gmilar patern remans unknown. Future
experiments that may lead to the successful design of a RZ used for decreesng GHR
gene expresson to aufficient levels to dicit observable phenotypic changes involve the
incduson of an intron into the pMe-GHR-RZ plasmid and the use of highly active
RNA polymerase Il promoter driven tRNA-tethered RZs. Currently, tRNA-tethered
RZs targeted to the GHR-mRNA have been condructed and prdiminary results in
cultured cdlls indicate that they are active (see gppendix D). Whether or not these RZs
will be active in tranggenic mice remans undear as results from cel culture andyss
does not adways represent results obtained in an organism.

The complete loss of functional gene expression is the cause of many inherited
diseases. Animad models for these conditions can be created by homologous
recombination resulting in a gene “knockout’. While the complete loss of functiona
gene expresson can account for many genetic disorders, certain diseases can arise
from decreases in gene expresson. For these conditions, gene disruption via
homologous recombination is not dways the best method for creating anima models.

Ribozymes offer an dternative to conventiona gene disruption by decreasing but not
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diminating functiond gene expresson as no ribozyme expressed in vivo has been
reported to completey diminate the gene expresson of interest. Our laboratory has
crested mice that are completely unable to utilize GH (Zhou et d., 1997). This was
accomplished using homologous recombination affectively disrupting the GHR gene
resulting in GHR -/- mice.  While these mice have proved to be a vauable tool for
understanding the human condition termed Laon syndrome and have helped to
elucidate GH action through studying its absence, we have not been able to sudy the
effects of decreased GH action using these mice. The complete absence of GH action
in these mice gppears to have some very profound consequences. Asde from the
more obvious decreases in growth parameters such body weight (Zhou et a., 1997),
ddayed sexud maturation (Chandrashekar et d., 1999; Zhou et a., 1997), and
decreased bone minera content (Sms et a., 2000; Sogren et d., 2000), some
beneficid changes such as protection from diabetic nephropathy (Bdlush et d., 2000)
and a dgnificantly increased lifepan occur (Coschigano et a., 2000). Interestingly,
the heterozygous GHR +/- littermates, which are reported to have a sgnificant
decrease in GHR expresson, do not share any of these physologica “shortcomings’
or benefits.  With this in mind an important qiestion arises: If the complete lack of GH
causes such profound and beneficid effects and the heterozygous GHR +/- mice do
not share any of these phenotypes, then a what level of GHR expresson do we gart to
see changes in phenotype.

An answver to this question may dso hdp in other areas of GH metabolism

beyond Laron dwarfism. Starvation, sepss, diabetes, surgery, and critica illness can
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be associated with an increased catabolic rate that can prolong recovery and incresse
morbidity and mortdity (Chiolero et a., 1997; Lewis et d., 1997; O'Leary et d., 2000;
Thissen et d., 1999). These conditions are associated with GH resstance defined by
normd leves of GH and with low leves of IGF-1. In a non-disease state serum I1GF-|
levels are pogtively regulated by serum GH, therefore normd to high levels of GH
should produce normd to high levds of IGF-l1. While complete GH insengtivity has
been crested in GHR -/- mice, no mouse model for GH resistance exists. Because the
heterozygous GHR +/- mice are reported to have decreased GHR levels, it is logica to
think that they could serve as a modd for GH resgtance.  Unfortunately, as previoudy
dated they do not exhibit any sgns of GH resstance as no other phenotypic changes
have been reported when these mice are compared to non-transgenic littermates.
Apparently the extent to which GHR expresson is decreased in the +/- mice is & a
levd that gill dlows for norma GH sgnding. We see from the results obtained in
cdl culture that a 50% decrease in GHR number was sufficient to dter GH-gtimulated
STAT-5 activation. Moreover, we see that GH-dimulated STAT-5 activation was
linear up to ~110,000 GHRYcdl. The reationship between GHR number and GH-
dimulated STAT-5 activation began to gpproach a maximum beyond ~170,000
GHRYcdl a only a dight increese in STAT-5 activation was observed in cdls
expressng ~240,000 GHRgcdl. If these results obtained in cultured cdls are
representative of what was occurring in vivo, then t is possble that the levd of GHRs
in mice are above the linear range observed in cdls If this were true then the 50%

decrease in GHR levels of the heterozygous made GHR “knockout” mice would only



223

dightly dter GH-gimulated STAT-5 activation.  This phenomenon was observed
between cdl line 6 which expressed 170,000 GHR/cdl and cdl line 15 which
expressed 240,000 GHRYcdl. The increase of 70,000 GHRScell between these two
cdl lines had little effect on GH-dimulated STAT-5 activation (~3% increase), while
a smdler increese (~60,000 GHRScel) between cells expressng GHR levels in the
linear range such as cdl lines 12 (~50,000 GHRYcdl) and 10 (~110,000 GHRS/cell)
resulted in a much greater effect on GH-dimulated STAT-5 activation (~69%

increase).
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pM SV-GHR-RZ
Summary of experiments

In an effort to creste a cdl line that expresses GHR-RZ in an inducible manner,
the sodium butyrate inducible (Yeivin et d., 1992) Mdoney murine Sarcoma Virus
long termina repest (MSV-LTR) was cloned 5 of the GHR-RZ. An MSV containing
expression cassette (pPMSV-bGH-c) was firg crested. Sequencing analyss confirmed
the proper cloning of the congtruct. The MSV-driven RZ expresson vector (pMSV-
GHR-RZ) was then cloned and sequenced. To analyze the GHR-RZ in cdls, mouse L
cdls gably trandfected with a GHR/BP “mini-geng” (E6 cdls) were dtably transfected
with pMSV-GHR-RZ. Following trestment with sodium butyraie, we expected the
MSV-driven GHR-RZ to decrease the level of GHR compared to non-sodium butyrate
treated cdls.  Unexpectedly, GHR leves actudly increesed in the sodium butyrate
treated cells as compared to the non-trested cdls (as determined by GHR binding
assays). Therefore, it gppears that the metdlothionein-| transcriptiona regulatory
dement is ds0 inducible by sodium butyraie trestment in agreement with previous
reports (Andrews and Adamson, 1987; Birren and Herschman, 1986; Thomas et 4d.,

1991).

Creation of pM SV-bGH-c expression cassette
The plasmid pMSV-GHR-RZ contaning a MSV-LTR was used as an

expression vector for the GHR ribozyme. First an expression cassette was constructed
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from two other expresson cassettes, pCMVie-bGH and pMSV-D29 (see figure 42).
The plasmid pCMVie-bGH was prepared for ligation by digestion with Pvull and
Ndel to produce four fragments 798nt, 881nt, 1224nt, and 2330nt in size. The plasmid
pMSV-D29 was prepared by digestion with BamHI to produce two fragments 1000nt
and 7500nt in sze. The 5 overhangs resulting from the BamHI digestion were then
filled in with Klenow enzyme. The “blunt ended” fragmerts from pMSV-D29 were
then digested with Ndel to produce four fragments 996nt, 1000nt, 2500nt, and 4000nt
in 9ze. The fragments from both plasmids were separated by eectrophoress. The
~2330nt fragment from pCMVie-bGH containing the bGH poly A sgnd sequence,
ampicillin resstance gene and the origin of replication was removed with a scapd and
retained for purification. The ~966nt fragment from pMSV-D29 containing the MSV
transcriptional  regulator  lement was removed with a scapd and retained for
purification. The two fragments were placed into didyss tubing contaning TAE and
isolated usng didyss tubing and Elutip-d™ ionexchange columns as described
previoudy in the method section of this dissertation. The isolaled DNA fragments
were resusended in deionized H,O and ligated usng T4 DNA polymerase. DNA
mini-preparations were performed and positive clones were sequenced (see figure 43)

to verify proper sub-coning.

Creation of pM SV-GHR-RZ expression vector

Using the pM SV-bGH-c expression cassette, the GHR-RZ was sub-cloned in
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Pvull EcoRl Ndel,  Pvul

A
& -g,@‘-

iy
= a
Puull pCMVie-bGH-c Pl pMSV-delta-29 ~ “BamHi
Ndel// 4 H‘BamHI
Ndel
-BamHI digest
-Klenow
-Ndel/Pvull digest -Ndel
-isolate vector fragment -isolate MSV fragment
-mix
-ligate

Figure 42. Congruction of the plasmid pMSV-bGH-c. The plasmids pCMVie-
bGH-c and pMSV-ddta 29 were used to sub-clone the sodium inducible expresson
cassette pMSV-bGH-c. Following digestion with Ndel and Pvull, a ~2330nt fragment
from pCMVie-bGH containing the bGH poly A sgnd sequence, ampicillin resstance
gene and the origin of replication was isolated. Following a digestion with BamHI,
“blunt end” reaction with Klenow, and a second digegstion with Ndel, a ~966nt
fragment from pMSV-D29 containing the MSV transcriptiond regulator eement was
isolated. The two fragments were ligated, and the positive clones were sequenced.
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Sacl
CITCCECTCC CC@A TAAAAGAGCC CACAACCCCT

CACTOEEEGEX GOCAGICTTC CGATAGACTG CGTOECCCAG

Sall Xbal BamHl

Sph
CTTGCATGIC TGCAGBTOGA CTCTAGABGA TCCTGTGoCT

TCTAGITGCC AGCCATCTGI TGITTGECCOC TCOCCCG

Figure 43. Sequence of pMSV-bGH-c. DNA sequencing results confirmed the
proper integration of RZ-DNA into the expression plasmid. The 157 nucleotides span
the poly linker region containing four redtriction dtes (Sphl, <all, Xbal, and BamHl).
The region 5 of the poly linker contains sequence from the 3 end of MSV-LTR,
while the region 3 of the poly linker contains sequence from the 5 end of the bGH

poly A addition sequence.
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to create the pMSV-GHR-RZ expresson vector (see figure 44). The plasmid pMSV-
bGH-c was prepared for ligation by digestion with BamHI to linearize the vector. The
5 overhangs of the linearized vector were then filled in with Klenow enzyme.  The
previoudy annedled double stranded RZ DNA fragments were dso “blunt ended” with
Klenow enzyme. Both fragments were gd puified and placed into didyds tubing
containing TAE and isolaed usng didyss tubing and Elutip-d™ ion-exchange
columns as dexcribed previoudy in the method section of this dissertation. The
isolated DNA fragments were resusended in deionized BO and ligated usng T4 DNA
polymerase.  DNA mini-preparations were performed and postive clones were

sequenced (see figure 45) to verify proper sub-cdoning.

Stable transfection of E6 cellswith a GHR-RZ

E6 cdls, which express GHR (Mouse L cdls gably transfected with GHR/BP
DNA), were used for pMSV-GHR-RZ transfections. pGHR-RZ trandfections were
performed according to the general procedure for stable transfection of adherent cells
with LipofectAMINE™ outlined by the manufacturer's protocol (Gibco BRL) and is
outlined in the method section of this dissartation for the stable trandfection of E6 cells

with GHR-RZ.

PCR screening of GHR-RZ transfected E6 cells
PCR was peaformed on 10 sable cel lines to verify the presence of the

transfected GHR-RZ DNA. The method of screening used was smilar to method
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pMSV-bGH-c

EcoRI RZ
-BamHi diges -anned RZ oligos
-Klenow _Klenow ‘
-mix
-ligate

Figure 44. Congruction of plasmid pMSV-GHR-RZ. The plasmid pMSV-bGH-c
contaning the ampicillin ressance gene, a bovine growth hormone poly adenylation
ggnd sequence, and an MSV-LTR was used as an expression vector for the GHR
ribozyme. The plasmid was prepared for ligation by digestion a a unique BamHI ste
followed by a “blunt end” reaction with Klenow. Oligonucleotides encoding the sense
and antisense sequences of the GHR-RZ were annedled and the Xbal/Xbol overhangs

were “blunt ended” by Klenow prior to ligation.
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Sacl
CTTCOGCTOC COBAGCTAAA TAAAAGAGCC CACAACCOCT

CACTCEEEEX GCCAGICTTC CGATAGACTG CGICGCCCAG

Sohl Sl Xbal BamHI

CTTIGCATGCC TGCAGGTCGA CTCTAGAGGA TCCTAGACAA

AC TGATGAGTCC GTGAGGACGA [AACCTGACAA

[AGACTCGAGA TCCTGTGCCT TCTAGITGCC AGCCATCTGT

TGITTGCCCC TCOCOOG

Figure 45. Sequence of the plasmid pMSV-GHR-RZ. DNA sequencing results
confirmed the proper integration of RZ-DNA into the expresson plasmid. The shaded
sequence represents the ribozyme insert with the 12 nt 5 and 3 ams boxed. The
restriction Stes are indicated with brackets.
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described earlier for PCR screening of pMet-GHR-RZ  trandfected cells with the
following exception: While the same 3 primer was used for detecting the RZ “mini-
gene’, CTACAAATAGCATGACTGCTAGTCC (directed to the poly adenylation
sgna sequence located in the bGH sequence 3 of the RZ), a different 5 primer
CCAGTCTTCCGATAGACTGC (directed to a sequence in the MSV transcriptiona

regulatory eement) was used.

Screening cellsfor functional GHR expression

The dably transdfected GHR/BP DNA postive L cdls as well as double
transfected pMSV-GHR-RZ cdls were screened for GHR expresson usng GHR
binding assays. In 6-well tissue culture plates monolayers of the dtable cells were
propagated to 100% confluence (~1x10° cdlswdl). In hdf the wels, 5mM sodium
butyrate was added to the culture media 24 hours prior to depletion. The cdls were
depleted in serum free DMEM medium for 2 hours & 37°C. Sodium butyrate treated
cdls were depleted in serum free DMEM medium with 5 mM sodium butyrate for 2
hours at 37°C. Binding assays were performed as previoudy described in the methods
section for the screening of functiond GHR expresson with the exception of sodium

butyrate trestment.
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GHBP specific ribozyme
Summary of experiments

The GHR and GHBP mRNAs ae dternatively spliced from the same pre-
MRNA. The GHBP transcript contains exons 1-7 and 8a while GHR contains exons
1-10 but not 8a The incluson of exon 8a determines whether or not the GHBP
transcript is the spliced message. Since sequences in exon 8a are the only sequence
unique to the GHBP transcript, targeting a RZ to this exon should be a GHBP specific
gene “knockdown”. Therefore, in an atempt to specifically “knockdown” GHBP and
not GHR, a RZ was designed to target a GTC located in exon 8a of the mouse GHBP
MRNA. The amount of GHBP produced was measured in GHBP-RZ DNA postive
clones as well as in the parent E6 cdls. The samples were then sent to Dr. Gerhard
Baumann a Northwestern Universty where GHBP levels were determined using GH
affinity columns.  None of the GHBP-RZ DNA postive cdls had a datigicaly
sgnificant decrease in GHBP leves as compared to levels of GHBP in the parent E6
cdls. While the reason for the falure of the GHBP-RZ is not known, it is posshble
that spanning the splice dte may have provided some unknown complication.  If
transcription of the GHBP-RZ occurred (as no data for the presence of RZ-RNA was
obtained), then it is possble that the different sequence in the ams (as compared to
the GHR-RZ) of the GHBP-RZ could have rendered the transcript unstable leading to

rapid degradation of RZ.
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Selection of the GHBP ribozymetarget site

The cDNA sequence of the mouse GHR/BP (see figure 46) was used to
identify a GTC triplet sequence in exon 8a From the GTC target sequence, twelve
base par helices flanking the cytosine of the GTC target were identified. Since 12
nucleotide arms were used and the cytosine of the GTC was only 9 bases from the 5
end of exon 8a, 3 of the nucleotide in the 3 endo of exon 7 were dso required for
complete RZ recognition. These hdlices, representing helix | and 11l of a hammerhead
ribozyme / taget RNA interaction, were andyzed using criteria reported in the
literature to be important for ribozyme design. A generd rating scheme represented in

figure 46 was created based on these factors.

GHBP-RZ plasmid construction

The plasmid pMTK-bGH-c containing the ampicillin resstance gene, a bovine
growth hormone poly adenylation sgnd sequence, and a mouse metdlothionine-|
transcriptional  regulatory element was used as an expression vector for the GHBP
ribozyme (see figure 47). The plasmid was prepared for ligation by digestion with
Bglll and Pvull. The fragments were separated by electrophoresis and the ~4000 bp
band corresponding to the pMTK-bGH-c expresson vector done, minus the
thymidine kinase gene (TK), was removed with a scdpe. The fragment was then gd
purified and placed into didyss tubing contaning TAE and isolated usng didyss
tubing and Elutip-d™ ion-exchange columns as described previoudy in the method

section of this dissertation. The isolated DNA fragment was resusended in deionized
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A. Exon 7

atgggcectatatggtteacatactgtecagtgtactcattgagaatggatacagaacatgaagtgegggtgagatccagaca
acggagctitgaaaagtacagegagticagegaagiectecgtgtaatatticetcagacgaacatatiggaageatgigaag

Exon 8a

lgaaccaaG T|Cicaattctcagedcecacat caagagattgacaaccacctgtatcaccagcettcagaggatcegecatee
ctagectigtgggeacctgeattcatatgcacatacatgeatacycat aattcaaaat aatasaa

#As mNs GC CA/UA

Exon 8a: aaggaaccaaGlCcaattctcagca
luuccuugguuca guuaagagucgul 10 1 10 2

Figure 46. Target sequence of the GHBP-RZ. A. The full-length sequence of
exons 7 and 8a of mouse GHR are represented. The GTC hammerhead ribozyme
target sequence is represented in bold print. The 12 nucleotides (shaded boxes)
flanking the cytosine of the GTC represent helices | and 1ll of the ribozyme-GHBP
MRNA recognition complex. This sequence runs into the last three nucleotides of
exon 7. B. The GTC taget dte from exon 8a The numbers to the right of the
sequences represent criteria reported to be important for ribozyme design.  The greater
the number of adenosines (#As) present in the ribozyme arms the better (Herschlag,
1991). Multiple repests of a sdngle nucleotide (Mm-Ns) is discouraged in primer
prediction programs such as GeneWorks'™™. The strong binding associated with high
(GC) content favors non-specific association with short stretches of sequence and is
discouraged (Herschlag, 1991). Ribozymes have been shown to degrade a a higher
rate when UA and CA dinucleotides or present. These Sites are specific targets for an
unidentified endoribonuclease (Qiu et a., 1998). Key: (bold underlined = optimal;
bold = good; regular text = indifferent; italic = sub optimal)
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Puull
. / Preull
PMTK-bGH- g
o ‘}qllll Xbal Rz Xhol
l\HpnI
-Bglll/Pvull digest .
-isolate vector fragment -anneel RZ oligos
-mix
-ligate
Kpnl

Pwulll

pMet-GHBP-RZ [

T Bglll

Figure 47. Congruction of pMe-GHBP-RZ. The plasmid pMTK-bGH-c
contaning the ampicillin ressance gene, a bovine growth hormone poly adenylation
ggnd sequence, and a mouse metdlathionine-1 transcriptional regulatory eement was
used as an expresson vector for the GHR ribozyme. The plasmid was prepared for
ligation by digesion a unique Bglll and Pvull stes Oligonucleotides encoding the
sense and antisense sequences of the GHR-RZ were annedled cregting a Bqglll
overhang and ablunt end at the 5" and 3' ends, respectively.



276

H,O. The GHBP DNA was prepared by anneding 10 ug of sense, and 10 ug of
antisense oligonucleotides in T4 DNA ligase buffer from Promega as described for the
coning of the GHR-RZ in the methods section. The DNA fragments were ligated
usng T4 DNA polymerase. DNA mini-preparations were performed and postive

clones were sequenced to verify proper sub-doning.

Stable transfection of E6 cellswith a GHR-RZ

E6 cdls, which express GHR and GHBP (Mouse L cdls gably transfected
with GHR/BP DNA), were used for pMet-GHBP-RZ transfections. pMet-GHBP-RZ
transfections were peformed according to the generd procedure for dsable
transfection of adherent cells with LipofectAMINE'™ outlined by the manufacturer's
protocol (Gibco BRL) and is outlined in the method section of this dissertation for the

gable transfection of E6 cdlswith GHR-RZ.

PCR screening of GHR-RZ transfected E6 cells

PCR was peaformed on 25 dable cdl lines to verify the presence of the
transfected GHBP-RZ DNA. The method of screening used was smilar to method
described earlier for PCR screening of pMet-GHR-RZ transfected cdlls with the use of
the same 5-Me primer (GTCACCACGACTTCAACGTCC) and 3-bGH primer

(CTACAAATAGCATGACTGCTAGTCC), respectively.
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No Decreasein GHBP or GHR levelsin GHBP-RZ transfected cells

The amount of GHBP produced was measured in GHBP-RZ DNA postive
clones as wel as in the parent E6 cdls  Using 75 con flasks, cells were alowed to
gow to 100% confluence (approximately 9x10” cells). Upon reaching confluence, the
cells were washed and covered with 15 ml DMEM without serum.  The media were
collected after 24 hours of incubation and filtered using 0.45 pm-vacuum filters and
placed on dry ice. The samples were then sent to Dr. Gerhard Baumann a
Northwestern  Universty where GHBP levels were determined usng GH  affinity
columns. None of the GHBP-RZ DNA pogtive cdls had a datidicdly sgnificant
decrease in GHBP levels as compared leves of GHBP in the parent E6 cdls  Binding
assays were dso peformed as previoudy described in the methods section for the
screening of functiona GHR expression.  Once again, no decrease in GHR levels was

detected.
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Subcloning a tar geting vector for GHBP specific gene disruption
Summary of experiments

Attempts to “knockout” the GH hinding protein (GHBP) specificdly while
leaving its dternativdly spliced gene product partner, the GHR, intact were
unsuccessful following two years of atempts in our laboratory. The gene-disruption
targeting vector used was pGHBPKO/97, which had lox P sequences flanking
thymidine kinase (TK) and neomycin (Neo) resstance genes. The targeting vector
contained GHR/BP genomic sequence from the 3'-most Xbal ste of the intron before
exon 7 to the Sall gdte in exon 10. To prevent dternaive splicing involving incluson
of exon 8a (which results in production of the GHBP transcript) the genomic sequence
in the targeting vector had a fused (in frame) exon 7/8. The lox P TK/Neo sequence
was podtioned in the targeting vector such that it interrupted a region of GHR/BP
genomic sequence at the Notl gSte in the intron between exon 8 and 9. The pogtion of
the lox P TK/Neo sequence resuted in ~5 kb of genomic sequence available for
homologous recombination a the 3 end of the congruct while only ~600 bases of
genomic sequence was avalable a the 5 end. It was likely that the ~600 bases of
genomic sequence in  the targeting vector was inaufficent for homologous
recombination leading to the two year falure of the project. In an attempt to extend
the 5 region of genomic sequence, the a new targeting vector was sub-cloned from 3
plasmids containing fragments of genomic GHR/BP sequence (pGB2/B, pGBL/H, and

pGB/HR-7/8) and 1 plasmid containing the lox P TK/Neo sequences (pNTL).
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Frg, clone pGB2/B contaning GHR sequence from the firg Kpnl gte of
intron 6/7 to the Sall site a the end of exon 8a was digested with Kpnl and re-ligated
to form the plasmid pGB2/BK (see figure 48). This step effectively removed a ~2500
nucleotide portion of intron 6/7 leaving ~1000 bases of the intron sequence
immediatdy 5 of exon 7 for what will ultimately serve as the 5 extenson in the new
targeting vector. Second, pGB2/BK and pGB 1/H were each digested with Sall and
Xbal (see figure 49). The fragment containing the pUC-19 backbone and ~770 bases
of intron 6/7 stopping a Xbal was gd purified from the pGB2/BK digest, while a
fragment containing sequences from the Xbal dte of intron 8/9 to the Sall of 10 was
purified from the pGB 1/H digest. The two gd purified fragments were ligated to yied
the plasmid p2BK-1/H which lacked the sequence from the Xbal of intron 6/7 to the
Xbal of intron 8/9. This sequence was added by ligating the Xbal to Xbal fragment
from pGB/HR-7/8 into p2BK-1/H linearized & Xbal (see figure 50). The Xbal to Xbal
fragment from pGB/HR-7/8 contained a short portion of intron 6/7, exon 7 directly
fussed to exon 8, and a short portion of intron 8/9. Therefore, the resulting plasmid
p2BK - 1/H-7/8 contained sequences from the Kpnl ste in intron 6/7, a fussed exon 7/8,
intron 8/9, exon 9, intron 9/10, and exon 10 to the Sall dte. To this plasmid the lox-
TK-neo-lox sequence was isolated from pNTL a BstXI / Clal unique redriction Stes,
blunt ended with T4 DNA polymerase and ligated into p2BK-I/H-7/8 a a unique (T4
DNA polymerase blunt ended) Notl Ste present in intron 8/9 (see figure 51). The
resulting plasmid pBPKO/99 was amilar to the older pBPKO/97 targeting vector with

the exception of an extra~800 base added to the 5 genomic sequence.
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Figure 48. Consruction of the plasmid pGB2/BK. Clone pGB2/B (containing
GHR sequence from the first Kpnl | Ste of intron 6/7 to the Sall Ste at the end of exon
8a) was digested with Kpnl and re-ligated to form the plasmid pGB2/BK. This step
effectively removed a ~2500 nucleotide portion of intron 6/7 leaving ~1000 bases of
the intron sequence immediatdy 5 of exon 7 for what will ultimady serve as the 5

extenson in the new targeting vector.
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Figure 49. Congtruction of plasmid p2BK-1/H. The plasmids pGB2/BK and pGB
VH were each digested with Sall and Xbal. The fragment containing the pUC-19
backbone and ~770 bases of intron 6/7 stopping at Xbal was ge purified from the
pGB2/BK digest, while a fragment containing sequences from the Xbal dte of intron
8/9 to the Sall of 10 was purified from the pGB 1/H digest. The two gd purified
fragments were ligated to yield the plasmid p2BK - /H.
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Figure 50. Congruction of the plasmid p2BK-1/H 7/8. The sequence from the
Xbal of intron 6/7 to the Xbal of intron 8/9 was added to the plasmid p2BK-1/H by
ligeting the Xbal to Xbal fragment from pGB/HR-7/8 into p2BK-1H linearized a
Xbal. The Xbal to Xbal fragment from pGB/HR-7/8 contained a short portion of
intron 6/7, exon 7 directly fussed to exon 8, and a short portion of intron 8/9. The
resulting plasmid p2BK-1/H-7/8 contained sequences from the Kpnl dte in intron 6/7,
afussed exon 7/8, intron 8/9, exon 9, intron 9/10, and exon 10 to the Sall site.
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Figure 51. Congruction of targeting vector pBPK0O99. To the Notl linearized
plasmid p2BK-1/H-7/8, the lox-TK-neo-lox sequence was isolated from pNTL at
BstX1 / Cla unique redriction Stes, blunt ended with T4 DNA polymerase and ligated
into p2BK-1/H-7/8 a a unique (T4 DNA polymerase blunt ended) Notl Ste present in
intron 8/9. The resulting plasmid pBPKO/99 was smilar to the older pBPKO/97
targeting vector with the exception of an extra ~800 base added to the 5 genomic
sequence.
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The pBPKO/99 targeting vector was used by our laboratory to create
successful homologous recombination of the GHR/BP gene in embryonic stem cdlls.
The embryonic sem cdls were successfully implanted into mouse blastocysts to
cregte chimeric animas. At the time this dissertation was written, the chimeric mice
were in the process of breeding to cregte heterozygous offspring. Therefore, with the
falure of the firg targeting vector (PBPKO/97) containing only ~600 bases of
genomic sequence a the 5 end and the success of the second targeting vector
(PBPKO/99) containing ~1400 bases of genomic sequence a the 5 end, it appears (in
our hands a least) that the limitations of genomic sequence length for a given “am” in
reasonably achieving homologous recombination lies somewhere between 600 and

1400 bases of genomic sequence.
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tRNA-tethered GHR-RZs
Summary of experiments

The use of tRNA derived promoters to improve the transcription of
recombinant RNAs have been reported with >100 fold increases in accumulation of
transcripts compared to pol Il systems (Thompson et a., 1995). Due to the high
expresson levels of pol Il driven transcripts, ribozyme congtructs tethered to tRNAS
have been successfully used to drive ribozyme expresson (Koseki et d., 1999;
Kuwabara et al., 1999; Kuwabara et a., 1998; Thompson et a., 1995). To avoid 3
end processng of tRNAs, which would cleave the tethered ribozyme sequence, the
last seven bases of the maure tRNA-VA can be removed without effecting
transcription (Koseki et a., 1999). The dtered 3 seven bases of the tRNA-VA
construct reported by Koseki et d has been used with at least 12 separate ribozymes,
dl of which were found in the cytoplasm dfter transcription suggesting thet this
sequence is not involved in exporti/RanGTP binding (Koseki et a., 1999). The
efficiency of the tRNA-Val/ribozyme tethered system developed by Koseki et a was
demondrated in cdls dably transfected with the tRNA-Vd/ribozyme by a 97%
decrease in targeted U5 HIV RNA gene product and a ~99% inhibition of HIV
replication in HIV chadlenged cdls. Theefore, in an effort to use the same highly
efficient congtruct developed by Koseki, the pUC19dt plasmid containing the tRNA-

Va sequence was requested and received from Dr. Kazunari Tara (University of

Tsukuba, Japan).
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tRNA-RZ design

The 8 nt RZ ams dong with the tRNA-tethered ribozymes were designed
around the 8 nt target Site sequences outlined in figure 52. The most stable secondary
sructure at 37°C for the tRNA-tethered ribozymes were predicted (see figures 53 &
54) usng a computer program mfold 3.1 provided by Michad Zuker (Professor of
Mathematica Science, Renssdaer Polytechnic Inditute, Troy, NY) (Mathews et d.,
1999; Zuker et d., 1999). Sdection of tRNA-RZ from secondary structure anayss
was based primarily on the formation of a proper tRNA dructure. Other criteria that
were consdered were the number and GC content of nucleotides in the RZ arms thet
were bound and therefore not available for target recognition. In addition, the totd
number and GC content of bound RNA in the entire tRNA-RZs was considered. In
theory, a more “open” tRNA-RZ should be more accessible to the target sequence as
long & the “open” region of the tRNA-RZ includes the ams. In contrast, a more open
tRNA-RZ might dso be more accessble to RNases, leading to a short hdf-life and
less effective RZ. Therefore, the four tRNA-RZ sdected (2A, 2C, 5a, and 5full)

ranged from “open” to “closed”.

Cloning the RZsinto the tRNA-Val containing plasmid

A gmilar drategy was used for cloning RZ sequence into pUC19dt that was
used by Koseki (Koseki et a., 1999). Prior to cloning, the pUC19dt plasmid
containing tRNA-Va was sequenced to confirm the reported sequence (Koseki et al.,

1999) of the plasmid. Sequence andysisrevededthe TTT reported by Koseki ina
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dgte mNs GC CA/UA
Exon 2: A: atcttt GTCaggtcttc**
uagaaaca uccagaag

B: tgtcagGrCttcttaac
acagucca aagaauug

C ctggcaGlCaccagcag**
gaccguca uggucguc

Exon 4. ccaagt GICgttcccct
gguucaca caagggga

Exon 5: gattat GTCt ct gctgg****
cuaauaca agacgacc

Exon 7: A: cat act GTCcagt gt ac
guaugaca gucacaug

B: agcgaaGICct ccqgt gt
ucgauuca gaggcaca

Exon 8a: aaccaaGIlCcaattctc
uugguuca guuaagag

Exon 9: cccccaGlCccagttcc
ggggguca ggucaagg

Figure 52. Potential tRNA-Val-RZ target sites from exons 2-9. The corresponding
8 nuclectide antisense arms that represent helices | and 111 of ribozyme-GHR mRNA
recognition are included. (**) These Stes were sdected for targeting based on
secondary  dructure analyss of tRNA-tethered RZs dedgned agangt the target
sequences. (****) Two tRNA-RZs were designed agang this dngle target dte
Different linker sequences between these two RZs and the tRNAs dtered ther
secondary structures.
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Figure 53. Predicted secondary structures of tRZ-2A and tRZ-2C. tRZ-2A and
tRZ-2C are directed to separate target sequences in exon 2. The linker sequences are
boxed and the RZ arms are circled. 6 of the 16 nts in the aams of tRZ-2A were
predicted to be bound, with 3 of the 6 bound nts in G:C interactions. 8 of the 16 nts in
the arms of tRZ-2C were predicted to be bound with 5 of the 8 bound nts in G:.C

interactions. Thus, the dtructure of tRZ-2A is dightly more “open” than the Sructure
of tRZ-2A.
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i
tRZ-5full ' H*}}

Figure 54. Predicted secondary structures of tRZ-5a and tRZ-5full. tRZ-5a and
tRZ-5full are targeted to the same target sequence, have the same exact am, RZ, and
tRNA sequences. The only difference between the two is the presence of a longer
linker sequence in tRZ-5full. The linker sequences are boxed and the RZ arms are
crcded. This difference in linker Sze was desgned to convert the reatively “closed’
gructure of tRZ-5a (10 of the 16 nts in the arms were predicted to be bound, with 5 of
the 10 bound nts in G:C interactions) to a relatively “open” structure of tRZ-5full
(only 3 of the 16 nts in the ams were predicted to be bound with only 2 G.C
interactions) as predicted by secondary structure analysis.
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sequence to which a primer was used for cloning in the RZ sequences was incorrect.

The actud sequence was TTTT. This TTTT was dso in agreement with the NCBI
database published sequence for human tRNA-Vd. Usng the sequencing information
(see figure 55), a 5-primer was designed 352 bases downstream of an arbitrary
number 1 designated postion in the plasmid. The primer was therefore designated 5'-
352. The transcriptional start site of the tRNA sequence was 440 bases from the
arbitrary number 1 dte in the plaamid therefore the 5-352 primer was 88 bases from
the start site of the tRNA. The 3-primers used for cloning contained long stretches of
antisense @ the 5 and 3 ends of the primer that were directed to tRNA sequence in
the plasmid. In the center of each 3'-primer was the RZ and linker sequences, which
were unique to each of the four RZs generated. PCR amplification was performed
usng the same 5-352 primer and a unique 3'-primer for each of the four sets of
reections. The PCR products were digested with EcoRl and Sall and gel purified,
placed into didyss tubing contaning TAE ad isolated usng dectro-dution and
Hlutip-d™ ion-exchange columns as described previoudy in the method section of this
dissartation. The pUC19dt plasmid was prepared for cloning by digestion with EcoRl
and Sall and isolated in the same manner as the FCR products. The fragments were
ligated usng T4 DNA Pol, trandected into DH5-a cdls, screened by mini-
preparations, and sequenced using method previoudy described in the methods section

of this dissertation.
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[CGCC AGGGTTTTCC CAGICACGAG «— 5 -primer

GEGTAACGCC AGEGTTTTCC CAGTCACGAC GITGTAAAAC

GACGECCAGT GAATTCAGGA CTAGICTTTT AGGICAAAAA

Start

I—P
GAAGAACCTT TGTAACCGIT GGITTCCGTA GIGTAGIGGT

TATCACGITC GCCTAACACG CGAAAGGTCC COGEGT TCEAA
T T TCCAGiidalcCAA

v

GIoE3G AAACGGTTTT TTTCTATCGC

CAGCC TTTGOCAAAA AAAGATAGCG

TCLinker + RZ sequenceATCO

5-primer —p

Figure 55. PCR primers for cloning the RZ and linker sequences into the 3' end
of tRNA-Val. The 3'-primers used for cloning contained long dretches of antisense
sequences a the 5 and 3' ends of the primer that were directed to tRNA sequence in
the plasmid. In the center of each 3'-primer was the RZ and linker sequences, which
were unique to each of the four RZs generated. PCR amplification was performed
usng the same 5-352 primer and a unique 3-primer for each of the four sets of
reactions. DNA sequencing results confirmed the proper sequence for human tRNA-
Va was correct.  The plasmid sequence is represented by the nontbolded print. The
primer sequences are boxed and in bold print. The RZ sequence contained in a bulge
of the 3'-primer is shaded light gray. A portion of the linker sequence (shaded dark
gray) is located in the plasmid. Any additiona linker sequence can aso be added to
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the bulge of the 3-primer. The location of tRNA transcriptiond start Ste and the
terminator Ste are indicated.
Transient transfectiong/binding assays

All four clones ptRZ-2A, ptRZ-2C, ptRZ-5a, ptRZ-5full as well as the nonRZ
containing parent plasmid pUC19dt (to serve as a control) were trandgently transfected
usng LipofectAMINE (Gibco BRL) into E6 cells according to manufacture's protocol
for trandent transfection of adherent cells E6 cells were maintained in HAT medium
a 37°C in a humidified amosphere of 5% CO,. Cdls were cultured in a 75-cn? flask
to a confluence of approximately 50% (~5x10° cdls). 1 ml of solution A (20 ug tRZ
plasmid, 200 ng pRSV-neo, DMEM to a totd volume of 1 ml) and 1 ml of solution B
(600 ul LipofectAMINE™, DMEM to a totd volume of 1 ml) were prepared in
polystyrene tubes. The two solutions were mixed gently together and incubated for 30
minutes a& room temperature. During the incubation, the cdls were washed with
DMEM ad 10 ml HT media without serum (DMEM with only 15 ug/mil
hypoxanthine, and 5.15 ug/ml thymidine added) was added back to the flask.
Following the 30-minute incubation, the A/B mixture, was gently added to the flask. 5
hours &fter the start of the transfection, 10 ml of HT media with 20% serum was added
to the flask and incubated for 20 hours. Following the 20-hour incubation, the
transfection medium was removed and fresh HAT medium was added back to the
cells. 48 hours after the start of the transfection, the cells were transferred to Gwell
plaes with HAT media. 72 hours after the dtat of transfection, the cdls were
screened by GHR binding assays using the same protocol outlined in the methods

section of this dissertation. Results of the binding assays indicate that the two tRNA-
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RZ targeted to the same dte on exon 5 demonstrated the greatest ability to decrease
GHR (75% decrease for both clone tRZ-5a and tRZ5full) (see table 7). The other two
tRNA-RZs dso demonstrated an ability to decrease GHR levels as clone tRZ-2A and
tRZ-2C demondrated a 63% and a 69% decrease in GHR levels, respectively. A
dight decrease was observed in the GHR levels of cdls transfected with tRNA aone
as a 10% decrease was observed in these cdls. While the specific reasons why tRNA
would cause such a decrease is not known, it may be caused by usng up the cdls
machinery (such as RNA polymerase Ill) on the transfected tRNA leaving less for
native tRNA synthesis.

Both tRZ-5a and tRZ-5full are targeted to the same target sequence, have the
same exact am, RZ, and tRNA sequences. The only difference was a longer linker
sequence in tRZ-5full.  This difference in linker d9ze was designed to convert the
relatively “closed” dructure of tRZ-5a (10 of the 16 nts in the arms were predicted to
be bound, with 5 of the 10 bound nts in G:C interactions) to a reatively “open”
sructure of tRZ-5full (only 3 of the 16 nts in the ams were predicted to be bound with
only 2 G:C interactions) as predicted by secondary dructure andyss. Therefore the
availability of the RZ ams did not gppear to influence the activity of the RZ in these
experiments.  Moreover, the relative success of dl four ribozymes, which were
predicted to form an intact tRNA dgructure, suggests that this may be an important
indicator of a successful tRNA-RZ. Secondary structure anadysis of the three tRNA-

RZs in Koseki's agrees with this (see figure 56). When the secondary structures of the
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three tRNA-RZ were caculated usng the mfold program, the only tRNA-RZ that that
did not form atRNA structure was not active in cultured cells (Koseki et a., 1999).

Table7. GHR expression in E6 cdllstransiently transfected with tRNA-RZs:
Specific binding of *2°|-labled hGH.

RZ Spedfic Binding SB/E6SB  SB/tRNA SB
(SB)
E6 21,305 - -
{RNA 19,108 0.90 i
27 8,219 0.37 0.43
2C 6,917 0.31 0.36
5A 5,568 0.25 0.29
5F 5,520 0.25 0.29
GHR-RZ 5906 0.28 0.31

In 6-well tissue culture plates monolayers of the dable cells were propagated to
~1x10° cellswell. 160,000 cpm of *?°I-hGH a a concentration 1 nM in 2 ml of 1x
PBS with 0.1% BSA was added to each wdl with or without 100 nM non-radioactive
bGH. The cells were incubated for 2 hours a room temperature. The cells were lyses
by the addition of 1 ml of 0.1 N NaOH + 1% SDS to each well. Cdll lysates were then
trandered to vids and the number of counts was measured usng a scintillation
counter.
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Figure 56. Secondary structure analysis of Koseki’s three tRNA-RZs usng mfold
program. While both tRZ-2 and tRZ-3 formed proper tRNA secondary structures
usng the mfold program, tRZ-1 did not as indicated. Andyss of RZ adtivity in
cultured cdls reveded that RZ-2 and RZ-3 had the ability to decrease message while
RZ-1 was dmost completely inactive (Koseki et al., 1999).
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The pMet-GHR-RZ plasmid was adso transently trandfected dong with the
tRNA-tethered RZs. This transfection was performed in order to roughly compare the
conventiond GHR-RZ (referred to as GHR-RZ in table 7) to the tRNA-tethered RZs.
Surprisngly the conventiond GHR-RZ demondrated a 72% decrease in GHR. This
decrease approached that achieved by tRZ-5a and tRZ-5full (75% for both). While
these preiminary results suggest that the bet of the tRZ congructs were only dightly
superior to the conventiond GHR-RZ, it is important to remember that the ability of
the tRNA-tethered RZs to decrease GHR in sably transfected cels as wel as in
transgenic mice was not tested. Therefore, whether or not the tRNA-tethered RZs
could outperform the conventiond GHR-RZ as sable transgenes in the genome of an

anima and or cultured cdls remains unknown.



