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ABSTRACT 

In an effort to create growth hormone (GH) resistance in mouse L cells and in 

mice, we have designed a ribozyme (RZ) directed against mouse GH receptor (GHR) 

mRNA.  The ability of the RZ to specifically cleave GHR mRNA at the designated 

target site was verified by in vitro analysis.  The ability of the RZ to cleave more than 

one substrate was also demonstrated in vitro.   

We have established several stable mouse L-cell lines expressing different 

amounts of mouse GHR.  A metallothionein driven “mini-gene” containing the mouse 

GHR cDNA with added introns flanking exon 8a allowing for the production of both 

GHR and GH binding protein (GHBP) was used to create the cell lines.  GH binding 

assays followed by Scatchard analysis revealed GHR numbers per cell ranging from 

~50,000 to ~240,000.  Western blot analysis using an antibody against phosphorylated 

tyrosines demonstrated a correlation between GHR number and STAT-5 

phosphorylation.  A linear relationship existed between receptor number and GH 

stimulated STAT-5 activation up to ~150,000 GHRs per cell, with maximal activation 

occurring at ~300,000.   

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

cells) was transfected with GHR-RZ coding DNA.  Western blot analysis revealed a 



 

~50% decrease in GHR abundance in RZ transfected cells.  This decrease was 

confirmed by GH binding assays, which revealed the RZ transfected cells had ~81,000 

GHRs per cell compared to ~170,000 without the RZ.  This decrease in receptor levels 

was enough to greatly reduced E6 cell sensitivity to GH as shown by a decrease in 

GH-dependent STAT-5 activation, thus causing GH resistance in these cells.   

The same GHR-RZ was used to establish several transgenic mouse lines.  

Analysis of growth revealed no significant change between transgenic mice containing 

the RZ “mini-gene” as compared to non-transgenic littermates.  Western blot analysis 

of GHR levels in the liver samples revealed that the RZ-DNA positive transgenic mice 

had similar GHR levels to that of control mice.  Therefore, the GHR-RZ was 

successful at creating GH resistance in cultured cells but not in mice.  
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Ribozymes 

 Ribozymes are RNA molecules that have the ability to catalyze a chemical 

reaction, they act as true enzymes and are aptly named ribonucleic acid/enzymes or 

ribozymes.  Although ribozymes are mainly known for their RNA cleavage activity, 

they have been found to catalyze a variety of reactions such as: DNA cleavage 

(Raillard and Joyce, 1996), 3’-5’ RNA ligation (Hager and Szostak, 1997), 5’-5’ RNA 

ligation (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 (Dai et al., 1995), and carbon-carbon bond formation (Tarasow 

et al., 1997).  In addition, several DNA sequences have been described to have 

catalytic properties (Geyer and Sen, 1998; Li and Breaker, 1999; Sen and Geyer, 

1998).  RNA cleaving ribozymes are RNA molecules that anneal to specific sequences 

on themselves or other RNA molecules and catalyze a cleavage reaction.  Because of 

their specificity, RNA cleaving ribozymes have become valuable tools for inhibiting 

gene expression.    

 

The discovery of ribozymes 

Ribozymes were discovered independently by Thomas Cech of the University 

of Colorado and Sidney Altman of Yale in 1982 and 1983, respectively.  Cech 

observed that the ribosomal DNA found in Tetrahymena, a genus of ciliated protozoa, 

was interrupted by a 413 base pair 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 divalent cation and GTP in the absence of protein, the IVS was precisely spliced out 

and the exons were ligated.  In 1981, Cech et al were able to isolate and purify the pre-

rRNA that spliced out its IVS without the addition of protein (Cech et al., 1981).  Even 

after they purified the RNA by SDS-phenol extraction, boiling in SDS, and extensive 

treatment with proteases, they were still concerned that a possible explanation for the 

observed splicing activity was that an unusually stable protein enzyme was tightly 

associated with the RNA.  More importantly, a second explanation given by Cech was 

that the RNA molecule itself could have carried out the splicing reaction.  In 1982, 

Cech and his colleagues performed an experiment in an effort to remove the 

possibility of a tightly associated protein catalyzing the splicing reaction (Kruger et 

al., 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 MgCl2, 100 mM (NH4)2SO4, and 50 mM Tris-HCl 

(pH 7.5) self-splicing of the RNA was observed.  By using in vitro transcripts Cech 

eliminated the possibility of a tightly associated cellular protein possessing catalytic 

activity and concluded that the splicing activity was intrinsic to the structure of the 

RNA.  Importantly, he showed that protein enzymes are not required for these 

reactions.  

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

termini of tRNA molecules, was known to have essential protein and RNA 
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components for activity in vivo and in vitro (Akaboshi et al., 1980; Gardiner and Pace, 

1980; Kole et al., 1980; Stark et al., 1977).  To determine if the RNA component of 

RNase P was responsible for the catalytic activity of the enzyme, two separate groups  

(Gardiner and Pace, 1980; Stark et al., 1977) assayed the RNA portion of RNase P in a 

buffer containing up to 10 mM of MgCl2.  Under these conditions, catalytic activity 

was not observed.  In 1983, Altman et al revisited 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 can catalyze a self-splicing reaction (Guerrier-Takada et 

al., 1983).  In their experiment, the isolated RNA portion of the enzyme was found to 

have cleavage activity at higher concentrations of MgCl2 (60 mM).  In addition, the 

RNA portion of the enzyme was also found to have catalytic activity at an MgCl2 

concentration of 10 mM in the presence of 1 mM spermidine (a small polyamine). 

These discoveries were significant because prior to 1982, it was thought that only 

proteins could act as enzymes and that RNAs were only passive carriers of genetic 

information.  In 1989, Cech and Altman were recognized for their accomplishment by 

being awarded the Nobel Prize in chemistry.  Ironically, if either Stark in 1977 or 

Gardiner and Pace in 1980 used a higher concentration of magnesium in their 

experiments, they could have been the first to discover catalytic RNA instead of Cech 

and Altman.   
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The two ways ribozymes prevent translation  

   There are two basic ways that ribozymes prevent translation.  The first and 

most noted is the ability of the ribozyme to catalyze the cleavage of the mRNA prior 

to its translation.  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 structure and poly adenylation sequence, 

respectively (Beelman and Parker, 1995; Jacobson and Peltz, 1996; Ross, 1996).  For 

cellular mRNAs, a mechanism called the de-adenylation-dependent decay of mRNAs 

requires the shortening of the poly (A) tail as the first step (Beelman and Parker, 1995; 

Jacobson and Peltz, 1996; Wilson and Brewer, 1999).  A ribonuclease called poly (A) 

nuclease (PAN) degrades the poly (A) tail 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 

adenosines.  The PABPs eventually fall off or are removed over time and allow PAN 

to shorten the poly (A) tail.  Once the tail reaches a length of approximately 25 

adenosines (a length that is thought to coincide with the loss of the final PABP) the 5’ 

cap structure is removed by a pyrophosphotase.  This demonstrates an association 

between the termini of the mRNA.  Once the 5’ cap structure is removed, 5’-3’ 

exonucleases quickly dispose of the decapitated message.  Another mechanism, called 

the de-adenylation-independent decay of cellular mRNAs, involves endonucleolytic 

cleavage followed by 5’-3’ and 3’-5’ exonucleolytic degradation of the fragments 
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(Beelman and Parker, 1995; Jacobson and Peltz, 1996; Ross, 1996; Wilson and 

Brewer, 1999).  It is proposed that all polyadenylated mRNAs are susceptible to the 

de-adenylation-dependent decay and that the de-adenylation-independent pathway is 

more specific to individual mRNAs, thus overall decay will depend on a particular 

RNA’s susceptibility to both these pathways (Beelman and Parker, 1995). 

The second method in which ribozymes prevent translation is by an antisense 

effect.  This effect is achieved by physically blocking the ribosomal assembly from 

continuing translation at the point of ribozyme attachment to the mRNA (Forsdyke, 

1995; Robinson-Benion and Holt, 1995; Scanlon et al., 1995).  The theory of using 

complementary oligonucleotides to prevent translation was proposed in 1967 

(according to Scanlon et al, it was in 1995 with no citation given for their statement) 

and first demonstrated to work in 1978 with the inhibition of Rous sarcoma virus 

expression in vitro (Zamecnik and Stephenson, 1978).  Prior to the use of ribozymes 

for reducing gene expression “knockdowns”, antisense RNAs were used for the very 

same purpose and are still used today (Anazodo et al., 1995; Delihas et al., 1997; Shen 

et al., 1997; Strickland et al., 1988; Ueno et al., 1997).  The percentage of ribozyme 

catalysis versus antisense will always vary depending on the individual ribozyme.  

Such factors as the length of the antisense arms, the G/C content of the antisense arms, 

the region of mRNA targeted, and cellular molecules that interact with the specific 

ribozyme designed can influence the antisense effect of a ribozyme.  There have been 

several reports in which the catalytic activity was reported separately from the 

antisense activity of the ribozyme studied.  By comparing a catalytically inactive 
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ribozyme with that of an active one, Giannini et al reported that their 2’-O-allyl 

modified ribozyme containing arms of 8 and 9 bases was 2 fold more potent in 

decreasing cellular Ki-ras mRNA levels (Giannini et al., 1999).  Using stable cells 

expressing luciferase, Bramlage et al reported ribozymes targeted against the 

luciferase mRNA in HeLa cells was primarily due to the antisense effect because 

catalytically inactive ribozymes demonstrated a similar decrease in luciferase activity 

(~50%) (Bramlage et al., 1999).  In addition to physically blocking the ribosomal 

assembly, it has also been suggested that the antisense effect may occur within the 

nucleus blocking early steps of mRNA processing.  This results in the prevention of 

mRNA transport out of the nucleus (Cornelissen, 1989; Kim and Wold, 1985).  These 

examples all end with the same result, decreased gene expression.  Regardless of 

which effect is causing the decrease in translation, if the goal of the experiment is to 

“knockdown” gene expression, the argument of which activity is preventing 

translation becomes purely academic. 

 

The origin of life 

The discovery of catalytic RNA not only allowed for the creation of ribozymes 

as “tools” for molecular biologists, it has helped fuel a long-standing argument 

regarding the participation of RNA in the origin of life.  In 1968 Francis Crick and 

Leslie Orgel, each admittedly inspired by a symposium in London on the origins of 

life (Orgel and Crick, 1993), wrote independent manuscripts on ideas discussed on the 

topic (Crick, 1968; Orgel, 1968).  In their manuscripts, they both recognized that a 



 25

major obstacle to understanding the evolution of life was solving the “chicken and the 

egg” problem in that the synthesis of nucleic acids requires protein and protein 

synthesis requires the presence of nucleic acids.  Each came to the same conclusion 

that this problem could be solved if nucleic acids acted as catalysts early in the 

evolution of life.  In addition, they also 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” hypothesis was born (Gilbert, 

1986; Joyce, 1989; Lahav, 1993; Szathmary, 1997; Waldrop, 1992).  The hypothesis 

indicates that RNA preceded the existence of both DNA and protein synthesis, in that 

genetic information was stored in RNA and biological chemical reactions catalyzed by 

RNA in the absence of protein enzymes.  Eventually RNA was replaced by more 

efficient protein enzymes and the more stable 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 

fidelity, in which extension by nucleotides complementary to the template were 1000 

times more efficient than mismatched nucleotides have strengthened the argument for 

an ”RNA-world” (Ekland and Bartel, 1996).  The discovery of self-replicating small 

circular RNA molecules called viroids (Diener, 1971) also substantiate the hypothesis.  

Diener goes as far as to suggest that viroids and satellite RNAs are “living fossils” of 

pre-cellular life (Diener, 1989).  Although a preponderance of evidence has been 

discovered for the possibility of such a world existing, no direct evidence has been 
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discovered to prove such an existence in our early evolution, and the possibility of 

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

 

Hammerhead ribozymes were designed by nature 

Naturally occurring ribozymes are found in a variety of RNAs including 

ribonuclease P (Akaboshi et al., 1980; Gardiner and Pace, 1980; Guerrier-Takada et 

al., 1983; Hardt et al., 1995; Schon, 1999; Stark et al., 1977), group I introns (Cech et 

al., 1981; Golden et al., 1998; Herschlag and Cech, 1990; Kruger et al., 1982; 

McSwiggen and Cech, 1989; Olive et al., 1995; Rajagopal et al., 1989; Tanner and 

Cech, 1997; Wang et al., 1993a), group II introns (Jacquier and Michel, 1987; Qin and 

Pyle, 1999; Saldanha et al., 1993; Zimmerly et al., 1995a; Zimmerly et al., 1995b), 

hepatitis delta virus (HDV) (Chowrira et al., 1994; Kawakami et al., 1996; Matysiak et 

al., 1999; Westhof and Michel, 1998), several species within the Schistosome (blood 

flukes) family (Ferbeyre et al., 1998), viroids, virusoids, and satellite RNAs (Buzayan 

et al., 1986a; Buzayan et al., 1986b; Diener, 1989; Forster and Symons, 1987; 

Haseloff and Gerlach, 1988; Henco et al., 1977; Hutchins et al., 1986; Mei et al., 

1989).  The last three of this group (viroids, virusoids, and satellite RNAs) have 

proven to be instrumental in the evolution of the hammerhead ribozyme.  Viroids are 

small circular single stranded RNA molecules found in plants that are able to self-

replicate (Forster and Symons, 1987).  Similarly, virusoids and satellite RNAs are 

found in plants as circular single stranded RNAs, but they depend on the association of  
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Figure 1.  Sequences and secondary structures of natural hammerhead 
ribozymes found among viroids, virusoids and satellite RNAs.  The  CUGA 
(shaded boxes) sequence represents a conserved catalytic pocket essential for 
ribozyme cleavage activity.  Cleavage occurs 3’ of the cytosine in the GUC substrate 
strand as indicated by the arrows.  The hammerhead structures of A. vLTSV-A,  B. 
sTRSV, C. ASBV,  and D. vVTMoV are represented (Forster and Symons, 1987). 
 

        3’-C   A-5’ 
            A U 
            U A 
            G C   
            C G 
            A U 
           A   C      UGA 
  A       A     UGAGCG   U 
U   GGGCCG      ACUCGC   G 
G   CCCGGU     C      C C  
  G      A    U  
          GAAG         

        3’-A   C-5’ 
            G C 
            G C 
            A U   
            C G 
            A U 
           A   C      UGU 
  A       A     ACCGGA   G 
G   GGACG       UGGCCU   C 
U   CCUG       C      U U  
  G      A    U 
          GUAG         

           A 
         C   G 
          C G 
          A U 
         A   C      C-3’
5’-U    A      UGUUC   
    GACG       ACAAG 
    CUG       C     A-5’  
3’-G   A     U 
         GUAG         

        3’-A   C-5’ 
            U G 
            G U 
            U G 
            G C 
            G C 
            C G 
            A U 
           A   C        G 
  A       A     AGUGGAU   U 
A   GGACG       UCACCUA   G 
A   CCUG       C        U  
  G      A    U 
          GUAG         

A. 

 C.  D. 

B. 



 28

a helper virus for replication.  Satellite RNAs differ from virusoids in that virusoids 

are encapsulated by their helper virus, while satellite RNAs are not.  In 1987, Forster 

and Symons showed that the avocado sunblotch viroid (ASBV) and the virusoid of 

Lucerne transient steak virus (vLTSV) undergo site-specific self-cleavage in vitro in 

the presence of magnesium.  Structural analysis has demonstrated that these RNAs 

contain small catalytic RNA sequences that form a distinctive hammerhead secondary 

structure (see figure 1).  Despite their size, these hammerhead structures are among the 

most efficient RNA catalysts.  Further analysis has revealed that the hammerhead 

secondary structure is also present in the virusoid of velvet tobacco mottel virus 

(vVTMoV), the virusoid of solanum nodiflorum mottel 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 responsible for the self-

cleavage activity in these plant pathogens, Uhlenbeck created the first trans-acting 

hammerhead ribozyme (Uhlenbeck, 1987).  In his experiment, Uhlenbeck used in vitro 

transcription to produce a 19-nucleotide ribozyme and a 24-nucleotide substrate.  

Unlike the classic hammerhead ribozyme design used today, part of the secondary 

structure required for catalytic cleavage was present in the substrate oligonucleotide.  

Helix I was contained solely within the substrate RNA and helix II was not contained 

within the ribozyme strand, but rather as part of the 3’ ribozyme annealing arm.  
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Nevertheless, when Uhlenbeck incubated the ribozyme and substrate RNAs in a Tris-

buffered solution at pH-7.5 containing 18 mM MgCl2, he observed cleavage of the 

substrate band with no decrease in the ribozyme band.  Uhlenbeck also demonstrated 

the ability of his trans-acting ribozyme to turn over by demonstrating a 90% cleavage 

rate in substrate at a 21–fold molar excess in comparison to the ribozyme.  He 

suggests that the significance of the trans-cleavage reaction could have potential 

biological significance in that RNA molecules containing the target sequence could be 

specifically selected for cleavage by the ribozyme construct.   

 

Creating the first hammerhead ribozymes 

Citing Uhlenback’s 1987 experiment, Haseloff 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 

appropriate for use as a general model for designing ribozymes with a wide range of 

sequence specificity (Haseloff and Gerlach, 1988).  In an effort to create a general 

model for hammerhead ribozymes, Haseloff and Gerlach used the conserved 

hammerhead sequence from the self-cleaving domain of the (+) strand of the sTobRV 

to separate the enzyme and substrate activities.  They designed a ribozyme in which all 

of the conserved sequence and secondary structure was present within the ribozyme 

strand and used an RNA substrate that contained no conserved sequence essential for 

cleavage.  The ribozyme was targeted against three sites 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 consistent with the predicted sites of cleavage.  

Haseloff and Gerlach’s hammerhead ribozyme has become a model for the majority of 

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

 

Hammerhead vs. hairpin and HDV ribozymes 

HDV (Chowrira et al., 1994; Kawakami et al., 1996; Matysiak et al., 1999) and 

hairpin (Borneman et al., 1995; Cepero et al., 1998; Denman et al., 1994; MacKay et 

al., 1999; Ojwang et al., 1992; Yu et al., 1995; Yu et al., 1998) ribozymes have also 

been used to target specific mRNAs.  The hairpin ribozyme functions efficiently in 

both cleavage and ligation reactions such that the extent of final cleavage is dependent 

on the rapid dissociation of product (Berzal-Herranz et al., 1992; Chowrira et al., 

1993).  If the dissociation of the cleaved RNA products is slowed, the probability of 

ligation is enhanced resulting in reduced cleavage.  In addition, Denman has described 

cleavage using hairpin ribozymes as promiscuous and called for greater vigilance for 

those who might use them as a therapeutic agent (Denman, 1999).  When the HDV 

and hairpin ribozymes are compared to hammerhead ribozymes, hammerhead 

ribozyme cleavage activity is least affected by the addition of flanking sequences 

added for stability in the cellular environment (Chowrira et al., 1994).  The structures 

of the HDV and hairpin ribozymes required for substrate cleavage are more complex 

than that of the hammerhead ribozyme.  Minimal sequences required for the hairpin 

and HDV ribozymes are 50 and 72 nucleotides, respectively with 4 helical formations 

necessary for each.  Hammerhead ribozymes can cleave substrate RNA with less than  
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Figure 2.  The classic Haseloff and Gerlach hammerhead ribozyme.  The substrate 
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’ arms that can be designed to anneal to any specific RNA sequence.  The 
CUGA catalytic pocket (circled) contains several possible Mg2+ binding sites.  Roman 
numerals I, II, and III represent the three helices that must form prior to substrate 
cleavage.  Helix I and III form between the substrate RNA and the arms of the 
ribozyme, while helix II is intrinsic to the ribozyme (Haseloff and Gerlach, 1988). 
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30 nucleotides and require only 3 helical formations.  It has been reported that 

hammerhead ribozymes can function in the absence of helix II by replacing the 12 

ribonucleotide that make up the helix with only 4 ribonucleotides (McCall et al., 1992; 

Sakamoto et al., 1997).  Although, the non-helix II containing ribozyme did show 

some activity, it was greatly reduced in comparison to the native helix II containing 

form.  Moreover, McCall and her colleagues reported that the activity was restored to 

that of a helix II containing ribozyme when 4 deoxyribonucleotides are used instead of 

ribonucleotides, and that only 22 nucleotides are required for activity (McCall et al., 

1992).  It is the size and simplicity 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 

steps, association, cleavage, and dissociation.  The association of substrate RNA to 

ribozyme involves annealing of specific sequences from 5’ and 3’ arms of the 

ribozyme to complementary sequences in the target RNA.  The helix formed between 

the 5’ arm of the ribozyme and the substrate RNA is referred to as helix I, while the 

helix between the 3’ arm and the substrate termed helix III.  The formation of both 

helix I and helix III are necessary for subsequent cleavage.  Ribozyme RNA cleavage 

also requires the presence of divalent metal ions (Allain and Varani, 1995; Koizumi 

and Ohtsuka, 1991; Menger et al., 1996; Orita et al., 1996; Peracchi et al., 1997; 

Pontius et al., 1997; Scott et al., 1995; Uchimaru et al., 1993).  Crystal structure 
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analysis has revealed 5 potential magnesium-binding sites, one of which is associated 

with the catalytic pocket of the ribozyme (Scott et al., 1995).  It is proposed that 

magnesium held in the CUGA catalytic pocket ionizes the 2’-hydroxyl by removing a 

proton at the cleavage site (the 2’-OH of cytosine in the GUC target sequence).  The 

exposed oxygen then acts as a nucleophile to attack the adjacent phosphate.  A 

transitional state with a penta-coordinated phosphate is formed.  The pro-R oxygen of 

the phosphate is stabilized by magnesium in the transitional state.  It is not known if 

the same magnesium, which removed the proton from the 2’-hydroxyl or a second 

magnesium binds the pro-R oxygen to stabilize the intermediate penta-coordinated 

phosphate.  The reaction generates 5’-hydroxyl and 2’, 3’-cyclic phosphate termini at 

the cleavage site.  The cleaved substrates are slowly and independently released by the 

“breathing” of hydrogen bonds in helix I and III.   

 

The proposed mechanism of hammerhead ribozyme cleavage 

The reaction mechanism by which hammerhead ribozymes cleavage occurs 

(see figure 3) was first proposed to occur by an SN2 in-line attack transesterfication 

reaction by van Tol and his colleagues in 1990 (van Tol et al., 1990).  In their 

experiment, synthetic oligonucleotides representing the sequence of the satellite RNA 

of the tobacco ringspot virus (sTobRV) possessing full processing activity and specific 

35S-labeled phosphophorothioate diesters in the pro-R configuration.  Following the 

autocatalytic 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 SN2 in-line attack 
transesterfication reaction proposed for ribozyme cleavage (van Tol et al., 1990) was 
later proven with the elucidation of the structural intermediate (Murray et al., 1998).  
A. The magnesium (in the form of magnesium hydroxide) removes a proton from the 
2’-OH of cytosine in the GUC target.  B. The exposed oxygen acts as a nucleophile to 
attack the adjacent phosphate.  A transitional state with a pentacoordinated phosphate 
is formed with a magnesium ion stabilizing the intermediate.  C. The reaction 
generates 5’-OH and 2’,3’-cyclic phosphate termini. 
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was found, indicating that the 35S-labled phosphate was inverted in the product.  Van 

Tol and his colleagues stated that:  “this result is consistent with an in-line attack of 

the 2’-hydroxyl group in an SN2 transesterfication reaction”.  They also suggested that 

trans acting ribozymes based on the hammerhead motif of the sTobRV should follow 

the same mechanism.  This result was in agreement with similar studies performed a 

year later (Koizumi and Ohtsuka, 1991; Slim and Gait, 1991).  In addition, an earlier 

study performed by McSwiggen and Cech, who in 1989 suggested that the 

Tetrahymena ribozyme reaction mechanism also proceeded by an in line, SN2 

transesterfication reaction (McSwiggen and Cech, 1989).  Although it was generally 

accepted that the in-line attack SN2 transesterfication reaction was indeed the 

mechanism by which hammerhead ribozyme cleavage occurred, actual structural data 

was needed to confirm this assumption.   

 

Finding the structural proof for the in-line attack mechanism 

In attempting to solve the reaction mechanism of hammerhead ribozyme 

cleavage by crystal structural analysis, it was necessary to slow down or stop the 

cleavage reaction so that structural data could be obtained from the transition-state of 

the ribozyme/substrate complex.  In 1996 William Scott from Cambridge England was 

the first to crystallize and trap an all RNA hammerhead ribozyme/substrate 

intermediate (Scott et al., 1996).  Prior to this, two research groups used modified 

substrates to prevent substrate cleavage in an attempt to trap the intermediate.  The 

first group used a hammerhead ribozyme with a DNA, instead of an RNA substrate 
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(Pley et al., 1994).  The second group used an all RNA hammerhead ribozyme and an 

RNA substrate with a single 2’-methoxyl modification, replacing the 2’-OH at the 

active site (Scott et al., 1995).  Although the structures obtained by these experiments 

agreed with one another, skepticism remained due to the modifications of the 

substrates.  In an effort to circumvent this concern, Scott et al prepared crystals of an 

unmodified RNA hammerhead ribozyme, both in the presence and the absence of 

magnesium ions.  The crystals were stabilized in a 20% glycerol, 1.8 M LiSO4 buffer 

at various pH’s and flash frozen in liquid propane at 100°K.  The crystallized 

ribozymes were able to cleave, suggesting that the fold in the crystal structure of the 

ribozyme/substrate complex was correct.  The crystal structure Scott obtained from the 

unmodified hammerhead ribozyme at lower pH (5 and 6), agreed with the previous 

structures obtained with modified substrates.  All of which indicate that the scissile 

phosphodiester bond (the bond that will be cleaved) and the 2’-OH nucleophile were 

on the wrong side of the phosphate atom for an in-line attack mechanism to occur.  

Since it was still believed that the in-line attack mechanism was the mechanism for 

ribozyme cleavage, Scott and his colleagues assumed that a conformational change 

from this observed intermediate must take place prior to cleavage.  They referred to 

this low pH structure as a “ground state” structure of a ribozyme/substrate 

intermediate.  At a higher pH (8.5), Scott observed a conformational change that was 

not previously observed.  He found that a new hydrogen bond forms between the 

furanose oxygen of the C17 (the cleavage site nucleotide on the substrate strand) and 

the 2’-OH of the U16 (the U adjacent to the cleavage site C).  He also found three new 
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potential Mg2+ binding sites one of which was coordinated directly next to the pro-R 

oxygen of the cleavage site phosphate adjacent to the scissile bond.  The second 

structure was described by Scott to be a flash frozen “early” conformational 

intermediate that exists only for a short amount of time prior to cleavage.  This new 

“early” conformation was more compatible with the in-line attack mechanism but still 

required more of a conformational change.  In an effort to elucidate the theoretical 

“later intermediate” required for in-line attack, Scott, Murray and colleagues (Murray 

et al., 1998) replaced the ribose leaving group of an RNA hammerhead ribozyme with 

a tallo-5’-C-methyl-ribose.  (Scott now had his own lab at Indiana University and 

James Murray was a member of his group)  Since the attacking 2’-OH nucleophile 

was left intact and only the leaving group was altered, it was thought that the final 

point of the reaction would be trapped 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 state” or “early” intermediates, both structures were crystallized 

and were found to be indistinguishable from those previously described.  The “later” 

intermediate that Murray and Scott were seeking was finally found by using this 

“kinetic bottleneck” method of trapping the intermediates.  In this structure, Murrey et 

al describe the following: “A 60-degree rotation in C17 (cleavage site C) causing it to 

stack upon A6 (A in the CUGA catalytic pocket of the ribozyme).  The furanose 

oxygen of A1.1 (the nucleotide 3’ of the of the cleavage site C in the substrate strand) 

now associates with the base of C17.  The scissile phosphate is pulled away from its 

helical position by movement of the cleavage site base, C17.”  These major 
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conformational changes described for this “later” intermediate were indeed consistent 

with the positioning necessary for an in-line attack mechanism to occur and the theory 

was finally proven with the elucidation of this structural intermediate. 

 

Designing a hammerhead ribozyme 

 The design of an efficient hammerhead ribozyme for decreasing gene 

expression requires several considerations.  To begin with, an appropriate target 

sequence must be selected.  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 potential and is discussed in greater detail later in 

the text (Shimayama et al., 1995).  The accessibility of the target sequence is also 

important.  Target sequences that are hidden in long stretches of double stranded 

helices present in mRNAs are less accessible to the antisense arms of the ribozyme 

than if the target sequences are located on a single stranded loop region of mRNA 

(Sioud, 1997).  The numbers of bases present in the antisense arms effects the 

specificity and turnover rate of the ribozyme.  Longer antisense arms decrease the 

turnover rate, while increasing the specificity of the ribozyme to its designated target 

RNA.  A greater 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 ribozymes require only three nucleotides in helix I (Tabler et al., 1994), 

and that the optimal Kcat/Km at 37°C is achieved in vitro when helix I and III are a 

combined length of 12 nucleotides (Bertrand and Rossi, 1994).  The consequence of 
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using 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 estimated 20,000 different mRNA species in a typical mammalian cell 

with an average length of 2000 bases (Alberts, 1994).  If this estimation holds true, the 

sequence complexity would be ∼4x107.  For a ribozyme to recognize a unique 

sequence, at least 13 bases are needed to produce a complexity of ∼7x107 or (413).  

Contrary to conventional thinking, Herschlag argues that increasing 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 

essentially every time the target RNA or a mismatched 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 allows 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 designed for potential use as therapeutic agents, it is 

essential that specificity be conserved to avoid any non-specific cleavage of mRNAs, 

even at the expense of turnover efficiency of the ribozyme. An example of 

“promiscuous cleavage” of mRNA other than the intended target mRNA has been 
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reported by Denman (Denman, 1999).  Previously, Denman and his colleagues used a 

hammerhead and a hairpin ribozyme targeted to the β–amyloid peptide precursor 

(βAPP) mRNA (Denman et al., 1994).  They demonstrated an ∼80% decrease in 

βAPP mRNA using either ribozyme in COS-7 cell lines.  Five years later, in an effort 

to determine the specificity of his ribozymes, Denman found that in cells containing 

the hairpin ribozyme, rat ribosomal L19 message was also cleaved.  He described the 

cleavage using hairpin ribozymes as promiscuous and called for greater vigilance for 

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

 

Predicting the secondary structure of mRNA using computational analysis 

When targeting a ribozyme to a particular mRNA it is important that the 

targeted sequence on the substrate RNA be accessible to the antisense arms of the 

ribozyme.  Several methods have been employed to determine the secondary structure 

of mRNA including: using random sequences placed into adenovirus-mediated 

expression cassettes (Lieber et al., 1997; Lieber and Strauss, 1995), probing target 

RNAs with oligodeoxynucleotides to identify RNase H accessible sites (Frank and 

Goodchild, 1997; Scherr and Rossi, 1998), and the use of computer-aided calculations 

for predicting RNA secondary structures (Denman, 1993; James and Cowe, 1997; 

Sczakiel and Tabler, 1997).  Of the thee methods mentioned, the first and second use 

random sequences and endonuclease probing which are extremely labor intensive 

techniques and in the time it takes to perform these methods, actual ribozymes 
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themselves could have been used as probes to determine optimal cleavage sites.  Only 

the use of computer predicted RNA secondary structures can be carried out in less 

than 10 minutes.  The energy minimization algorithm by Zuker et al has been shown 

to predict RNA structures of 400 bases with 80% accuracy (Zuker et al., 1991).  The 

percent accuracy increases as the size of the RNA decreases due to the smaller number 

of possible structures, and conversely, the larger the RNA predicted, the less accurate 

the prediction becomes.  Nevertheless, even a 10% accurately predicted RNA is better 

than randomly choosing target sites within a given mRNA.  

 

In vitro analysis of ribozyme cleavage  

While a correlation between the test tube and cell culture activity of a 

ribozyme is questionable (Crisell et al., 1993), In vitro cleavage reactions between 

ribozymes and their target RNAs are commonly used prior to the introduction of 

ribozymes in vivo.  Determining catalytic activity is often used in studies involving 

ribozymes such as selecting the most catalytic ribozyme from a population of 

ribozymes directed against a specific gene transcript (Chen et al., 1998; L'Huillier et 

al., 1992; Scherr et al., 1997) or viral RNA (Gavin and Gupta, 1997; Heidenreich and 

Eckstein, 1992; Lieber et al., 1996).   

There are several methods for quantifying in vitro ribozyme cleavage activity 

against a specific RNA target.  These methods can be divided into two categories; 

those that use radiolabeled substrate and those that do not.  In general, radiolabeled 

methods involve the incorporation of radiolabeled nucleotides with or without 



 42

unlabeled nucleotide into a target molecule using a T7 or SP6 in vitro RNA synthesis 

reaction.  Following ribozyme cleavage, the products and uncleaved substrate RNAs 

are separated on a denaturing polyacrylamide gel.  After gel separation, the 

radiolabeled RNA bands can then be visualized by placing the gel under a 

phosphorimager screen (Chen et al., 1998; Scherr et al., 1997) or placed with 

autoradiographic film (Gavin and Gupta, 1997; Heidenreich and Eckstein, 1992; 

Lieber et al., 1996).  Images obtained from both the phosphorimager and 

autoradiograph are then scanned and quantified using densitometry software that 

calculates amounts of RNA by the pixel density of the image.  There are several 

limitations that should be considered when densitometry is used for quantifying RNA.  

First, the image being scanned must be clear with well-defined bands representing the 

RNA.  Second, the background must not only be low, but uniform because the bands 

representing the RNA are usually compared to a section of background.  Third, the 

amount of RNA to be quantified is limited to the detection ability of the imaging 

system.  This is important because, when densitometry is used for determining 

ribozyme kinetic constants such as Km and Vmax, a “standard” assay for determining 

these constants involves maintaining a constant ribozyme concentration while varying 

the amount of substrate RNA.  The range of substrate concentration is limited as to the 

ability of the imaging system to separate pixel densities that can be easily 

overwhelmed for the most intense bands especially if the sensitivity is adjusted to 

detect the lower concentration bands.  For the BIO RAD Gel 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 substrate range is problematic because the smaller the 

range of substrate concentration, the larger the resulting error for determining kinetic 

constants. 

An alternative method for quantifying gel separated radiolabeled cleavage 

products and substrates uses scintillation counting instead of densitometry scanning 

(DeYoung et al., 1997; L'Huillier et al., 1992; Ruffner et al., 1990).  This method 

involves using an exposed autoradiograph superimposed on the original gel.  Using the 

autoradiograph as a guide, the regions of the gel corresponding to substrate and 

product RNAs are physically excised from the gel and placed into individual vials 

with scintillation cocktail.  The amount of RNA present in each band is then quantified 

using a scintillation counter.  The use of scintillation counting for quantifying RNA 

avoids some of the limitations of densitometry analysis; most importantly the range of 

detection is increased.   

The non-radiolabeled methods for quantifying ribozyme cleavage activity 

generally involve staining gel separated substrate and cleavage product RNA.  The 

stained RNA bands are then scanned and quantified using densitometry.  Agarose gels 

can be used for separation followed by ethidium bromide staining and visualization 

under an ultraviolet light source (Du et al., 1996; Lieber et al., 1996).  This method is 

seldom used for quantification due to its poor sensitivity and resolution.  A more 

sensitive alternative to ethidium bromide staining for RNA detection is silver staining 

(Du et al., 1996; Palfner et al., 1995), where as little as 15 ng of RNA can be detected 

in the presence of 7 M urea.  In addition, Palfner et al (Palfner et al., 1995) describes a 
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modified silver staining protocol from Allen et al (Allen et al., 1989) that results in a 

significant reduction in background staining.  Without the modifications, Palfner 

reports that silver staining according to Allen is not suitable for densitometry analysis 

due to a high background.  The use of other stains such as aziridine (Matsuhisa et al., 

1994) and streptavidin-Nanogold-silver staining (Hauser-Kronberger, 1998) have also 

been described for detection of RNA.  In addition, the visualization of RNA without 

staining by short-wave UV epi-illumination has also been described (Mukhopadhyay 

and Roth, 1994). 

A new method for quantifying ribozyme cleavage activity involving 

scintillation counting of silver stained radiolabeled RNA substrate was developed by 

combining the non-radioactive method of silver staining RNA for visualization 

followed by excision and scintillation counting of the stained RNA bands (List, 1994).  

Silver staining polyacrylamide gels prior to scintillation counting not only allowed for 

direct visualization of RNA, but also allowed for a direct comparison of densitometry 

scanning of the silver stained gels to that of scintillation counting of the same silver 

stained RNA.  The RNA bands from the silver stained gels were quantified by 

densitometry scanning prior to quantification by scintillation counting using the same 

silver stained gel.  The % volume of pixels scanned (for the densitometry method), 

and number of scintillation counts (for the scintillation method) for the uncleaved 

substrate bands in the presence of ribozyme were compared to the negative control 

RNA at each substrate concentration to determine the amount of ribozyme cleavage.  

Using these data, double-reciprocal plots were constructed for both methods of 
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quantification.  The r2 values of the best-fit lines from each plot was used for 

comparing the accuracy of each method.  In the comparison, the r2 values were 

significantly greater when scintillation counting was used.  These results were not 

surprising considering the low dynamic range (linear to 1.5 orders of magnitude 

according to specifications from the manufacturer) of the imaging system BIO RAD 

Gel Doc 1000 system (BIO RAD, Hercules, CA, USA) compared to the dynamic 

range of scintillation counting (approximately 6 orders of magnitude) based on the 

manufactures specification of the LS 6500 liquid scintillation system (Beckman 

Coulter).  For enzymatic assays, a large dynamic range is desired.  In addition, when 

performing an enzymatic assay in which the enzyme is held at a fixed concentration 

and the substrate concentration is varied, the likelihood that error will occur in 

determining kinetic constants decreases as the range of substrate concentration 

increases.  Improvements in imaging technology are allowing for much greater 

dynamic ranges for densitometry analysis, which may eventually provide equivalent 

capabilities to that of scintillation counting.  However, in laboratories where this 

technology is not available, the method of quantifying radiolabeled RNA by 

scintillation counting appears to be a preferred method.  

 

The NUH rule 

Substrate RNAs as targets for hammerhead ribozyme cleavage usually contain 

a GUC triplet sequence with cleavage occurring 3’ of the cytosine.  Other triplet 

sequences have been reported which allow for substrate cleavage, but usually at a 
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significantly decreased catalytic efficiency (Shimayama et al., 1995).  This is not 

unexpected when one considers that the majority of naturally occurring hammerhead 

ribozymes utilize the same GUC triplet sequence for self cleavage found in the 

following: the satellite RNA of the tobacco ringspot virus (sTobRV) (Buzayan et al., 

1986b), the positive strand of the (vLTSV) (Forster and Symons, 1987), the violet 

tobacco motel virus (vVTMoV), both the positive and negative strands of the avocado 

sunblotch viroid (ASBV) (Hutchins et al., 1986), and the newt satellite-2 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 yellow dwarf 

virus (sBYDV) uses an AUA triplet target sequence.  With the advent of engineered 

trans-acting hammerhead ribozymes, several studies have been performed in vitro to 

determine the most efficient target site sequence for hammerhead ribozyme cleavage 

(Koizumi et al., 1988; Nakamaye and Eckstein, 1994; Perriman et al., 1992; Ruffner et 

al., 1990; Shimayama et al., 1995; Zoumadakis and Tabler, 1995).  Although it was 

generally agreed that the sequence GUC was among the most efficient in each of the 

studies, there were inconsistencies with regards to the efficiencies of other triplet 

sequences.  For example, Perriman reported that when AUC was used as a target 

sequence, virtually no cleavage occurred.  This was in stark contrast to the 

observations of Zoumadakis, in which the AUC target was cleaved at the highest 

efficiency of all 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 

observed efficiencies nearly equal to that of GUC.  Similar discrepancies were 

reported for other triplet sequences.  The combined results of these experiments lead 

to the general acceptance of the NUH rule, in which N stands for any base and H 

stands for any base except for G (Shimayama et al., 1995).  Shimayama and others 

originally used the designation 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 general, the NUH 

rule states that any target RNA containing an NUH sequence can potentially 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 considerable doubt still remained 

about the relative efficiencies.  A possible reason for the inconsistencies may be due to 

the limitations of the early cleavage assays. The catalytic efficiencies of ribozyme 

cleavage were not reported as separate kinetic data such as Km and Kcat values, but 

rather by comparing the percentage of substrate cleavage containing a given triplet 

sequence to the percent cleavage of the GUC triplet.  In 1995 Shimayama et al 

performed a comprehensive study in which all of the 12 possible NUH cleavage sites 

were compared and their kinetic values compared.  In their study, Shimayama et al 

reported the Km of each target sequence as well as the Kcat.  From these data, the true 

catalytic efficiencies (Kcat/Km) were reported.  The Kcat of the GUC sequence was the 

second highest value at 4.0 min-1 with AUC being the highest value at 4.4 min-1.  The 

Km of the GUC sequence was the lowest value at 20 nM, while the Km of the AUC 

was the highest of the 12 sequences at 700 nM.  When the catalytic efficiencies were 
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reported as Kcat/Km, the GUC sequence was the highest value of the 12 sequences at 

200 nM-1 min-1.  The sequences with the second and third highest values were CUC 

(38 nM-1 min-1) and UUC (16 nM-1 min-1).  While the AUC sequence had the highest 

Kcat value, the low Km gave this target a low catalytic efficiency of 6.3 nM-1 min-1.  

The catalytic efficiencies reported by Shimayama et al are generally considered to be 

the most accurate representation of possible NUH sequences, but they are not 

considered absolute (Shimayama et al., 1995).  A major reason for this doubt is that a 

comparison based solely on Kcat/Km is problematic in ribozyme kinetics (Zoumadakis 

and Tabler, 1995).  These values are believed to be influenced by the surrounding 

substrate nucleotides as well as the particular nucleotides in the ribozyme arms that 

make up helix I and III.  In addition, variations in reaction conditions such as pH, 

Mg2+ availability, temperature, and various ribozyme inhibitors and enhancers can 

alter kinetic constants.  Because the GUC sequence consistently demonstrated high if 

not the highest catalytic efficiency in each of the studies involved, it is by far the most 

common target site used for hammerhead ribozyme cleavage.  Hairpin ribozymes 

target sights have also been studied. They do not follow the NUH rule.  The optimal 

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 

the N and the G (Yu et al., 1998). 
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Enhancers and inhibitors of ribozyme activity 

 It is important to note that in vitro reports of ribozyme activity are not always 

representative of a ribozyme activity in cultured cells or animals.  Crisell and his 

colleagues reported a direct example of this (Crisell et al., 1993).  They performed two 

separate experiments to determine the activity of 11 different hammerhead ribozymes 

directed against the tat RNA from HIV-1.  In the first experiment, they used in vitro 

analysis to compare the relative cleavage activities of each ribozyme.  In a separate 

experiment, Crisell et al analyzed the efficiencies of each ribozyme within cells that 

were infected with HIV-1.  They observed the inhibition of HIV by a ribozyme that 

did not show efficient catalytic activity in vitro.  In addition, ribozymes that showed 

high efficiency in vitro failed to inhibit HIV growth in cells.  Crisell postulated that 

protein interactions with the ribozyme RNA enhanced the ability of the ribozyme that 

showed poor in vitro activity, allowing it to be a more efficient catalyst.  Crisell 

contended, “Current in vitro assays of ribozyme activity are not helpful in predicting 

activity in the cell”.  

Ribozyme activity can be enhanced or inhibited by associating with several 

types of molecules.  RNA binding proteins such as nucleocapsid protein of HIV-1 

(NCp7) and hnRNP A1 enhance the turnover rate of ribozymes by accelerating the 

attainment of the thermodynamically most stable species throughout the ribozyme 

catalytic cycle (Bertrand and Rossi, 1994; Herschlag et al., 1994; Tsuchihashi et al., 

1993).  In addition, NCp7 has been shown to resolve a misfolded ribozyme-substrate 

RNA complex that is otherwise long lived (Herschlag et al., 1994).  Certain 
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aminoglycoside antibiotics can inhibit the activity of ribozymes.  Neomycin B, 

kanamycin, 5-epi-sisomicin, and tobramycin have been shown to decrease the activity 

of ribozyme cleavage (Earnshaw and Gait, 1998; Hermann and Westhof, 1998; Llano-

Sotelo and Chow, 1999).  Crystallography analysis has revealed structural 

complementarities between the charged amino groups on aminoglycosides and the 

metal binding sites within the catalytic pocket of hammerhead ribozymes (Hermann 

and Westhof, 1998).  This indicates the aminoglycoside antibiotics actually compete 

with magnesium for the metal binding sites within the catalytic domain.  In contrast, 

viomycin has been shown to enhance the interactions between RNA molecules, 

increasing the cleavage activity of ribozymes (Olive et al., 1995).  Unlike 

aminoglycoside antibiotics, viomycin is a basic cyclic peptide antibiotic of the 

tuberactinomycin group.  In his experiment, Olive reported that in the presence of 

viomycin, the required magnesium concentration was decreased by one order of 

magnitude.  Competition assays using the metal ion terbium (III) (Tb (III)) and 

magnesium has demonstrated that Tb (III) inhibited hammerhead ribozyme cleavage 

by competing with magnesium (Feig et al., 1998).  Oligonucleotide facilitators have 

also 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 helix I and III 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 association of the ribozyme and substrate by coaxial 
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helix stacking.  The effect of the facilitators may also cause a conformational change 

in the substrate RNA increasing accessibility to ribozyme binding.  In addition, the 

effect was more pronounced when facilitators were used with longer substrates 

(Jankowsky and Schwenzer, 1996).  

 

Protecting ribozymes in the cell 

Ribozymes designed for use in cell culture or in vivo must be protected from 

cellular RNase degradation.  If a ribozyme is expressed endogenously (incorporation 

into the genome of cells or transgenic animals), it should contain the same components 

that protect endogenous mRNA from exonucleases such as a 5’ untranslated region 

with a 5’ cap and a 3’ untranslated region, which contains a polyadenylated tail.  In 

addition to protecting ribozymes from exonucleases, it has been shown that UA and 

CA dinucleotide sequences are target sites for endonuclease cleavage and should be 

avoided if possible (Qiu et al., 1998).  Qiu and his colleagues demonstrated using 

primer extension analysis that in cellular extracts ribozymes were cleaved at these 

dinucleotide sequences.  Removal of these sequences made the ribozymes as well as 

mRNAs more stable.  Finally, the addition of extra UA and CA sequences to 

ribozymes resulted in shorter half-lives. 

If a ribozyme is delivered exogenously (injection or lipofectin association), 

chemical modifications can dramatically increase the stability of ribozymes.  RNases 

utilize the ribose 2’-hydroxyl group to cleave the phosphodiester bond of RNAs, 

therefore, RNase degradation can be avoided by its removal (Taylor et al., 1992).  2’-
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alkoxy, 2’-fluoro, and 2’-amino functional groups can also be added to the ribose to 

avoid degradation (Desjardins et al., 1996; Goodchild, 1992; Heidenreich and 

Eckstein, 1992; Paolella et al., 1992).  In addition, degradation from 3’-exonucleases 

other than RNases can be inhibited by creating an internucleotide linkage such as a 5’-

5’ or a 3’-3’ phosphate diester (Ortigao et al., 1992). 

 

mRNA processing of Pol II transcripts 

Eucaryotic mRNAs are produced as larger pre-mRNAs by RNA polymerase II 

(pol II) in the nucleus.  In eukaryotes, there are three major processing events involved 

in the formation of mature mRNA: The addition of a 5’-cap, splicing of exons, and the 

addition of a polyadenylation tail to the 3’-end.  All of these processes are thought to 

occur co-transcriptionally.  In addition, protein complexes involved in each process 

are thought to play an important role by influencing the other processes.  Several pol II 

transcribed RNAs do not follow some of these processing events such as histone 

mRNA, small nuclear RNA (snRNA), small nucleolar RNA (snoRNA), and 

heterogeneous nuclear RNA (hnRNA).  Although snRNA, snoRNA and hnRNA are 

pol II transcribed RNAs, they are not considered mRNA because they do not serve as 

“messengers” for translation. 

 

5’-end mRNA processing 

In eukaryotes, all pol II transcribed RNAs are capped at the 5’-end of the 

mRNA (Lewis and Izaurralde, 1997).  The cap structure is an inverted 7-methyl 



 53

guanosine linked by a 5’-5’ triphosphate to the first nucleotide.  This reaction is 

carried out by an enzyme with two distinct enzymatic activities, the capping enzyme 

and a second enzyme called RNA (guanine-7)-methyltransferase.  First, the capping 

enzyme uses an RNA 5’-triphosphatase activity to remove the last phosphate from the 

5’-terminal triphosphate.  Second, the capping enzyme then uses a guanylyltransferase 

activity to transfer GMP to the newly formed 5’-diphosphate.  Finally the cap is 

methylated by RNA (guanine-7)-methyltransferase resulting in a 7-methyl-guananine 

cap.  The monomethylated form of the cap is called the cap 0 form.  Further 

methylation has been observed in higher eukaryotes (Banerjee, 1980).  Methylation at 

the 2’-O position of the second ribose ring produces a cap structure referred to as cap 

1.  Methylation at the 2’-O position of the third ribose ring produces the cap 2 

structure.  It is thought that the presence of the extra methyl groups in the cap 

structures may increase the resistance of mRNAs to RNase degradation (Bouloy et al., 

1980).  The 5’-cap is bound by a complex of proteins called the cap-binding protein 

complex (CBC).  This complex is involved in pre-mRNA splicing (Izaurralde et al., 

1994), cleavage and polyadenylation of the mRNA 3’end (Cooke and Alwine, 1996; 

Minvielle-Sabastia and Keller, 1999; Wahle and Ruegsegger, 1999), and nuclear 

export of the mature mRNA to the cytoplasm (Adam, 1999; Izaurralde and Mattaj, 

1992; Minvielle-Sabastia and Keller, 1999; Wahle and Ruegsegger, 1999).   
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3’-end mRNA processing 

In eukaryotes, all pre-mRNAs are cleaved by an endonuclease the identity of 

which is still unknown (Wahle and Ruegsegger, 1999).  Although a 30-kDa subunit of 

the cleavage and polyadenylation specificity factor (CPSF) that binds the 

polyadenylation signal (AAUAAA) as well as the polyadenylation cleavage site has 

been implicated (Bai and Tolias, 1996), previous experiments suggest that this subunit 

may not be essential for cleavage (Gilmartin et al., 1995; Murthy and Manley, 1992).  

It is known that a complex of factors is involved in the cleavage process.  These 

factors include: CPSF, cleavage stimulatory factor (CstF), cleavage factor I (CF-I), 

cleavage factor II (CF-II), and poly A polymerase (PAP).  Following cleavage of the 

3’ end, all mRNAs (except for histone mRNAs) are polyadenylated by the enzyme 

poly A polymerase (PAP).  The polyadenylation reaction also involves a complex of 

factors that includes: PAP, CPSF, and poly A binding protein II (PABP-II).  5’-

cleavage fragments lacking poly A tails are not detectable in crude cell extracts or 

reconstituted reactions suggesting that both the cleavage and poly adenylation 

reactions are tightly coupled (Wahle and Ruegsegger, 1999).  The poly A tail is 

essential for stabilizing the mRNA and increasing its half-life in the cytoplasm.  

Removal of the poly A tail has been shown to be a first, and rate-limiting step in 

mRNA degradation (Beelman and Parker, 1995).  The poly A tail is also implicated in 

the transport of mRNAs from the nucleus to the cytoplasm, which may be due to its 

association with the 5’-cap complex (Eckner et al., 1991; Huang and Carmichael, 

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

As previously mentioned the CBC that associates with the 5’ cap also 

influences splicing and 3’ processing of the pre-mRNA.  After the mRNA is processed 

in the nucleus, the CBC remains associated at the 5’ cap of the mature mRNA.   The 

proteins involved in 3’ end processing are also thought to remain bound, with CPSF 

attached to the AAUAAA poly addition signal, PAP at the poly adenylation site, and 

multiple PAPBP II’s attached to the poly A tract. The association of all of the 

aforementioned proteins and complexes are then thought to help direct transport of the 

mature mRNA to the cytoplasm (Minvielle-Sabastia and Keller, 1999).  Growing 

knowledge of the factors associated with mRNA during nuclear transport has lead to 

an early understanding of how mRNA reaches the cytoplasm.  In a model proposed by 

Lewis and Izaurralde (Lewis and Izaurralde, 1997), a protein called importin-α 

associates with the CBC/mRNA in the nucleus and directs transport through the 

nuclear pore complex.  Once in the cytoplasm, importin-β  associates with the 

mRNA/CBC/ importin-α complex causing the release of the mRNA with subsequent 

recycling of the CBC/importin-α/importin-β  complex back into the nucleus.  More 

recently, the importins have been placed into a family of transporter proteins called the 

karyopherins, with additional transport proteins such as exportins included (Adam, 

1999; Gamblin and Smerdon, 1999).  In addition, a small G protein named Ran, is 

thought to mediate the karyopherin transport mechanism.  In a model proposed by 

Adam the nuclear transport 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 transported 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 al., 1999).  This causes a conformational change resulting in the release of 

the mRNA with recycling 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.  RCC1 is located within the nucleus in association 

with chromatin (Renault et al., 1998).   

 

RNA compartmentalization 

As with any enzyme catalyzed reaction the substrate must be in close 

proximity to the enzyme for catalysis to occur.  It is therefore important to consider 

the sub-cellular localization of mRNAs and RZs.  We know from basic cellular 

metabolism that mRNAs are transcribed in the nucleus, are transported to the 

cytoplasm, and eventually end up at ribosomes for translation.  A growing body of 

evidence suggests that RNA transport is more orchestrated than previously thought 

and that certain mRNAs are transported to distinct sub-cellular compartments 

(Oleynikov and Singer, 1998).  Cis-acting elements located in the 3’-untranslated 

regions (UTR) of certain mRNAs have been shown to bind RNA binding proteins for 

transport (Ferrandon et al., 1994; Macdonald and Kerr, 1997; Munro et al., 1999).  It is 

proposed that these proteins either bind directly to actin or tubulin for transport, or are 
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part of a complex of interchangeable proteins that can recognize either actin or tubulin 

for transport (Oleynikov and Singer, 1998).   

Perhaps the most understood example of mRNA compartmentalization is seen 

Drosophila.  In Drosophila oocytes, bicoid RNA is localized to the anterior, while 

oskar RNA is localized posteriorly.  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-cellular domains.  Staufen protein contains an RNA binding domain, 

that recognizes a cis-element in the 3’-UTR of these mRNAs and has been shown to 

associate with microtubules and to be transported in a microtubule-dependent manner 

(Ferrandon et al., 1994; St Johnston et al., 1991).  Prospero mRNA, which is required 

for proper mitosis in Drosophila, has been shown to be transported via actin filament 

associated proteins, therefore, both actin and microtubule mechanisms of RNA 

transport exist (Jan and Jan, 1998).   

While reports of this type of compartmentalization had been limited to 

developing cells of Drosophila (Ding et al., 1993; Ferrandon et al., 1994; Macdonald 

and Kerr, 1997), Xenopus (Cote et al., 1999; Elisha et al., 1995), and budding yeast 

(Jansen et al., 1996; Sil and Herskowitz, 1996), discoveries in differentiated cells such 

as neurons (Baka et al., 1996; Landry and Hokfelt, 1998) and fibroblasts (Ross et al., 

1997) suggests that RNA compartmentalization plays a key role in conveying 

asymmetry to cells.  Recently, an 11-nucleotide cis-element (A2RE) of the myelin 

basic protein mRNA has been shown to be the binding site of heterogeneous 
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ribonuclear protein (hnRNP) A2 (Munro et al., 1999).  hnRNP A2 is involved in 

mRNA splicing and has been shown to mediate transport of RNA in oligodendrocytes.  

The abundance of hnRNP A2 in the cytoplasm of brain cells suggests that this protein 

may be involved in the transport of a wide variety of messages that contain similar 

response elements.  While relatively few mRNAs have directly been shown to exhibit 

such sophisticated mechanisms for cellular localization, it is possible that all mRNAs 

contain some version of these mechanisms and may prove to be an important 

consideration for RZ design.  Moreover, if cis-acting motifs are eventually described 

for all mRNAs, then the inclusion of these cis-acting motifs into the 3’-UTR of RZs 

could prove to be crucial for optimizing RZ/substrate-RNA interactions.    

 

Polymerase III / tRNA-tethered ribozymes 

RNA polymerase III (pol III) transcribes large amounts of small RNAs such as 

tRNAs and small nuclear RNAs that are highly abundant in all cells.  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 II 

systems (Thompson et al., 1995).  Due to the high expression levels of pol III driven 

transcripts, ribozyme constructs tethered to tRNAs have been successfully used to 

drive ribozyme expression (Koseki et al., 1999; Kuwabara et al., 1999; Kuwabara et 

al., 1998; Thompson et al., 1995).  Ribozyme/tRNA tethered transcripts have several 

advantages over pol II transcribed ribozymes, they are produced at much higher levels 

(Thompson et al., 1995), tRNA structures are highly stable (Traboni et al., 1984), and 
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they are small, and therefore more mobile catalysts.  In addition, they are produced in 

all cells thereby removing the pol II 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-Val can be 

removed without effecting transcription (Koseki et al., 1999).  This was first 

demonstrated in 1984 by deletion experiments of methionine tRNA 3’ sequences in a 

cell-free system and in cells (Adeniyi-Jones et al., 1984).  Adeniyi-Jones also 

demonstrated that termination relied only on the presence of the poly T tract regardless 

of position.  By moving the poly T tract further downstream, sequences greater than 

1000 bases could be transcribed leading Adeniyi-Jones to suggest the potential use of 

tRNA leaders as promoters for recombinant RNAs (Adeniyi-Jones et al., 1984).  As 

with mRNAs, tRNAs have also been demonstrated to use the exportin/RanGTP 

system for transport from the nucleus to the cytoplasm.  A specific exportin, exportin 

(tRNA) has been identified (Arts et al., 1998).  It has been shown that, in addition to 

blocking 3’ processing by deleting 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 al., 1997).  This suggested that 3’ processing was important for tRNA 

export from the nucleus.  In contrast, the altered 3’ seven based of the tRNA-Val 

construct reported by Koseki et al has been used with at least 12 separate ribozymes, 

all of which were found in the cytoplasm after transcription suggesting that this 
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sequence is not involved in exportin/RanGTP binding (Koseki et al., 1999).  The 

efficiency of the tRNA-Val/ribozyme tethered system developed by Koseki et al is 

demonstrated in cells stably transfected with the tRNA-Val/ribozyme by a 97% 

decrease in targeted U5 HIV RNA gene product and a ~99% inhibition of HIV 

replication in HIV challenged cells. 

 

Ribozymes as “tools” for molecular biology 

Ribozymes have been successfully used to decrease the expression of a 

specific gene for and tested as potential therapeutic agents for a variety of conditions, 

the majority of which are gene products involved in cancer and viral infections.  

Leukemic processes due to the presence of a new gene product such as bcr-abl, and H-

ras, are favorite targets for ribozymes because the RNA products of the bcr-abl fusion 

gene and activated H-ras are not found in normal cells and have been successfully 

decreased in cells (Funato et al., 1994; Ohta et al., 1996b; Snyder et al., 1993).  

Ribozymes have also successfully been used to reduce the over expression of other 

genes implicated in cancer processes such as c-fos (Ohta et al., 1996a; Scanlon et al., 

1991), telomerase activity (Kanazawa et al., 1996; Yokoyama et al., 1998), tumor 

necrosis factor (Sioud et al., 1992) reversal of multi-drug resistance (MDR1) in tumor 

cells (Kobayashi et al., 1994), abrogation of lung metastasis by reduction of integrin 

α6 subunit expression (Yamamoto et al., 1996), and inhibition of matrix 

metalloproteinase 9 expression blocking mastasis in rat sarcomas (Hua and Muschel, 

1996).   
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Pathogenic viruses are also major targets for ribozyme therapy.  Ribozymes 

have been used to successfully decrease viral infection in cells challenged with the 

particular virus such as: human papillomavirus (Chen et al., 1995), sendai virus (Gavin 

and Gupta, 1997), hepatitis C (Lieber et al., 1996; Welch et al., 1998), mumps virus 

(Albuquerque-Silva et al., 1999), and HIV-1 (Brower et al., 1998; Chen et al., 1992; 

Crisell et al., 1993; Gervaix et al., 1997; Michienzi et al., 1996; Ojwang et al., 1992; 

Rowe, 1996; Sun et al., 1994; Weerasinghe et al., 1991; Wong-Staal et al., 1998; Zhou 

et al., 1996).  One of the first successful attempts at creating resistance to HIV in cells 

was performed by Weerasinghe and his colleagues in 1991. Weerasinghe transfected 

several anti HIV-1 ribozymes (differing only by the promoter used to drive ribozyme 

transcription) into a human CD4 lymphocyte-derived cell line (Weerasinghe et al., 

1991).  Although several of the promoters used were able to delay the onset of HIV 

infection when challenged with the virus, only cells containing a ribozyme under the 

control of a tat-inducible promoter were able to resist 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 positive regulator of HIV gene expression (Rosen 

and Pavlakis, 1990).  The use of a tat-inducible promoter not only upregulated the 

ribozyme at a crucial time of infection, it also competed with HIV for the tat protein 

resulting in less tat for HIV induction.  In 1995, Sun and his colleagues designed two 

ribozymes directed against the tat gene of HIV.  The first ribozyme (RZ1) was 

targeted to a 5’ splicing region of the tat gene with a target sequence of GUCA in the 

strain HIV-1SF2.  A single base mutation in a separate strain HIV-1IIIB gave a target 
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sequence GUCG and was used to determine the effect of a helix I mismatch on this 

particular ribozyme.  The second ribozyme (RZ2) was targeted to the translation 

initiation sequence of the tat gene, which was conserved in both strains of HIV and 

used as a control.  Both ribozymes were transfected into a human CD4 T cell line.  

When challenged with each of the two strains of HIV, RZ1 was only able to efficiently 

cleave the tat RNA of HIV-1SF2 and not HIV-1IIIB.  RZ2 was able to efficiently 

cleave the tat RNA from both strains.  In addition, RZ1 containing cells were 

significantly protected from HIV-1SF2 infection but not from HIV-1IIIB infection.  

RZ2 successfully inhibited infection from both strains of HIV.  Sun concluded that the 

resistance given to the cells containing ribozymes targeted against tat was due to their 

catalytic activities and not the antisense effect because a single mismatch following 

the GUC target sequence would only significantly interfere with catalysis and not 

ribozyme recognition (Sun et al., 1995).   

Other examples of successful reduction in gene expression using ribozymes are 

indicated below: (1) the inhibition of fatty acid synthesis (30-70%) in 30A5 

preadipocyte cells stably transfected with a ribozyme directed against acetyl-CoA 

carboxylase (Ha and Kim, 1994).  (2) An (~80%) decrease in β–amyloid peptide 

(βAPP) mRNA in COS-7 cells stably transfected with either a hammerhead or hairpin 

ribozyme directed against βAPP.  (3) A similar decrease in βAPP was observed at the 

protein level as observed by western blot analysis of cell extracts (Denman et al 1994).  

(4) A (~40%) decrease in IGF-II mRNA levels of prostate cancer cells expressing a 
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double hammerhead ribozyme resulting in a prolonged doubling time from 28.3 hrs. to 

42.5 hrs (Xu et al., 1999).  (5) A ribozyme targeted against the G protein γ7 subunit 

expressed in human HEK 293 cells demonstrated a (~40%) reduction in mRNA levels 

with an (~85%) decrease in protein levels of the γ7 subunit.  This decrease was enough 

to effectively reduce cAMP accumulation in response to isoproterinol (a potent β–

adrenergic receptor agonist) stimulation by (~30%) in cells containing the ribozyme.  

Therefore the use of a ribozyme was instrumental in suggesting a role for the γ7 

subunit in transducing the signal from the β–adrenergic receptor to adenylylcyclase 

(Wang et al., 1997; Wang et al., 1999b). 

In 1998, Hsuji and his colleagues expressed a ribozyme directed against the 

receptor for advance glycation end products (RAGE) in an effort to decrease the 

effects of AGEs on diabetic nephropathy (Tsuji et al., 1998).  AGEs are glycosylated 

proteins that are commonly produce in diabetics due to the high blood sugar 

environment.  AGEs increase the synthesis of type IV collagen in glomeruli resulting 

in nephropathy common to diabetic patients.  In the experiment, a mesangial cell line 

was established from the glomeruli of mice.  This cell line was transfected with a self-

processing ribozyme in which a central hammerhead ribozyme tethered to a tRNA 

structure was flanked by two hammerhead ribozymes that cleaved cis regions resulting 

in the liberation of the single hammerhead ribozyme tethered to the tRNA.  The 

promoter used in this construct was a hybrid promoter system designated SRα 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 of the long terminal repeat of human T-cell 

leukemia virus type-1.  The SRα promoter system demonstrated a 10-20 fold increase 

in expression when compared to the SV 40 promoter in several cell types.  In vitro 

analysis demonstrated the ability of the ribozyme to self-cleave into the core 

ribozyme/tRNA unit and to catalyze the cleavage of RAGE at the appropriate site.  

RT-PCR was used to detect ribozyme expression in transfected mesangial cells.  

RNase protection assays and RT-PCR demonstrated a “decrease” in RAGE mRNA 

levels (no quantification of RAGE mRNA levels was reported).  Next ribozyme 

transfected cells and control cells were exposed to AGE-bovine serum albumin (BSA) 

or non AGE-BSA to examine the induction of type IV collagen.  AGE-BSA treatment 

in non-ribozyme containing cells increased the levels of type IV collagen 1.86±0.30 

fold compared to control cells.  In contrast, 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 cells.  Tsuji concluded that RAGE might be 

involved in the development of diabetic nephropathy and that ribozymes directed 

against 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 stably expressed in transgenic animals as a transgene.  In 1993 the first two cases 

of ribozymes expressed in transgenic animals were reported (Heinrich et al., 1993; 
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Zhao and Pick, 1993). Drosophila was used as the animal 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 (ftz), a gene that is involved in 

the seven-stripe patterning and plays a role in neurogenesis during larval development.  

Both of these stages are controlled temporally by the expression of the ftz at critical 

times during development.  By using 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 individually.  The 

disruption of the seven-stripe patterning was achieved by giving transgenic embryos 

two short heat pulses at two and two and half-hours after egg laying (AEL).  Similarly, 

three heat pulses were used between four and a half and five and a half hours AEL 

resulting in the absence of neural tube formation. 

Heinrich and Tabler in 1993 expressed a ribozyme directed against the primary 

white gene transcript in drosophila.  Once again a phenotypic change was observed by 

the reduction of eye pigmentation.  In vitro analysis was used to demonstrate that the 

target mRNA was catalytically cleaved by the ribozyme at the target sequence.  

In 1994, the first transgenic mammal expressing a ribozyme was reported by 

Efrat and his colleagues (Efrat et al., 1994).  In an effort to create an animal model for 

maturity-onset diabetes of the young (MODY), a form of type II non-insulin 

dependent diabetes, Efrat constructed a hammerhead ribozyme directed against 

glucokinase (GK) mRNA, transcription of which was driven by the rat insulin II gene 

promoter/enhancer.  The construct also contained an intron element between the 
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promoter and the ribozyme, and a simian virus 40 (SV 40) late polyadenylation signal 

sequence at the 3’ end.  The plasmid containing the ribozyme construct was used to 

create transgenic lines of mice via pro-nuclear microinjection of fertilized oocytes.  

RT-PCR was used to confirm the expression in β–cells of the pancreas by the presence 

of band corresponding to a correctly spliced ribozyme.  Mice from two separate lines 

containing the ribozyme demonstrated a 70% decrease in islet GK activity.  In 

addition, glucose stimulated insulin release was impaired, while both plasma glucose 

and plasma insulin levels were reported to be normal.  Efrat concluded that the mice 

containing the GK ribozyme are likely to be predisposed to develop type II diabetes.   

Larson and his colleagues produced the second transgenic mouse containing a 

ribozyme in 1994 (Larsson et al., 1994).  In their experiment, three ribozymes directed 

against different regions of β2-microglobulin (β2M) mRNA were tested in NIH-3T3 

mouse cells prior to expression in mice in order to determine the most efficient 

catalyst.  The ribozymes each contained the immediate early gene enhancer/promoter 

region from cytomegalovirus (CMV) to drive transcription.  No intron sequence was 

incorporated into the construct and a second cis cleaving ribozyme was added to the 3’ 

end instead of a polyadenylation signal.  Following analysis in cell culture, the third 

ribozyme (RZ-c) demonstrated the highest catalytic efficiency with an 80% reduction 

in β2M 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 size was observed by using RT-PCR.  Although the authors contend that this 

was proof of RZ-c expression, the absence of an intronic sequence in their construct 

makes it highly possible that the band seen represents PCR amplification of the 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) tail, resulting in rapid degradation by nucleases.  Nevertheless, Larsson 

reported that Northern blot analysis of total RNA from lung tissue of individual 

transgenic mice demonstrated a 22-94% decrease in β2M mRNA levels.  Larsson 

could not explain the great variation observed from mouse to mouse, but suggested 

that the CMV transcriptional regulatory element used in his construct could have been 

affected by “trans-acting effects from known or unknown viral pathogens in our 

animal colony”.  Less dramatic decreases were also reported in spleen and kidney 

samples.  No phenotype beyond β2M mRNA levels was reported. 

In 1995 Heinrich and Tabler published a follow up to their 1993 experiment in 

which they expressed a ribozyme directed against the primary white gene transcript in 

transgenic drosophila.  In this report, Heinrich and Tabler use the same hsp 70 

promoter Zhao and Pick used in their transgenic drosophila to drive expression of their 

white gene ribozyme (Heinrich et al., 1995).  Heinrich and Tabler found that the 

concentration of their ribozyme was proportional 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 

against bovine α–lactalbumin mRNA (L'Huillier et al., 1996).  The double transgenic 

mice were obtained by crossing a mouse transgenic for the bovine α–lactalbumin gene 

with a mouse transgenic for a ribozyme against this gene transcript.  This hammerhead 

ribozyme construct contained a mouse mammary tumor virus long terminal repeat 

(MMTV-LTR) to drive transcription, an SV 40 intron, and an SV 40 poly (A) signal.  

This ribozyme was predicted to be 1150 bases after transcription and splicing, not 

including polyadenylation.  The large size of this ribozyme was due to the large 5’ 

(transcription initiation was ~268 bases upstream of the ribozyme) and 3’ (the poly 

(A) cleavage site was ~822 bases downstream of the ribozyme) untranslated regions.  

The ribozyme sequence itself contained only two 12-nucleotide arms and the standard 

22 bases that make up the hammerhead structure.   The computer program mfold was 

used to select the target sequence for this ribozyme based on predicted secondary 

structures.  Transgenic mice were first made by pro-nuclear microinjection as with the 

previously mentioned transgenic mice.  But unlike the other transgenic mice, this was 

the first ribozyme in a transgenic animal to be detected by Northern blot analysis.  All 

other ribozymes were detected by RT-PCR.  A possible reason for this may be due to 

its large size.  Northern blot analysis of bovine α–lactalbumin in mammary 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 

also pointed out that the levels of endogenous mouse α–lactalbumin 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 I and III 

with the ribozyme were not conserved.   

In an attempt to directly compare the effectiveness of antisense RNA, 

ribozymes, and multi-ribozymes, Sokol et al produced transgenic mouse lines 

containing one of the three constructs directed against bacterial chloramphenicol 

acetyltransferase (CAT) gene transcripts present in another transgenic mouse line 

(Sokol et al., 1998).  All of the anti-CAT constructs contained the same bovine α-s1-

casein promoter/enhancer element, and the small t intron and poly (A) addition signal 

derived from SV 40.  Once again double transgenic mice were obtained by breeding 

positive animals.  CAT protein levels were compared in lactating double-hemizygous 

transgenic female mice.  Mice containing the antisense construct demonstrated a 90% 

decrease in CAT protein levels.  This was very close to mice containing the ribozyme 

construct that demonstrated an 87% decrease.  Surprisingly, the multizyme exhibited 

the lowest decrease in CAT protein levels at 67%.  Sokol concluded that the 

incorporation of multiple ribozymes does not enhance effectiveness in his system. 

 

Clinical trials involving ribozymes 

Currently, there are at least two separate ribozymes being used in human 

clinical trials. The first of which is a hammerhead ribozyme directed against the 

vascular endothelial growth factor (VEGF) receptor.  VEGF is a cytokine that is 

involved in normal vascular growth, but is also implicated in several pathological 
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conditions including proliferative retinopathy and solid tumor growth and metastasis.  

Elevated expression of VEGF leads to neovascularization, which provides oxygen and 

nourishment to tumor cells allowing for tumor growth and metastasis.  Ribozyme 

Pharmaceuticals Inc. (RPI) and Chiron corporation have formed a joint effort to 

decrease the ability of VEGF to signal by producing a hammerhead ribozyme directed 

against the VEGF receptor mRNA.  The therapeutic was given the name 

ANGIOZYMETM.  Dr. Nassim Usman of RPI has reported, “The ribozyme compound 

was able to completely inhibit metastases in a clinically relevant colorectal cancer 

model.  In addition, ANGIOZYMETM was shown to halt tumor growth and metastases 

in a Lewis Lung Maurine model.”  According to a recent press release (July 14, 1999), 

RPI announced the successful completion of Phase Ia and Ib human clinical trials of 

ANGIOZYMETM.  “The Phase Ia trial demonstrated excellent tolerability of low 

single doses of ANGIOZYMETM administered either intravenously or subcutaneously 

to healthy volunteers.  The subsequent Phase Ib trial, performed with cancer patients, 

extended to higher doses of ANGIOZYMETM up to 300 mg/m2 to help define the 

appropriate dosing for future Phase II and III trials.”  Unlike most anti-cancer drugs, 

no clinically significant side effects were observed.  Pharmacokinetic data 

demonstrated that ANGIOZYMETM was detectable at levels greater than those 

predicted for an anti-angiogenic effect up to 24 hours following subcutaneous 

injection.  The next round of clinical studies was said to begin six to nine months from 

the July 14, 1999 press release date, and will involve multiple dose schedules to study 

the effects of continuous administration of ANGIOZYMETM.  
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The second ribozyme currently in Phase II clinical trials is an anti-HIV double 

ribozyme packaged in a retroviral vector.  Once again RPI was the sponsoring 

company.  The purpose of this Phase II trial is “to assess the safety and feasibility of 

administering peripheral blood progenitor cells (PBPC) transduced with retroviral 

vectors encoding an anti-HIV double ribozyme to HIV + patients undergoing intensive 

chemotherapy and stem cell transplantation for non-Hodgkin’s lymphoma.  To 

determine if these genetically modified PBPC can engraft, differentiate, and circulate 

in the blood of transplanted recipients.” According to the Food and Drug 

Administration the cells themselves that are transduced with the ribozyme containing 

retrovirus are considered the “drug” for the study. The preceding information about 

this Phase II trial was obtained from the AIDS Clinical Trials Information website 

(www.actis.org).  This website is sponsored by the FDA, the Center of Disease 

Control and Prevention (CDC), and the National Library of Medicine (NLM).  In the 

methods described at the RPI website (www.rpi.com), patients will have bone marrow 

samples taken daily following injections of G-CSF to stimulate stem cell collection, 

with as many as six collections if necessary.  The stem cells will be divided into two 

groups.  The first will function as a negative control and remain unchanged.  The 

second will be transduced with the ribozyme containing retrovirus.  Patients will then 

undergo seven days of intense chemotherapy followed by infusion of the treated or 

untreated stem cells back into the patients.  According to the RPI website, the Phase I 

safety study in five healthy HIV infected individuals encountered no serious events, 

with no deaths or withdrawals. 
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GROWTH HORMONE 

The Pituitary 

In 1886, the French neurologist Pierre Marie pioneered pituitary endocrinology 

with his observations that patients with acromegaly exhibited enlarged pituitaries.  

This led Pierre to suggest that the pituitary was involved in the progression 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 original belief that nasal mucus was produced in the pituitary (Wilson 

and Foster, 1998).   

The pituitary forms in the human embryo at about the third month of gestation 

under the control of several genes, the most studied being pituitary transcription 

factor-1 (Pit-1).  Pit-1 has been shown to regulate the differentiation of three of the 

five hormone releasing cell types in the pituitary; somatotrophs, lactotrophs, and 

thyrotrophs (de la Hoya et al., 1998).  Somatotroph cells that produce growth hormone 

(GH) are detectable as early as the third month of gestation while the final hormone 

secreting cells to develop in the anterior pituitary are the lactotroph cells, which 

appear at five months of gestation.  The weight of the pituitary at 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 al., 1990).   

The pituitary is divided into two distinct lobes, the anterior and posterior lobes.  The 

anterior lobe accounts for 80% of the pituitary and is further divided into the pars 

distalis, pars intermedia, and pars tuberalis.  The pars distalis is the region of the 
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anterior pituitary in which all five hormone-secreting cell types reside.  The posterior 

pituitary stores the osmoregulatory hormones vasopressin, antidiuretic hormone 

(ADH) and oxytocin that are produced in the hypothalamus and releases them into the 

blood stream. 

 

A common theme for anterior pituitary hormones 

All hormones produced in the anterior pituitary are released into the 

bloodstream in a pulsatile manner.  Furthermore, all 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 portal veins that run from the hypothalamus to the anterior pituitary where they 

bind to specific receptors on the individual cell types and either stimulate or repress 

pituitary hormone production.  Most if not all 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 that 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). 
 
Hypothalamic   Pituitary  Target    Feedback  
hormone  hormone  gland   hormone  
TRH   Thyrotropin  thyroid   T3 & T4 
 
LHRH   LH   gonad   E2 & T 
 
   FSH   gonad   Inhibin, E2 & T 
 
Somatostatin  GH   multiple  IGF-1  
 
GHRH   GH   multiple  IGF-1 
 
Dopamine  Prolactin  breast   ? 
 
CRH   Corticotropin  adrenal   Cortisol 
 
AVP   Corticotropin  adrenal   Cortisol 
 
AVP, arginine vasopressin; CRH, corticotropin-releasing hormone; E2, estradiol; 
FSH, follicle-stimulating hormone; GHRH, GH-releasing hormone; IGF-1, insulin-
like growth factor-1;  LH, luteinizing hormone; LHRH, LH-releasing hormone; T, 
testosterone; T3, triiodothyronine; 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 belongs to the prolactin-GH 

family, which includes GH, prolactin, and placental lactogen.  All three members of 

this family share amino acid identities and are proposed to originate from a single 

ancestral gene (Niall et al., 1971).  The structural organization of each gene is similar, 

all with five coding exons and four introns (Barsh et al., 1983; Cooke et al., 1981).  In 

humans, the majority of pituitary GH is found as a 191 amino acid single chain 

polypeptide with two intramolecular disulfide bonds.  A 20 kDa alternatively spliced 

form of GH makes up less than 10% of pituitary GH (Cooke et al., 1988; DeNoto et 

al., 1981).  A non-pituitary 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 pituitary GH with two disulfide bonds in the same position (Frankenne et al., 

1988; Frankenne et al., 1987).   

 

GH signaling 

Circulating GH binds to two GHRs on the cell surface (Cunningham et al., 

1991) resulting in a conformational change in the structure of the receptors (Mellado 

et al., 1997).  The change in conformation results in the activation of the tyrosine 

kinase JAK-2 (see figure 4).  JAK-2 is a ~120 kDa tyrosine 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 al in 1993 and was shown to 

associate with the GHR by Argetsinger et al that same year (Argetsinger et al., 1993; 

Wang et al., 1993c). Following tyrosine phosphorylation of JAK-2 and the GHR, 

signal transducers and activators of transcription (STAT) 1, 3, 5a, & 5b have been 

shown to be tyrosine phosphorylated in response to GH treatment (Campbell et al., 

1995; Gronowski and Rotwein, 1994; Gronowski et al., 1995; Meyer et al., 1994; 

Wang et al., 1994; Wood et al., 1995).  All STAT proteins contain Src homology (SH) 

2 & 3 domains, are activated by tyrosine phosphorylation, and form homo or hetero 

dimers that are transported to the nucleus and regulate transcription by binding to 

specific DNA sequences.  STATs 1 and 3 have been shown to bind the Sis-inducible 

element (SIE) in the c-fos promoter in response to GH treatment.  STAT-5 a and b can 

each bind to γ activated sequences (GAS)-like elements in the serine protease inhibitor 

2.1 promoter as well as the β-casein promoter.  STAT-5 binding motifs have been 

described on the GHR by GHR deletion and mutational experiments demonstrating 

that STAT-5 a & b bind directly to the GHR (Smit et al., 1996; VanderKuur et al., 

1995b; Wang et al., 1996; Wang et al., 1995; Xu et al., 1996).  Although activation 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 motif identified on 

interferon-γ (INFγ) 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 al., 1996; Greenlund et al., 1994; Stahl et al., 1995).   

JAK-2 has also been shown to activate the MAP kinase pathway, which is 

implicated in cellular growth and differentiation.  Prior to the discovery in 1993 that 

JAK-2 associates with and acts as the major kinase of GHR, three separate groups 

reported that ERKs 1 & 2 were activated in response to GH treatment (Anderson, 

1992; Campbell et al., 1992; Harding et al., 1995; Winston 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 with SH2 domain containing Grb2.  Grb2 is complexed with SOS, a 

guanine nucleotide exchange factor that activates Ras, a membrane bound GTP 

binding protein.  The serine/threonine kinase, Raf is activated by Ras which then 

activates the tyrosine/serine/threonine kinase MEK.  MEK then activates ERK 1 and 2 

(Cobb and Goldsmith, 1995; VanderKuur et al., 1995a; Vanderkuur et al., 1997).   

A third GH signaling pathway was discovered by Argetsinger et al in 1995 

(Argetsinger et al., 1995; Argetsinger et al., 1996).  Argetsinger observed tyrosine 

phosphorylation of insulin receptor substrate (IRS) 1 and 2 in 3T3-F442A fibroblasts 

in response to GH treatment.  IRS-1 and –2 are 160-180 kDa mobile adapter proteins 

originally identified as signaling molecules for insulin.  The discovery of IRS 

involvement in GH signaling could account for earlier observations that GH can 

induce an insulin-like effect on fat and carbohydrate metabolism (Davidson, 1987).  

This was demonstrated by a transient increase in glucose transporters (Glut1 and 
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Glut4) to the plasma membrane of adipocytes effectively increasing glucose transport 

in response to GH treatment (Carter-Su et al., 1988; Tanner et al., 1992).  

Phosphorylated tyrosines on IRS molecules are responsible for association and 

activation of a number of signaling molecules including the regulatory subunit of PI3 

kinase (p85), SH2 domain-containing tyrosine phosphatase (SHP2), and the Src 

kinases (fyn, Nck, & Grb).  In addition to GH stimulation of SHP2 via association 

with IRS molecules, an isoform of the tyrosine phosphatase SHP2, SH2-Bβ  was 

identified by Rui et al in 1997 to associate with JAK2, and not with IRS molecules 

(Rui et al., 1997).  The function of SH2-Bβ  is currently unknown, but being a 

phosphatase, it is probably involved in the negative regulation of JAK2 signaling 

events.   

More recently, potential negative regulators of GH signaling have been 

identified.  Moutoussamy et al reported that Grb10 interacts with both GHR and JAK2 

in response to GH treatment and down regulates some GH signaling pathways 

independent of STAT-5 (Moutoussamy et al., 1998).  A newly found family of 

proteins called suppressors of cytokine signaling (SOCS) have been identified and 

have been shown act negatively on the signal 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 al., 1997; Narazaki et al., 1998; Starr and Hilton, 

1998; Starr et al., 1998; Starr et al., 1997; Yoshimura et al., 1995).   SOCS-1, -2, & -3 

have been shown to affect GH signaling (Favre et al., 1999).  Favre and her colleagues 

used human kidney fibroblast 293 cells co-transfected with a set amount of monkey 



 80

GHR containing plasmid and set amount of a luciferase reporter gene fusion carrying 

six copies of the lactogenic hormone response element (LHRE).  LHRE is a response 

element of the β–casein promoter that is activated in response to GH treatment via 

STAT-5.  In addition, these cells were co-transfected with increasing amounts of 

either SOCS-1, -2, or –3 containing plasmids.  Favre reported that cells transfected 

with SOCS-1 or –3 inhibited the transcriptional activation of the reporter gene in a 

dose dependant manner.  Cells transfected with SOCS-2 also demonstrated a decrease 

in transcription at low concentrations but at higher SOCS-2 concentrations an increase 

in luciferase activity was observed.  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 signaling.  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 major role of SOCS-2 might be to restore the 

sensitivity of cells to GH following the initial inhibitory effects of other SOCS 

molecules.   In support of Favre’s proposed role for SOCS-2, she referred to a report 

by Adams et al in 1998 that showed that SOCS-1 and –3 were expressed earlier than 

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

 

The GH receptor 

The GHR belongs to the cytokine family of receptors, all of which are all 

single membrane spanning with or without tyrosine kinase activity in their 
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intracellular domains.  Members of the cytokine family of receptors share homology 

mainly in the extracellular portion of the receptors including a cytokine receptor 

homology (CRH) region, four conserved cysteine residues, fibronectin type III, 

modules, and a WSXWS motif (Wells and de Vos, 1996).  In the cytoplasmic domain 

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 

approximately 10 amino acid residues from the transmembrane domain, and boxes 2 

and 3 being more carboxyl, respectively.  The use of truncated GHRs demonstrated 

that only first 54 residues of the cytoplasmic domain, which contains box 1 are 

sufficient for mitogenesis (Colosi et al., 1993).  This region, as well as others in the 

cytoplasmic domain of the GHR is discussed in more detail later in the text.  The GHR 

has been found in most tissues examined at some level with the highest levels being 

present in liver, kidney, and fat (Silva et al., 1999).  The GHR was first cloned in 1987 

by Leung et al from rabbit and human liver (Leung et al., 1987).  This was soon 

followed by cloning of GHR from mouse (Smith et al., 1989), rat (Mathews et al., 

1989), bovine (Hauser et al., 1990), sheep (Adams et al., 1990), and pig (Cioffi et al., 

1990).  The mature GHRs are approximately 620 amino acid residues with an ~24 

amino acid single membrane spanning region separating an ~246 amino acid 

extracellular domain and an ~350 amino acid cytoplasmic domain.  The extracellular 

domains are glycosylated and responsible for ligand binding of the GH.  In all species 

studies, the gene encoding the GHR also encodes the GH binding protein.  In mice, the 

gene that codes for GHR/BP is made up of 11 coding exons with two major 5’ 
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untranslated regions (UTR) designated L1 and L2.  The majority of GHR and BP 

transcripts expressed in tissues contain the L2 5’-UTR, which is encoded by a single 

exon approximately 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 al., 

1999).  Two exons (4B and 8A) found in mice that are not present in the human 

GHR/BP gene.  Moffrat and his colleagues used reverse transcriptase-polymerase 

chain reaction (RT-PCR) on mouse liver, kidney, mammary gland, and skeletal 

muscle, and rat liver to determine the extent of exon 4B inclusion.  In all mouse 

tissues studied, exon 4B was included.  Exon 4B was not present in the rat liver 

sample (the only tissue Moffrat examined in rat), making 4B apparently constitutively 

included and unique to mice (see table 2).   

 

GH binding protein 

In all species studied that contain GHR, a circulating GH binding protein 

(GHBP) with an amino acid sequence corresponding to the extracellular domain of the 

GHR has been found.  Although it has been shown that the GHR and GHBP are 

encoded by a single gene in all species examined, the methods by which the two 

proteins are generated differ.  In rodents, the receptor and binding protein are 

generated by alternative splicing of exon 8A (see figure 5).  More specifically, 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 signal and translational 

stop codon located in exon 10.  When exon 7 splices to exon 8A, the GHBP transcript  
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Table 2.  Amino acid sequence alignment of the exon 4B region within the GHR 
from various species (Moffat JG et al 1999). 

    
                 Exon 4               Exon 4B               Exon 5    
Mouse  PGSIQLYYAKR  ESQRQAAR  IAHEWTQEWKECPDY 
Rat   PGSIQLYYARR           IAHEWTPEWKECPDY 
Human  LGPIQLFYTRR           NTQEWTQEWKECPDY 
Pig   PGSIQLFYIRR           STQEWTQEWKECPDY 
Rabbit  PGSVQLFYIRR           NTQEWTQEWKECPDY 
Bovine  PGSVQMFYIRR                  DIQEWKECPDY 
Sheep   PGSVQMFYIRR                  DIQEWKECPDY 
 
Note: Exon 4B is apparently unique to mouse, and is found in all mouse tissues 

studied (Moffat JG et al 1999). 
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is generated with a poly A addition signal and translational stop codon contained 

within exon 8A (Baumbach et al., 1989; Edens et al., 1994; Zhou et al., 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 also reported that 

in humans, the majority of GHBP generated by proteolytic cleavage occurs with 

membrane bound GHR.   The location of cleavage in other species and the enzyme 

responsible for cleaving the GHR are still unknown.  Curiously, there is one report by 

Martini et al in which both proteolytic cleavage and alternative splicing were observed 

in monkey (Martini et al., 1997).  This redundancy observed in the production GHBP 

in the monkey, the evolution of at least two distinct methods for generating GHBP, 

and the presence of GHBP in all species studied containing GH all suggest a critical 

role for GHBP in regulating the actions of GH.  Theories ranging from GHBP 

increasing the actions of GH by binding serum GH and effectively prolonging its half-

life due to decreased renal clearance because of the increase in size of the complex, to 

GHBP decreasing the actions of GH by competing with the GHR, remain unproven.  

Current work by Kopchick et al (unpublished work in progress) in which the GHBP is 

selectively “knocked out” in mice by homologous recombination, and work by 

Workman et al (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 exclusion (top) results in the production GHR mature transcripts.  
Splicing that involves exon 8A inclusion (bottom) results in the production of GHBP 
mature transcripts.  Exon 8A contains its own poly A addition signal and translational 
stop codon.  (Edens et al 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 intrinsic kinase activity and must therefore rely on the 

association of proteins with kinase activity.  For the GHR, that protein is Janus kinase-

2 (JAK-2).  Although 4 members of the JAK family have been identified, only JAK-2 

has been shown to associate with GHR and affect GH signaling (Argetsinger et al., 

1993).  Argetsinger and his colleagues (1993) first demonstrated that JAK-2 could 

form a complex with GHR in response to GH treatment.  He performed 

immunoprecipitation with anti-GHR antibody on GH treated and untreated fibroblasts 

followed by an anti-JAK-2 immunoblot.  The JAK-2 was able to co-precipitate 

demonstrating for the first time that JAK-2 associated with GHR.  In addition, 

Argetsinger demonstrated that JAK-2 functioned as a GH dependent tyrosine kinase 

when he showed that JAK-2 immuno-complexes incubated with γ-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 domain of the GHR between 

amino acids 297 - 311 that is required for the association of JAK-2 and GH dependent 

JAK-2 tyrosine phosphorylation (VanderKuur et al., 1994).  Vanderkuur used a series 

of truncated GHRs, a GHR with amino acids 297 - 311 deleted, and a GHR with 

prolines 300, 301, 303, and 305 changed to alanines to determine the region of JAK-2 

association.  After transfecting the altered receptors into Chinese hamster ovary 
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(CHO) cells, cell lysates were immunoprecipitated with a GHR antibody followed by 

an immunoblot using a JAK-2 antibody.   The results showed that the GHR truncation 

at amino acid 294, the GHR with a deletion of amino acids 297 - 311, and the GHR 

with mutated prolines at 300, 301, 303, and 305 were all unable to associate with 

JAK-2.  GH dependent JAK-2 tyrosine phosphorylation was also lost in response to 

these same mutations, demonstrated 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 al., 1994).  In his experiment, Wang 

transfected porcine GHR (pGHR) cDNA into mouse L-cells (MLC).  He then treated 

these cells with or without GH.  After western blot analysis using an anti-

phosphotyrosine antibody, only MLCs treated with GH demonstrated the presence of a 

95 kDa protein that was tyrosine phosphorylated.  Wang also demonstrated that 

human, bovine, mouse, and rat 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 al., 1995).  Anti-GHR antibody was also used in case the protein was 

actually 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 

previously mentioned JAK-2.  Since JAKs have been shown to activate signal 



 88

transducers and activators of transcription (STATs), it was logical for Xu and his 

colleagues to try to identify the unknown protein using STAT antibodies.  

Unfortunately they didn’t use all STAT antibodies because it wouldn’t be until 1996 

that Xu identified pp95 as STAT-5 using a STAT-5 antibody and three other groups 

also identified STAT-5 as a GH responsive signaling molecule (Chow et al., 1996; 

Ram et al., 1996; Silva et al., 1996; Xu et al., 1996). 

 In 1996, two important discoveries were made by Xu and his colleagues (Xu et 

al., 1996).  First, Xu identified pp95 as STAT-5, and second, he showed that STAT-5 

associated directly with GHR in a GH dependent manner.  Prior to this point, no 

STATs had been shown to associate with GHR.  To demonstrate that pp95 was 

actually STAT-5, Xu performed immunoprecipitations with an anti-STAT-5 antibody 

followed by immunoblotting with either anti-STAT-5 or anti-phosphotyrosine on 

MLC transfected with pGHR and treated with or without GH.  Not only did STAT-5 

migrate at the predicted 95 kDa mass, it was also tyrosine phosphorylated in GH 

treated preps.  To demonstrate the association of STAT-5 with GHR, Xu performed 

immunoprecipitations using 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 

logical step would be to identify the region on the GHR to which STAT-5 associates.  

Conveniently, this work had already begun prior to the identification of the unknown 

pp95 as STAT-5 by Wang and his colleagues (Wang et al., 1995).  In 1995 Wang and 



 89

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 analysis 

using anti-phosphotyrosine on GH or non-GH treated cells.  In his results, only wild 

type, and the GHRs truncated at residue 588 and 516 were able to induce tyrosine 

phosphorylation of pp95.  The GHRs truncated at residue 476 or shorter were unable 

to induce tyrosine phosphorylation of pp95.   

 In 1996, in an effort to further elucidate the interactions of STAT-5 with GHR, 

Wang and his colleagues performed a comprehensive analysis of the individual 

tyrosines on the cytoplasmic domain of GHR involved in STAT-5 association (Wang 

et al., 1996). In his experiment, Wang individually changed each tyrosine to 

phenylalanine using oligonucleotide directed mutagenesis of the pGHR cDNA.  He 

also additively changed the tyrosines starting from the carboxyl-terminal of the GHR 

and proceeding in the amino terminal direction until all the tyrosines were changed to 

phenylalanine.  And starting with the receptor completely void of tyrosines, he 

sequentially replaced each individual tyrosine.  All together Wang had 22 individual 

GHR mutant clones for this experiment.  Each clone was then transfected into MLCs.  

The expression of each was verified by northern analysis and their ability to bind GH 

was verified by binding assays.  STAT-5 phosphorylation assays were performed 

using cells treated with or without GH followed by western blot analysis using a 

phosphotyrosine antibody.  Wang’s results indicated that the presence of a single 
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tyrosine at position 487, 534, 566, or 627 alone was able to allow GH induces STAT-5 

phosphorylation.   

 The same set of mutated receptors were analyzed by Hansen and his colleagues 

for their ability to induce a CAT reporter construct containing a spi 2.1 promoter 

sequence which contains a STAT-5 binding element (Hansen et al., 1996).  Once 

again, the presence of an individual tyrosine at position 534, 566, or 627 was sufficient 

for CAT activation in this experiment.  Curiously, tyrosine 485, which was shown to 

allow STAT-5 tyrosine phosphorylation by Wang did not induce CAT activity for 

Hansen.   This suggests that tyrosine 485 can somehow allow STAT-5 tyrosine 

phosphorylation without STAT-5 activation.  This may be due to the inhibition of 

STAT-5 dimerization, a process that is required for STAT-5 translocation to the 

nucleus. 

GH stimulated activation of JAK/STAT signaling has been shown to 

deactivate approximately one hour after the removal of GH (Hackett et al., 1997).  The 

SH-2 domain containing protein tyrosine phosphotase-1 (SHP-1) is thought to act as 

the molecule responsible for the deactivation of GH stimulated JAK/STAT activation.  

SHP-1 has been shown to down regulate interferon JAK/STAT signaling (David et al., 

1995).  A region in the cytoplasmic domain of human GHR between residues 520 - 

540 has been demonstrated to play an important role in the deactivation of GH 

stimulated JAK/STAT signaling (Hackett et al., 1997).  In his experiments, Hackett 

used a series of truncated GHRs to demonstrate that full length GHR and GHR 
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truncated at residue 540 exhibited normal deactivation of both GH induced STAT 

complex, and rapid dephosphorylation of JAK-2.  GHRs truncated at residue 521 and 

shorter did not demonstrate either deactivation of GH induced STAT complex or  

dephosphorylation of JAK-2.  Hackett also reported that SHP-1 co-

immunoprecipitated with the GHR only in the absence of GH and upon GH treatment, 

the association was lost.  In contrast 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 demonstrated that SHP-1 was able to 

associate with STAT-5 in the nuclei of GH treated cells.  Although the results of 

Hackett et al and Ram and Waxman contrast one another, they both suggest a role of 

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

 

Regulation of GH 

As previously mentioned, GH is produced in the anterior pituitary under the 

control of two hypothalamic hormones, somatostatin and GH releasing hormone 

(GHRH) (see figure 6).  GHRH has been shown to increases pituitary GH by 

upregulating transcription of GH mRNA, and stimulate secretion by a Ca2+ dependent 

mechanism leading to the accumulation of cAMP (Barinaga et al., 1983; Holl et al., 

1988).  In contrast, somatostatin appears to have no transcriptional regulatory activity, 

only regulating the timing and amplitude of GH pulsatile release by lowering levels of 

cAMP and intracellular Ca2+ (Holl et al., 1988).  The stimulatory effect of GHRH is 

blocked by somatostatin (Wehrenberg et al., 1983).  In addition to the neuronal “open 
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loop” regulatory system of the hypothalamus, GH is also negatively regulated by two 

“closed loop” systems.  GH itself has been shown to stimulate somatostatin release 

from the hypothalamus in a short closed loop system (Abe et al., 1983; Berelowitz et 

al., 1981a).  In a long closed loop system, IGF-1 has been shown to both stimulate 

somatostatin release form the hypothalamus and act directly on the pituitary by 

inhibiting the effects of GHRH (Abe et al., 1983; Berelowitz et al., 1981b).  

GH releasing peptides (GHRPs) are a group of artificial compounds that cause 

the release of GH from the pituitary in all species tested (Seoane et al., 2000).  The 

identification of a natural occurring receptor GH secretagogue-receptor (GHS-R) to 

these synthetic peptides led researchers to hypothesize that an unknown natural ligand 

existed and that the GHRP were mimics of this natural ligand (Howard et al., 1996; 

McKee et al., 1997).  Three years after the initial cloning of GHS-R the natural ligand 

was discovered by Kojima and colleagues (Kojima et al., 1999).  Kojima named this 

new peptide “Ghrelin” based on the Proto-Indo-European word “ghre” which means to 

grow.   The purified peptide consists of 28 amino acids.  Serine 3 in the peptide is O-

n-actanoylated, a post-translational modification that is required for activity (Muccioli 

et al., 2001).  Ghrelin is produced mainly in the stomach with lower levels of 

expression detected in other tissues such as kidney and hypothalamus (Kojima et al., 

1999; Mori et al., 2000; Nakazato et al., 2001).  Ghrelin has been reported to increase 

in vitro GH secretion as well as in vivo plasma GH levels in rats and humans (Kojima 

et al., 1999; Peino et al., 2000) by binding to GHS-R in the hypothalamus and 

pituitary (Muccioli et al., 2001).  In addition to stimulating GH secretion, recent  
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Figure 6. Factors regulating the production growth hormone (Harris, 1996). 
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studies suggest that ghrelin is a mediator of feeding response.  Ghrelin injections 

stimulate feeding and weight gain in rats, and ghrelin is negatively regulated by leptin 

(Asakawa et al., 2001; Nakazato et al., 2001). 

 

Affects of pulsatile GH release 

Studies in rats and mice have demonstrated that the pulsatile release of GH 

plays an important role in the effects of GH.  Administrating GH results in increased 

linear growth and weight gain, IGF-1 mRNA levels in skeletal muscle, and serum 

IGF-1 levels to a greater extent than continuous administration (Clark et al., 1985; 

Isgaard et al., 1988; Maiter et al., 1988).  In addition, intermittent administration of 

GH in rat liver activates STAT-5 followed by nuclear translocation, an event that did 

not occur with continuous administration of GH (Waxman et al., 1995).  In a separate 

experiment, Ram from Waxman’s lab demonstrated that STATs 1 & 3 were activated 

independent of intermittent GH administration and confirmed that only STAT-5 

required intermittent administration of GH for activation in rat liver cells (Ram et al., 

1996).  Furthermore, Gebert from Waxman’s lab has demonstrated that it is the STAT-

5b isoform that is responsive to the pulsatile release of GH.  Gilbert et al propose that 

phosphatases in the nucleus play an important role in inactivating STAT-5b causing it 

to move back to the cytoplasm to prepare for another round of activation by the next 

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

GH affects the metabolism of most tissues in the body such as bone, muscle, 

fat, liver, kidney, heart, intestine, lung, pancreas, lymphocyte, testes, ovaries, and 

breast, all of which express GHR (Silva et al., 1999).  Multiple studies have been 

performed in which GH is administered to isolated tissues in vitro.  Results include: 

increased RNA synthesis, plasma protein synthesis and IGF-1 release in liver (Griffin 

and Miller, 1974; Jefferson and Korner, 1967; McConaghey and Sledge, 1970), 

increased amino acid transport and incorporation in rat heart (Hjalmarson et al., 1969), 

increased lipolysis and amino acid incorporation in rat adipocytes (Fain et al., 1965; 

Goodman, 1968), increased DNA synthesis and sulfate incorporation in rabbit and rat 

chondrocytes (Madsen et al., 1985), increased mitosis in rat lymphocyte, human 

leukemic lymphoblasts and human erythrogenic precursor cells (Desai et al., 1973; 

Golde et al., 1977; Whitfield et al., 1971).  The effect of GH has been shown to differ 

depending on cell type.  For instance, in mouse pre-adipocyte 3T3F442A cell lines, it 

has been shown that the signaling 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 al., 1996).  In the human lymphoma cell line 

IM-9 STATs 1 & 3, and the MAP kinase pathway are not activated even though these 

signaling molecules were found to be present in the cells and activated by other 

substances such as interferon-γ (INFγ) and the phorbol ester TPA (Silva et al., 1996; 

Silva et al., 1994).  In addition, STATs 1 & 3, IRS-1, and SHC are not activated by 

GH in rat liver and skeletal muscle.  Only JAK-2 and STAT-5 were shown to be 
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activated in these cells following GH treatment (Chow et al., 1996).  Although the 

mechanisms are not clearly understood, it appears that the specific pathway activated 

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

 

GH action in vivo 

GH is so named for its most obvious action, that of longitudinal 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 

demonstrated that administration of crude GH extracts from the pituitary of bovine 

increased protein mass while reducing fat mass in rats (Lee and Schaffer, 1934).  GH 

replacement therapy in hypopituitary dwarf patients began in the late 1950’s with the 

use of GH harvested form human cadaver pituitaries (Beck et al., 1957).  The first 

account of increased linear growth in pituitary dwarf children due to GH replacement 

therapy was reported by Raben in 1958 (Raben, 1959).  Initially non-primate GH was 

used and found to be inactive in humans (Raben, 1958).  Replenishing hGH to 

physiological levels in GH deficient children enhances nitrogen balance, decreases 

urea production, reduces carbohydrate utilization and redistributes body fat (Frohman 

et al., 1967).  Continuous administration of GH to produce serum concentrations of 6-

10 ug/L in patients with diabetes mellitus causes lipolysis and ketosis.  This effect is 

not observed in normal individuals when administered similar concentrations of GH 

(Gerich et al., 1976).  Continuous administration of GH producing serum 



 97

concentrations of 10-50 ug/L in normal individuals results in insulin resistance without 

changes in blood glucose, lipids, or ketone bodies.  Prolonged administration of GH in 

normal individuals results in fasting hyperglycemia, hyperinsulinemia, and increased 

fatty acid concentrations (Metcalfe et al., 1981).  

Retinoic acid, an important regulator of embryonic development, has been 

shown to increase expression of GH mRNA in rat embryos (Umesono et al., 1988).  

The GHR has been detected as early as day 12 in the rat embryos (Garcia-Aragon et 

al., 1992) and has been shown to respond to retinoic acid in embryonic stem cells 

(Ohlsson et al., 1993b).  Ohlsson and his colleagues demonstrated that in cultured 

embryonic stem cells treatment with retinoic acid increased GHR mRNA levels over 

100 fold.  In contrast, Mathews and his colleagues reported that GHR is barely 

detectable in fetal tissues (Mathews et al., 1989).  Nevertheless, the presence of both 

GH and GHR in embryos and their responsiveness to retinoic acid suggest the GHR 

might play an important role in embryonic development.   

 

GHR/BP gene disrupted mice 

GHR/BP gene disrupted mice were created in our lab in 1997 via homologous 

recombination (Zhou et al., 1997).  Phenotypic differences in weight and body size 

were noticeable at 3 weeks of age, and continued throughout the lifespan of the mice.  

These differences were observed most dramatically between homozygous gene-

disrupted (-/-) and wild type (+/+) mice.  While both male and female (+/-) mice tend 

to be smaller than their (+/+) littermates, no significant difference has been published 
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to date.  The only reported physiological difference between the GHR/BP +/- and +/+ 

mice to date is a significant difference in GHR levels as determined by GH binding 

assays (Zhou et al., 1997).  Although the actual levels were not reported (only a 

statement that the difference was significant), interpretation of the accompanying 

graph suggests that male +/- mice exhibit ~50% GH binding compared to +/+ males, 

while female +/- mice exhibit ~75% GH binding compared to +/+ females.  A GHR 

western from the same report also demonstrated a non-quantified decrease in GHR 

levels for the heterozygous mice as compared to wild type.  No other significant 

physiological differences have been reported for the GHR/BP +/- mice as compared to 

+/+ littermates.  The GHR/BP -/- mice appear to mimic the human genetic disease, 

Laron Syndrome (humans with a mutation altering GHR function) (Kopchick and 

Laron, 1999).  The most notable similarities include severely depressed serum IGF-I 

levels, delayed and retarded growth, delayed sexual maturity, and elevated serum GH 

levels with a complete inability to utilize GH.  These mice therefore serve as a 

valuable animal model for this condition by allowing research to be performed on the 

mice instead of humans.  Moreover, these mice have served as valuable tools for 

elucidating the physiological effects of GH.  Several studies have been performed to 

study the effects of GH in development, metabolic control, and longevity.   

When GHR/BP -/- male mice were mated with +/+ females only a 53% 

pregnancy rate was observed compared to 88% for control +/+ male matings 

(Chandrashekar et al., 1999). No significant difference was observed in litter size or in 

the number of pups born dead.  Serum IGF-I levels were undetectable in young adult 
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male GHR/BP -/- mice, while serum prolactin levels were significantly increased.  No 

significant difference observed in circulating luteinizing hormone (LH) or testosterone 

levels between GHR/BP -/- and +/+ males.  However, an attenuated increase in serum 

LH levels following treatment with gonadotropin releasing hormone (GnRH), was 

observed in the GHR/BP -/- mice.  Testosterone release was also significantly 

decreased in testes isolated from GHR/BP -/- mice.  A decrease in LH-stimulated 

testosterone release in testes from the GHR/BP -/- animals is likely due to a decrease 

in the number of LH receptors, as GH administration has been shown to increase LH 

receptor number in the testes of hypophysectomized rats (Zipf et al., 1978).  

Therefore, GH plays a role in testicular function both within the pituitary, by altering 

the effect of GnRH on LH secretion, and within the testis, by effecting LH-stimulated 

testosterone release (Chandrashekar et al., 1999).   

Female reproduction is also altered in the GHR/BP -/- mice (Danilovich et al., 

1999).  The time of first vaginal opening in the GHR/BP -/- females is significantly 

delayed.  In addition, pregnant GHR/BP -/- females have significantly increased 

placental weights, while fetal weights are reduced regardless of fetal genotype 

possibly due to the low IGF-I and/or insulin levels seen in the GHR/BP -/- animals 

(Danilovich et al., 1999).  Litter sizes and newborn body weights are also significantly 

reduced in GHR/BP -/- females.   

Bone growth and remodeling is altered GHR/BP -/- mice (Sims et al., 2000; 

Sjögren et al., 2000).  Disproportionate bone growth was observed when the lengths of 

femur, tibia and crown-rump were analyzed in relation to one another.   Both 
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femur/tibia and femur/crown-rump GHR/BP -/- growth ratios expressed as a 

percentage of +/+ bone growth were significantly different.  Femur growth was 

decreased to a greater extent in the GHR/BP -/- animals than tibia or crown-rump 

growth.  This is suggested to result from the particular developmental stage at which 

each bone was formed (Sjögren et al., 2000).  Femur growth is reported to occur later 

than tibia growth in mouse skeletal development (Windahl et al., 1999).   In addition, 

GH-dependent growth occurs mainly after birth (Garcia-Aragon et al., 1992; Ohlsson 

et al., 1993a; Zhou et al., 1997).  Therefore, femur growth would be more sensitive to 

GH action than tibia growth.  GH’s involvement in bone remodeling is also evident in 

that bone mineral content is significantly decreased in the GHR/BP -/- mice (Sjögren 

et al., 2000).  In addition, GHR expression has been detected in osteoblasts and 

chondrocytes further supporting GH importance in bone metabolism (Nilsson et al., 

1995; Werther et al., 1990).  GH’s involvement in bone growth and remodeling from 

appears to be through GH-stimulated IGF-I production (Sims et al., 2000).  GHR/BP -

/- mice receiving compensatory IGF-I treatment exhibited near normal bone growth 

and bone turnover during remodeling 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 proportionally.  Curiously, a significant 

decrease in liver weight as well as a significant increase in brain weight relative to 

body weight has been reported (Sjögren et al., 2000).  These observations indicate that 
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GH plays and more important role in liver growth and a less important role in brain 

growth compared to the other organs.  When brain weights are compared without 

considering the body weight of the animal, no significant difference between GHR/BP 

-/- and +/+ mice is observed.  In addition, mice over-expressing GH have a decreased 

brain weight relative to body weight (Shea et al., 1987).  Therefore, it appears that GH 

has little effect on brain growth.   

GHR/BP -/- mice also exhibit a hypersensitivity to insulin (Coschigano et al., 

1999; Dominici et al., 2000).  Fasting insulin and fasting blood glucose levels are 

significantly decreased in the GHR/BP -/- mice.  Moreover, glucose tolerance is 

decreased, while insulin sensitivity is increased in the GHR/BP -/- mice (Coschigano 

et al., 1999).  It has been suggested that the impaired glucose tolerance in the GHR/BP 

-/- mice is probably not due to reduced sensitivity of the tissue to insulin but rather to 

an inability of the pancreatic ß–cells to cope with increased glucose loads resulting 

from the diminished insulin requirement in the GHR/BP -/- mice (Dominici et al., 

2000).  The increased sensitivity to insulin appears to result from increased insulin 

receptor (IR) levels as well as an increase in insulin-stimulated IR activation 

(increased insulin-stimulated tyrosine phosphorylation)  in the GHR/BP -/- (Dominici 

et al., 2000). 

Lifespan of the GHR/BP -/- mice is significantly increased compared to +/+ 

mice as well as +/- mice.  Male GHR/BP -/- mice are reported to live an average 

975±106 days as compared to +/+ male littermate controls 629±72 days (Coschigano 

et al., 2000).  Female GHR/BP -/- mice averaged 1031±41 days compared to 749±41 
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days for +/+ female littermate controls.  In agreement, GH deficient mice also have 

longer average lifespans (Bartke et al., 1998; Brown-Borg et al., 1999).  Therefore it 

appears that the lack of GH activity leads to an increased lifespan.  Whether the 

GHR/BP -/- mice actually age slower or live longer due to a prolonged senescence is 

not known, although the delay in first vaginal opening (Danilovich et al., 1999) and 

the delay of first conception observed in female GHR/BP -/- mice (Zhou et al., 1997) 

points to a decreased rate of development.  Another theory suggests that a decreased 

exposure to insulin can play an important role in the extension of life (Parr, 1996; Parr, 

1997).   

GHR/BP -/- mice are protected from diabetic nephropathy (Bellush et al., 

2000).  In an experiment performed by our laboratory, pancreatic ß–cells were 

destroyed with streptozotocin (STZ) treatment to induce diabetes in GHR/BP -/- and 

+/+ mice.  Blood glucose was increased ~4-fold as compared to vehicle-treated control 

animals.   Analysis of kidney weights from the +/+ mice revealed a significant 

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 mesangial area/total glomerular 

surface area (an indicator of renal hypertrophy) were unchanged in GHR/BP -/- mice, 

while a significant increase occurred in diabetic +/+ animals.  Renal histology showed 

that only the +/+ diabetic mice exhibited glomerular lesions, while the GHR/BP -/- 

glomeruli were similar in histology to the non-diabetic mice.  The presence of 

glomerular lesions and increase in mesangial area indicated that glomerulosclerosis 
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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 diabetic damage.  These 

results suggest that GH plays a crucial role in the progression of glomerulosclerosis. 
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The general goal of this project is to create GH resistance in cultured cells and 

in transgenic mice using a ribozyme approach.  Hence, the following specific goals 

outlines below were undertaken in an effort to test the hypothesis that the stable 

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

into cultured cells and mice will cause resistance to GH.  

 

I. To design and construct a hammerhead ribozyme targeted to the mouse 
GHR-mRNA with the goals of: 

a. Analyzing the potential target sites from sequence data of mGHR 

b. Designing a ribozyme based on nucleotide sequences flanking the 
selected target site 

c. Cloning the ribozyme into a mammalian expression vector  

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

a. Creating DNA templates for in vitro transcription 

b. In vitro transcribing the ribozyme and GHR RNA 

c. Performing ribozyme cleavage assays  

d. Confirming the presence of cleavage products  

III. To create a stable cell line that expresses detectable levels of GHR through: 

a. Stable transfection of the GHR/BP ‘mini-gene” into mouse L Cells 

b. Verifying stable integration of the DNA  

c. Determining the level of GHR expression in isolated clones 

d. Determining the level of GH stimulated STAT-5 activation in the 
isolated clones 
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e. Determining the relationship between receptor number and STAT-5 
activation 

IV. To test the ribozyme in cultured cells by: 

a. Stable transfection of ribozyme DNA into mouse cells expressing GHR 

b. Verifying stable integration of the DNA  

c. Determining the level of GHR expression in ribozyme transfected 
clones 

d. Determining if a decrease in GHR sufficient to create GH resistance in 
the form of decreased GH stimulated STAT-5 activation  

V. To test the ribozyme in transgenic mice: 

a. Establishing transgenic mice via microinjection of ribozyme DNA 

b. Verifying stable integration of the DNA  

c. Determining the level of GHR expression in transgenic mice 

d. Determining if a decrease in weight occurs in the transgenic mice 

VI. To cross RZ transgenic mice to GHR +/- mice:   

a. Verifying genotype  

b. Determining the level of GHR expression in transgenic mice 

c. Determining if a decrease 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-∆29, pCMV-bGH-B, pGB2/B, pGB1/H, and pGB/HR-7/8 were 

obtained from Dr. John Kopchick (Ohio University, 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, Houston, TX).  The plasmid 

pUC19dt, used for all tRNA-tethered ribozyme constructions, was obtained as a gift 

from Dr. Kazunari Taira (University of Tsukuba, Tsukuba Science City, Japan).  

Oligonucleotides were purchased from Sigma-Genosys Fisher (The Woodlands, TX).  

All modifying enzymes, including restriction 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-scale plasmid 

preparation kits were purchased from QIAGEN (Valencia, CA).  Sequencing reagents 

including Klenow were purchased in a kit from Amersham (Arlington Hts, IL).  32P 

for sequencing and in vitro transcription reactions was purchased from DuPont NEN 

Research Products (Boston, MA).  In vitro transcription was performed using 

MEGAscriptTM and MegashortscriptTM kits purchased from Ambion (Austin, TX).  All 

gel electrophoresis apparati were purchased from BioRad (Hercules, CA).  A LS 6500 

liquid scintillation system purchased from Beckman Coulter (Fullerton, CA) was used 

for all scintillation counting.  Ready SafeTM liquid scintillation cocktail and Poly-QTM 

vials were also purchased from Beckman Coulter.  Mouse L cells were obtained from 

ATCC (Rockville, MD).  LipofectAMINE, DMEM, and other cell 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 chemicals including those used for silver staining were purchased 

from Fischer Scientific (Pittsburgh, PA) or Sigma Chemical (St. Louis, MO).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 110

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 potential targets for ribozyme cleavage 

(Moffat et al., 1999).  From the GTC potential target sequences, twelve base pair 

helices flanking the cytosine of the GTC target were identified.  These helices, 

representing helix I and III of a hammerhead ribozyme/target RNA interaction, were 

analyzed using criteria outlined in figures 9 & 10, reported in the literature to be 

important for ribozyme design.  A general rating scheme was created based on the 

following: The greater the number of adenosines (#As) present in the ribozyme arms 

the better (Herschlag, 1991).  Multiple repeats of a single nucleotide (m-Ns) is 

discouraged in primer prediction programs such as GeneWorksTM.  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 at a higher rate when UA and CA dinucleotides are present.  These sites are 

specific targets for an unidentified endoribonuclease (Qiu et al., 1998).  Using these 

criteria, the second GTC following the translational start site in exon 2 was selected as 

the target site for ribozyme cleavage.  The classic 22-nucleotide hammerhead 

ribozyme core sequence was used for the catalytic core of the ribozyme. 
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Exon1:  tgacaacccacgagctgccaagcaggcgcagccatgggaagaggaggcgGTCtagggagcggcgg 
cactggcagaggcggctgctacagcggcggtggtggcgacggctgttactgaaccccggcagccgcggggatcccgg
gctggGTCcacgcggcctgaggcctcggctccagcagcccccaagcggacacgaacccgcgttctGTCtcccga
ggcgaaactccgag 
 
Exon2:  GTCtcaggtatggatctttGTCagGTCttcttaaccttggcactggcaGTCaccagcagcacattt 
tctggaagtgagg 
 
Exon 3:  ctacaccagctactcttggcaaagcttccccagttctgcaaagaatcaatccaagcctggggacaa 
 
Exon 4:  gttcttctggaaagcctcgattcaccaagtGTCgttcccctgaactggagacattttcatgctactggacaa 
aggagataatcctgatttaaagaccccaggatctattcagctgtactatgctaaaag 
 
Exon 4B: ggaaagccaacgacaagctgcaag 
 
Exon 5:  aattgctcatgaatggacccaggaatggaaagaatgccctgattatGTCtctgctggaaaaaacagctgtt 
acttcaactcatcatatacctccatttggataccctactgcatcaagctaactacaaatggtgatttgctggaccaaaaatgtttc
actgttgacgaaatag 
 
Exon 6:  tgcaacctgatccacccattggcctcaactggactttactaaacattagtttgaccgggattcgtggagacatc 
caagtgagttggcaaccaccacccaatgcagatgttctgaagggatggataattctggagtatgaaattcagtacaaagaag
taaatgaatcaaaatggaaagtg 
 
Exon 7:  atgggccctatatggttaacatactGTCcagtgtactcattgagaatggataaagaacatgaagtgcgggtg 
agatccagacaacggagctttgaaaagtacagcgagttcagcgaaGTCctccgtgtaatatttcctcagacgaacatattg
gaagcatgtgaagaag 
 
Exon 8A:  gaaccaaGTCcaattctcagcacccacatcaagagattgacaaccacctgtatcaccagcttcagagga 
tccgccatccctagccttgtgggcacctgcattcatatgcacatacatgcatacgcataattcaaaataataaaa 
 
 
Exon 8:  atatccagtttccatggttcttaattattatctttggaatatttggagtagcagtgatgctatttgtagttatattttcaa 
agcagcaaag 
 
Exon 9:  gattaagatgctgattttacccccaGTCccagttccaaagattaaagggattgatccagatcttctcaag 
 
 
 
Figure 7.  cDNA sequence of exons 1 through 9 of mouse GHR. Potential GTC 
hammerhead ribozyme target sequences are represented in bold print.  The 
translational start codon (atg) in exon 2 is boxed (Moffat et al., 1999).   
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Exon 10:  ggagggaagttggaggaggtgaacaccatcttaggcattcatgataactacaaacccgacttctacaatgat 
gattcctggGTCgagttcattgagctagatattgatgaagcagatgtggatgagaagactgaaggGTCtgacacagac
agacttctaagcaatgatcatgagaaatcagctggtatccttggagcaaaggatgatgattctgggcgtaccagctgttacga
ccctgacattttggatactgatttccataccagtgacatgtgtgatggtaccttgaagtttgctcaGTCacagaagttaaatat
ggaagctgatctcttgtgccttgatcagaagaatctgaagaacttgccttatgatgcttcccttggctctctgcatccctccatta
cccagacagtagaagaaaacaagccacagccacttttgagcagcgaaactgaggcaacccaccaactcgcctctacacc
gatgagtaatcccacatcactggcaaacattgacttttatgcccaagtaagcgacattacaccagcaggtggtgatGTCct
ttccccaggccaaaagattaaggcagggatagcccaaggcaatacccagcgggaggtggccacgccctgccaagaaaa
ttacagcatgaacagtgcctacttttgtgaGTCagatgccaaaaaatgcatcgctgtggcccGTCgcatggaagccac
GTCttgtataaaaccaagctttaaccaagaggacatttacatcaccacagaaagccttaccactactgcccagatGTCt
gagacagcagatattgctccagatgctgagatGTCtGTCccagactacaccacggttcacaccgtgcaGTCtcca
aggggccttatactcaacgcaactgctttgcctttgcctgacaaaaagaattttccctcctcgtgtggttatgtgagcacagacc
aactgaacaaaatcatgcagtagcctttcctatctttaaatggcaagggaaaggctgggcacaaacgcttaaaccaaaactat
gttttaaatctgtgttgggagagcatgagagtggatatggattctaaaatactttttctggaaatGTCaaaatatcaataagtg
gaaaatcaagaattcgtaatcagataaatgctcccattgtgaattataaatattttaatgaattGTCtttaagactgtatagtgg
cagtgattGTCtgtactgtggGTCttaattttgtgatactaagcattaaatagctacgttttttatgtatgtagatcatgcttttg
gaaaaagcaaaacaatcaggtggcttttgcagttcaggaaattgaatgcagattatagcacaggctgattttttttttcttttttaa
ataactgggaactaaaactctaggtgagaaggtaaaactagnttggatatgcaaaacatttattttgacatnaaattgataaag
atatttttaataatttacactttaagcatgagkmctttataatatgctacacacatattgtagttcagaacaatccatctnaggatgt
agcagctacagtgtaaagagggnttcatgttttgGTCaatgaacgtaaagaaaaccaaacaagttagatttttacaaagcc
cttttataacttccaaaacttcttaactctaaaaatGTCtaataacctgcattattagaaaaaaacattttaaatttgtaaacgaat
atttttttaattttgaaaactttatttttttttaatgttgaatcaacgtatcatacaccaaacagtaaacagaaattataataatggaag
aagtgctttcttcgacaaatttccattcaagccacacagctacatgtaagagaagtagaagtgatgtggtgtgattggctagga
tgcagaagagcttcaggaatacaagaagtgagagcccaaggattgggaggagggggctctcacatctccacagtgcaG
TCtGTCaaacccagcttggtttttatagtattctaagaattattgtgtacaaggaaaaGTCtcacatgtatgaaatccagt
atccagatggggtaaagttagcagataataggataggaaattaaagacctagatctagnactagtggacttttttcacagaca
gnacacaaatttttaattcagggagaagggacagaataaatgacttcccactcacaaagcacaactcagaagtaattaaaca
ggtaacagaaaccttgccatcaaacctttgataagatgtattttaagtagtaagcagtatttcaatgcttnttacttaccctcccag
gacaaccgatctcaaataagggagataaggtagataaaaatcactttttgattctgtaataacataaacatagttctttgggttag
cacccccccaaaaaaaaatttatgggagaaagaggactctcagctgactgaagaatacatntnatttaaatattttttagatgc
ctgaaactttaaaattacctttaagttttaatggattaccattttgccaagacctttgtggggaaacaagcttaatgtttagtgatttt
gaaatctctttcatgcaggagagacagtgaaaatctagccttgggtgtttaaggttcgccttgttactttgtaatagattttaataa
gtttttctgctactttgctgctatggtttctccaatggctacatgatttagttcatatgaagtatcatcaacttagaatctattcagctt
aaagatgtgtgttttgatgaactatcttaccatttcaccataggctgaccacgtttctatagccaaaaatagctaaatacctcaat
cagttccagaatGTCattttttggtactttgctggccacacaagccgttattcaccgtttaactagttgtgttctgcaGTCtat
atttaactttctttatGTCtgtggatttttcccttcaaagttcaataaa 
 

Figure 8.  cDNA sequence of exon 10 of mouse GHR. Potential GTC hammerhead 
ribozyme target sequences are represented in bold print.  The translational stop codon 
(tag) is boxed (Moffat et al., 1999). 
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                 #As      m-Ns    GC CA/UA 
Exon 2:  atggatctttGTCaggtcttcttaa      

uaccuagaaaca uccagaagaauu 11 3 8 3 
 

tctttgtcagGTCttcttaaccttg**  
agaaacagucca aagaauuggaac 12 3 9 2 

 
ggcactggcaGTCaccagcagcaca 

  ccgugaccguca uggucgucgugu 2 1 12 1* 
 
Exon 4: ttcaccaagtGTCgttcccctgaac 
  aagugguucaca caaggggacuug 7 4 12 3 
 
Exon 5: ccctgattatGTCtctgctggaaaa 
  gggacuaauaca agacgaccuuuu 8 4/3 10 3 
 
Exon 7: ttaacatactGTCcagtgtactcat 
  aauuguaugaca gucacaugugua 8 1 8 5 
 

gttcagcgaaGTCctccgtgtaata 
  caagucgauuca gaggcacauuau 6 1 11 5 
 
Exon 8a: aaggaaccaaGTCcaattctcagca 
  uuccuugguuca guuaagagucgu 10 1 10 2 
 
Exon 9: tttacccccaGTCccagttccaaag 
  aaauggggguca ggucaagguuuc 6 5/3 7 2 
 
 
Figure 9.  Potential ribozyme target sites from exons 2-9 with corresponding 
antisense arms that represent helices I and III of ribozyme-GHR mRNA 
recognition.  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 repeats of a single 
nucleotide (m-Ns) is discouraged in primer prediction programs such as 
GeneWorksTM.  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 at a higher rate when UA and CA 
dinucleotides or present.  These sites are specific targets for an unidentified 
endoribonuclease (Qiu et al., 1998).  **Target site selected 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: tgattcctggGTCgagttcattgag  
  acuaaggaccca cucaaguaacuc 9 1t 11 4 
 

agactgaaggGTCtgacacagacag 
ucugacuuccca acugugucuguc 3 1t 12 1 
 
agtttgctcaGTCacagaagttaaa 
ucaaacgaguca ugucuucaauuu 7 2t 8 3 
 
aggtggtgatGTCctttccccaggc 
uccaccacuaca gaaagggguccg 7 1q1t 14 4 
 
acttttgtgaGTCagatgccaaaaa 
ugaaaacacuca ucuacgguuuuu 7 1P1q 8 3 
 
gctgtggcccGTCgcatggaagcca 
cgacaccgggca cguaccuucggu 4 1t 16 3 
 
tggaagccacGTCttgtataaaacc 
accuucggugca aacauauuuugg 6 1q 10 3 
 
ctgcccagatGTCtgagacagcaga 
gacgggucuaca acucugucgucu 4 1t 13 2 

 
atgctgagatGTCtgtcccagacta 
uacgacucuaca acagggucugau 7 1t 11 4 
 
 

 
Figure 10.  The first 9 Potential ribozyme target sites from exons 10 with 
corresponding antisense arms that represent helices I and III of ribozyme-GHR 
mRNA recognition.  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 repeats of a 
single nucleotide (m-Ns) is discouraged in primer prediction programs such as 
GeneWorksTM.  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 at a higher rate when UA and CA 
dinucleotides or present.  These sites are specific targets for an unidentified 
endoribonuclease (Qiu et al., 1998).  Key: (bold underlined = optimal; bold = good; 
regular text = indifferent; italic = sub optimal) 
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GHR-RZ plasmid construction 

Plasmid DNA manipulations were performed using standard cloning 

techniques (Maniatis et al., 1982).  The plasmid pMet-IG-mGHR containing the 

ampicillin resistance gene, a bovine growth hormone poly adenylation signal 

sequence, and a mouse metallothionine-I transcriptional regulatory element was used 

as an expression vector for the GHR ribozyme (see figure 11).  The plasmid was 

prepared for ligation by digestion with XbaI and XboI.  The fragments were separated 

for 2 hours at 100 volts by electrophoresis on a 1% agarose gel in TAE buffer (25mM 

tris-Acitate pH 8.0, 10 mM sodium acetate, 1 mM EDTA).  DNA bands were 

visualized under ultraviolet light in the presence of ethidium bromide and the ~4100 

bp band corresponding to the pMet-IG-mGHR expression vector alone (minus the 

mGHR cDNA) was removed using a scalpel.  The fragment was placed into dialysis 

tubing containing TAE.  The DNA was extracted from the agarose by electrophoresis 

for 1 hour at 80 volts and purified using Elutip-dTM (Schleicher & Schuell Inc., Keene, 

NH) ion exchange columns equilibrated with a low salt 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 

salt buffer.  The DNA was eluted from the column with 500 ul of a high salt 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 at 4°C for one hour.  The precipitated DNA was 

pelleted by centrifugation for 10 minutes at 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 resusended in deionized H2O. The ribozyme DNA insert for ligation  
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Figure 11.  The Construction of pMet-GHR-RZ.  The plasmid pMet-IG-mGHR 
containing the ampicillin resistance gene, a bovine growth hormone poly adenylation 
signal sequence, and a mouse metallothionine-I transcriptional regulatory element was 
used as an expression vector for the GHR ribozyme.  The plasmid was prepared for 
ligation by digestion at unique XbaI and XboI sites.  Oligonucleotides encoding the 
sense and antisense sequences of the GHR-RZ were annealed with overlapping XbaI 
and XboI sites at the 5’ and 3’ ends, respectively. 

 

     

XhoI   
XbaI     RZ   

  

 

-XbaI/XhoI digest 
-isolate vector fragment -anneal RZ oligos 

 
-mix 
-ligate 



 117

was prepared by annealing 10 ug of 52 nucleotide long sense, and 10 ug of 52 

nucleotide long antisense oligonucleotides in T4 DNA ligase buffer from Promega (30 

mM Tris-HCl pH 7.8, 10 mM MgCl2, 10 mM DTT, 10 mM ATP) in a total volume of 

60 ul.  The reaction mixture was heated to 98°C and slowly cooled to 25°C over a 

period of 1 hour (when annealed, the ribozyme oligonucleotide DNAs were designed 

to have XbaI / XboI overhangs at the 5’ and 3’ ends, respectively).  1 ul of the 

ribozyme annealing reaction was removed and added to a ligation reaction containing 

100 ng of the ~4100 bp pMet-IG-mGHR expression vector cleaved at the XbaI and 

XboI.  The ligations were performed according to the manufactures instructions 

(Promega; Madison, WI).  To the ribozyme and vector DNAs, 1 ul T4 DNA ligase, 1 

ul of T4 DNA ligase buffer and H2O to a final 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-HCl pH 8.0, 1 mM EDTA).   

 

Bacterial transformations 

Transformations were performed according to the manufactures instructions 

(Gibco BRL; Gaithersburg, MD).  1 ul of the diluted ligation reaction mixture was 

added to 20 ul of E. coli DH5α strain pretreated with calcium chloride.  The cells 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, 2.5 mM KCl, 

10 mM MgSO4) was added to each transformation reaction tube followed by 
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incubation at 37°C for 1 hour.  The cells were then spread on LB agar plates (10 g 

tryptone, 5 g yeast extract, 10 g NaCl, 15 g Bacto-agar, H2O to 1 L) containing 50 

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

  

Small-scale plasmid preparations  

Following the overnight incubation of plated transformed cells, individual 

bacterial colonies were transferred to individual tubes containing 5 ml of LB media 

with 50ug/ml ampicillin and incubated at 37°C overnight.  Plasmid DNA was then 

isolated by the alkaline lysis method as described (Maniatis et al., 1982).  1.5 ml 

cultures were transferred to 1.5 ml Eppendorf tubes, centrifuged at 16,000 x g for 30 

seconds and the resulting supernatant was aspirated and discarded.  The pelleted cells 

were resuspended in 100 ul of lysis buffer (25 mM Tris-HCl pH 8.0, 10 mM EDTA, 

50 mM glucose) and incubated for 5 minutes at room temperature.  The cells were 

lysed by the addition of 200 ul 0.2 N NaOH + 1% SDS.  Following lysis, the samples 

were neutralized with 150ul cold KOAc buffer (60 ml 5 M KOAc, 1.5 ml glacial 

acetic acid, 28.5 ml H2O, pH 4.8) for 5 minutes on ice.  The samples were centrifuged 

for 5 minutes at 16,000 x g.  The supernatant was then transferred to new Eppendorf 

tubes.  An equal 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 transferred to new Eppendorf tubes in which the DNA was precipitated by 

the addition of 2 volumes of ethanol, vortexing and centrifugation.  The pelleted 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 

Initial screening for plasmids containing the ribozyme insert was performed 

using the restriction endonuclease KpnI on plasmid DNA isolated from small-scale 

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 instructions (Amersham; Arlington Hts, IL).  2 ug of each plasmid were 

denatured in a solution of 0.2 N sodium hydroxide for 5 minutes at 80°C.  The 

solution was neutralized with sodium acetate.  The plasmid DNAs were then 

precipitated with ethanol, washed and dried in a vacuum desiccator.  An 

oligonucleotide primer (designed to begin at the 5’ CAP sequence of the 

metallothionine promoter and direct DNA extension in a 3’ direction towards 

ribozyme sequences) was combined with the denatured DNAs and annealed by 

heating to 65°C for 2 minutes and then slowly cooling to 30°C.  T7 DNA polymerase, 

all four dNTPs, sequenase buffer, and a-32P labeled dATP were added and the mixture 

was incubated for 3 minutes at 25°C.  Four equal aliquots of the mixture were added 

to four tubes containing the didioxynucleotides of G, A, T, and C and incubated for 5 

minutes at 37°C.  The reaction was stopped with the addition of formamide and heated 
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for 2 minutes at 95°C.  The reaction mixtures were separated on a 6% polyacrylamide 

gel containing 8M urea.  The gel was fixed in a solution of 10% methanol and 10% 

acetic acid, dried, and exposed to film overnight. 

 

Large-scale plasmid preparations  

 To isolate a large amount of plasmid DNA, bacteria positive for the plasmid 

containing the ribozyme were added to 100 ml of LB media containing 50 ug/ml 

ampicillin and incubated at 37°C overnight on an orbital shaker set at 180 rpm.  20 ml 

of the cell growth were added to 500 ml of LB media containing ampicillin and 

incubated at 37°C.  For all 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 

chromosomal DNA in the plasmid preparations.  Following the growth of overnight 

bacterial cultures, plasmid DNA was isolated using QIAGEN Plasmid Maxi Kits 

according to manufacturers instructions (QIAGEN; Valencia, CA).  Bacterial cells 

were pelleted by centrifugation for 15 minutes at 6000 x g at 4°C.  After discarding 

the supernatant the cells were resuspended in 10 ml buffer P1 (50 mM Tris-HCl pH 

8.0, 10 mM EDTA; 10 ug/ml RNase A) by vortexing.  To lyse the cells, 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 neutralized 

with 10 ml of buffer P3 (3.0 M potassium acetate pH 5.5).  The lysate was then 
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transferred to a QIAfilter cartridge (for filtering out cellular 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 allowed 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% isopropanol).  The plasmid DNA was then eluted from the column with 15 

ml of buffer QF (1.25 M NaCl, 50 mM Tris-HCl 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 at 4°C.  The DNA pellet was washed with 

70% ethanol air-dried and resuspended in TE. 

 

In vitro transcription.   

Large-scale synthesis of substrate and ribozyme RNAs were performed using 

T7-MEGAscript and T7-MEGAshortscript kits, respectively (Ambion; Austin, 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 metallothionine promoter was designed with a 23 base T7 

promoter sequence appended at the 5’ end.  Amplification of the target DNA yielded 

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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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 metallothionine 
promoter was designed with a 23 base T7 promoter sequence appended at the 5’ ends.  
Amplification of the target DNA yielded PCR products that contained the T7 promoter 
upstream of the ribozyme sequences (bottom).  This allowed for the production of a 
PCR product that, when transcribed in vitro by T7 DNA polymerase run off 
transcription, would produce RNA similar in size 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-MEGAscript kit.  In vitro transcription was performed according to T7-

MEGAscript kit manufacture’s instructions (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 RNase-free deionized water for a final 

volume of 20 ul.  For RNA used in single turnover reactions for determining kinetic 

constants, 1 ul 32P-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 spin to collect all the reaction mixture at the 

bottom of the tube.  The reaction was incubated for 4 hours at 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 at -20°C, and centrifuged for 15 minutes at maximum speed.  The supernatant 

solution was carefully removed by aspiration with a small 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  



 124

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 13.  In vitro transcription using PCR generated DNA templates.  T7 RNA 
polymerase in vitro transcription reactions performed using 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 anneal to a target site 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 mixture of 50 mM Tris-Cl pH 7.5, 50 mM NaCl, and 10 mM MgCl2.  The 

“standard” 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 parameters were altered individually.  Multiple turnover 

reactions were incubated at 37°C for various amounts of time by removing 20 ul 

aliquots at specific time intervals.  Varying 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 at 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 gel 

electrophoresis.  RNA’s from the individual reactions were resolved on 6% 

polyacrylamide gels in 8 M urea.   

 

Silver Staining, Image Analysis and Scintillation Counting 
 

Polyacrylamide gels containing the resolved RNA from the ribozyme cleavage 

reactions were silver stained according to Palfner et al (Palfner et al., 1995).  Gels 

were incubated in a 1% solution of HNO3 for 15 minutes followed by a 15-minute 

incubation in a solution of 0.2% silver nitrate.  The gels were rinsed with deionized 
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H2O and placed in a developing solution (30 g/L Na2CO3, 0.5 ml/L 37% 

formaldehyde, 2 mg/L sodium thiosulfate) until RNA bands were visible 

(approximately 20 minutes).   The gels 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 gel dryer.  Image analysis was performed on the dried gels using the BIO 

RAD Gel Doc 1000 system and molecular analyst software (BIO RAD, Hercules, CA, 

USA).  Following image analysis, the silver stained RNA bands were excised from the 

gel and placed into Poly-QTM vials with Ready SafeTM 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 cells (subcutaneous connective fibroblasts) negative for both 

thymidine kinase (TK) and adenine phoshoribosyltransferase (APRT) were stably 

transfected using the Ca2PO4 method previously described (Wigler 1977, Wold 1979, 

Pellicer 1980, Roberts 1982, Kelder 1994).  Approximately 1x106 cells 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 pDλAT3, 15 ug of L cell DNA and 60 ul 2 M CaCl2 was 

mixed in deionized H2O to a volume of 500 ul.  The DNA mixture was then added to 

an equal volume (500 ul) of 2x HEPES buffered saline (21 mM n-2-

hydroxyethylpiperazine-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 resistance gene, a bovine growth hormone poly adenylation 
signal sequence, and a mouse metallothionine-I transcriptional regulatory element.  
The GHR”mini-gene” contained mGHR cDNA plus genomic sequence from the 3’ 
end of exon 7 to the 5’ end of exon 8.  The inclusion of intervening sequences flanking 
exon 8a allowed for expression of both the GHR and GHBP alternatively spliced gene 
products. 
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KCl, 0.7 mM Na2PO4, 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 cells and incubated at 37°C for 5 hours.  Following the incubation, the 

transfection media was removed and the cells were incubated with 10 ml HEPES 

buffered saline containing 5% dimethyl sulfoxide for 90 seconds.  The cells were then 

washed twice with DMEM followed by the addition of 10 ml culture medium (DMEM 

containing 10% serum and 50 ug/ml gentamicin sulfate).  24 hours after the 

transfection, the cells were passed to 150 cm2 flasks and APRT+ cells were selected in  

culture medium containing 4 ug/ml azaserine and 15 ug/ml adenine.  Once the 

surviving cells had expanded to approximately 70 % confluence in the 150 cm2 flasks, 

TK+ cells were selected using HAT media (culture media containing 15 ug/ml 

hypoxanthine, 1 ug/ml aminopterin and 5.15 ug/ml thymidine).  HAT media was also 

used for maintaining the cells following selection at 37°C in a humidified atmosphere 

of 5% CO2.  From the surviving pools of cells, individual clones were isolated by 

passing cells into 96-well plates at a concentration of 0.5 cells/well.  Wells containing 

single cells were identified under a dissecting microscope.  Following expansion of the 

individual clones, colonies were transferred to individual 25 cm2 flasks by stirring the 

bottom of the wells with a pipette tip and removing the medium.  HAT medium was 

added back to the wells of the 96-well plate to allow the cells left over from pipetting 

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

 PCR was performed on 15 stable cell lines to verify the presence of the 

transfected GHR/BP DNA.  Medium was removed from cell colonies growing in 96-

well plates.  190 ul of PCR lysis buffer (10 mM Tris-HCl 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 desired cell colonies.  The plates were then incubated over 

night at 55°C.  The resulting cell lysates were then transferred from individual wells to 

1.5 ml Eppendorf tubes.  4 ul of cell lysate was added to 26 ul of a PCR “master mix” 

cocktail containing (3 ul 10 x PCR reaction buffer (500 mM KCl, 100 mM Tris-HCl 

pH 9.0, 1% Triton X-100), 1.8 ul 25 mM MgCl2, 2.4 ul of an equal mixture of all 4 

dNTPs each at 2.5 mM in the mixture, 0.375 ul 20 uM of the 5’ primer 

GTCACCACGACTTCAACGTCC (directed to the transcriptional start site in the 

mouse metallothionein-I transcriptional regulatory element), 0.375 ul 20 uM of the 3’ 

primer CTACAAATAGCATGACTGCTAGTCC (618 bases 3’of the mouse GHR 

cDNA translational start site), 17.65 ul H20, 0.15 ul 5 u/ul Taq DNA polymerase) per 

sample.  The reactions were heated 2 minutes at 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 

removal from the thermocycler.  10 ul of the each PCR reaction was loaded onto a 

0.8% agarose gel and resolved for 30 minutes at 100 volts. 
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Screening cells for functional GHR expression 

 The stably transfected GHR/BP DNA positive L cells as well as double 

transfected GHR-RZ cells were screened for GHR expression using GHR binding 

assays as described by Emtner et al 1990.  In 6-well tissue culture plates monolayers 

of the stable cells were propagated to 100% confluence (~1x106 cells/well).  The cells 

were depleted in serum free DMEM medium for 2 hours at 37°C.  Cells were then 

washed 3 times in 1x PBS containing 0.1% bovine serum albumin (BSA).  160,000 

cpm of 125I-hGH at 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 cells were 

incubated for 2 hours at room temperature on a slow orbital shaker.  Following 

incubation, 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 cells.  Cell lysates were then transferred to 

vials containing 10 ml Ready SafeTM liquid scintillation cocktail (Beckman Coulter) 

and the number of counts was measured using a LS 6500 liquid scintillation system 

purchased from (Fullerton, CA).  The evaluation of relative GHR expression for each 

stable cell line was based on the mean value of at least two experiments.  Each 

experiment was carried out in triplicate.  The sixth GHR/BP cell line, which had a 

medium level of GHR expression (as compared to all 15 cell lines screened by GHR 

binding assays), was selected for subsequent study and referred to as “E6” cells. 
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Stable transfection of E6 cells with a GHR-RZ 

 E6 cells, which express GHR (Mouse L cells stably transfected with GHR/BP 

DNA), were used for GHR-RZ transfections.  GHR-RZ transfections were performed 

according to the general procedure for stable transfection of adherent cells with 

LipofectAMINETM outlined by the manufacturer’s protocol (Gibco BRL). E6 cells 

were maintained in HAT medium at 37°C in a humidified atmosphere of 5% CO2.   

Cells were cultured in a 150cm2 flask to a confluence of approximately 50% 

(~3X107cells).  1 ml of solution A (20 ug pMet-GHR-RZ, 200 ng pRSV-neo, DMEM 

to a total volume of 1 ml) and 1 ml of solution B (600 ul LipofectAMINETM, DMEM 

to a total volume of 1 ml) were prepared in polystyrene tubes.  The two solutions were 

mixed gently and incubated for 30 minutes at room temperature.  The cells were 

washed 1x with DMEM.  10 ml HT media without serum (DMEM with only 15 ug/ml 

hypoxanthine, 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 start of the transfection, 10 ml of HT media with 20 % serum was added to 

the flask and incubated for 19 hours.  Following the 19-hour incubation, the 

transfection medium was removed and fresh HAT medium was added back to the 

cells.  72 hours after the start of the transfection, the cells were cultured in neomycin 

selection medium (HAT medium with 0.5675 mg/ml Geneticin, a neomycin analog 

purchased from Gibco BRL).  Following one week of selection in the HAT medium 

with 0.5675 mg/ml Geneticin, the surviving cells were maintained in HAT medium 

with 0.28375 mg/ml Geneticin.  From the surviving pools of cells, individual clones 
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were isolated by passing cells into 96-well plates at a concentration of 0.5 cells/well.  

Wells containing single cells were identified under a dissecting microscope.  

Following expansion of the individual clones, colonies were transferred to individual 

25 cm2 flasks by stirring 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-well plate to allow the 

cells left over from pipetting to expand for PCR analysis.   

 

PCR screening of GHR-RZ transfected E6 cells 

 PCR was performed on 10 stable cell lines to verify the presence of the 

transfected GHR-RZ DNA.  The method of screening was similar to method described 

earlier for PCR screening of GHR/BP transfected cells with the following exception:  

While the same 5’ primer GTCACCACGACTTCAACGTCC (directed to the 

transcriptional start site in the mouse metallothionein-I transcriptional regulatory 

element) was used, a different 3’ primer was used for detecting the RZ “mini-gene”.  

The 3’ primer, CTACAAATAGCATGACTGCTAGTCC (directed to the poly 

adenylation signal sequence located in the bovine GH exon-4, 3’ of the RZ sequence) 

was used in the reactions.   

 

Preparation of RNA from cultured cells 

RNAs from cultured cells were prepared based on procedures outlined in 

current protocols in molecular biology for the preparation of cytoplasmic RNA by 

from tissue culture cells (Gilman, 1997).  Cells were grown to confluence in 75 cm2 
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flasks (~6x107 cells). 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 cells were then scraped from the bottom of the flasks and transferred to 15 ml 

conical tubes pre-chilled on ice.  The tubes were centrifuged at 300 x g for 5 minutes 

and media discarded.  The cells were lysed by mixing with 375 ul of lysis buffer B (50 

mM Tris-HCl, pH 8.0, 100 mM NaCl, 5 mM MgCl2, 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 2.5 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 at 15,000 xg.  The 

aqueous 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 at -20°C.  The 

following day the samples were centrifuged 15,000 xg for 15 minutes at 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 treated with RNase free DNase I 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 I cocktail (10 ul 100 mM MgCl2/10 mM DTT, 0.2 ul of 2.5 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 aqueous 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 RNAs were rinsed with 1 ml 75% ethanol/25% 0.1 M NaOAc and 

dried in a speed-vac vacuum desiccator.   

 

Northern blot analysis  

Northern analyses were preformed based on procedures outlined in current 

protocols in molecular biology (Gilman, 1997).  Gel electrophoresis equipment and 

the Pyrex transfer dish were soaked in 0.1 M NaOH for 1 hour and rinsed with 
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distilled water prior to use.  In RNase free microcentrifuge tubes 10 ug of RNA was 

prepared in a denaturing cocktail (25 ul deionized formamide, 9 ul 37% (w/v) 

formaldehyde, 5 ul 5x MOPS pH 7.0, deionized H20 to a final volume of 50 ul).  The 

samples were gently mixed and incubated for 15 minutes at 55°C.  Following the 

incubation, the samples were placed on ice and 10 ul of formaldehyde loading buffer 

(1 mM EDTA, pH 8.0, 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol, 

50% glycerol) was added.  The samples were then loaded into wells of a 1% agarose 

gel and resolved for 1 hour at 100 volts.  The gel 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 using a ultraviolet transilluminator.  A GeneScreen-

Plus nylon hybridization transfer membrane was cut to size and pre-soaked in 

deionized H20 for 15 minutes.  The gel was placed in a dish and washed 2 times ~15 

minutes with deionized H20 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-HCl 

pH 7.4/1.5 M NaCl for 20 minutes.  A final incubation in 20x SSC for 45 minutes was 

performed prior to the transfer.     

Transfer was set up using these materials sandwiched from bottom to top in an 

RNase free glass dish filled ~1 cm deep with 20x SSC:  upside-down gel tray, 3 strips 

of Whatman 3 MM paper cut to overhang on two ends, gel containing the RNA, nylon 

hybridization transfer membrane cut to the same size as the gel, 5 sheets of Whatman 

3 MM paper cut to the same size as the gel, a ~1 inch stack of paper towels cut to the 

same size as the gel, 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 (still wet) under a 

ultraviolet closslinking light source for 1 minute. 

The membrane was incubated in a rotating hybridization oven at 42°C for 2 

hour in 20 ml hybridization solution (5x SSPE, 50% deionized formamide, 5x 

Denhardt’s solution, 4 ml 5 M NaCl, 10% dextran sulfate, 1% SDS).  A 32P labeled 

probe directed to the extracellular domain of the GHR/BP (exons 2-7) was prepared 

using a random primed DNA labeling kit purchased from Roche Diagnostics 

(Mannheim, Germany).  After the initial 2 hour pre-hybridization incubation, 20 ul of 

probe (~0.01ug at ≥1x109 cpm/ug) was boiled with 200 ul of salmon 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 at room temperature followed by 

two 30 minute washes in 2x SSPE + 2% SDS at 65°C.  A final wash in 0.1x SSPE for 

15 minutes was performed at room temperature.  The membrane was air-dried on 

3MM filter paper for approximately 5 minutes to remove excess liquid and placed in 

an autoradiograph cassette with film.  

 

 Isolation of DNA for slot blot analysis 

 DNA slot blot analysis was performed on cells stably transfected with 

GHR/BP DNA and cells stably transfected with GHR-RZ.  In addition, all transgenic 
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mouse lines were verified by DNA slot blot analysis.  For mice, approximately 1 cm 

(~200-400 mg of tissue) was removed from the tip of the tail using sterile scissors.  

For cultured cells, approximately 1x107 cells were harvested from 25 cm2 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 at room temperature for 5 

minutes, and centrifuged at 16,000xg for 10 minutes.  The upper aqueous 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 approximately 5 

seconds and centrifuged at 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 H20.  The concentration of 

each sample was determined by spectrophotometry.   

 

DNA slot 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 at 65°C for 1 hour to 

denature the DNA.  The samples were then neutralized 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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wells of a manifold II slot-blot system purchased from Schleicher & Schuell (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, H20 to 1 L 

pH 7.0).  5 minutes after all the samples had passed through the wells the membrane 

containing the DNA samples was removed from the apparatus and air-dried over 

night.  The membrane was incubated in a rotating hybridization oven at 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 32P labeled probe directed to the 5’ 

untranslated portion of the metallothionein-I transcriptional regulatory element was 

prepared using a random primed DNA labeling kit purchased from Roche Diagnostics 

(Mannheim, Germany).  After the initial 1 hour pre-hybridization incubation, 20 ul of 

probe (~0.01ug at ≥1x109 cpm/ug) was boiled with 500 ul of salmon sperm DNA (10 

mg/ml) for 10 minutes and added to the hybridization solution.  The membrane was 

then incubated with hybridization solution containing the metallothionein-I probe over 

night at 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 air-dried for approximately 15 

minutes and placed in a autoradiograph cassette with film.  
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Preparing cell lysates from cell culture for western blot analysis 

Cells were cultured in 75 cm2 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 scraped from the bottom of the flasks and transferred to 15 ml conical tubes pre-

chilled on ice.  The tubes were centrifuged at 1000 x g for 3 minutes and media 

discarded.  The cells were resuspended in 1 ml of UBI lysis buffer (20 mM Tris-HCl 

pH 7.4, 10 mM EDTA, 100 mM NaCl, 1% NP-40, 10 ug/ml PMSF, 1 ug/ml 

Aprotinin, 1 ug/ml leupeptin, 1 mM Na-Vanadate).  DNA in the cell 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 at 16,000x g for 20 min at 4°C.  The 

supernatant was removed and stored in 50 ul aliquots at -80°C.   

 

Determining cell lysate protein concentrations (Bradford assay) 

 Protein concentrations of the cell lysates were determined by using Bradford 

assays as previously described (Bradford, 1976).  5 ul of cell lysate were diluted with 

795 ul of H2O in semi-micro 1.5 ml disposable polystyrene cuvettes (Bio-Rad; 

Hercules, CA).  Bovine serum albumin (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 at a wavelength 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 H2O and 3x SDS-

PAGE sample buffer (0.15M Tris base pH 7.4, 10% SDS, β-mercaptoethanol, 20 mg 

bromophenol blue) and heated in a boiling water bath for 5 minutes.  Protein II 

systems purchased from Bio-Rad were used for casting polyacrylamide gels, resolving 

protein, and transferring protein from the polyacrylamide gels to nitrocellulose 

membranes.  500 ug of total protein / sample was loaded into wells on a 7.5% SDS-

PAGE gel.  The proteins were resolved for 2 hours at a constant 150 volts.  The 

polyacrylamide gel was removed from the resolving apparatus and placed in transfer 

buffer for 10 minutes (25 mM Tris base, 192 mM glycine, 20% methanol, 0.1% SDS, 

0.5 mM sodium orthovanadate).  A Hybond ECL nitrocellulose membrane 

(Amersham Pharmacia Biotech; Buckinghamshire, England) was cut to size, placed in 

H2O for 5 minutes, and then placed in transfer buffer for 5 minutes.  The 

polyacrylamide gel and nitrocellulose membrane were then placed together and 

proteins were transferred from the gel to the membrane at 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 electrophoresis of proteins, some gels were stained using Coomassie 

Brilliant Blue instead of being transferred to nitrocellulose membranes.  The gel was 

placed in Coomassie Brilliant Blue Stain (0.25G Coomassie Brilliant Blue, 90 ml 1:1 

v/v Methanol:water, 10 ml of glacial acetic acid).  Gels were stained overnight at room 

temperature with slight agitation.  The following day, the gel was then placed in de-

staining solution (1:1 v/v Methanol:water and 10% acetic acid) and incubated at room 

temperature with slight agitation.  The de-staining solution was replaced with fresh 

solution periodically, until no stain was visible in the portions of gel containing no 

resolved proteins.  Images of the de-stained gel were then scanned in using a Duoscan 

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

 

Immunoblotting with GHR antiserum 

 Immunoblots were performed using a modified protocol based on methods 

previously described (Cataldo, 2001).  Initially attempts using the original protocol did 

not allow sufficient separation of the GHR specific band from non-specific bands. 

Tissues collected from GHR -/- mice were used to verify the identity of the GHR 

specific band.  Therefore, the following protocol was created as the result of ~20 GHR 

western blots altering individual steps.   

Immediately 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 antiserum diluted 

1:5,000 overnight at 4oC with constant agitation.  The GHR antibody (clone #181, a 

monoclonal antibody produced in rabbit and is directed to the intracellular domain of 

the mouse GHR) was obtained as a gift from Dr. Frank Talamantes (Professor of 

Biology at the University of California, 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 IgG horseradish peroxidase conjugated secondary antibody (Boehringer 

Mannheim; Indianapolis, IN) diluted 1:5,000 at room temperature for one hour with 

constant 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 at room 

temperature.  The membrane was then removed from the ECL reagent, covered with 

clear plastic wrap (still wet with ECL reagent), and placed into an autoradiograph 

cassette with film. 

 

Treatment of cells for analysis of STAT-5 activation 

To determine GH induced STAT-5 activation (phosphorylation) in cultured 

cells, cell lines stably transfected with GHR/BP DNA, and GHR/BP stable cells 

transfected with GHR-RZ DNA were treated with GH and analyzed by western blot 

analysis using an anti-phosphotyrosine antibody as previously described (Wang et al 

1993).  Cells cultures at approximately 80% confluence in 75cm2 flasks were depleted 
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in serum free medium for 2 hours.  Following cell depletion, 500 ng/ml bGH was 

added to the flasks.  The cells were incubated for 10 minutes in the GH containing 

medium at 37oC.  Following the incubation, the flasks were immediately placed on ice 

where the media was removed and 10 ml iced 1x PBS was added.  The cells were 

scraped from the flask bottom, transferred to 15 ml conical tubes, and centrifuged at 

1000x g for 3 minutes at 4oC.  The supernatant was removed and 1 ml of ice-chilled 

UBI lysis buffer was added.  DNA in the cell 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, incubated on ice for 20 minutes, and centrifuged at 

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

aliquots at -80°C. 

 

Immunoblotting with anti-phosphotyrosine antiserum 

Immediately following gel transfer, the nitrocellulose membrane was washed 

briefly in rinsing buffer (10mM Tris-HCl pH 7.4, 75mM NaCl, 0.1% Tween-20, and 

1mM EDTA) and then incubated overnight at 4oC with constant agitation in rinsing 

buffer containing 4% Bovine Serum Albumin.  The following day, the membrane was 

washed 4 times for 5 minutes five minutes with rinsing buffer.  The membrane was 

then incubated for one hour at room temperature with constant agitation in rinsing 

buffer containing a 1:10,000 dilution of horseradish conjugated anti-phosphotyrosine 

antibody (clone PY20) purchased from ICN pharmaceuticals (Costa Mesa, CA).  The 

membrane was washed 3 times for five minutes with rinsing buffer.  The membrane 
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was then incubated in ECL Western Blotting Detection Reagent (Amersham 

Pharmacia Biotech) for 1 minute at room temperature.  The membrane was then 

removed from the ECL reagent, covered with clear plastic 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 cervical dislocation.  Liver and kidneys 

were removed from the animals and each tissue was weighed.  Samples not 

immediately used were wrapped in aluminum foil, frozen immediately by placing in 

liquid nitrogen, and stored at –80oC.  Tissues were then placed in 50 ml conical tubes 

with UBI lysis buffer and homogenized using a polytron homogenizer purchased from 

Brinkman (Westbury, NY).  1 ml of lysis buffer was added per 0.3 grams of liver.  1 

mL of lysis 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 

4oC.  The supernatant was then stored in 100 ul aliquots at –80oC. 

 

Preparation of GHR-RZ DNA for microinjection  

41.2 ul of 0.485 ug/ul pMet-GHR-RZ (20 ug) was digested with 120 units 

KpnI (Promega) in 1x Promega buffer J (10 mM Tris-HCl pH 7.5, 7 mM MgCl2, 50 

mM KCl, 1 mM DDT) in a total volume of 200 ul.  The reaction was incubated for 4 

hours at 37oC.  Following the incubation, the reaction was resolved on a 0.8% agarose 

gel in 1x TAE buffer for 30 minutes at 80 volts.  The gel was resolved in the absence 
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of ethidium bromide to avoid intercalation of the dye into DNA used to create 

transgenic mice.  To locate the proper DNA band within the gel, 10 ul of the 200 ul 

reaction was loaded into a small well outside the preparative well containing the 

remaining 180 ul of the reaction.  The side of the gel containing the resolved reaction 

that was loaded into the small well was removed with a scalpel and placed into a 

solution of 1x TAE containing ethidium bromide.  After approximately 20 minutes, 

the gel section was “pieced” back together in it original position with the large portion 

of the gel and placed on a ultraviolet light trans-illuminator.  Using the visible bands 

in the ethidium stained section of gel, a section of the unstained gel corresponding to 

the ~900 base pair DNA fragment was excised.  The gel section was placed into 

dialysis tubing containing TAE.  The DNA was extracted from the agarose by 

electrophoresis for 1 hour at 80 volts and purified using Elutip-dTM (Schleicher & 

Schuell Inc., Keene, NH) ion exchange columns equilibrated with a low salt 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 salt buffer.  The DNA was eluted from the column with 500 ul of 

a high salt 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 at 4°C for one hour.  The 

precipitated DNA was pelleted by centrifugation for 10 minutes at 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 resuspended in microinjection buffer (1 mM 

Tris-HCl pH 8.0, 0.1 mM EDTA) to a concentration of 4 ng DNA per ul buffer.  The 

DNA was then microinjected into the male pro-nuclei of pre-zygotic fertilized eggs by 
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the animal technical staff at the Edison Biotechnology Institute, Athens OH (Lacy et 

al., 1994).   
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Creating the RZ expression vector 

After careful analysis of the GHR sequence, the third GTC sequence within 

exon two was selected as a RZ target.  The GHR-RZ targeted to sequence located in 

exon 2 was cloned into the mammalian expression plasmid pMet-IG-mGHR at unique 

XbaI/XboI restriction sites.  The resulting plasmid, pMet-GHR-RZ, utilized the mouse 

metallothionein-I (Met-I) transcriptional regulatory element (TRE) for constitutively 

high levels of RZ expression and which also can be up-regulated in mouse cells and in 

mice with Zinc treatment.  A bovine GH (bGH) polyadenylation (PA) signal was 

present at the 3’ end of the RZ for transcription termination.  Restriction endonuclease 

digestion with KpnI 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 (also 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 expression plasmid.  

Although sequencing was performed on all 9 potentially positive clones, only 

sequencing data from clones 37 and 41 were clear enough to confirm proper cloning 

had occurred. 

 

Creating DNA templates for 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 allowed 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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Figure 15.  Screening pMet-GHR-RZ clones.  A. Restriction endonuclease digestion 
with KpnI revealed 9 clones (10, 16, 20, 22, 37-39, 41, & 43) with the proper 
predicted sized 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 transcriptional start and poly A 
addition sites are indicated by an arrow and a line, respectively.  The XbaI and XboI 
restriction sites used for cloning were preserved as indicated with brackets. 

 

   10                    16            20   22 

  37  38  39       41       43 

A. 

B. AAACCGCCTG CTGGGTGCAA ACCCTTTGCG CCCGACTGTC   
CAACGACTAT AAAGAGGGCA GGCTGTCCTC TAAGCGTCAC  
 
CACGACTTCA AGCTTCTGAG TACCTTCTCC TCACTTACTC  
 
CGTAGCTCCA GCTTCACCAG ATCTAGACAA GGTTAAGAAC 
 
TGATGAGTCC GTGAGGACGA AACCTGACAA AGACTCGAGC 
 
TGTCCTTTCC TAATAAAATG AGGAAATTGC ATCGCATTGT  
 
CTGAGTAGGT GTCATTCTAT TCTGGGGGGT GGGGTGGGGC  
 
AGGACAGCAA GGGGGAGGAT TGGGAA 

CAP 

Poly A 

XhoI 

    XbaI 
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DNA template was at the Met-I transcriptional start site and bGH poly A addition site, 

respectively.  This allowed for the production of a PCR product that, when transcribed 

in vitro by T7 DNA polymerase run off transcription, would produce RNA similar in 

size 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 at 

the predicted in vivo transcscriptional start and stop sites.   

GHR-DNA templates for in vitro transcription were produced using the same 

strategy, initially.  The same T7-Met 5’ start site primer was used as the 5’-primer, and 

initially, the same bGH-PA addition site 3’-primer was used to produce a PCR 

generated GHR-DNA template designed to yield 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 yields of PCR generated full length DNA template, low yields of in 

vitro transcribed GHR-RNA, and difficulty in resolving full length GHR-RNA on 

polyacrylamide gels led to 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’ start 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 truncated 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.   



 151

Ribozyme cleavage assays 

Ribozyme cleavage assays (RCA) were performed using RNA purified from in 

vitro transcription reactions.   The RNA products of the RCAs were resolved on 1% 

agarose gels and stained with ethidium bromide.  Visualization under ultraviolet light 

revealed that this method was not sufficient, as the cleavage products were not visible 

as distinct bands.  Therefore, denaturing PAGE gels using 8 M urea were used to 

resolve the RNAs.  Initially the resolved PAGE gels were also stained with ethidium 

bromide for visualization of RNA.  Again, this method proved to be insufficient for 

visualization of RNA.  The final method that allowed for successful visualization of 

resolved RCAs involved silver staining.  Again, denaturing PAGE gels were used with 

8 M urea.  Following electrophoresis, the polyacrylamide gels were silver stained and 

dried.  Initially, direct visualization and densitometry scanning of the silver stained 

RNA bands was used for analysis of RNA cleavage.  The data obtained from 

densitometry scanning proved to be insufficient for quantification of RZ cleavage 

activity when kinetic constants were determined as large r2 values from double 

reciprocal plots were observed using this method.  Therefore, the method that was 

adopted for quantification of RZ cleavage in single turnover RCAs was a duel method 

of silver staining and quantification of 32P labeled GHR substrate RNA by scintillation 

counting.   

Five RCAs were performed using the method outlined in the methods section 

at 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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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 reactions of five 
different RCAs at various molar ratios ranging from 1:10 to 10:1 RZ:GHR.  Control 
lanes 7 and 8 contained truncated GHR substrate RNA alone and RZ RNA alone, 
respectively.  The arrows indicate the location of the resolved RNAs.   
 

 
 

      RZ : GHR molar ratio 
 240nt  
marker   1:10   1:5      1:1     5:1     10:1   GHR  RZ

GHR (618) 

RZ (161) 

5’ cleavage  
     product  
     (91) 

3’-cleavage 
     product 
     (527) 

  1       2        3         4        5        6        7        8   
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demonstrated that the RZ was active.  In addition, in each of the five reactions, 

cleavage occurred at the designed target site 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’ apparent in each of the reactions.  The amount of cleavage also 

increased in the reactions as the concentration of RZ was increased, suggesting the RZ 

as the agent catalyzing specific cleavage in the each of the reactions.  Control GHR-

substrate RNA incubated in the absence of RZ had no sign of cleavage at any specific 

region further identifying the RZ as an active and specific endonuclease.  Thus, the 

ribozyme did in fact cleave GHR-RNA. 

Approximate optimal conditions for RZ cleavage were determined by 

performing several RCAs in which the concentrations of NaCl and MgCl2 were varied 

as well as pH, and temperature.  Each of these variables was altered individually while 

the other effectors of RZ performance were held constant.  The first parameter to be 

altered was NaCl (see figure 17).  Five RCAs were set up varying only the 

concentration of NaCl (0, 10, 50, 100, 500 mM), while holding constant pH, 

temperature, and the concentrations of MgCl2, RZ, and GHR-RNA.  Analysis of RZ 

cleavage activity in the various concentrations of NaCl revealed no discernable 

difference in cleavage between each of the five RCAs, even in the absence of NaCl.  

Since the cleavage activities in the five reactions containing 0, 10, 50, 100, and 500 

mM NaCl were indistinguishable, 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.  
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Figure 17.  Determining approximate optimal concentrations of NaCl and MgCl2 
for GHR-RZ in vitro cleavage.  All reactions were incubated at 50°C for 20 minutes 
at pH 7.5 at a 5:1 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 MgCl2 (0, 5, 10, 20, 100 mM).   

 

              [NaCl]  mM 
 

  0        10      50      100      500  

 GHR 
 3’ product 

 RZ 

 5’ product 

 GHR 
 3’ product 

 RZ 

 5’ product 

              [MgCl2]  mM 
 

0        5        10        20      100  

A. 

B. 
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The second parameter to be altered was MgCl2.  Five RCAs were set up using various 

MgCl2 concentrations (0, 5, 10, 20, 100 mM).  Analysis of RZ cleavage activity 

revealed that a MgCl2 concentration of 10 mM was sufficient for near optimal RZ 

cleavage.  No cleavage was observed in the absence of MgCl2 and only negligible 

cleavage was observed at 5 mM MgCl2.  While Mg2+ is a cofactor in RZ catalysis 10 

mM MgCl2 proved to be optimum for cleavage.  Moreover, at 20 mM MgCl2 

indiscriminate RNA cleavage occurred as evident by smearing on the silver stain.  The 

indiscriminate RNA cleavage occurred to a much greater extent at 100 mM MgCl2.  

Minimal smearing was observed at 10 mM MgCl2, only slightly more than in the 

absence of MgCl2 or at 5 mM. 

The third parameter to be altered was pH (see figure 18).  Five RCAs were set 

up using various pHs (7.1, 7.3, 7.5, 7.7, and 7.9).  Analysis of RZ cleavage activity 

revealed an optimal pH at 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 at pH 7.3 while only slight cleavage was detected at pH 7.1.  While the 

amount of cleavage was similar between pH 7.5 and 7.7, at pH of 7.7, most of the 

RNA was degraded into a non-distinguishable fragments, which appeared on the silver 

stained gel as a smear.  The RNA was almost completely degraded at pH 7.9 as no 

bands or smear was visible in the silver stained gel.   

The final parameter to be altered 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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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 Cl2 and 50 mM 
NaCl at a 5:1 molar ratio of RZ to substrate.  B. Five RCAs using varying pH varying 
by 0.2 units (7.1, 7.3, 7.5, 7.7, 7.9).   
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Figure 19.  Determining approximate optimal temperature for GHR-RZ in vitro 
cleavage.  All reactions were incubated for 20 minutes in 10 mM Mg Cl2 and 50 mM 
NaCl, pH 7.5 at a 1:5 molar ratio of RZ to substrate.  Eight RCAs were set up using 
set reaction conditions with temperatures varying by 5°C (0, 37, 42, 47, 52, 57, 62, 
67).  Maximal cleavage was observed at 57°C (lane 6) and 62°C (lanes 7).   
 

        Reaction temperature (°C) 
            240nt 

  0    37   42    47   52   57   62    67   marker 
 GHR 

 RZ 

5’ cleavage  
     product  

 3’ cleavage 
      product 

 1       2       3       4       5      6      7      8      9  

 240nt 
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reaction conditions (50 mM Tris-Cl pH 7.5, 50 mM NaCl, and 10 mM MgCl2).  A 1:5 

ratio of RZ to GHR-substrate RNA was used in these eight RCAs, respectively.  The 

reaction designated 0°C was incubated on ice and was therefore most likely slightly 

greater than the given temperature.  Nevertheless, the RCA incubated on ice revealed 

no detectable cleavage.  Analysis of cleavage at the various temperatures revealed a 

temperature dependent increase from 0°C to 57°C with similar maximal cleavage 

occurring at 57°C and 62°C.  A slight bias for maximal cleavage occurred at 57°C 

therefore, the optimal temperature of the GHR-RZ for in vitro cleavage was 

designated 59°C.  Although the optimal in vitro temperature is 22°C higher than that 

of the 37°C in vivo environment of cultured cells 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 always 

correlate with RZ activity in vivo (Crisell et al., 1993) and that in vitro optimization 

experiments were performed 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 

set up as indicated in the methods section under multiple turnover conditions.  The RZ 

to GHR-substrate RNA ratio was set at 1:20, respectively.  At set time points, 20 ul 

aliquots were removed from the RCA and immediately frozen on dry ice in stop 

solution.  When the last the reaction was completed, the 20 ul samples from the  
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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 set time points, 20 ul aliquots were removed from the 
RCA and immediately frozen on dry ice in stop solution.  When the last the reaction 
was completed, the 20 ul samples from the various time points were resolved and 
silver stained.  Greater than 5% cleavage was achieved within the first 30 minutes of 
incubation (lane 6).  Approximately half the substrate was cleaved after two hours of 
incubation (lane 8).  At four hours of incubation approximately 70% of the substrate 
RNA was cleaved (lane 9).  
 

                 Time (minutes) 
  240nt                            
 marker    0       1        5      10     30    60    120   240    24 Hr 

 GHR 

 RZ 

5’ cleavage  
     product  

 3’ cleavage 
      product 

 1       2       3       4       5       6       7       8       9       10 
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various time points were resolved and silver stained.  Analysis of the silver stained 

RCA image revealed that the GHR-RZ was able to turnover.  For turnover to exist in a 

reaction with 20 fold less RZ, greater than 5% cleavage must occur.  This was 

achieved within the first 30 minutes of incubation.  Approximately half the substrate 

was cleaved after two hours of incubation.  At four hours of incubation approximately 

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 visible in the silver stained gel.  Curiously, 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 all nearly degraded, while a significant amount of the 5’-cleavage product was 

still intact. 
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Establishing GHR expressing mouse L-cells 

In an effort to create a mouse cell line that expresses detectable levels of GHR, 

the pMet-GHR/BP plasmid was stably transfected into mouse L-cells (see figure 21).  

After selection in HAT media, 15 individual clones were expanded.  The cells 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 transfected cell lines, all were 

DNA positive for the pMet-GHR/BP as indicated by PCR amplification.  GH binding 

assays were performed to determine the relative levels of GHR expression in the 15 

clones (see table 3).  While no specific binding was observed in non-transfected 

mouse L-cells, all of the DNA positive stable cell lines exhibited specific binding of 

125I-labled hGH.  The number of counts measured ranged from a low of ~650 cpm, to 

a high of ~3,800 cpm.  The stably transfected cell line that demonstrated a moderate 

amount of GHR expression level (~1334 cpm) relative to the 14 other clones was 

selected for use in GHR-RZ cell culture analysis.  This cell line was expanded from 

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

 

Establishing stable cell lines with the GHR-RZ 
 

The E6 cell line (previously transfected with a GHR/BP “mini-gene”) was used 

for stable transfection of the GHR-RZ.  E6 cells were maintained in HAT media.  The 

pMet-GHR-RZ plasmid was co-transfected with the plasmid pRSV-NEO.  Pools of 

transfected cells were selected for neomycin resistance in HAT media containing 400 

ug/ul G-418 (a neomycin analog).  Surviving cells were 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 metallothionein UTR 
(striped arrow pointing to the position 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 
positive for the mini-gene.  Lanes +C contained pMet-GHR/BP plasmid and served as 
a positive control, while non-transfected L cell lysate served as a negative control (-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 125I-labled hGH. 
 
 

 
In 6-well tissue culture plates monolayers of the stable cells were propagated to 
~1x106 cells/well.  160,000 cpm of 125I-hGH at 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 cells 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. Cell lysates were then 
transferred to vials and the number of counts was measured.  The evaluation of 
relative GHR expression for each stable cell line was based on the mean value of two 
experiments.  The sixth GHR/BP cell line (shaded), which had an intermediate level of 
GHR expression (as compared to all 15 cell lines screened by GHR binding assays), 
was chosen for subsequent study and referred to as “E6” cells. 
 
 

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 cell (-C) 0 
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containing 200 ug/ul G-418 and isolated in 96-well plates.  10 cell lines, expanded 

from the individual clones, were analyzed for incorporation of the GHR-RZ “mini-

gene” by PCR (see figure 22).  Of the 10 cell lines analyzed, all were DNA positive 

for the GHR-RZ as indicated by PCR amplification.   

 

GHR binding assays on RZ transfected cells 

GHR binding assays were performed to determine the relative levels of GHR 

in the 10 clones (see table 4).  The parental E6 cell line was used as a positive control.  

The specific binding observed in the stable RZ transfected cells was divided by the 

specific binding of the non-RZ transfected E6 cells to determine the amount of GHR 

decreased in these cells.  Eight out of ten of the RZ-DNA positive stable cell lines 

exhibited a decrease in specific binding of 125I-labled hGH ranging from 25% to a 

52% decrease as compared to E6 cells.  The fifth clone 6-5, which exhibited the 

greatest decrease in GHR expression (52% decrease), was used in for further study.  

Clone 6-4, which exhibited the second greatest decrease in GHR expression (44% 

decrease) was also used in some of these studies. 

 

Northern blot analysis of RZ transfected cells 

 Northern blot analysis was performed on total RNA isolated from GHR/BP 

transfected E6 cells and RZ transfected 6-5 cells (see figure 23).  RNA isolated from 

non-transfected L cells was used as a control.  A probe designed against sequence in  
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Figure 22.  PCR screening of E6 cells stably transfected with the GHR-RZ.  (A) A 
5’-primer directed to the metallothionein transcriptional start site (striped arrow) 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 positive for the 
GHR-RZ DNA.  Lanes 11, 12 and 13 served as controls with pMet-GHR-RZ plasmid 
in the positive control reaction (+C), non-transfected L cell lysate and no cell lysate 
added in the negative control reactions, respectively (-C). 
 
 

 

 

A. 

B. 
1    2     3     4     5     6     7     8    9   10  +C  -C  -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). 
 
 

 
In 6-well tissue culture plates monolayers of the stable cells were propagated to 
~1x106 cells/well.  160,000 cpm of 125I-hGH at 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 cells 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. Cell lysates were then 
transferred to vials and the number of counts was measured using a scintillation 
counter.  The evaluation of relative GHR expression for each stable cell line was based 
on the mean value of two experiments.  *The clone 6-5, exhibited the greatest 
decrease in GHR expression and was used in for further study.  Clone 6-4 which 
exhibited the second greatest decrease in GHR expression was also used in some of 
these studies. 
 
 
 
 
 
 

Rank Clone # Specific Binding  
(% of E6) 

 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 cell (-C) 0 
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Figure 23.  Analysis of GHR and GHBP transcripts from E6 cells stably 
transfected with the GHR-RZ.  Northern blot analysis was performed on total RNA 
isolated from non-transfected L cells (lane 1), GHR/BP transfected E6 cells (lane 2), 
and RZ transfected E6 cells (lane 3).  A. A probe designed against 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 size and the amount of RNA loaded per well.  28s, 18s, and 5s ribosomal 
subunits are indicated.   

 

        4718nt ≈ 28s  
 
        1874nt ≈ 18s  
 
 
 
 100-150nt ≈ 4-5s 
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the GHR/BP cDNA from exon 2-7 so 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 cells 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 likely more dramatic when the amount of total RNA present in each lane was 

considered.  Ethidium bromide staining of the agarose gel prior to RNA transfer 

revealed that approximately twice the amount of total 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 transfected cell lines 6-4 

and 6-5, western blot analysis using an anti-GHR monoclonal antibody was performed 

(see figure 24).  Cell lysates were isolated from approximately 1x107 cells for each 

clone.  The concentration of protein in the lysates was determined using Bradford 

assays and equalized prior to western analysis.  Three bands were visible on the 

western blot with sizes of 110 kDa, 66 kDa and 46 kDa.  The top 110 kDa bands, 

which are the predicted size of the GHR, were used for densitometry 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 positive 

control E6 cells.  No GHR was detected for the non-transfected mouse L-cells.  The 

presence of the 66 kDa and 46 kDa bands were likely alternatively processed versions  
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Figure 24.  Western blot analysis of protein isolated from cultured cells.  Western 
blot analysis was performed on total cell lysates isolated from non-transfected L cells 
(lane 1), GHR/BP transfected E6 cells (lane 2), and RZ transfected E6 cells clones 6-5 
and 6-4 (lane 3 and 4, respectively).  A monoclonal 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 cell preparations.  
Molecular weights of the bands in kilo Daltons (kDa) are marked. 
 

 

L cell     E6        6-5      6-4  

110 kDa 
 
66 
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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 cell 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 6-4 and 6-5) on 

GH induced signaling was analyzed by measuring the amount of STAT-5 tyrosine 

phosphorylation in response to GH treatment.  Western blot analysis using an anti-

phosphotyrosine (PY-20) polyclonal antibody was performed (see figure 25).  

Approximately 1x107 cells for each clone were treated with 500 ng/ml bGH for 10 

minutes prior to harvesting cell lysates.  Non-treated cells were also harvested to serve 

as negative controls for each clones analyzed.  The concentration of protein in the 

lysates was determined and equalized prior to western analysis.  Analysis of the PY-20 

immunoblot revealed a predominate band, which migrated to an area at the proper size 

for STAT-5 (~95 kDa), was present only in the GH treated E6 cells.  Only slight bands 

at this size were visible in GH treated clone 6-4 and 6-5, suggesting that GH induced 

STAT-5 activation was severely decreased in these GHR-RZ positive cells lines. 

 

Decreased GHBP levels in RZ transfected cells 

The amount of GHBP produced in clones 6-4 and 6-5 was also measured.  

Using 75 cm2 flasks, cells were allowed to grow to 100% confluence (approximately  
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Figure 25.  Decreased GH stimulated STAT-5 tyrosine phosphorylation in RZ 
transfected E6 cells.  Western blot analysis using an anti-phosphotyrosine (PY-20) 
polyclonal antibody was performed on total cell lysates isolated from non-transfected 
L cells (lanes 1 and 2), GHR/BP transfected E6 cells (lanes 3 and 4), and RZ 
transfected E6 cells clones 6-5 and 6-4 (lanes 5 and 6) and (lanes 7 and 8), 
respectively.  Approximately 1x107 cells 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 
cells were also harvested to serve as negative controls for each clones analyzed (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 equalized 
prior to western analysis.  Bands from the molecular weight standard are marked in 
kilo Daltons (kDa). The bands migrating at 95 kDa (marked in bold) have been shown 
previously to be STAT-5 (Chow et al., 1996; Ram et al., 1996; Silva et al., 1996; 
Wang et al., 1994; Xu et al., 1996; Xu et al., 1995).   
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9x107 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 um vacuum filters and placed on dry ice.  The samples were then 

sent to Dr. Gerhard Baumann at Northwestern University where GHBP levels were 

determined using GH affinity columns.  The levels of GHBP from clone 6-4 and 6-

5were 32% and 38% decreased, respectively, as compared to the parental E6 cells.  No 

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

 

Determining GHR levels required for STAT-5 activation in mouse L-cells 

Mouse L-cells, were used to establish stable cell lines that express various 

levels of GHR.  The pMet-GHR/BP plasmid was stably transfected into mouse L-cells 

as described earlier in this text.  Initial screening of the 15 clones to determine the 

relative levels of GHR expression was performed using competitive GH binding 

assays.  While no specific binding was observed in non-transfected mouse L-cells, all 

of the DNA positive stable cell lines exhibited specific binding of 125I-labled hGH.  

The number of counts measured in the stable cell lines exhibited a range of ~6 fold 

from the lowest to highest GHR expressing cells.  Based on data from the initial GH 

binding assays, 6 of the GHR transfected stable cell lines representing a variety of 

GHR expression were selected for further study.  DNA slot blot analysis using a probe 

directed to the metallothionein-I transcriptional regulatory element was used to screen 

the cell lines for DNA copy number. GH binding assays using a set concentration of 

125I-GH and varying concentrations of competing non-labeled GH were performed to 
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determine the number of GHRs per cell for each of the cell lines.  In addition to the 

binding assays, the number of cells per well were counted using duplicate plates 

seeded with the same concentration of cells as used in plates for binding analysis.  

Using Scatchard plots and cell number (determined using a hemocytometer), the cell 

surface receptor numbers were determined for each cell line.  The results showed that 

the number of GHRs per cell ranged from 50,000 to 240,000 in the GHR transfected 

cell lines (see table 5).  One of the cell lines (clone #6), exhibiting 170,000 GHRs per 

cell, was stably transfected with a GHR-RZ.  GHR levels 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 similar to receptor levels 

found in the GHR transfected clone #8 which expressed 80,000 GHRs per cell.  

Therefore two cell lines containing similar levels of GHR were established using two 

different methods, GHR transfection and GHR + RZ transfection.   

Comparison of DNA copy number and GHR expression revealed a trend in 

that the three highest copy number cell lines (containing ~30-70 copies of the 

GHR/BP “minigene”) had the highest levels of expression (110,000-240,000 

GHRs/cell) while lower copy number cell lines (~5-10 copies) exhibited lower levels 

of expression (50,000-80,000 GHRs/cell)(see Table 6).  This trend was not absolute in 

that certain cell lines with greater copy numbers of GHR DNA demonstrated lower 

levels of GHR expression compared to cell lines with lower copy numbers.  The main 

example of this is seen in cell line #10, which had more than twice the copies of  



 174

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. 
 

Clone # GHR number /cell 
STAT-5 activation 

(band intensity) 

L cell 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-well tissue culture plates monolayers of the stable GHR/BP cells were 
propagated to confluence.  80,000 cpm of 125I-hGH at 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 125I-hGH.  In addition 
to the binding assays, the number of cells per well were counted using duplicate plates 
seeded with the same concentration of cells as used in plates for binding analysis.  
Using Scatchard analysis and cell number, the cell surface receptor numbers were 
determined for each cell line.  The evaluation of relative GHR expression for each 
stable cell line was based on the mean value of three experiments.  E6 cells with and 
without RZ are reported (shaded).  Densitometry scanning data from PY-20 western is 
reported in the last column for comparison.  
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Figure 26.  GH stimulated STAT-5 tyrosine phosphorylation in stable cells 
expressing various levels of GHR.  A. Western blot analysis using an anti-
phosphotyrosine (PY-20) polyclonal serum was performed on total cell lysates 
isolated from non-transfected L cells (lanes 1), GHR/BP transfected cells (lanes 2-9), 
and RZ transfected E6 cells, clone 6-5 (lane 7).  Cells were treated with 500 ng/ml 
bGH for 10 minutes prior to harvesting cell lysates (lanes 1-8).  GH treated L cells 
(lane 1) and non-treated clone #15 cells (lane 9) were included as controls.  The 
concentration of protein in the lysates was determined and equalized prior to western 
analysis.  STAT-5 band intensities were measured by densitometry scanning and are 
reported at the bottom of the gel.  Two gels were resolved using at the same time using 
similar conditions.  B. Of the two gels, one was stained with coomassie blue to further 
demonstrate equal amounts of protein were loaded for each clone. 
 

 

                                                  no GH 
                GH treated                               
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Table 6.  A comparison of GHR/BP “mini-gene” DNA incorporation to GHR 
expression level in transfected clones.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*DNA slot blot analysis was performed on the stable cell lines to determine the 
relative amount of incorporated GHR/BP DNA.  Approximate DNA copy numbers are 
indicated to the right of each DNA slot blot 
 
 
 
 
 
 
 
 
 
 
 
 

 

Clone # 
GHR 

number 
/cell 

Copies of 
GHR/BP 
mini-gene 

DNA*  

L cell 2000  

12 50,000  

4 57,000  

8 80,000  

10 110,000  

6 170,000  

15 240,000 
 

  0 
 
~5 
 
~10 
 
~8 
 
~70 
 
~30 
 
~40 
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GHR/BP “minigene” (~70 copies) as cell line #6 (~30 copies) but only expressed less 

GHRs/cell (110,000 for clone #10 and 170,000 for clone #6). 

STAT-5 activation was also analyzed in the GHR/BP stable cell lines.  

Western blot analysis using an anti-phosphotyrosine (PY-20) polyclonal serum was 

performed (see figure 26).  Approximately 1x107 cells for each clone were treated 

with 500 ng/ml bGH for 10 minutes prior to harvesting cell lysates.  Non-treated cells 

from clone #15 (the clone with the highest level of GHR expression) were also 

harvested to serve as a control.  Non-transfected L-cells were also included to serve as 

a negative control.  The concentration of protein in the lysates was determined and 

equalized prior to western analysis.  In addition, duplicate gels were resolves and 

stained with coomassie blue to verify that equal concentration of cellular proteins were 

present from lane to lane.  Analysis of the PY-20 immunoblot revealed a band, which 

migrated to an area at the proper size for STAT-5 (~95 kDa), that appeared with 

different intensities in lanes representing the cell lines with various levels of GHR 

expression.  Only slight bands with the predicted size were visible in GH treated L-cell 

control and non-GH treated clone #15.  Band intensities as determined by 

densitometry were compared to the levels of GHR expression for each clone.  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/cell increased up to 

~110,GHR/cell.  Maximum activation of STAT-5 was approached at ~240,000 

GHR/cell as only a slight increase was observed between clone #6 with 170,000 

GHR/cell and clone #15 with 240,000 GHR/cell.  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 using a set 
concentration of 125I-GH and various concentrations of competing non-labeled GH 
were performed to determine GHR specific binding for each cell line.  Using 
Scatchard analysis and cell number, the number cell surface GHRs was determined for 
each cell line.  STAT-5 activation as measured by PY-20 western blot analysis was 
plotted against GHR number per cell.  Clone 6 (gray circle) and RZ transfected clone 
6-5 (black circle) are represented by circles, while all other clones are represented by 
gray squares.   
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number and STAT-5 activation was strengthened by the observation that the level of 

STAT-5 activation in GHR-RZ transfected clone #6-5 with 81,000 GHR/cell (reduced 

from 170,000 GHR/cell in the parent clone #6) was similar to that of the GHR 

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

The pMet-GHR-RZ mammalian expression plasmid was used to generate 

GHR-RZ transgenic mice.  The plasmid was digested with KpnI to generate an ~1 kb 

fragment and isolated without the use of ethidium 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 male pro-nuclei of pre-zygotic fertilized 

eggs by the animal technical staff at the Edison Biotechnology Institute, Athens OH 

(Lacy et al., 1994).  One hundred and twelve offspring were produced from the 

microinjection procedure.  Transgenic mice were screened using PCR analysis (see 

figure 28) with 5’ and 3’ primers directed to the 5’ metallothionein-I untranslated 

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 positive females were mated with non-transgenic males in an attempt to 

produce two lines of GHR-RZ transgenic mice.  Thirteen attempts to produce 

offspring were unsuccessful.  Observations of birthings during several of the later 

attempts revealed that both the transgenic females were killing their pups shortly after 

birth.  In an effort to circumvent this problem, experienced foster female mice were 

housed with the transgenic females.  No surviving pups were obtained from these 

breedings.  The female transgenic mice cannibalize their own pups and the pups of the 

non-transgenic foster female mice.  Final attempts to remove transgenic females 

immediately after giving birth also proved unsuccessful.  Foster females were also 

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 metallothionein 
transcriptional start site (striped arrow) 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. 
Only two mice were PCR positive for the GHR-RZ DNA.  The last two lanes in the 
bottom right corner contained the controls with pMet-GHR-RZ plasmid in the positive 
control reaction (+C), non-transgenic mouse tail DNA in the negative control reaction 
(-C), respectively. 

 

 

A. 

B. 

 

 79  

  99  +C -C   



 182

breeding the two transgenic females no longer became pregnant and each female 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 slot blot analysis using a probe directed to the metallothionein-I transcriptional 

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-female).  

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 positive 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 lines.  DNA slot 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 established, six animals (3 male and 3 female) 

from each of the three transgenic lines were sacrificed for analysis of GHR levels.  

Due to low copy numbers of the integrated RZ-DNA in founder lines 93 and 126, a 

distinction between homozygous and heterozygous animals could not be made. 

Therefore, a RZ-DNA positive genotype (which most likely included some 

homozygous mice as well as heterozygous animals) was used for designation of mice 

in founder lines 93 and 126.   Both heterozygous and homozygous mice were used for 
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Figure 29.  DNA slot blot analysis of mouse tail DNA from the second set of 
founder mice microinjected with the GHR-RZ.  DNA slot blot analysis using a 
probe directed to the metallothionein-I transcriptional regulatory element was used to 
screen the mice.  Of the 127 mice screened, three were DNA positive as indicated 
(mouse #93-female, #113-male, and #126-female).  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 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 animals were used to perform GHR western blot 

analysis and those from GHR “knockout” mice served as controls for the GHR 

westerns.  The GHR antibody (clone #181, a rabbit monoclonal antibody recognizing 

the intracellular domain of the mouse GHR) was used.  Initial GHR westerns 

performed using a protocol previously described (Cataldo, 2001).  While the presence 

of a GHR specific band was obtained using this procedure, it was not separate from 

the extraneous bands (see figure 30).  These bands were determined not to be 

associated with GHR because they were also present in liver samples from the 

negative control GHR “knockout” mice, which do not express GHR.  Modifications 

were made to the protocol, which eventually led to GHR westerns that allowed for 

separation of GHR from non-GHR proteins that were immunoreative to the GHR 

antibody.  Using the modified protocol, western blot analysis was performed on liver 

samples from the three GHR-RZ founder lines.  Analysis of band intensities from 

individual mice in the same genotype revealed inconsistencies.  Conclusions about 

GHR levels in a given genotype were not attempted due to a large observed variability 

from individual mice in the same genotype (see figure 31).  Therefore, in an effort to 

increase the number of animals from a given genotype observed by western blot 

analysis, 6 liver samples were pooled for each genotype analyzed (see figure 32).  

Analysis of immunoblots from three westerns revealed no change in GHR levels in 

transgenic mice from founder 93 and founder 126 when compared to non-transgenic 

littermate controls.  Only a slight change in GHR levels was observed 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 last 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. Talamantes.  Lane 3 contains pooled liver samples from 3 -/- 
GHR KO mice as indicated, while the other lanes contain liver samples from +/+, +/-, 
GHR-RZ positive and negative animals all of which express the GHR.  C. The 
columns below the two immunoblots are a brief description of the initial 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 
arrow.  The pH, NaCl and milk concentrations were altered individually in the MTT 
buffers (Milk, TBS-Tween) as well as the voltage and duration of resolving the SDS-
PAGE gel 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 contain individual liver samples from fourth generation 
offspring of RZ DNA-positive founder 113.  Three non-transgenic littermates (lanes 1-
3), three heterozygous GHR-RZ mice (lanes 4-6), and three homozygous GHR-RZ 
mice (lanes 7-9) were used.  Liver samples from three individual GHR -/- animals 
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 contain 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 contain liver samples from the three 
genotypes of the founder 113 GHR-RZ mice as indicated.   Lanes 7 & 8 contain 
samples from non-transgenic littermates and RZ positive mice from founder 93, 
respectively.  Lanes 9 & 10 contain samples from non-transgenic littermates and RZ 
positive mice from founder 126, respectively. 
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westerns performed on liver samples from individual mice it could not be concluded 

that a decrease in GHR had actually occurred in transgenic mice from founder 113.  

But, in the event that the observed slight decrease in GHR from the founder 113 mice 

was actually representative of a decrease in receptor levels, this line was further 

analyzed for decreased GHR levels.   

Since it is known that heterozygous GHR (+/-) “knockout” mice have a 

decrease in GHR (only one functional allele), and that these animals 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 functional GHR allele.  The reasoning for this 

cross is 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 sufficient for change into a phenotype.  Additionally, half the 

animals obtained from these breedings were given drinking water with 25 mM ZnSO4 

in an effort to upregulate transcription of the metallothionein-I 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 slot blot analysis using a 

probe directed to the metallothionein-I transcriptional regulatory element 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 missing one allele while the other 69 mice had both functional 

GHR alleles.   For PCR screening, 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 first 3’-primer was directed to sequence located in exon 

4.  This sequence was present in both wild type and gene-disrupted genes.  The second 

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 also produced the 390 bp PCR product (heterozygous animals 

still have one functional allele) as well 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 treated and control) 

to create 8 different groups of mice.  Male and female mice were further divided to 

create 16 distinct 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.  Statistical analysis of mouse weights revealed no 

significant change in weight between transgenic GHR-RZ mice and non-transgenic 

mice regardless of sex, “Knockout” genotype, or zinc treatment.  Even when all 

groups were combined to create RZ transgenic and non-transgenic groups with n = 67 

and n = 65, respectively, no significant difference in weights was observed (see figure 

39).  In addition, GHR western blot analysis of pooled male and female liver samples  
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Figure 33.  DNA slot blot analysis of tail DNA isolated from offspring of matings 
between founder 113 GHR-RZ mice and GHR heterozygous “knockout” mice.  
DNA slot blot analysis using a probe directed to the metallothionein-I transcriptional 
regulatory element was used to screen the mice.  Of the 132 mice screened, 67 were 
DNA positive as indicated with animal number to the left of each corresponding blot.  
Two previously identified non-transgenic tail samples and two RZ transgenic tail 
samples were included as controls (boxed). 

 

 

  
   
    2 
  
  
   
 
 
    5 
   
    6 
   
    7 
  
   
 
    9 
 
  10 
 
   11 
 
   12 
 
   13 
 
   14 
 
 
 
  
  
   17 
  
  
 
 
 
   20 
 
   21 
 
   22 
 
   23 
 
   24 
 

  
 
    26 
 
    27 
 
 
 
 
 
 
 
    31 
 
    32 
 
 
 
    34 
 
    35 
 
    36 
 
    37 
 
    38 
 
    39 
 
    40 
 
 
 
    42 
 
    43 
 
 
 
    45 
 
    46 
 
    47 
 
    48 
 

  
   
 
 
 
 
 
 
 
 
54 
 
55 
 
 
 
 
 
 
 
 
 
 
 
61 
 
62 
 
63 
 
64 
 
65 
 
 
 
67 
 
68 
 
 -C 
 
 -C 
 
+C  
 
+C 
 

  69 
 
 
 
  71 
 
 
 
 
 
  74 
 
 
 
  76 
 
 
 
 
 
  79 
 
 
 
  81 
 
 
 
  83 
 
  84 
 
 
 
 
 
  87 
 
  88 
 
  89 
 
 
 
  91 
 
  92 
 

  
     93 
 
 
 
 
 
 
 
 
 
     98 
 
     99 
 
 
 
   101 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   112 
 
 
 
   114 
 
 
 
   116 

    117 
 
 
 
 
 
    120 
 
 
 
 
 
 
 
    124 
 
    125 
 
 
 
 
 
 
 
 
 
    130 
 
 
 
 
 
      -C 
 
      -C 
 
     +C 
 
     +C 



 191

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 positive as indicated with animal number 
above each of the corresponding PCR products.  Two previously identified wild type 
tail 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 first 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 insert 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 animals still have one functional 
allele) as well 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 ZnCl2 drinking water starting at one month of age.  Weights were recorded at the 
start of treatment (1 month old) and continued for 5 weeks.  Data points represent the 
average weights of groups with 6-9 individuals for each genotype.  Four genotypes are 
represented for each group (+/+ = Wild type GHR, no RZ;  +/+ RZ = Wild type GHR, 
RZ transgenic;  +/- = 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 
distilled drinking water starting at one month of age.  Weights were recorded starting 
at 1 month of age and continued for 5 weeks.  Data points represent the average 
weights of groups with 6-9 individuals for each genotype.  Four genotypes are 
represented for each group (+/+ = Wild type GHR, no RZ;  +/+ RZ = Wild type GHR, 
RZ transgenic;  +/- = 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.  Offspring were given 25 
mM ZnCl2 drinking water starting at one month of age.  Weights were recorded at the 
start of treatment (1 month old) and continued for 5 weeks.  Data points represent the 
average weights of groups with 9-10 individuals for each genotype.  Four genotypes 
are represented for each group (+/+ = Wild type GHR, no RZ;  +/+ RZ = Wild type 
GHR, RZ transgenic;  +/- = 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 38.  Mouse weights from non-treated female offspring of matings between 
GHR-RZ mice and GHR heterozygous “knockout” mice.  Offspring were given 
distilled drinking water starting at one month of age.  Weights were recorded starting 
at 1 month of age and continued for 5 weeks.  Data points represent the average 
weights of groups with 9-10 individuals for each genotype.  Four genotypes are 
represented for each group (+/+ = Wild type GHR, no RZ;  +/+ RZ = Wild type GHR, 
RZ transgenic;  +/- = 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 
animal weight, all genotypes (GHR +/+ and GHR +/-), sex, and zinc treatment groups 
of mice were combined into two main groups (RZ transgenic and non-transgenic).  
Data points for RZ transgenic mice represent the average weights from a group with 
67 individuals, while data points for non-transgenic mice represent the average 
weights from a group with 65 individuals.  Error bars represent standard error of the 
mean weight at each time point. 
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from each of the separate groups (except male and female samples) also showed no 

difference between GHR levels when GHR-RZ transgenic samples were compared to 

non-transgenic controls regardless of zinc treatment (see figure 40). 
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Figure 40.  Western blot analysis of pooled mouse liver samples isolated from 
offspring of matings between founder line 113 GHR-RZ mice and GHR 
heterozygous “knockout” mice using a GHR antibody.  All lanes contain pooled 
liver samples from 6 mice (3 male and 3 female) of the indicated genotype.  Lanes 1-4 
contained liver samples from the zinc treated 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 9-11 contained liver samples from 
the three genotypes of the non-zinc treated GHR “knockout” mice to serve as controls.    
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There are many factors to consider when designing an efficient hammerhead 

ribozyme for decreasing gene expression.  First, an appropriate target sequence must 

be selected.  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 cleavage potential (Shimayama et al., 1995).  The second GTC following 

the ATG translational start site in exon 2 was selected as the target site for ribozyme 

cleavage.  This site was selected based on several criteria reported to influence 

ribozyme activity.  The specificity and efficiency of a RZ is proposed to be increased 

by increasing the number of adenosines (#As) in the ribozyme arms (Herschlag, 

1991).  Multiple repeats of a single nucleotide (m-Ns) are discouraged in primer 

prediction programs such as GeneWorksTM.  The strong binding associated with high 

(GC) content favors non-specific association with short stretches of sequence and is, 

therefore, discouraged (Herschlag, 1991).  Ribozymes have been shown to degrade at 

a higher rate when UA and CA dinucleotides are present.  These sites are specific 

targets for an unidentified endoribonuclease (Qiu et al., 1998).  Using these criteria, 

the second GTC following the translational start site in exon 2 of the GHR was 

selected as the target site for ribozyme cleavage.  This region was also selected 

because of its proximity to the 5’ end of the message.  The reasoning behind this 

strategy is to avoid the translation of a 5’ cleavage product, as previously reported 

(Wang et al., 1999a).  In this report, the 5’ cleavage product of Apolipoprotien B 

mRNA was translated yielding a truncated protein with the predicted size.  Potential 

GTC target sites located within the first exon of GHR representing the 5’ untranslated 
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region of the message were not used due to presence of multiple 5’ untranslated 

regions (Moffat et al., 1999).  Similarly, the first GTC located in exon 2 was ruled out 

because the G in the GTC was the first nucleotide of the exon and any ribozyme 

designed to this region would have to span the splice junction from exon 1.  The 

hammerhead ribozyme catalytic core was selected over other potential ribozymes due 

to its broad use and superior in vitro and in vivo catalytic activity when directly 

compared to the hairpin and HDV ribozymes (Chowrira et al., 1994).  Flanking the 

hammerhead catalytic core were 12 nt 5’ and 3’ arms.  Although this length was 

selected based mainly on other successful hammerhead ribozymes expressed in 

transgenic mice from the literature (Efrat et al., 1994; L'Huillier et al., 1996), this 

decision was more arbitrary than other design aspects of the ribozyme.  The GC 

content and arrangement of each target site presented in the literature are unique and, 

therefore, each target sequence would most likely have its own “optimal length”.  

With no steadfast number given for RZ arm length, several arguments in the literature 

were considered.  The numbers of bases present in the antisense arms affects the 

specificity and turnover rate of the ribozyme.  Longer antisense arms decrease the 

turnover rate, while increasing the specificity of the ribozyme to its designated target 

RNA.  A greater 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 Kcat/Km at 37°C is achieved in vitro when helix I and III are a 

combined length of 12 nucleotides (Bertrand and Rossi, 1994).  While this length may 

be optimal in vitro, it appears that longer lengths are required for target site 
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recognition in vivo (Gavin et al., 1997).  In addition, the consequence of using 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 

estimated 20,000 different mRNA species in a typical mammalian cell with an average 

length of 2000 bases (Alberts, 1994).  If this estimation holds true, the sequence 

complexity would be ∼4x107.  For a ribozyme to recognize a unique sequence, at least 

13 bases are needed to produce a complexity of ∼7x107 or (413).   

The final consideration affecting RZ performance was the type of mammalian 

expression plasmid.  The expression plasmid used for RZ production in animal cells is 

an important consideration.  High levels of RZ transcript are required for significant 

decreases in targeted gene products (Bertrand et al., 1997).  The expression plasmid 

selected for RZ expression utilized the mouse metallothionein-I TRE and a bGH 

polyadenylation signal.  The mouse metallothionein-I TRE coupled with the bGH 

polyadenylation signal has proven to be an effective combination in our and the 

laboratory of others (Kopchick et al., 1990; Miller et al., 1989; Naar et al., 1991; 

Sotelo et al., 1995).  Even in the absence of metal ion treatment the mouse 

metallothionein-I TRE activates transcription at high levels in mouse cells.  Moreover, 

the expression of metallothionein-I driven constructs is ubiquitous (Choudhuri et al., 

1995; Leone, 1986; Pitt et al., 1992; Zelger et al., 1993).  Therefore, this fusion gene 

was utilized for RZ expression in cultured cells and in mice.   

Prior to expressing the RZ in cells, the ability of the RZ to specifically cleave 

GHR-RNA was tested.  The incorporation of a core T7 promoter sequence into the 
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design of the 5’ primer allowed the PCR product to serve as a template for run-off 

transcription by T7 DNA polymerase (Weier and Rosette, 1990).  This strategy 

successfully allowed us to bypass an additional cloning step in which the GHR-RZ 

construct 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 

designed to match the predicted size of the in vivo transcribed GHR-RZ.  The 

beginning and ending of PCR amplification for the RZ DNA template was at the Met-I 

transcriptional start site and bGH poly A addition site, respectively.  This allowed for 

the production of a PCR product that, when transcribed in vitro by T7 DNA 

polymerase run-off transcription, would produce RNA similar in size to the predicated 

RZ-mRNA transcribed in vivo with the exception of 5’ and 3’ end processing.    

Initially, the same strategy that was used to create 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 yields of in vitro 

transcribed GHR-RNA were obtained.  The low yields from the in vitro transcription 

reactions are possibly due to the presence of sequences that resemble phage 

termination signals, or due to the longer length of template increasing the likelihood 

that the polymerase would fall off of the template prior to transcription of the full 

length RNA.  Of the two possibilities, the latter appears to be more likely in that 

specific bands were not observed, only non-specific 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 yields of PCR generated full length 

DNA template, high yields of in vitro transcribed GHR-RNA, and the RNA was 

successfully resolved on polyacrylamide gels.  Although a full length GHR-RNA 

substrate was more desirable in order to mimic the size of the cellular counterpart, 

even a full length in vitro transcribed GHR-RNA still would not represent the true 

cellular GHR-RNA.  Events such as 5’ and 3’ processing not only change the size of 

the RNA but also allow for auxiliary RNA binding proteins to bind the RNA.  This in 

addition to many other cellular factors that are not represented in test tube RNA 

reactions places less importance on obtaining a “full length” substrate RNA for in 

vitro cleavage reactions.  Therefore, considering the statements above, the difficulty in 

obtaining and handling of full length substrate, and since the RZ cleavage site was 

located only 91 nts from the 5’ end of the GHR transcript, the GHR truncated 618 nts 

after the transcriptional stat site was used for in vitro analysis.   

Cleavage of the truncated GHR-RNA was observed in each RCA containing 

the GHR-RZ (with the exception of the RCAs performed at 0ºC, pHs below 7, and 

reaction performed without MgCl2), while cleavage was not observed in similar 

reactions without RZ.  This demonstrated that the GHR-RZ was catalytic.  The 

production of in vitro synthesized RNA for the RZ cleavage assays also limited the 

possibility of proteinacious contaminates that could still be present if RNAs were 

isolated from cells or if RCAs were performed in cell 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 at the engineered target site.  No secondary cleavage bands were 

observed in any of the RCAs performed although non-specific smearing on the silver 

stained gels was observed to some degree for all of the RCAs performed.  Examples of 

smearing are seen in figure 20 where the degree of smearing increased with incubation 

time.  Since this smearing did not produce any discernable banding in the silver 

stained gels and because the smearing was similar to that observed in reactions 

without RZ, it appears that the degradation of the RNA was not related the RZ.  The 

smearing was most likely due to RNase contamination (Bisbal, 1997; Goto and 

Mizuno, 1971; Hajnsdorf et al., 1994).  With this said, one could argue that it is 

possible that a contaminating endo-RNase cleaved the GHR-RNA instead of the 

ribozyme still exists.  However, since the smearing was observed in both RZ 

containing and non-RZ containing RCAs, and no specific band was observed in RCAs 

not containing RZ, it is highly unlikely that the contaminating RNases caused the 

specific cleavage observed only in RZ containing reactions.  Another explanation for 

the nonspecific degradation of RNA was due to Mg2+ in the reactions.  When Mg2+ 

concentrations were altered in the RCAs, non-specific smearing was also observed at 

higher concentrations of Mg2+ (see figure 17).  This was not surprising since certain 

metal ions such as Mg2+ and Mn2+ are known to cause non-specific cleavage of RNA 

(Kuo and Herrin, 2000).  Although Mg2+ probably contributed to the non-specific 

RNA degradation, the majority of the degradation was again most likely due to 

RNases because reactions performed in the absence of Mg2+ still exhibited degradation 

(figure 17). 
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Interestingly, 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 visible while the other RNAs were barley detectable.  It is possible that the 

secondary structure 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 structures (Diwa et al., 2000).  It is also possible that 

the small size of the 5’-cleavage product precluded it from RNase degradation.  

Certain RNA binding 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 fall off 

(Beelman and Parker, 1995).   While 91 nucleotides is much larger than the ~30 

nucleotide requirement for PABP, it is possible 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 describing the enzymatic activity of the RZ in vitro and not as for the purpose of 

predicting success in vivo.  This is important when considering the performance of the 

RZ under various conditions such as temperature.  We see from the temperature 

optimization reactions that the RZ was most active at 59ºC (figure 19).  If only in vitro 

results were considered when designing a RZ, then it would make sense to redesign 

the RZ with shorter antisense arms and/or lower GC content.  But the complexity of 

the cell has made such predictions inappropriate as it has been shown previously that 
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no correlation exists between in vitro and in vivo RZ activity (Crisell et al., 1993; 

L'Huillier et al., 1992; Steinecke et al., 1994).  Perhaps Crisell’s experiments 

demonstrated 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.  Crisell 

reported that ribozymes with high efficiency in vitro had failed to inhibit HIV in cells.  

In contrast, he also observed the inhibition of HIV by a ribozyme that did not show 

efficient catalytic activity in vitro.  However, in vitro studies are valuable in that they 

demonstrate that a given RZ design 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 correlation when RZ are used in vivo can be 

attributed to reports that RZ activity can be enhanced or inhibited by associating with 

several types of molecules.  RNA binding proteins such as nucleocapsid protein of 

HIV-1 (NCp7) and hnRNP A1 enhance the turnover rate of ribozymes by accelerating 

the attainment of the thermodynamically most stable species throughout the ribozyme 

catalytic cycle (Bertrand and Rossi, 1994; Herschlag et al., 1994; Tsuchihashi et al., 

1993).  In addition, NCp7 has been shown to resolve a misfolded ribozyme-substrate 

RNA complex that is otherwise long lived (Herschlag et al., 1994).  Certain 

aminoglycosides can inhibit the activity of ribozymes (Earnshaw and Gait, 1998; 

Hermann and Westhof, 1998; Llano-Sotelo and Chow, 1999).  Crystallography 

analysis has revealed structural complementarities between the charged amino groups 

on aminoglycosides and the metal binding sites within the catalytic pocket of 
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hammerhead ribozymes (Hermann and Westhof, 1998).  This indicates the 

aminoglycosides actually compete with magnesium for the metal binding sites within 

the catalytic domain.  In contrast, viomycin has been shown to enhance the 

interactions between RNA molecules, increasing the cleavage activity of ribozymes 

(Olive et al., 1995).  Unlike aminoglycoside antibiotics, viomycin is a basic cyclic 

peptide antibiotic of the tuberactinomycin group.  In the presence of viomycin, the 

required magnesium concentration is reported to be decreased by one order of 

magnitude.  Oligonucleotide facilitators have also 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 helix I and III 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 

association of the ribozyme and substrate by coaxial helix stacking.  The effect of the 

facilitators may also cause a conformational change in the substrate RNA increasing 

accessibility to ribozyme binding.  And while oligonucleotides 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 catalytically active 

and specific for the engineered target site, the GHR-RZ was tested in cultured cells.  

Since the GHR-RZ was ultimately designed for expression in mice, a mouse cell line 

was chosen for cellular analysis.  Although our laboratory already had mouse L cell 

lines stably transfected with GHR cDNA the cDNA was isolated from pig (Wang et 
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al., 1993b), analysis of the target site in the porcine GHR nucleotide sequence 

compared to that of the mouse revealed that 7 out of the 24 nucleotides represented in 

the RZ/GHR helices were mismatched.  Therefore, to create a mouse line with high 

levels of mouse GHR, L cells were transfected 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 

stable DNA incorporation, GHR expression was measured using GH binding assays.  

GHR expression was observed in 100% of 15 GHR/BP DNA positive lines isolated.  

This not only provided a cell line in which the GHR-RZ could be tested, it 

demonstrated that the mouse metallothionein TRE was active in these cells.  One of 

the cell lines (E6) that demonstrated a relatively moderate level of GHR expression 

was selected for RZ analysis.   

The GHR-RZ construct pMet-GHR-RZ was stably transfected into the E6 cell 

line.  The stable integration of the pMet-GHR-RZ into the E6 cell genome was 

verified by PCR.  The ability of the RZ to decrease GHR expression 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 transfected cell lines (6-4 and 6-5).  Western blot analysis using a monoclonal 

antibody directed to the cytoplasmic region of the GHR revealed 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-

translational 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 analyses, the true identities of these bands remain unknown.  Since the antibody 

used in this case was directed to the cytoplasmic domain of the GHR, the GHBP 

corresponding to the extracellular 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 

specificity of the antibody to the cytoplasmic domain once again rules out this 

possibility.  It is therefore likely that the bands represent two separate products of the 

cytoplasmic domain that differ in size but contain the same epitope to which the 

antibody recognized.   

GHBP levels were also decreased in the RZ transfected cell lines 6-4 and 6-5 

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 equal to that observed for the GHR (both ~50%).  Analysis of the 

northern blot using a probe directed against exons 2-7 also demonstrated that more 

GHBP mRNA was present in RZ transfected cells as well as in non-RZ transfected 

cells (figure 23).  This indicated that the parental E6 cells were producing more GHBP 

than GHR mRNA to begin with and that the RZ was not preferentially decreasing 

GHR message.  The presence of introns flanking exon 8a in the pMet-GHR/BP 

“minigene” allowed for alternative splicing of the pre-mRNA GHR/BP transcript to 

GHBP and GHR mRNAs.  The inclusion of exon 8a allows for the production of 

GHBP mRNA while skipping this exon allows for the production of GHR mRNA.  

Apparently a preference for the inclusion of exon 8a exists in this cell line with this 
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construct.  Recently it has been suggested that the opposing effects of serine/arginine-

rich proteins (SR) and heterogeneous nuclear ribonucleoprotein (hnRNP) A1 influence 

alternative splicing (Caceres et al., 1994; Ichida et al., 2000).   Increased expression of 

SR activates proximal 5' splice sites, and promotes the exon inclusion, while increased 

expression of hnRNP A1 activates distal 5' splice sites and promotes exon skipping. 

Therefore, if this view of control during alternative splicing is correct, it would be 

interesting to see if SR is expressed to a greater extent than hnRNP A1 in these cells 

and if these cells favor exon inclusion for all pre-mRNAs.   

Attempts to detect the RZ RNA were unsuccessful using northern blot analysis 

and RNase protection assays.  Difficulties in detecting RZs expression with significant 

reductions in the targeted genes have been reported previously (Efrat et al., 1994; 

Heinrich et al., 1993; Sokol and Murray, 1996).  Larsson and colleagues reported a 22-

94% decrease in β2M mRNA levels from lung tissue of individual transgenic mice 

with no detection of RZ RNA by northern blot analysis, or by RNase protection assays 

(Larsson et al., 1994).  Efrat and colleagues reported a 70% decrease in islet GK 

activity with no detection of RZ RNA by northern blot analysis, or by RNase 

protection assays (Efrat et al., 1994).  The first ribozyme to be detected by Northern 

blot analysis in a transgenic mice was described by L’Huillier and colleges in 1996 

(L'Huillier et al., 1996).  Prior to this all other ribozymes were detected by RT-PCR.  

A possible reason for this may be due to differences in size.  The RZ utilized here was 

predicted to be 161 nucleotides in length (not including the poly A tail).  The RZ that 

was detected by northern was predicted to be 1150 bases after transcription and 
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splicing, not including polyadenylation.  The large size of this ribozyme was due to 

the large 5’ (transcription initiation was ~268 bases upstream of the ribozyme) and 3’ 

(the poly (A) cleavage site was ~822 bases downstream of the ribozyme) untranslated 

regions.  It is possible that the very nature of ribozymes with strong secondary 

structure, small size, and the formation of antisense recognition with target RNA, 

makes the detection of RZs difficult.   

Following the successful reduction in GHR levels in the E6 cells transfected 

with RZ, we wanted to see if this reduction was sufficient to alter GH signaling 

through STAT-5 activation.  The two RZ transfected cell lines (6-4 and 6-5) exhibited 

a distinct reduction in GH stimulated STAT-5 activation as determined by western 

blot analysis using anti-phosphotyrosine (PY-20) serum.  The bands migrating at 95 

kDa have been shown previously to be STAT-5 in three separate laboratories (Chow et 

al., 1996; Ram et al., 1996; Silva et al., 1996; Wang et al., 1994; Xu et al., 1996; Xu et 

al., 1995).  The degree of reduction was greater than 50% for both of the RZ DNA 

positive cell lines.  Therefore it appeared that a 50% reduction in GHR level was 

sufficient to decrease GH stimulated signal transduction through STAT-5 in E6 cells 

(see figure 25).   

In an effort to better understand the relationship between GHR level and 

STAT-5 activation, the stable cell lines initially transfected with the GHR/BP “mini-

gene” were further studied in greater detail.  Utilizing the range of GHR expression 

observed in the 15 cell lines, 6 of the stable lines representing the highest, lowest, and 

4 intermediate GHR expressers were selected to determine the effect of GHR level on 
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STAT-5 activation.  GHR number in the 6 cell lines ranged from ~50,000 to ~240,000 

GHR/cell.  Analysis of cell surface receptor number plotted against STAT-5 activation 

in GH treated cells suggests that maximal activation was approached in cells 

expressing ~240,000 GHR/cell.  Only a slight increase in STAT-5 activation was 

observed between the cell lines expressing ~160,000 GHR/cell and ~240,000 

GHR/cell.  In addition, a linear relationship was observed for cells expressing less than 

~110,000 GHR/cell.   

The RZ transfected clone 6-5 was also analyzed along side the 6 GHR 

expressing clones.  The degree of STAT-5 activation in the RZ transfected cell line 6-

5 was similar to that of the GHR expressing clone #8 which expressed ~80,000 

GHR/cell.  The number of GHRs/cell in the RZ transfected cell line was determined to 

be ~81,000, also similar to levels observed in clone #8.  The similarities in receptor 

number and STAT-5 activation between these two clones (6-5 & 8) further verified the 

relationship in that two separate methods were used.  For clone #8, 80,000 GHRs/cell 

were expressed in this cell line due to stable transfection of the GHR/BP “minigene”.  

For clone 6-5, 81,000 GHRs/cell were expressed as the result of a stable RZ 

transfection into a cell line previously transfected with the GHR/BP “minigene”.  This 

was a 48% decrease in GHR number as compared to the parent E6 cells which 

expressed ~170,000GHR/cell.  These results confirmed the previous findings that 

GHR levels were decreased in these cells by ~50%, and that this decrease was 

sufficient for a reduction in GH signaling through STAT-5.  In addition, the ribozyme-

associated reduction observed in clone 6-5 also helped to reinforce the relationship 
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described by the plot linking GHR number and the degree GH stimulated STAT-5 

activation.  The transfection of the RZ into clone E6 decreased both the number of 

GHRs and the degree of STAT-5 activation in a manner that obeyed the line 

describing the relationship between the two factors determined in the absence of RZ 

transfection.  Simply stated, “the results from the RZ transfected cells were on the line 

of the results from the GHR transfected cells. “ 

The pMet-GHR-RZ mammalian expression plasmid was used to generate 

GHR-RZ transgenic mice.  Three of the 127 mice screened by DNA slot blot analysis 

were DNA positive (mouse #93-female, #113-male, and #126-female).  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 positive 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 analysis.  Livers from GHR “knockout” mice were also obtained to serve as 

controls for the GHR westerns.  Based on the intensity of bands following analysis of 

liver from individual mice, the conclusion drawn was that an insufficient number of 

samples due to large variations in GHR levels from animals in the same genotype.  

Determining GHR levels from individual mice was therefore difficult.  Therefore, in 

an effort to increase the number of animals from a given genotype observed by 

western blot analysis, all 6 liver samples were pooled for each genotype analyzed.  

Analysis of immunoblots from three westerns revealed no change in GHR levels in 

transgenic mice from founder 93 and founder 126 when compared to non-transgenic 
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littermate controls.  Only a slight change in GHR levels was observed in transgenic 

mice from founder 113 when compared to controls.  Due to the variability observed in 

westerns performed on liver samples from individual mice it could not be concluded 

that a decrease in GHR had actually occurred in transgenic mice from founder 113.  

But, in the event that the observed slight decrease in GHR from the founder 113 mice 

was actually representative of a decrease in receptor levels, this line was further 

analyzed for decreased GHR levels.   

Since it is known that heterozygous GHR (+/-) “knockout” mice have a 

decrease in GHR (only one functional allele) (Zhou 1997), and that these animals 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 functional GHR allele.  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 sufficient for phenotypic change.  In a further attempted to 

create a phenotypic change in these mice by upregulating transcription of the 

metallothionein-I driven GHR-RZ ”mini-gene”, zinc was introduced to the mice.  

Treatment was continuous for 5 week.  Supplementing the drinking water of a mouse 

with up to 25 mM ZnSO4 has been shown to increase the rate of transcription of a 

metallothionein-I TRE containing transgene with no significant change in mortality 

rate (Eisen et al., 1998; Siewerdt et al., 2000).  Mice receiving treatment had their 
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standard drinking water supplemented with 25 mM ZnSO4 ad libitum starting at age 

weaning (28 days).  Mice were selected at 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 transition was similar in timing for all mice 

studied.  Therefore the time of regular weaning in the mouse colony was selected.  

Analysis of mouse growth curves in the GHR -/- mice indicate that the GH dependent 

growth in mice does not occur until approximately two weeks of age.  This is evident 

in that GHR -/- animals 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.  Additionally, 

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 composition and to less of a degree by longitudinal growth 

as observed in younger mice.  Analysis of mouse weights revealed no significant 

change between transgenic GHR-RZ mice and non-transgenic mice regardless of sex, 

“Knockout” genotype, or zinc treatment.  In agreement, GHR western blot analysis of 

pooled male and female liver samples showed no difference in GHR levels when 

GHR-RZ transgenic samples were compared to non-transgenic controls.  The GHR-

RZ therefore was ineffective at decreasing GHR in mice.   

The precise reason why the RZ failed is not known but several 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. 
 

RNase 

target site accessibility 

transcription 

RZ and substrate 
localization 

misfolded RZ 

RNase degradation 
arm length 

nuclear 
export 



 218

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 

structure of RZs and the presence of antisense arms may play a role in blocking 

detection.  Since the RZ was specifically engineered to bind target RNA, it is possible 

that denaturing conditions during RNA analyses are not sufficient for separation.   

If the RZ was not transcribed, a possible explanation might be due to the 

absence of an intron in the RZ construct.  The inclusion of intronic sequence can allow 

for expression of cDNA in transgenic animals that are not transcribed or are 

transcribed at low levels in their absence (Brinster et al., 1988; Clark et al., 1993; 

Whitelaw et al., 1991).  In addition, intron containing and non-intron containing 

constructs that have different transcription efficiencies in transgenic animals can be 

expressed in cell culture with no difference in transcription efficiency (Brinster et al., 

1988; Whitelaw et al., 1991).  It is thought that transcriptional enhancer sequences are 

located in certain introns and therefore inclusion of these introns increases 

transcription efficiency (Clark et al., 1993; Whitelaw et al., 1991).   It is suggested that 

this effect on genes in animals differs from cultured cells in that cells in living 

organisms are exposed to more developmental influences (Brinster et al., 1988).  In 

addition, the presence of splicing machinery is thought to increase transcription 

efficiency and assist in the export of mRNAs though the nuclear pores (Huang and 

Carmichael, 1996; Lewis and Izaurralde, 1997).  Analysis of RZs that have been 
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shown to decrease target mRNA in transgenic mice previously suggest that the 

inclusion of an intron into the expression cassette allows for successful transcription of 

the RZ (Efrat et al., 1994; L'Huillier et al., 1996; Sokol et al., 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 

al., 1994).  It is also possible that the RZ-DNA integrated into a location of the 

genome that silenced the gene (Clark et al., 1993).  While this remains a possibility, it 

is less likely when we consider that all three separate lines of mice failed to decrease 

GHR levels.  If this were the cause, it would have had to occur in all three mouse-

lines.  Other possible explanations for the failure of the RZ in vivo include: the 

presence of cellular inhibitors of RZ activity (Feig et al., 1998), misfolding of the RZ 

(Bassi et al., 1999), RNase degradation (Qiu et al., 1998), the inability of the RZ to be 

exported from the nucleus (Bertrand et al., 1997; Huang and Carmichael, 1996; 

Koseki et al., 1999), localization of the RZ to regions of cytoplasm that are distinct 

from the location of the GHR mRNA (Bertrand et al., 1997; Ding et al., 1993; 

Oleynikov and Singer, 1998), improper length of the annealing arms leading to 

decreased turnover for arms that are too long or non-specific recognition for arms that 

are too short (Gavin and Gupta, 1997; Sioud, 1997), an inaccessible target site due to 

secondary structure of the GHR mRNA and/or the presence of an RNA binding 

protein (Amarzguioui et al., 2000; Scherr and Rossi, 1998). 

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

RZ construct was successful at decreasing GHR levels by 50% in E6 cells.  This 
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decrease was sufficient enough to alter GH signaling as observed by a concomitant 

decrease in GH stimulated STAT-5 activation.  Therefore, GH resistance was created 

in the RZ transfected cells.  A relationship between the level of GHR expression level 

and GH induced STAT-5 activation was established in the GHR/BP transfected cells.  

In RZ transfected cells, the decrease in GHR number and ability to activate STAT-5 

conformed to this relationship.  Whether a similar decrease in GHR levels in 

transgenic mice would result in a similar pattern remains unknown.  Future 

experiments that may lead to the successful design of a RZ used for decreasing GHR 

gene expression to sufficient levels to elicit observable phenotypic changes involve the 

inclusion of an intron into the pMet-GHR-RZ plasmid and the use of highly active 

RNA polymerase III promoter driven tRNA-tethered RZs.  Currently, tRNA-tethered 

RZs targeted to the GHR-mRNA have been constructed and preliminary results in 

cultured cells indicate that they are active (see appendix D).  Whether or not these RZs 

will be active in transgenic mice remains unclear as results from cell culture analysis 

does not always represent results obtained in an organism. 

The complete loss of functional gene expression is the cause of many inherited 

diseases. Animal models for these conditions can be created by homologous 

recombination resulting in a gene “knockout”.  While the complete loss of functional 

gene expression can account for many genetic disorders, certain diseases can arise 

from decreases in gene expression.  For these conditions, gene disruption via 

homologous recombination is not always the best method for creating animal models.  

Ribozymes offer an alternative to conventional gene disruption by decreasing but not 
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eliminating functional gene expression as no ribozyme expressed in vivo has been 

reported to completely eliminate the gene expression of interest.  Our laboratory has 

created mice that are completely unable to utilize GH (Zhou et al., 1997).  This was 

accomplished using homologous recombination affectively disrupting the GHR gene 

resulting in GHR -/- mice.  While these mice have proved to be a valuable tool for 

understanding the human condition termed Laron syndrome and have helped to 

elucidate GH action through studying its absence, we have not been able to study the 

effects of decreased GH action using these mice.  The complete absence of GH action 

in these mice appears to have some very profound consequences.  Aside from the 

more obvious decreases in growth parameters such body weight (Zhou et al., 1997), 

delayed sexual maturation (Chandrashekar et al., 1999; Zhou et al., 1997), and 

decreased bone mineral content (Sims et al., 2000; Sjögren et al., 2000), some 

beneficial changes such as protection from diabetic nephropathy (Bellush et al., 2000) 

and a significantly increased lifespan occur (Coschigano et al., 2000).  Interestingly, 

the heterozygous GHR +/- littermates, which are reported to have a significant 

decrease in GHR expression, do not share any of these physiological “shortcomings” 

or benefits.  With this in mind an important question arises: If the complete lack of GH 

causes such profound and beneficial effects and the heterozygous GHR +/- mice do 

not share any of these phenotypes, then at what level of GHR expression do we start to 

see changes in phenotype.   

An answer to this question may also help in other areas of GH metabolism 

beyond Laron dwarfism.  Starvation, sepsis, diabetes, surgery, and critical illness can 
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be associated with an increased catabolic rate that can prolong recovery and increase 

morbidity and mortality (Chiolero et al., 1997; Lewis et al., 1997; O'Leary et al., 2000; 

Thissen et al., 1999).  These conditions are associated with GH resistance defined by 

normal levels of GH and with low levels of IGF-I.  In a non-disease state serum IGF-I 

levels are positively regulated by serum GH, therefore normal to high levels of GH 

should produce normal to high levels of IGF-I.  While complete GH insensitivity has 

been created in GHR -/- mice, no mouse model for GH resistance exists.  Because the 

heterozygous GHR +/- mice are reported to have decreased GHR levels, it is logical to 

think that they could serve as a model for GH resistance.  Unfortunately, as previously 

stated they do not exhibit any signs of GH resistance as no other phenotypic changes 

have been reported when these mice are compared to non-transgenic littermates.  

Apparently the extent to which GHR expression is decreased in the +/- mice is at a 

level that still allows for normal GH signaling.  We see from the results obtained in 

cell culture that a 50% decrease in GHR number was sufficient to alter GH-stimulated 

STAT-5 activation.  Moreover, we see that GH-stimulated STAT-5 activation was 

linear up to ~110,000 GHRs/cell.  The relationship between GHR number and GH-

stimulated STAT-5 activation began to approach a maximum beyond ~170,000 

GHRs/cell as only a slight increase in STAT-5 activation was observed in cells 

expressing ~240,000 GHRs/cell.  If these results obtained in cultured cells are 

representative of what was occurring in vivo, then it is possible that the level of GHRs 

in mice are above the linear range observed in cells.  If this were true then the 50% 

decrease in GHR levels of the heterozygous male GHR “knockout” mice would only 
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slightly alter GH-stimulated STAT-5 activation.  This phenomenon was observed 

between cell line 6 which expressed 170,000 GHR/cell and cell line 15 which 

expressed 240,000 GHRs/cell.  The increase of 70,000 GHRs/cell between these two 

cell lines had little effect on GH-stimulated STAT-5 activation (~3% increase), while 

a smaller increase (~60,000 GHRs/cell) between cells expressing GHR levels in the 

linear range such as cell lines 12 (~50,000 GHRs/cell) and 10 (~110,000 GHRs/cell) 

resulted in a much greater effect on GH-stimulated STAT-5 activation (~69% 

increase). 
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pMSV-GHR-RZ  

Summary of experiments 

 In an effort to create a cell line that expresses GHR-RZ in an inducible manner, 

the sodium butyrate inducible (Yeivin et al., 1992) Maloney murine sarcoma virus 

long terminal repeat (MSV-LTR) was cloned 5’ of the GHR-RZ.  An MSV containing 

expression cassette (pMSV-bGH-c) was first created.  Sequencing analysis confirmed 

the proper cloning of the construct.  The MSV-driven RZ expression vector (pMSV-

GHR-RZ) was then cloned and sequenced.  To analyze the GHR-RZ in cells, mouse L 

cells stably transfected with a GHR/BP “mini-gene” (E6 cells) were stably transfected 

with pMSV-GHR-RZ.  Following treatment with sodium butyrate, we expected the 

MSV-driven GHR-RZ to decrease the level of GHR compared to non-sodium butyrate 

treated cells.  Unexpectedly, GHR levels actually increased in the sodium butyrate 

treated cells as compared to the non-treated cells (as determined by GHR binding 

assays).  Therefore, it appears that the metallothionein-I transcriptional regulatory 

element is also inducible by sodium butyrate treatment in agreement with previous 

reports (Andrews and Adamson, 1987; Birren and Herschman, 1986; Thomas et al., 

1991). 

  

Creation of pMSV-bGH-c expression cassette 

The plasmid pMSV-GHR-RZ containing 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 expression cassettes, pCMVie-bGH and pMSV-∆29 (see figure 42).  

The plasmid pCMVie-bGH was prepared for ligation by digestion with PvuII and 

NdeI to produce four fragments 798nt, 881nt, 1224nt, and 2330nt in size.  The plasmid 

pMSV-∆29 was prepared by digestion with BamHI to produce two fragments 1000nt 

and 7500nt in size.  The 5’ overhangs resulting from the BamHI digestion were then 

filled in with Klenow enzyme.  The “blunt ended” fragments from pMSV-∆29 were 

then digested with NdeI to produce four fragments 996nt, 1000nt, 2500nt, and 4000nt 

in size.  The fragments from both plasmids were separated by electrophoresis.  The 

~2330nt fragment from pCMVie-bGH containing the bGH poly A signal sequence, 

ampicillin resistance gene and the origin of replication was removed with a scalpel and 

retained for purification.  The ~966nt fragment from pMSV-∆29 containing the MSV 

transcriptional regulator element was removed with a scalpel and retained for 

purification.  The two fragments were placed into dialysis tubing containing TAE and 

isolated using dialysis tubing and Elutip-dTM ion-exchange columns as described 

previously in the method section of this dissertation.  The isolated DNA fragments 

were resusended in deionized H2O and ligated using T4 DNA polymerase.  DNA 

mini-preparations were performed and positive clones were sequenced (see figure 43) 

to verify proper sub-cloning.   

 

Creation of pMSV-GHR-RZ expression vector 

Using the pMSV-bGH-c expression cassette, the GHR-RZ was sub-cloned in  
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Figure 42.  Construction of the plasmid pMSV-bGH-c.  The plasmids pCMVie-
bGH-c and pMSV-delta 29 were used to sub-clone the sodium inducible expression 
cassette pMSV-bGH-c.  Following digestion with NdeI and PvuII, a ~2330nt fragment 
from pCMVie-bGH containing the bGH poly A signal sequence, ampicillin resistance 
gene and the origin of replication was isolated.  Following a digestion with BamHI, 
“blunt end” reaction with Klenow, and a second digestion with NdeI, a ~966nt 
fragment from pMSV-∆29 containing the MSV transcriptional regulator element was 
isolated.   The two fragments were ligated, and the positive clones were sequenced. 

-NdeI/PvuII digest 
-isolate vector fragment 
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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 restriction sites (SphI, SalI, XbaI, and BamHI).  
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. 
 
 

 
 
CTTCCGCTCC CCGAGCTCAA TAAAAGAGCC CACAACCCCT  
 
 
 
CACTCGGGGX GCCAGTCTTC CGATAGACTG CGTCGCCCAG  
 
 
 
CTTGCATGCC TGCAGGTCGA CTCTAGAGGA TCCTGTGCCT  
 
 
 
TCTAGTTGCC AGCCATCTGT TGTTTGCCCC TCCCCCG  
 
 

 SacI 

  SphI   BamHI XbaI  SalI 
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to create the pMSV-GHR-RZ expression 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 

previously annealed double stranded RZ DNA fragments were also “blunt ended” with 

Klenow enzyme.  Both fragments were gel purified and placed into dialysis tubing 

containing TAE and isolated using dialysis tubing and Elutip-dTM ion-exchange 

columns as described previously in the method section of this dissertation.  The 

isolated DNA fragments were resusended in deionized H2O and ligated using T4 DNA 

polymerase.  DNA mini-preparations were performed and positive clones were 

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

 

Stable transfection of E6 cells with a GHR-RZ 

 E6 cells, which express GHR (Mouse L cells stably transfected with GHR/BP 

DNA), were used for pMSV-GHR-RZ transfections.  pGHR-RZ transfections were 

performed according to the general procedure for stable transfection of adherent cells 

with LipofectAMINETM outlined by the manufacturer’s protocol (Gibco BRL) and is 

outlined in the method section of this dissertation for the stable transfection of E6 cells 

with GHR-RZ.   

 

PCR screening of GHR-RZ transfected E6 cells 

 PCR was performed on 10 stable cell lines to verify the presence of the 

transfected GHR-RZ DNA.  The method of screening used was similar to method  
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Figure 44.  Construction of plasmid pMSV-GHR-RZ.  The plasmid pMSV-bGH-c 
containing the ampicillin resistance gene, a bovine growth hormone poly adenylation 
signal sequence, and an MSV-LTR was used as an expression vector for the GHR 
ribozyme.  The plasmid was prepared for ligation by digestion at a unique BamHI site 
followed by a “blunt end” reaction with Klenow.  Oligonucleotides encoding the sense 
and antisense sequences of the GHR-RZ were annealed and the XbaI/XboI overhangs 
were “blunt ended” by Klenow prior to ligation.   

     

XhoI   
XbaI     RZ   

    RZ 

-BamHI digest 
-Klenow 

-anneal RZ oligos 
-Klenow 
 

-mix 
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Figure 45.  Sequence of the plasmid pMSV-GHR-RZ.  DNA sequencing results 
confirmed the proper integration of RZ-DNA into the expression plasmid.  The shaded 
sequence represents the ribozyme insert with the 12 nt 5’ and 3’ arms boxed.  The 
restriction sites are indicated with brackets. 

 
 
 
CTTCCGCTCC CCGAGCTCAA TAAAAGAGCC CACAACCCCT 
  
 
CACTCGGGGX GCCAGTCTTC CGATAGACTG CGTCGCCCAG 
  
 
CTTGCATGCC TGCAGGTCGA CTCTAGAGGA TCCTAGACAA 
 
 
GGTTAAGAAC TGATGAGTCC GTGAGGACGA AACCTGACAA 
 
 
AGACTCGAGA TCCTGTGCCT TCTAGTTGCC AGCCATCTGT 
 
 
TGTTTGCCCC TCCCCCG 
 
 

 SacI 

  SphI   BamHI XbaI  SalI 



 270

described earlier for PCR screening of pMet-GHR-RZ transfected cells with the 

following exception:  While the same 3’ primer was used for detecting the RZ “mini-

gene”, CTACAAATAGCATGACTGCTAGTCC (directed to the poly adenylation 

signal sequence located in the bGH sequence 3’ of the RZ), a different 5’ primer 

CCAGTCTTCCGATAGACTGC (directed to a sequence in the MSV transcriptional 

regulatory element) was used. 

 

Screening cells for functional GHR expression 

 The stably transfected GHR/BP DNA positive L cells as well as double 

transfected pMSV-GHR-RZ cells were screened for GHR expression using GHR 

binding assays.  In 6-well tissue culture plates monolayers of the stable cells were 

propagated to 100% confluence (~1x106 cells/well).  In half the wells, 5mM sodium 

butyrate was added to the culture media 24 hours prior to depletion.  The cells were 

depleted in serum free DMEM medium for 2 hours at 37°C.  Sodium butyrate treated 

cells were depleted in serum free DMEM medium with 5 mM sodium butyrate for 2 

hours at 37°C.  Binding assays were performed as previously described in the methods 

section for the screening of functional GHR expression with the exception of sodium 

butyrate treatment.   
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GHBP specific ribozyme 

Summary of experiments 

The GHR and GHBP mRNAs are alternatively 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 inclusion 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 attempt 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 positive 

clones as well as in the parent E6 cells.  The samples were then sent to Dr. Gerhard 

Baumann at Northwestern University where GHBP levels were determined using GH 

affinity columns.  None of the GHBP-RZ DNA positive cells had a statistically 

significant decrease in GHBP levels as compared to levels of GHBP in the parent E6 

cells.  While the reason for the failure of the GHBP-RZ is not known, it is possible 

that spanning the splice site 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 possible that the different sequence in the arms (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 ribozyme target 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 pair 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 also required for 

complete RZ recognition.  These helices, representing helix I and III of a hammerhead 

ribozyme / target RNA interaction, were analyzed using criteria reported in the 

literature to be important for ribozyme design.  A general rating scheme represented in 

figure 46 was created based on these factors.   

 

GHBP-RZ plasmid construction 

The plasmid pMTK-bGH-c containing the ampicillin resistance gene, a bovine 

growth hormone poly adenylation signal sequence, and a mouse metallothionine-I 

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 

BglII and PvuII.  The fragments were separated by electrophoresis and the ~4000 bp 

band corresponding to the pMTK-bGH-c expression vector alone, minus the 

thymidine kinase gene (TK), was removed with a scalpel.  The fragment was then gel 

purified and placed into dialysis tubing containing TAE and isolated using dialysis 

tubing and Elutip-dTM ion-exchange columns as described previously in the method 

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

 
atgggccctatatggttaacatactgtccagtgtactcattgagaatggataaagaacatgaagtgcgggtgagatccagaca
acggagctttgaaaagtacagcgagttcagcgaagtcctccgtgtaatatttcctcagacgaacatattggaagcatgtgaag
aag 
 

Exon 8a 
 
gaaccaaGTCcaattctcagcacccacatcaagagattgacaaccacctgtatcaccagcttcagaggatccgccatcc
ctagccttgtgggcacctgcattcatatgcacatacatgcatacgcataattcaaaataataaaa 
 
 
 
 
 
 
                 #As      m-Ns    GC CA/UA 
 
Exon 8a: aaggaaccaaGTCcaattctcagca 
  uuccuugguuca guuaagagucgu 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 I and III of the ribozyme-GHBP 
mRNA recognition complex.  This sequence runs into the last three nucleotides of 
exon 7.  B. The GTC target site 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 repeats of a single nucleotide (m-Ns) is discouraged in primer 
prediction programs such as GeneWorksTM.  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 at a higher 
rate when UA and CA dinucleotides or present.  These sites are specific targets for an 
unidentified endoribonuclease (Qiu et al., 1998).  Key: (bold underlined = optimal; 
bold = good; regular text = indifferent; italic = sub optimal)   
 

A. 

B. 
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Figure 47.  Construction of pMet-GHBP-RZ.  The plasmid pMTK-bGH-c 
containing the ampicillin resistance gene, a bovine growth hormone poly adenylation 
signal sequence, and a mouse metallothionine-I transcriptional regulatory element was 
used as an expression vector for the GHR ribozyme.  The plasmid was prepared for 
ligation by digestion at unique BglII and PvuII sites.  Oligonucleotides encoding the 
sense and antisense sequences of the GHR-RZ were annealed creating a BglII 
overhang and a blunt end at the 5’ and 3’ ends, respectively. 

 

     

XhoI   
XbaI     RZ   

  

-BglII/PvuII digest 
-isolate vector fragment -anneal RZ oligos 

 
-mix 
-ligate 
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H2O.  The GHBP DNA was prepared by annealing 10 ug of sense, and 10 ug of 

antisense oligonucleotides in T4 DNA ligase buffer from Promega as described for the 

cloning of the GHR-RZ in the methods section.  The DNA fragments were ligated 

using T4 DNA polymerase.  DNA mini-preparations were performed and positive 

clones were sequenced to verify proper sub-cloning. 

 

Stable transfection of E6 cells with a GHR-RZ 

 E6 cells, which express GHR and GHBP (Mouse L cells stably transfected 

with GHR/BP DNA), were used for pMet-GHBP-RZ transfections.  pMet-GHBP-RZ 

transfections were performed according to the general procedure for stable 

transfection of adherent cells with LipofectAMINETM outlined by the manufacturer’s 

protocol (Gibco BRL) and is outlined in the method section of this dissertation for the 

stable transfection of E6 cells with GHR-RZ.   

 

PCR screening of GHR-RZ transfected E6 cells 

 PCR was performed on 25 stable cell lines to verify the presence of the 

transfected GHBP-RZ DNA.  The method of screening used was similar to method 

described earlier for PCR screening of pMet-GHR-RZ transfected cells with the use of 

the same 5’-Met primer (GTCACCACGACTTCAACGTCC) and 3’-bGH primer   

(CTACAAATAGCATGACTGCTAGTCC), respectively.  
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No Decrease in GHBP or GHR levels in GHBP-RZ transfected cells 

The amount of GHBP produced was measured in GHBP-RZ DNA positive 

clones as well as in the parent E6 cells.  Using 75 cm2 flasks, cells were allowed to 

grow to 100% confluence (approximately 9x107 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 µm-vacuum filters and 

placed on dry ice.  The samples were then sent to Dr. Gerhard Baumann at 

Northwestern University where GHBP levels were determined using GH affinity 

columns.  None of the GHBP-RZ DNA positive cells had a statistically significant 

decrease in GHBP levels as compared levels of GHBP in the parent E6 cells.  Binding 

assays were also performed as previously described in the methods section for the 

screening of functional GHR expression.  Once again, no decrease in GHR levels was 

detected.   
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Subcloning a targeting vector for GHBP specific gene disruption  

Summary of experiments 

Attempts to “knockout” the GH binding protein (GHBP) specifically while 

leaving its alternatively spliced gene product partner, the GHR, intact were 

unsuccessful following two years of attempts in our laboratory.  The gene-disruption 

targeting vector used was pGHBPKO/97, which had lox P sequences flanking 

thymidine kinase (TK) and neomycin (Neo) resistance genes.  The targeting vector 

contained GHR/BP genomic sequence from the 3’-most XbaI site of the intron before 

exon 7 to the SalI site in exon 10.  To prevent alternative splicing involving inclusion 

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 positioned in the targeting vector such that it interrupted a region of GHR/BP 

genomic sequence at the NotI site in the intron between exon 8 and 9.  The position of 

the lox P TK/Neo sequence resulted in ~5 kb of genomic sequence available for 

homologous recombination at the 3’ end of the construct while only ~600 bases of 

genomic sequence was available at the 5’ end.  It was likely that the ~600 bases of 

genomic sequence in the targeting vector was insufficient for homologous 

recombination leading to the two year failure 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, pGB1/H, and 

pGB/HR-7/8) and 1 plasmid containing the lox P TK/Neo sequences (pNTL). 
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First, clone pGB2/B containing GHR sequence from the first KpnI site of 

intron 6/7 to the SalI site at the end of exon 8a was digested with KpnI 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 

immediately 5’ of exon 7 for what will ultimately serve as the 5’ extension in the new 

targeting vector. Second, pGB2/BK and pGB 1/H were each digested with SalI and 

XbaI (see figure 49). The fragment containing the pUC-19 backbone and ~770 bases 

of intron 6/7 stopping at XbaI was gel purified from the pGB2/BK digest, while a 

fragment containing sequences from the XbaI site of intron 8/9 to the SalI of 10 was 

purified from the pGB 1/H digest. The two gel purified fragments were ligated to yield 

the plasmid p2BK-1/H which lacked the sequence from the XbaI of intron 6/7 to the 

XbaI of intron 8/9. This sequence was added by ligating the XbaI to XbaI fragment 

from pGB/HR-7/8 into p2BK-1/H linearized at XbaI (see figure 50). The XbaI to XbaI 

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 KpnI site in intron 6/7, a fussed exon 7/8, 

intron 8/9, exon 9, intron 9/10, and exon 10 to the SalI site.  To this plasmid the lox-

TK-neo-lox sequence was isolated from pNTL at BstXI / ClaI unique restriction sites, 

blunt ended with T4 DNA polymerase and ligated into p2BK-l/H-7/8 at a unique (T4 

DNA polymerase blunt ended) NotI site present in intron 8/9 (see figure 51).  The 

resulting plasmid pBPKO/99 was similar 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.  Construction of the plasmid pGB2/BK.  Clone pGB2/B (containing 
GHR sequence from the first KpnI I site of intron 6/7 to the SalI site at the end of exon 
8a) was digested with KpnI 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 immediately 5’ of exon 7 for what will ultimately serve as the 5’ 
extension in the new targeting vector.  

-KpnI digest 
-isolate vector fragment 
-ligate vector to itself 
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Figure 49.  Construction of plasmid p2BK-1/H.  The plasmids pGB2/BK and pGB 
1/H were each digested with SalI and XbaI. The fragment containing the pUC-19 
backbone and ~770 bases of intron 6/7 stopping at XbaI was gel purified from the 
pGB2/BK digest, while a fragment containing sequences from the XbaI site of intron 
8/9 to the SalI of 10 was purified from the pGB 1/H digest. The two gel purified 
fragments were ligated to yield the plasmid p2BK-1/H. 

-SalI and XbaI digest 
-isolate vector fragment 

-mix 
-ligate 

  

-SalI and XbaI digest 
-isolate fragment   
  containing exons 9 & 10 
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Figure 50.  Construction of the plasmid p2BK-1/H 7/8.  The sequence from the 
XbaI of intron 6/7 to the XbaI of intron 8/9 was added to the plasmid p2BK-1/H by 
ligating the XbaI to XbaI fragment from pGB/HR-7/8 into p2BK-1/H linearized at 
XbaI. The XbaI to XbaI 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 KpnI site in intron 6/7, 
a fussed exon 7/8, intron 8/9, exon 9, intron 9/10, and exon 10 to the SalI site.  
 

-XbaI digest 
-isolate vector fragment 

-mix 
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-XbaI digest 
-isolate fragment containing  
  the fused exon 7/8 
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Figure 51.  Construction of targeting vector pBPKO99.  To the NotI linearized 
plasmid p2BK-1/H-7/8, the lox-TK-neo-lox sequence was isolated from pNTL at 
BstXI / ClaI unique restriction sites, blunt ended with T4 DNA polymerase and ligated 
into p2BK-l/H-7/8 at a unique (T4 DNA polymerase blunt ended) NotI site present in 
intron 8/9.  The resulting plasmid pBPKO/99 was similar to the older pBPKO/97 
targeting vector with the exception of an extra ~800 base added to the 5’ genomic 
sequence.   

-NotI digest 
-isolate vector fragment 

-mix 
-ligate 

 

 

-BstXI and ClaI digest 
-blunt with T4 DNA Pol 
-isolate Lox-TK-Neo-Lox  
  fragment  
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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 cells.  

The embryonic stem cells were successfully implanted into mouse blastocysts to 

create chimeric animals.  At the time this dissertation was written, the chimeric mice 

were in the process of breeding to create heterozygous offspring.  Therefore, with the 

failure of the first targeting vector (pBPKO/97) containing only ~600 bases of 

genomic sequence at the 5’ end and the success of the second targeting vector 

(pBPKO/99) containing ~1400 bases of genomic sequence at the 5’ end, it appears (in 

our hands at least) that the limitations of genomic sequence length for a given “arm” 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 II systems (Thompson et al., 1995).  Due to the high 

expression levels of pol III driven transcripts, ribozyme constructs tethered to tRNAs 

have been successfully used to drive ribozyme expression (Koseki et al., 1999; 

Kuwabara et al., 1999; Kuwabara et al., 1998; Thompson et al., 1995).  To avoid 3’ 

end processing of tRNAs, which would cleave the tethered ribozyme sequence, the 

last seven bases of the mature tRNA-Val can be removed without effecting 

transcription (Koseki et al., 1999).  The altered 3’ seven bases of the tRNA-Val 

construct reported by Koseki et al has been used with at least 12 separate ribozymes, 

all of which were found in the cytoplasm after transcription suggesting that this 

sequence is not involved in exportin/RanGTP binding (Koseki et al., 1999).  The 

efficiency of the tRNA-Val/ribozyme tethered system developed by Koseki et al was 

demonstrated in cells stably transfected with the tRNA-Val/ribozyme by a 97% 

decrease in targeted U5 HIV RNA gene product and a ~99% inhibition of HIV 

replication in HIV challenged cells.  Therefore, in an effort to use the same highly 

efficient construct developed by Koseki, the pUC19dt plasmid containing the tRNA-

Val sequence was requested and received from Dr. Kazunari Taira (University of 

Tsukuba, Japan).   
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tRNA-RZ design 

The 8 nt RZ arms along with the tRNA-tethered ribozymes were designed 

around the 8 nt target site sequences outlined in figure 52.  The most stable secondary 

structure at 37°C for the tRNA-tethered ribozymes were predicted (see figures 53 & 

54) using a computer program mfold 3.1 provided by Michael Zuker (Professor of 

Mathematical Science, Rensselaer Polytechnic Institute, Troy, NY) (Mathews et al., 

1999; Zuker et al., 1999).  Selection of tRNA-RZ from secondary structure analysis 

was based primarily on the formation of a proper tRNA structure.  Other criteria that 

were considered were the number and GC content of nucleotides in the RZ arms that 

were bound and therefore not available for target recognition.  In addition, the total 

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 as the “open” region of the tRNA-RZ includes the arms.  In contrast, a more open 

tRNA-RZ might also be more accessible to RNases, leading to a short half-life and 

less effective RZ.  Therefore, the four tRNA-RZ selected (2A, 2C, 5a, and 5full) 

ranged from  “open” to “closed”.   

 

Cloning the RZs into the tRNA-Val containing plasmid 

A similar strategy was used for cloning RZ sequence into pUC19dt that was 

used by Koseki (Koseki et al., 1999).  Prior to cloning, the pUC19dt plasmid 

containing tRNA-Val was sequenced to confirm the reported sequence (Koseki et al., 

1999) of the plasmid.  Sequence analysis revealed the TTT reported by Koseki in a  
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 site      m-Ns    GC CA/UA 
Exon 2: A: atctttGTCaggtcttc**      

uagaaaca uccagaag  
 

B: tgtcagGTCttcttaac  
acagucca aagaauug  

 
C: ctggcaGTCaccagcag** 

   gaccguca uggucguc  
 
Exon 4:  ccaagtGTCgttcccct 
   gguucaca caagggga  
 
Exon 5:  gattatGTCtctgctgg**** 
   cuaauaca agacgacc  
 
Exon 7: A: catactGTCcagtgtac 
   guaugaca gucacaug  
  

B: agcgaaGTCctccgtgt 
   ucgauuca gaggcaca  
 
Exon 8a:  aaccaaGTCcaattctc 
   uugguuca guuaagag  
 
Exon 9:  cccccaGTCccagttcc 
   ggggguca ggucaagg  
 
 
 
 
 
Figure 52.  Potential tRNA-Val-RZ target sites from exons 2-9.  The corresponding 
8 nucleotide antisense arms that represent helices I and III of ribozyme-GHR mRNA 
recognition are included.  (**) These sites were selected for targeting based on 
secondary structure analysis of tRNA-tethered RZs designed against the target 
sequences. (****) Two tRNA-RZs were designed against this single target site.  
Different linker sequences between these two RZs and the tRNAs altered their 
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 arms 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 structure of tRZ-2A is slightly more “open” than the structure 
of tRZ-2A. 

 

 

tRZ-2A 

tRZ-2C 
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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 arm, 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 
circled.  This difference in linker size was designed to convert the relatively “closed” 
structure 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 arms were predicted to be bound with only 2 G:C 
interactions) as predicted by secondary structure analysis. 

 
tRZ-5full 

tRZ-5a 
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sequence to which a primer was used for cloning in the RZ sequences was incorrect.  

The actual sequence was TTTT.  This TTTT was also in agreement with the NCBI 

database published sequence for human tRNA-Val.  Using the sequencing information 

(see figure 55), a 5’-primer was designed 352 bases downstream of an arbitrary 

number 1 designated position 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 site in the plasmid 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 at 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 

using the same 5’-352 primer and a unique 3’-primer for each of the four sets of 

reactions.  The PCR products were digested with EcoRI and SalI and gel purified, 

placed into dialysis tubing containing TAE and isolated using electro-elution and 

Elutip-dTM ion-exchange columns as described previously in the method section of this 

dissertation.  The pUC19dt plasmid was prepared for cloning by digestion with EcoRI 

and SalI and isolated in the same manner as the PCR products.  The fragments were 

ligated using T4 DNA Pol, transfected into DH5-a cells, screened by mini-

preparations, and sequenced using method previously described in the methods section 

of this dissertation.   
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      CGCC AGGGTTTTCC CAGTCACGAC        
GGGTAACGCC AGGGTTTTCC CAGTCACGAC GTTGTAAAAC  
 
 
GACGGCCAGT GAATTCAGGA CTAGTCTTTT AGGTCAAAAA  
 
 
 
GAAGAAGCTT TGTAACCGTT GGTTTCCGTA GTGTAGTGGT  
 
 
 
TATCACGTTC GCCTAACACG CGAAAGGTCC CCGGTTCGAA  
                        TTTCCAGG GGCCAAGCTT 
 
 
ACCGGGCACT ACAA GTCGG AAACGGTTTT TTTCTATCGC  
TGGCCCGTGA TGTT CAGCC TTTGCCAAAA AAAGATAGCG 
              T A 
              G TCTTTGTTTCGTCCTATCC 
              G                   A 
              GCTTCTGGAGACTACTCAGGC  
 
GTCGACCTGCA GGCAT  
CTGCTGGACGT C 
 
               
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 stretches of antisense 
sequences at 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 
using 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-
Val was correct.   The plasmid sequence is represented by the non-bolded 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 additional linker sequence can also be added to 

Start 

Linker + RZ sequence 

 

Terminator 

5’-primer 

5’-primer 
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the bulge of the 3’-primer.  The location of tRNA transcriptional start site and the 
terminator site are indicated. 
Transient transfections/binding assays 

All four clones ptRZ-2A, ptRZ-2C, ptRZ-5a, ptRZ-5full as well as the non-RZ 

containing parent plasmid pUC19dt (to serve as a control) were transiently transfected 

using LipofectAMINE (Gibco BRL) into E6 cells according to manufacture’s protocol 

for transient transfection of adherent cells.  E6 cells were maintained in HAT medium 

at 37°C in a humidified atmosphere of 5% CO2.   Cells were cultured in a 75-cm2 flask 

to a confluence of approximately 50% (~5x106 cells).  1 ml of solution A (20 ug tRZ 

plasmid, 200 ng pRSV-neo, DMEM to a total volume of 1 ml) and 1 ml of solution B 

(600 ul LipofectAMINETM, DMEM to a total volume of 1 ml) were prepared in 

polystyrene tubes.  The two solutions were mixed gently together and incubated for 30 

minutes at room temperature.  During the incubation, the cells were washed with 

DMEM and 10 ml HT media without serum (DMEM with only 15 ug/ml 

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 after 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 6-well 

plates with HAT media.  72 hours after the start of transfection, the cells 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 site 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 also demonstrated an ability to decrease GHR levels as clone tRZ-2A and 

tRZ-2C demonstrated a 63% and a 69% decrease in GHR levels, respectively.  A 

slight decrease was observed in the GHR levels of cells transfected with tRNA alone 

as a 10% decrease was observed in these cells.  While the specific reasons why tRNA 

would cause such a decrease is not known, it may be caused by using up the cells 

machinery (such as RNA polymerase III) 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 arm, RZ, and tRNA sequences.  The only difference was a longer linker 

sequence in tRZ-5full.  This difference in linker size was designed to convert the 

relatively “closed” structure 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 arms were predicted to be bound with 

only 2 G:C interactions) as predicted by secondary structure analysis.  Therefore the 

availability of the RZ arms did not appear to influence the activity of the RZ in these 

experiments.  Moreover, the relative success of all four ribozymes, which were 

predicted to form an intact tRNA structure, suggests that this may be an important 

indicator of a successful tRNA-RZ.  Secondary structure analysis 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 calculated using the mfold program, the only tRNA-RZ that that 

did not form a tRNA structure was not active in cultured cells (Koseki et al., 1999).     

Table 7.  GHR expression in E6 cells trans iently transfected with tRNA-RZs: 
Specific binding of 125I-labled hGH. 
 

 
In 6-well tissue culture plates monolayers of the stable cells were propagated to 
~1x106 cells/well.  160,000 cpm of 125I-hGH at 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 cells 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. Cell lysates were then 
transferred to vials and the number of counts was measured using a scintillation 
counter.   
 
 
 
 
 
 
 
 
 
 

RZ 
Specific Binding 

(SB) SB / E6 SB SB / tRNA SB 

E6 21,305 - - 

tRNA 19,108 0.90 - 

2A 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 
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Figure 56.  Secondary structure analysis of Koseki’s three tRNA-RZs using mfold 
program.  While both tRZ-2 and tRZ-3 formed proper tRNA secondary structures 
using the mfold program, tRZ-1 did not as indicated.  Analysis of RZ activity in 
cultured cells revealed that RZ-2 and RZ-3 had the ability to decrease message while 
RZ-1 was almost completely inactive (Koseki et al., 1999). 
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The pMet-GHR-RZ plasmid was also transiently transfected along with the 

tRNA-tethered RZs.  This transfection was performed in order to roughly compare the 

conventional GHR-RZ (referred to as GHR-RZ in table 7) to the tRNA-tethered RZs. 

Surprisingly the conventional GHR-RZ demonstrated a 72% decrease in GHR.  This 

decrease approached that achieved by tRZ-5a and tRZ-5full (75% for both).  While 

these preliminary results suggest that the best of the tRZ constructs were only slightly 

superior to the conventional GHR-RZ, it is important to remember that the ability of 

the tRNA-tethered RZs to decrease GHR in stably transfected cells as well as in 

transgenic mice was not tested.  Therefore, whether or not the tRNA-tethered RZs 

could outperform the conventional GHR-RZ as stable transgenes in the genome of an 

animal and or cultured cells remains unknown.   


