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ABSTRACT 

mRNA stability is an important but poorly understood aspect of gene 

expression that directly affects both the levels of expressed protein and the rate at which 

overall changes in gene expression are achieved. The c-fos transcript is one of the most 

labile eukaryotic mRNAs, decaying with a half-life of approximately 10-15 min in NIH 

3T3 fibroblasts. There are at least two major regions within the c-fos mRNA that target 

this message for rapid degradation. One element resides within the 3'UTR and consists 

of an AU-rich element (ARE) that is commonly found in other short lived mRNAs. 

Another destabilising element resides within the c-fos coding region (CRDI). Despite 

this knowledge, there has been little progress toward identifying components of the 

machinery that degrades the c-fos mRNA, and in elucidating how the decay machinery 

itself might be regulated. 

Previous studies of c-fos mRNA stability have depended upon expression of 

the c-fos transcript, or derivatives thereof, from the c-fos promoter, which directs a 

transient burst of transcription upon serum stimulation, allowing one to measure mRNA 

stability without the use of transcriptional inhibitors. However, exclusive use of the c-fos 

promoter in studies of mRNA stability limits the study of the signaling pathways 

involved in mRNA degradation to those active in serum stimulated cells. To help 

characterize components of the decay machinery, and to investigate the signaling 

pathways involved in mRNA degradation, we have chosen to express derivatives of the c-

fos mRNA under the control of a tetracyc line-regulated promoter. We have generated 

cell lines stably expressing chimeric 6-globin mRNAs (containing either of the c-fos 
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instability determinants) that are repressed when grown in the presence of tetracycline 

and induced upon tetracycline withdrawal. Because this system permits the directed 

expression of specific mRNAs in a tightly regulated manner, it allows us to study decay 

kinetics of these mRNAs under a variety of growth conditions. We found that the 

activities of both instability determinants varied significantly under different growth 

conditions. First, mRNA decay mediated by the ARE element is drastically slowed in 

serum stimulated cells as compared to growing or serum starved cells and this correlates 

with the binding activities of previously identified ARE binding factors. Second, the 

decay mediated by both the ARE and the CRDI is accelerated in contact inhibited cells. 

Third, transcriptional inhibitors stabilize mRNAs containing either the ARE or the CRDI. 

Fourth, in contrast to previous studies, we find that the CRDI is highly active in 

mediating decay in growing and serum starved cells. 

These studies have (1) have identified previously unsuspected modes of 

regulation by cells of specific mRNA decay pathways, (2) have helped to clarify earlier 

inconsistencies and misinterpretations of decay pathway kinetics by distinguishing 

between rates of poly(A) tail loss and disappearance of coding sequences, and (3) 

resulted in the development of new methods for the analysis of nuclear and cytoplasmic 

RNA. 
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1 INTRODUCTION 



2 

1.1 Gene Expression and mRNA Stability 

It is clear that transcriptional control is essential to the regulation of gene 

expression. In part for historical reasons, however, the significance of mRNA 

degradation is less well understood. Gene expression was first studied in prokaryotic 

systems, in which the transcription rate of a gene is by far the major factor that 

determines mRNA levels. Transcriptional dominance results largely from the fact that 

most prokaryotic rnRNAs are very unstable. Presumably as a result of the need for rapid 

adaptation to changes in the bacterial environment few, if any, Escherchia coli mRNAs 

last through one cell division (reviewed in reference 83). In contrast, most eukaryotic 

cells contain relatively stable mRNAs whose half-lives frequently exceed one complete 

cell cycle. 

The second reason that the significance of mRNA degradation in eukaryotes is 

often overlooked is that it can affect mRNA levels in both indirect and subtle ways. For 

example, globin mRNA comprises greater than 90% of the total mRNA in a reticulocyte, 

the immediate precursor of a red blood cell. Globin mRNA expression is controlled 

primarily at the transcriptional level, because globin genes are not transcribed in 

immature erythroid cells but are rapidly transcribed in more mature blast cells. The 

important point is that the high percentage of globin mRNA in the reticulocyte cannot be 

explained simply by the rapid rate of globin gene transcription. The experiments of 

Bastos et al. (11;12) demonstrated that globin mRNA could reach its high percentage 

level only if non-globin mRNAs were degraded at an accelerated rate during late 
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erythroid differentiation. If they were degraded at the same rate throughout 

differentiation, many non-globin mRNAs would persist to the reticulocyte stage. 

While transcriptional regulation seems to be especially important for the 

accumulation of specialized mRNAs such as globin, a similar correlation between 

mRNAs levels and transcription rates does not apply to all other genes. For example, 

Careiro and Schibler (26) used several techniques to measure the transcription rates of ten 

house keeping or constitutive (not tissue specific) genes in mouse L cell fibroblasts. 

Some of the genes were transcribed at relatively low rates, but their mRNAs were fairly 

abundant. Other genes were transcribed at relatively high rates but their mRNAs were 

rare. In each case, the steady-state level of an mRNA correlated with its stability: the 

more stable an mRNA, the more abundant it was. A similar correlation was observed in 

related studies with sea urchin embryos (23). The correlation is significant because, if it 

applies to most housekeeping mRNAs and if housekeeping mRNAs account for as little 

as 20% of the 10,000 to 20,000 different mRNAs in a mammalian cell (101), then the 

steady state levels of thousands of mRNAs are determined primarily by how fast they are 

degraded, not by how fast they are produced. 

1.2 mRNA Stability Determines The Rate Of Change Of mRNA Abundance 

mRNA stability also affects the rate of change of mRNA abundance following 

an increase in transcription (this topic has been reviewed at length (64-66)). If genes X 

and Y are transcribed at the same rate but the half-lives of their mRNAs differ by 10-fold 

(where mRNA X is 10-fold more stable than mRNA Y), the ratio of X to Y at steady 
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state will be 10:1. If the transcription rate of both genes suddenly increases 10-fold, the 

steady state level of each mRNA will eventually increase 10-fold and the ratio of X to Y 

will again be 10:1. However, the shorter-lived mRNA will reach half of its new steady-

state 10-fold faster than the longer lived mRNA (66). This relationship holds for any 

system with zero-order input (in this case, transcription) and first-order output (decay). 

In summary, mRNA stability determines not only the rate of disappearance of a mRNA 

but also its rate of induction. 

1.3 mRNA Stability in Mammalian Cells 

In mammalian cells, mRNAs display substantial differences in their 

susceptibility to degradation by ribonucleases. Their half-life values can vary from about 

15 min for the vary labile proto-oncogene c-fos mRNA (79; 129; 149; 161) to 17 hr for 6-

globin mRNA (79). In addition, half-lives can be modulated by extracellular stimuli or 

intracellular conditions. For example, in resting cells, mRNAs encoding granulocyte-

macrophage colony-stimulating factor (GM-CSF), interleukin 2 (IL-2), tumor necrosis 

factor-alpha (TNF-alpha), interferon-B (IFN-6), c-myc, and c-fos are all very unstable, 

with half-lives of 15-40 min (14;15;21;102;149;170;171). Such instability effectively 

limits the synthesis of protein by preventing the accumulation of significant levels of 

cytoplasmic mRNA. However, in activated cells, these same mRNAs are relatively 

stable, decaying in some cases with half-lives of greater than 4 hr (14). In mitogen-

stimulated T-lymphocytes or fibroblasts, GM-CSF mRNAs can accumulate several 

hundred fold, accounting for the characteristic burst of cytokine secretion following 
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activation. Similarly, changes in mRNA decay rates have been observed during 

development, senescence, and differentiation (75; 154; 163). These data demonstrate that 

mRNA decay is an actively regulated process, extensively utilized by mammals 

throughout their life cycle, and one that critically determines the expression of individual 

genes or gene families. 

There are critical issues that remain largely unknown: (1) how specific mRNAs 

are recognized and targeted for either rapid decay or for stabilization; (2) what trans

acting protein factors are responsible for rapid decay or stability under different 

physiologic conditions; (3) where these processes occur; and (4) what signal transduction 

pathways connect mRNA decay to cell surface events. 

1.4 The c-fos Proto-oncogene and AP-1 

The c-fos proto-oncogene is the normal cellular counterpart of v-fos, the 

transforming gene of the FBJ-murine osteosarcoma retrovirus (FBJ-MSV)(39). The c-fos 

proto-oncogene is a member of the immediate early genes whose transcription is 

transiently activated by growth factor stimulation and whose mRNAs are specifically 

targeted for rapid degradation (reviewed in (72)). Transcription of c-fos is induced 

within minutes after the addition of growth factors (60). Almost immediately thereafter, 

transcription returns to a very low basal level within 60 min after induction (60). The c-

fos message persists in the cytoplasm for only slightly longer than the period of ongoing 

c-fos transcription because this labile message is degraded in the cytoplasm soon after its 

arrival. Thus, the burst of c-fos expression that occurs within the first hour after growth-
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factor stimulation results from both the transient synthesis of c-fos mRNA and its rapid 

degradation. 

c-Fos protein and its family members (Fra-1, Fra-2, and FosB) are members of 

a larger family of the basic region leucine zipper transcription factors. Although Fos 

protein alone does not bind specific DNA sequences, Fos family members form 

heterodimers with members of the Jun family of proteins and comprise a sub-group of the 

AP-1 family of transcription factors. Jun-Jun and Jun-Fos dimers preferentially bind to 

the phorbol 12-C>-tetradecanoate-13-acetate (TPA) responsive element (TRE); also 

known as an AP-1 element or Ras response element (RRE) (reviewed in (80)). 

The rapid and transient expression of c-fos in response to growth factor 

stimulation and the discovery that the Fos protein functions as a transcription factor 

(38; 147), have led investigators to postulate that Fos contributes to the regulation of the 

subsequent program of gene expression necessary for cell proliferation and/or 

differentiation. The importance of maintaining strict control of c-fos expression is 

illustrated by the observation that high levels of its gene product contributes to 

oncogenesis (see below). 

1.5 The Significance Of Proto-oncogene c-fos mRNA Stability And Cancer 

Several lines of evidence suggest that impeding mRNA degradation is one way 

in which the steady-state levels of specific oncogene mRNAs may be increased during 

the process of tumorigenesis (1;13;45;73;97;110;111;126;128;130;134;136). Studies of 

c-myc expression in certain tumor cell lines provided the first example of an unstable 
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mRNA that becomes stabilized during the process of cell transformation (93). For c-fos, 

the importance of mRNA stabilization during oncogenesis has been demonstrated in 

tissue culture cells (97;130) and in transgenic mice (134-136). 

The v-fos and the c-fos genes differ in several ways (159; 160). The c-fos gene 

is transcribed from a tightly regulated promoter that can be transiently activated in 

response to certain environmental stimuli (38; 147) such as exposure of cells to defined 

growth factors. In contrast, long terminal repeat (LTR) sequences present at both ends of 

the integrated proviral DNA sequences promote constitutive transcription of the v-fos 

gene. The v-fos gene also lacks 104 bp that are present near the 3'end of the c-fos coding 

region. As a consequence of this deletion, the translational reading frame of v-fos is 

shifted so that the 48 carboxy-terminal amino acids of the v-Fos protein differ from those 

of the normal c-Fos protein. In addition, the v-fos gene is missing a portion of the 3' 

untranslated region (UTR) that is present in the c-fos gene. 

To determine which of these alterations contributes to the oncogenicity of the 

v-fos gene, various chimeric c-foslv-fos genes were transfected into 208F rat fibroblasts 

and examined for their ability to induce cell transformation in culture (111). Together, 

two changes were found to be sufficient to convert the wild-type c-fos gene into a 

transforming gene: (1) replacement of the inducible c-fos promoter with a viral LTR that 

drives constitutive transcription and (2) replacement of the c-fos 3'-UTR with that of v-

fos. Neither one of these changes alone was found to alter the transforming potential of 

the c-fos gene. The contribution of a strong constitutive promoter to the transforming 

potential of the c-foslv-fos chimeric gene suggested that continuous expression of the Fos 
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gene product was necessary for transformation. Initially it was unclear whether the 

contribution of the 3'-UTR to cell transformation was due to the presence of a v-fos 3'-

UTR element or the absence of a c-fos 3'-UTR element. To test whether deletion of a 

sequence within the 3'-UTR of c-fos might lead to oncogenesis, the c-fos gene was fused 

to the FBJ-MSV LTR, and various segments of the c-fos 3'-UTR were deleted. The 

resulting genes were then transfected into NIH 3T3 cells and examined for their ability to 

induce transformation (110;130). Provided that a strong promoter was present to drive 

constitutive transcription, the c-fos gene could be converted into a transforming oncogene 

by deleting a 67 nucleotide AU-rich sequence from the 3'-UTR (97;110;130). The ability 

of the transfected v-foslc-fos chimeric genes to induce transformation was correlated with 

an increase in stability of the encoded mRNAs, as judged from measurements of mRNA 

decay in cells treated with the transcription inhibitor actinomycin D (97; 130). Taken 

together, these results indicate that the absence of specific c-fos sequences in the v-fos 3'-

UTR contributes to the oncogenicity of the coding sequence by enhancing the stability of 

v-fos mRNA. This increase in mRNA stability, together with the replacement of the c-fos 

promoter with a strong constitutive promoter, leads to high-level constitutive expression 

of the fos gene and its protein product. 

Alteration of its 3'-UTR has also been shown to affect the ability of c-fos to 

induce tumors in vivo. When a c-fos gene containing the v-fos 3'-UTR instead of the 

normal c-fos 3'-UTR was placed under the transcriptional control of the FBJ-MSV 5'-

UTR and introduced into transgenic mice, approximately 17% of these mice that acquired 

the gene developed bone lesions (134). These lesions did not progress to tumors in the 
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founder mice. However, approximately 20% of the offspring mice developed bone 

tumors over a two year period (135). Replacement of the c-fos 3'-UTR with that of v-fos 

was shown to be absolutely necessary for the development of both bone lesions and 

tumors. It was assumed, by analogy with the in vitro studies, that high c-fos expression 

resulted from LTR-enhanced transcription and slower decay of the fos mRNA. Since 

many of the transgenic mice did not develop tumors, the presence of high levels of 

constitutively expressed mRNA alone was not sufficient to induce tumorigenesis. 

However, these studies show that high levels of c-fos mRNA predispose the animals to 

tumor formation. Taken together, the above studies indicate that mutations that lead to 

stabilization of c-fos mRNA can play a role in converting this normal cellular gene into 

an oncogene. 
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1.6 Cis Elements Affecting Oncogene mRNA Stability 

Among the many thousands of mRNAs that exist at any time in any given cell, 

mechanisms must exist by which the cellular machinery can discriminate one mRNA 

from another. Selective subcellular localization, rapid decay, mobilization onto 

polyribosomes for protein synthesis, assembly into cytoplasmic ribonucleoprotein 

particles, or other specific events are presumably driven by information encoded by the 

mRNA. Such information could be packaged as a primary sequence, a secondary or 

higher order structure, or a combination of both. Some sequences might simply be 

recognized as mRNase cleavage sites, whereas others might function as stabilization 

signals. Alternatively other sequences might function indirectly, for example, as protein 

binding sites. In this case, the actual degradation (or stabilization) signal would reside in 

the messenger ribonucleoprotein (mRNP) complex, not just the mRNA. 

1.6.1 AU-rich Elements (AREs) of Oncogene and Cytokine mRNAs 

The 3'-untranslated regions of several cytokine, lymphokine, and oncogene 

mRNAs contain an adenosine-uridine rich region (ARE). This highly conserved region 

specifically targets these mRNAs for rapid decay (see Figure 1)(25;146;166;167). The 

importance of 3'-UTR AREs to the regulation of eukaryotic gene expression was. initially 

recognized as a consequence of three experimental observations. Firstly, oncogenic forms 

of the c-fos gene were discovered to have lost a 67-nt AT-rich 3'-UTR sequence present 

in non-oncogenic forms of the gene (110). Secondly, AU-rich sequences, in particular 
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the sequence AUUUA, were found in the 3-UTRs of highly regulated proto-oncogene, 

transcription factor, cytokine, and lymphokine mRNAs (25; 146). Finally, chimeric 

mRNA experiments demonstrated that AU-rich segments of the GM-CSF and c-fos 3'-

UTRs could destabilize otherwise stable B-globin reporter mRNAs (146; 157). By similar 

approaches, a large number of unstable rnRNAs have since been shown to have A+U-rich 

sequences within their 3'-UTRs (3; 5; 21; 29; 31; 34; 49; 57; 67; 71; 77; 79; 92; 119; 122; 

125; 129; 146; 149; 153; 157; 165; 171; 179), but not all such sequences have 

comparable destabilizing effects on reporter mRNAs. Chimeric mRNAs that were used 

to characterize the cis elements of instability are shown in Figure 2. Although the 

presence of one or more AUUUA motifs was once considered strong evidence for the 

existence of a destabilizing element, it is now recognized that there is considerable 

sequence and functional heterogeneity among the AREs (31). UTRs with destabilization 

activity include those with (e.g. c-fos mRNA) and without (e.g. c-jun mRNA) AUUUA 

pentamers, and the number of such pentamers, when present, can vary from 1-7 (31). 

Moreover, the functional context of the pentamer appears to be UUAUUUAU/AU/A 

(92; 179) and the general activity of the A+U-rich sequences appears to be regulated by 

flanking U-rich domains (29;31). 
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Figure 1: AU-rich Elements (ARE) are found in several human mRNA 

3'-UTRs. The minimal functional mRNA destabilizing elements are indicated with 

a line. These sequences are highly conserved between species (24). Abbreviations: 

GM-CSF: Granulocyte-Macrophage-Colony Stimulating Factor. G-CSF: 

Granulocyte Colony Stimulating Factor. TNF: Tumor Necrosis Factor. IL-2: 

Interleukin-2. IL-1: Interleukin-1. IFN: Interferon. 
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Hu GM-CSF UAAUAUUUAUAUAUUUAUAUUUUUAAAAUAUUUAUUUAUUUAUUUAUUUAA 

Hu OC-IFN UAUUUAUUUAUUUAA 

Hu p-IFN UUUUGAAAUUUUUAUUAAAUUAUGAGUUAUUUUUAUUUAUUUAAAUUUUAUUUUGG 

Hu V-IFN UAUUUAUUAAUAUUUAACAUUAUUUAUAU 

UUAUUUUUUAAUUAUUAUUUAUAUAUGUAUUUAUAAAUAUAUUUAACAUAAUUAUAA HuILl 

HuIL2 UAUUUAUUUAAAUAUUUAAAUUUUAUAUUUAUU 

Hu TNF AUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUA 

Hu G-CSF UAUUUAUCUCUAUU UAAUAUUUAUGUCUAUUUAA 

Hu C-mvc UAAUUUUUUUUAUUUAAGUACAUUUUGCUUUUUAAAGUUGAUUUUUUUCUAU 

Hu C-fos GUUUUUAAUUUAUUUAUUAAGAUGGAUUCUCAGAUAUUUAUAUUUUUAUUUUA 

Minimal AU-rich element: UUAUUUA(U/A)(U/A) 



14 

Figure 2: The c-fos mRNA contains at least two determinants of mRNA 

instability. A) The intact human c-fos mRNA is a very unstable species. B) 

Chimeric mRNAs containing fas sequences inserted into a B-globin reporter mRNA. 

B-globin mRNA is very stable but is rendered unstable upon the insertion of either 

the fas AU-rich element (ARE) or the fas coding region of instability (CRDI). 
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AREs promote rapid poly(A) shortening and subsequent decay of the mRNA 

"body" (22;94;148;154;167). Several experimental approaches form the basis for this 

conclusion, one of which was the insertion of ARE sequences into the 3'-UTRs of stable 

reporter mRNAs. Experiments with chimeric B-globin mRNAs containing 3'-UTR 

insertions of the c-fos ARE (see figure 2) demonstrated that, while poly(A) shortening 

still preceded decay of the remainder of the mRNA, the rate and extent of poly(A) 

shortening were greatly enhanced as was the rate of decay of the mRNA body (148). 

Subsequent experiments identified mutations in the ARE that generally either slow both 

the rate of poly(A) shortening and the overall rate of decay, or have little or no effect on 

poly(A) shortening rates but markedly reduce decay rates for the mRNA body (29; 148). 

The former class, but not the latter, obviously has a longer than normal lag before the 

onset of decay. The U-rich segment of the c-fos ARE appears to enhance the rate of 

poly(A) shortening promoted by the segment containing the AUUUA pentamers, but has 

no autonomous destabilizing activity. In wild-type mRNAs the U-rich sequences do not 

appear to have a role in subsequent decay of the mRNA body. However, AUUUA 

pentamer containing segments can enhance both poly(A) shortening rates and mRNA 

decay rates in mRNAs which harbour mutations in the U-rich segment (29;31). 

The destabilizing and poly(A) shortening functions of the AREs are thought to 

be mediated by one or more factors with specific binding activities. ARE-containing 

mRNAs form larger than average mRNPs (140), and numerous proteins that bind ARE-

containing 3'-UTRs have been identified (15; 18; 19; 21; 54; 63; 81; 98; 107; 115; 117; 

118; 120; 121; 127; 158; 175; 176; 178) but their functions are largely unknown. An 
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increase in the binding activity of some of these proteins has been associated with either 

the rapid decay of cytokine mRNAs in resting cells (21; 140; 158; 175) or stabilization 

after cell activation (2;108;151;171)(see below). Some appear to shuttle between the 

nucleus and the cytoplasm(81), suggesting several possibilities. For example, factors 

involved in cytoplasmic mRNA decay may form part of an mRNP complex assembled in 

the nucleus and may also be involved in mRNA transport. Alternatively, proteins bound 

to the newly transported mRNP may exchange with specific destabilization factors in the 

cytoplasm. The position-independence of the activity of the U-rich segment of the c-fos 

ARE (29) suggests that it may enhance factor binding at a nearby specific site, e.g. the 

AUUUA-containing domain. These results, the multiplicity of the factors, and 

sedimentation analysis of ARE-containing mRNPs all suggest that the poly(A) shortening 

and mRNA decay activities of the 3'-UTR are likely dictated by a complex of bound 

proteins. 

Several of the proteins with apparent ARE binding activity correspond to 

proteins known to have other functions. These include the somewhat understandable 

detection of proteins with known RNA-binding activity, such as hnRNP Al, A0, and C 

(63;81;117) and Hel-Nl (98). These proteins may participate in the formation of mRNP 

complexes essential for mRNA splicing, transport, translation, or decay. Quite 

unexpected, however, was the discovery of ARE binding proteins known to have 

enzymatic functions in intermediary metabolism. The latter group includes a thiolase 

(121), enoyl-CoA hydratase (120) and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) (118). The significance of such dual function proteins is unclear, but may be 
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related to the observations that GAPDH also has tRNA-binding activity and that other 

dehydrogenases also have specific RNA binding activities (46;68). The RNA-binding 

activity of GAPDH has been localized to the NAD+-binding domain (118), suggesting 

that small metabolites may regulate mRNA decay. In this regard, it is interesting to note 

that the IRE-BP, a protein that regulates accessibility of an endonucleolytic cleavage site 

in the transferrin receptor mRNA, is an aconitase whose RNA-binding activity is 

regulated by cellular levels of a Fe-S complex (10;16;37;62;84;85;114). 

It has been further demonstrated that certain labile AUUUA-containing 

mRNAs can be stabilized by treatment of lymphocytes with phorbol esters (146), anti-T-

cell antibodies (174), or protein synthesis inhibitors (106). This stabilization can affect 

individual messages or be class-dependent and requires continuous exposure to mitogens 

(171). This suggests that protein kinase and calcium dependent signaling pathways can 

modulate mRNA turnover. In this light, it is significant that the systems that target 

certain ARE-containing mRNAs in trans are somehow perturbed in certain tumour cell 

lines (132;142). These findings are significant as they reinforce the idea that AU-rich 

elements and the degradative systems that target mRNAs which contain them may 

constitute part of a signaling pathway that inhibits either cell growth or metastasis. 

1.6.2 Coding Region Determinants of Stability (CRDI) 

A more detailed analysis of the instability determinants present in immediate 

early mRNAs indicates that a number of these messages contain potent destabilizing 

elements in addition to those found in the 3'UTR. These other determinants of instability 
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have been best characterized for the c-fos and c-myc mRNAs (79; 148; 149; 170). In 

contrast to the well characterized AU-rich element, much less is known about the coding 

region instability determinants. 

Using the fos-promoter to drive test mRNAs in stimulated fibroblasts, Shyu et 

al. (148) found that deletion of the c-fos ARE or replacement of the entire c-fos 3' UTR 

with that of a stable mRNA has only a modest effect on the decay rate of the c-fos 

message. As described above, while the c-fos 3'UTR does contain a potent ARE that has 

a dramatic destabilizing effect when inserted into the 3' UTR of a normally stable 

message, the deletion of this element from the c-fos message has only a small effect on 

the mRNA decay rate because of the presence of additional destabilizing elements 

elsewhere in the message. Replacement of various regions of the stable 6-globin mRNA 

with the corresponding region of the c-fos message led to the identification of the c-fos 

coding region as a second effective destabilizing domain (149). Replacement of the 

coding region of 6-globin mRNA with that of c-fos resulted in a dramatic reduction in 

the measured mRNA half-life from >8hr to <30 min. Subsequent studies have indicated 

that the c-fos coding region can be dissected into several distinct instability elements 

(141). In-frame insertion of each individual coding region determinant into the coding 

region of 6-globin mRNA destabilizes the latter message, although to a lesser degree than 

caused by the entire c-fos coding region. 

In addition to c-fos mRNA, a coding region determinant of instability has also 

been identified within c-myc mRNA (170). The presence of this additional destabilizing 

element in the c-myc coding region provided a simple explanation for why deletion of the 
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entire AU-rich portion of the c-myc 3'-UTR has no effect on the stability of c-myc 

mRNA (95). B-Interferon mRNA also possess a second instability determinant in 

addition to its ARE; this second element has been localized to a segment comprising the 

5' UTR and coding region of the interferon message (165). 

How might an instability determinant located within the coding region of an 

mRNA such as c-fos confer rapid instability? The two pathways seem to converge to a 

common mechanism of decay since for both the ARE and the CRDI, poly(A) shortening 

seems to be the first step in the mechanism of c-fos mRNA decay (148). However, there 

must be differences in how decay is mediated between these two types of elements. 

Presumably, the continuous translocation of ribosomes across a CRDI significantly 

affects the process by which CRDI's can achieve their destabilizing effect. In the case of 

the 6-tubulin mRNA, it was shown that it is the nascent tubulin polypeptide emerging 

from the ribosome which actually targets this mRNA for decay (51;52;156). For the c-

fos mRNA, this is not the case since it remains functional even when the mRNA is 

translated out of its normal reading frame (164), revealing that it is the mRNA per se and 

not the nascent peptide that targets mRNAs containing the c-fos CRDI for rapid decay. 

This experiment also excluded the possibility that the destabilization activity depended 

on rare codon usage with the elements, an issue considered because this is known to 

occur in certain yeast mRNAs (24). It has also been determined that ongoing translation 

is required for the c-fos CRDI to remain functional (141), while it is yet unclear whether 

ongoing translation is required for the decay mediated by the c-fos ARE. Additionally, it 

was also reported by Shyu (149) that the c-fos ARE can be rendered non-functional by 
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inhibitors of transcription while the CRDI remains unaffected. This last result is 

significant in that it suggests that the decay pathways targeting different instability 

determinants which reside in the same message can operate via fundamentally distinct 

mechanisms. 

Two polypeptides that bind one of the c-fos CRDI determinants have been 

identified (33), but their role in promoting destabilization has not been determined. One, 

of 64 kDa, is associated primarily with polysomes. The other, of 53kDa, is found on 

polysomes and in the cytosol or post-polysomal supernatant. The proteins bind primarily 

to a 56-nt purine rich region and the binding is inhibited by poly(A) and poly(G). The 

protein-binding site seems to be important but not sufficient because its deletion results in 

only a partial stabilization of the mRNA. 
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1.7 mRNA Stability Measurement Methods 

1.7.1 mRNA Half-Life 

The metabolic stability of mRNA can be defined by its half-life in the cell. 

Depending upon the method used for mRNA detection, the half-life can represent 

anything from the rate of initial cleavage of the RNA chain to the rate at which it is 

converted to small fragments. This distinction can be of practical significance. Although 

the initial cleavage is the rate-determining step for overall degradation of many messages 

that decay in an all-or-none fashion, decay-resistant fragments of some mRNAs can 

persist in vivo as relatively long-lived decay intermediates (28; 152). Thus, the chemical 

half-life of a mRNA might not reflect its functional half-life. 

Half-lives most frequently are measured by blocking mRNA synthesis, 

isolating cytoplasmic RNA at time intervals, and monitoring the rate of loss of a 

particular message by analyzing equal amounts of these samples with a message-specific 

probe. The decay rate constant is then obtained from the slope of a semi-logarithmic plot 

of mRNA concentration as a function of time. 

1.7.2 Pulse-Chase 

A priori, one might assume that the pulse-chase method would be the ideal 

way to measure mRNA half-lives. Since there is no need to interrupt transcription, the 

cell remains under steady-state conditions, and physiological perturbations that may 

affect mRNA stability are avoided. In fact, the initial evaluation of decay rates for globin 
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mRNAs in reticulocytes was performed by this method (4;99). Radiolabeled nucleotides 

were added to the culture and allowed to be incorporated into elongating transcripts. 

After a brief incubation, unlabeled nucleotides were added in huge excess to "chase" the 

radiolabeled nucleotide. This effectively produced a pulse of radiolabeled globin 

message whose decay could be followed thereafter by autoradiography. Although this 

methodology is effective for measuring globin mRNA decay rates, its widespread 

application was soon found to be limited. It was assumed, without direct measurement, 

that the intracellular pools of radiolabeled nucleotide could be instantaneously diluted 

and hence "chased" by unlabeled nucleotides. This is unlikely and could account for 

continued production of radiolabeled mRNAs. High levels of nonradioactive uridine and 

cytidine were included in the chase medium to accelerate the chase process, but it has 

been observed that the presence of high levels of nucleosides can affect normal RNA 

metabolism in mammalian cells (103). Moreover, due to the low specific activity of 

labeling, mRNAs less abundant than globin were difficult or impossible to detect. Thus, 

pulse-chase methodology is inadequate to evaluate even moderately abundant mRNA. 

1.7.3 Approach to Steady State 

The approach-to-steady-state method avoids some of the complications of the 

pulse-chase technique (59). Cells are labeled continuously with a radioactive nucleoside. 

The accumulation of radioactivity in the mRNA of interest is quantitated by molecular 

hybridization, and the time required for the mRNA to reach steady state (when synthesis 

and decay rates are equal) is determined. The mRNA half-life is then calculated from 
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standard stochastic decay equations (66). This method avoids the requirement for 

chasing the radioactive nucleoside but fails to overcome the specific activity problem 

encountered with low-abundance and very short-lived mRNAs. 

1.7.4 Transcriptional Blockade 

Alternative methods have been developed to measure the decay rates of less 

abundant mRNAs in a variety of cell types. The most commonly employed current 

approach is to block transcription and quantitate residual amounts of the mRNA of 

interest over time, by Northern or slot-blotting techniques. Such an analysis permits 

calculation of the mRNA half-life. The decay of mRNAs transcribed from endogenous 

(cellular) or exogenous (transfected) genes can be evaluated without difficulty and often 

simultaneously. Transcriptional blockade has been most commonly accomplished with 

RNA polymerase II inhibitors such as actinomycin D (Act D) (150), which interferes 

with transcription by intercalating into the DNA, or a-amanitin (35), or the adenosine 

analogue, 5,6-dichloro-l-6-D-ribofuranosylbenzimidazole (DRB) (143). However, 

recent data (including this thesis work) have demonstrated that actinomycin D and DRB 

can have direct effects on mRNA stability, c-fos (145), erythropoietin (55), transferrin 

receptor (144), and GM-CSF (32) mRNAs have all been reported to be stabilized in cells 

treated with actinomycin D. The mechanism by which this is achieved is unclear but it 

has also been reported that Act D and related inhibitors can block translation and affect 

ATP pools (123). These data demonstrate that the very drugs used for measurement of 

mRNA decay may alter that process. At this time, the mechanisms underlying these 
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effects are largely unknown, but the results suggest that mRNA decay measurements 

made in the presence of such drugs may be invalid. 

1.7.5 Serum-Responsive fos Promoter 

Perhaps one of the most popular approaches to avoid transcriptional poisons 

has been the use of the serum-responsive fos promoter (79; 149). A cDNA of interest is 

cloned downstream of the c-fos promoter and transiently or permanently transfected into 

NIH 3T3 cells. After approximately 24 hr of serum starvation (0.5% serum), the cells 

enter G0 and the c-fos promoter is repressed. The cells are then exposed to 15-20% 

serum, which induces a brief pulse (approximately 15-30 min) of transcription from the 

c-fos promoter (60;87). The promoter rapidly down-regulates, effectively producing a 

pulse of mRNA whose decay can be monitored by Northern blotting or RNase protection. 

Major disadvantages of this method include the requirement for serum starvation and 

serum replacement, which in itself could alter mRNA decay rates. In addition, this 

system is restricted to the analysis of mRNA stability in cells undergoing the G0 to G, 

transition. 

1.7.6 In Vitro Systems. 

mRNA decay rates have been measured in various ways in extracts from 

mammalian cells (reviewed in (133)). The most common approach is to prepare crude 

cytosol, polysomes, or messenger ribonucleoprotein from nucleated cells or reticulocytes, 

incubate the extract under appropriate conditions, and monitor the decay of the 

endogenous (cell-derived) mRNA. Another approach is to incubate protein free mRNA 
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substrates with cell extracts or purified RNases, but there is some uncertainty as to 

whether reliable half-life measurements can be obtained consistently with protein-free 

substrates (Gary Brewer, personal communication). Another disadvantage is the low or 

nonexistent translational capacity of some in vitro extracts, which precludes investigating 

potential links between mRNA stability and the process of translation. 
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1.8 Major Obstacles to Progress in This Field 

Despite the significance of mRNA stability in the control of gene expression, it 

remains one of the most poorly understood aspects of gene regulation. One reason for 

this is that the techniques currently in use are inadequate to answer critical questions 

accurately. For example, the use of global transcriptional inhibitors remains one of the 

most popular methods for the measurement of mRNA decay rates. This is despite 

growing evidence that the use of these compounds constitutes a severe stress on cellular 

metabolism and has been shown, in the cases where it was investigated, to significantly 

affect mRNA half lives. Similarly, while the use of the fos promoter has facilitated the 

identification of c/s-sequences which affect mRNA stability, it cannot inform us as to 

how the decay pathways mediated by these sequences might be regulated. Furthermore, 

the lack of an in vitro decay system that accurately reproduces mRNA decay in vivo has 

precluded the unambiguous identification and testing of individual components of the 

decay machinery. 
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1.9 Goals of This Work 

When I joined the Johnston lab, a previous student of our lab, Howard Wong, was 

working on a project where he eventually demonstrated that by overexpressing the c-fos 

gene, it is possible to titrate factors responsible for the rapid degradation of the c-fos 

message. In collaboration with Howard, I performed a series of experiments that 

demonstrated that c-fos mRNA stabilization was not in fact due to a change in the 

efficiency by which the message was translated. 

Following this, I carried out a series of experiments that were designed to further 

elucidate the mechanism by which c-fos mRNA is degraded as well as the different 

cellular pathways that target unstable mRNAs for rapid decay. My approach was to 

make use of a novel inducible expression system that had been adapted from the classic 

tet Repressor/operator system of prokaryotes and modified for use in eukaryotic cells. 

This system potentially provides a powerful tool for the study of mRNA stability, by 

making it possible to shut off transcription of the gene of interest and to measure RNA 

decay without resorting to the use of global transcriptional inhibitors. At the time I began 

this work, no such system had yet been used for the study of mRNA decay. We therefore 

also wished to determine how useful this method might be for the study of mRNA 

stability in general. 

At the time we began this work, our goal was to use the tetracycline expression 

system (tet system) to study the stability of c-fos mRNA under more defined growth 
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conditions than was previously possible using the c-fos promoter system. This would 

allow us to identify specific conditions under which the activity of either of the c-fos 

instability determinants are up or down regulated. We predicted that this approach would 

ultimately aid us in identifying the individual components of mRNA decay pathways. 

1.9.1 Specific Goals: 

1. Make constructs which place mRNAs containing either the c-fos CRDI or the ARE 

under tetracycline control. 

2. Generate stable transfectants harbouring genes which repress the transcription of 

mRNAs containing either the ARE or the CRDI in a tetracycline dependent fashion. 

3. Test the kinetics of gene induction and repression. 

4. Develop a procedure whereby a pulse of test mRNAs can be produced. 

5. Monitor the stabilities of test mRNAs under a variety of cellular growth conditions.: 

serum starved cells, serum stimulated cells, actively growing cells. 

6. Define specific conditions whereby either instability determinant is more or less 

active. 

7. Correlate mRNA decay with RNA binding protein activities. 
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2 MATERIALS AND METHODS 
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2.1 Plasmid Construction: 

Plasmids pUHD10-3, pUHD15-l neo and pUHD16-3 were kind gifts from D. 

Resnitsky with the permission of H. Bujard. Plasmid pTIC was derived by excising the 

multiple cloning site of pUHD10-3 with EcoRI and BamHI and inserting a more 

extensive multiple cloning site from pIC20-R as an EcoRI- Bglll fragment. To place c-fos 

mRNA derivatives under tetracycline control, an EcoRI site was first engineered by site-

directed mutagenesis 54 nt upstream of the translation initiation codon of each of pBBB, 

pBFB, pBFfsB and pBBB+ARE (149). Mutagenesis was done using the pALTER kit 

(Promega) according to the manufacturer's instructions using an oligonucleotide of the 

following sequence: GTTGTGTCAAAAGGAATTCTAAGCAGCAGCC. Each gene of 

interest was then inserted as an EcoRI - Smal fragment into pTIC, which had been 

digested with EcoRI and Xbal (filled in). 

2.2 Cell Culture and Transfection 

2.2.1 Cell Culture 

NIH 3T3 fibroblasts were routinely cultured in high glucose, Hepes buffered 

DMEM without pyruvate, and heat inactivated (55°C 25min) 10% Calf Serum 

(CS)(GIBCO/BRL) at 37°C with 5% C02 atmosphere. 

For long-term storage, cells were trypsinized, placed in normal medium and 

spun at IK for 5min. They were then resuspended in media + 10% CS, 10% DMSO (1ml 
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for each 10cm dish, 2 ml for each 15cm dish). Cyro vials were placed inside styrofoam at 

-80°C over night before being stored in liquid nitrogen. 

Trypsin/EDTA was prepared as follows. For 2 litres: 2 bottles of 100ml 

Tryp/EDTA (10X stock Gibco/BRL no. 15400-054) were added to 1.41 of ddH20. Then 

200ml of 10X Hank's balanced salt solution (Gibco/BRL #14180-020) was added and 

then 0.68g of NaHC03 was added and the volume was adjusted to 2 litres before filter 

sterilization. 100ml aliquots were stored at -20°C before use. 

2.2.2 Stable Transfection 

Cells were seeded at 0.5 - 1 x 106 cells/lOcm dish. The following day 

CaP04/DNA precipitates were made as follows. 20|ig DNA was used per 10cm dish 

and two plates were transfected per construct. For example, for two plates a 40|ig DNA 

precipitate was made: 20|lg of plasmid DNA + 2(ig of plasmid carrying a selectable 

marker (e.g. hygromycin resistance) + 18|ig salmon sperm DNA (ljig/|il, sheared). This 

mixture was made up to 450(0,1 with H20 and then 50ul of CaCl2 was added (2.5M CaCl2 

stored sterile in plastic). 

Stock lOx HeBS (250ml: 20g NaCl, 0.92g KC1, 0.3lg Na2HP04-H20, 2.5g 

Dextrose, 12.5g HEPES) was diluted to 2x and was adjusted to 7.05-7.1 pH with NaOH 

and filter sterilized. 500|il of this was put in a sterile plastic tube. Slowly, drop by drop, 

the DNA mixture from above was added. Very light mixing by hand was done in 

between drops. 
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The solution was then allowed to stand 20-30min in the dark. A cloudy 

precipitate should become visible. This was then mixed with a pipette and 450-500|J,l of 

the solution was dripped onto each dish. Plates were then returned to the incubator and 

not moved for 4 h. 

After 4 h, the medium was aspirated and serum free medium containing 10% 

DMSO was added to each plate. After 0.5-2 min (until cells are rounded), this was 

sucked off and the plates were washed with 4ml of PBS (2x). Normal medium with 10% 

CS was then added to the plates. 

Two control plates were transfected with 20(ig of salmon sperm DNA only. 

One of these plates was placed in selection medium and the other v/as incubated in 

normal medium. 

24h following DMSO shock, medium was replaced with medium containing 

the selection drug. Hygromycin (stock: lOOmg/ml in H20, filter sterilized) was used at 

200ii,g/ml and G418 (stock: lOOmg/ml in H20, filter sterilized) was used at 400(ig/ml. 

Medium was refreshed every 2-3 days. Cells should die in Hygromycin after 2-3 days 

and in G418 after a week or more. Colonies should be visible after 10-14 days. Negative 

control should be completely dead. These conditions apply to NIH 3T3 cells; optimal 

conditions may differ for different cell lines. 

Clones were picked as follows. Medium was removed and plates were washed 

with PBS. Colonies were marked with a felt pen on the underside of the plate. Sterile 

8x8 mm glass cloning circles (no. 2090-00808 Bellco Glass Inc. Vineland NJ 08360) 

standing in a thin layer of gasket grease were placed over each colony. It was necessary 
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to work quickly, before the plates dried completely. 30ul of trypsin/EDTA was then used 

to lift cells from the plate. Cells were then sucked off in 0.4ml of medium and seeded 

into 60mm dishes with 4 ml of medium. 

2.2.3 Transient Transfection 

Cells were seeded from very confluent plates (at least 3 days growth) 18-22 

hours before transfection. For NIH 3T3 cells, 5xl06 cells per 15cm plate and 2xl06 cells 

per 10cm plate were seeded. At the time of transfection, a substantial number of rounded 

cells starting, or undergoing cell division should be visible. 

20|^g of DNA was used per 10cm plate. Of this amount, 2-3(ig of test plasmid, 

l|ig of transfection control (e.g. SV-B-globin, SV-CAT). To measure transfection 

efficiency, RSV-LacZ plasmid is added to the transfection precipitate. Parent vector 

plasmid is added to make the total DNA 20|0,g. H20 is added to 675|il, then 75ul of 

2.5M CaC12 is added. 750|il of 2X HeBS (see stable transfection protocol) is then added 

as per the stable transfection protocol. The precipitate is allowed to form in the dark for 

20 min before dripping it onto the plate. The plates were lightly swirled and returned to 

the incubator and left overnight. The next day, the plates were washed 2x with 4ml of 

PBS and the medium was refreshed. If serum starvation was required, 0.5% CS DMEM 

was added at this point. Protein or RNA was isolated 48 hours after transfection. 
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2.3.1 Nuclear and Cytoplasmic Fractions 

Cells were washed twice with ice-cold PBS (5ml for 10cm dish and 10ml for 

15cm dish) and plates were kept on ice between washes. Cells were then scraped off by 

pushing, not pulling, with rubber scrapers (Tamson no. NR1246K02, Zoetermeer, The 

Netherlands) held at a low angle to the surface of the plate and cells were transferred to 

1.5ml tubes. Cells were spun briefly in a microfuge (~5s) to form a loose pellet and the 

supernatant was quickly removed by aspiration. To the pellet, 250 (ll of ice-cold TNE 

buffer (150mM NaCl, lOmM Tris pH 7.8, ImM EDTA) was added and cells were 

resuspended by finger vortexing until no clumping was observed. 20(il of ice-cold 

10%NP40 was then added and the tubes were inverted 3-4 times and incubated on ice for 

l-2min. During this incubation time, the lysate was applied onto an ice-cold 500fil 25% 

sucrose cushion (in TNE buffer) in a 2-ml tube. The lysate was then spun at top speed in 

a microfuge for 1.5 min. 250|il (no more - leave the whole cell interphase undisturbed) 

was taken from the upper phase and further processed to isolate cytoplasmic RNA (see 

below). The interphase (whole cells) and the sucrose cushion were discarded and the 

pellet was washed once in TNE buffer before being processed to isolate nuclear RNA 

(see below). 

2.3.2 Polysome Fractionation 

Cells were rinsed 3X with 1 (Xg/ml cyclohexamide in PBS at 4°C, harvested by 

scraping with a rubber policeman and centrifuged at 800xg for 10 min. The pellets were 
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resuspended in lysis buffer (50 mM HEPES pH 7.6, 240 mM KC1, 10 mM MgS04, 250 

mM sucrose, 0.4 mM DTT, 0.4 Ug/ml cyclohexamide, 0.4% Nonidet P-40), incubated for 

10 min at 4°C, and centrifuged for 10 min at 12,000xg. Supernatants were layered onto 

linear 15-45% sucrose gradients (10 mM Tris-HCl pH 7.6, 10 mM NaCl, 1.5 mM MgCl2) 

and fractionated by velocity sedimentation by centrifugation at 36000 rpm for 2.5 hr in a 

SW-41 rotor. Gradients were removed with an Auto Densi-Flow IIC (Buchler), pumped 

through a continuous flow cell (Pharmacia Monitor UV-M) that measured the absorbency 

profile at 254 nm, and fractions collected with a Pharmacia FRAC-100. 

2.4 Total RNA Isolation 

Total RNA extraction was performed as per the single-step guanadinium 

method of Chomczynski (36). Briefly, 1 ml of solution D was added per 107 cells. The 

lysate was passed through a pipette a few times to break chromosomal DNA. The lysate 

was transferred to a polypropylene tube. Sequentially, the following solutions were 

added: (1) 0.1 ml Na Acetate pH 4.0; (2) 1 ml of water saturated phenol; 0.2 ml of 

chloroform:isoamyl alcohol (49:1). The tubes were capped well and the mixture was 

shaken well and incubated at 4°C for 15 min and centrifuged at 10,000xg for 20 min at 

4°C. After centrifugation, the aqueous phase (~lml) was transferred to a fresh tube. 

RNA was precipitated by adding an equal volume (~lml) of isopropanol. Samples were 

stored at -20°C for 30 min and then centrifuged at 10,000xg for 10 min at 4°C and the 

supernatant was discarded. The pellet was then resuspended in 0.3 ml of denaturing 

solution and transferred to a 1.5 ml microfuge tube. RNA was precipitated with 1 vol 
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(0.3 ml) of isopropanol at -20°C for 30 min (as above), and then centrifuged at 10,000xg 

for 10 min at 4°C. The RNA pellet was resuspended in 75% ethanol, vortex-mixed, and 

kept at R.T. for 10-15 min to dissolve residual amounts of guanidinium salt. RNA was 

then sedimented at 10,000xg for 5 min and the supernatant was discarded. The pellet was 

briefly air dried (~5min). RNA was then resuspended in DEPC-treated water and stored 

at -70°C. 

2.5 Nuclear RNA Isolation 

2.5.1 UREA Method 

Nuclear pellets were resuspended in 40(il of ice-cold TNE and then 400(ll of 

freshly made, ice-cold NUN buffer was added (1M urea, 20mM HEPES, 7.5 mM MgC12, 

0.2mM EDTA, 0.3M NaCl, 1% Nonidet P-40, ImM DTT,100ul/ml yeast tRNA), hand-

mixed hard for 10 s and incubated on ice for 10 min. Chromatin complexes were pelleted 

for 2 min at top speed and the supernatant was quickly transferred to a tube containing 

500ul of 25:24:1 phenol/CHCl3/IAA pH 7.5 and 4ul of 10% SDS, vortexed, and 

centrifuged for 4 min. The organic layer was removed with a 200|Xl tip from the bottom 

and the aqueous phase was then extracted with 500|il CHC1/LAA and the aqueous phase 

was precipitated with 1ml of Ethanol and 40p,l of 3M NaOAc pH 5 at -20°C overnight. 

2.5.2 KAc/CHCWSDS Nuclear RNA Isolation Method 

Following cell lysis and fractionation (see above), nuclear pellets were well 

resuspended by tituration in 400|J,1 of ice-cold Tris/EDTA buffer (lOOmM Tris pH 7.5, 

ImM EDTA). In succession, lOOjal of 10% SDS, 160fil of 5M potassium acetate pH 5, 
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and 700i.il of 24:1 chloroform/iso-amyl alcohol, were added. The nuclear lysate was 

vortexed until uniformly cloudy (~10s) and was then incubated on ice for 5-10 min. This 

was then spun at top speed at 4°C for 10 min. The supernatant was quickly transferred to 

a tube containing an equal volume of isopropyl alcohol. This was allowed to precipitate 

at -20°C overnight. 

The following day, RNA pellets were resuspended and treated with DNase (see 

below). 

2.5.3 DNase I Treatment of RNA 

After all traces of alcohol were removed, nuclear RNA pellets were 

resuspended in 15ul of H20. To each sample 35ul of DNasel mix (5[il of lOx DNase 

buffer (1M Na Acetate pH 5.0, 50mM MgCl2), l|J.l 200mM vanadyl ribonucleoside 

complexes (VRC), 26(il H20, 3|il RNase free DNasel (10 units/ul)(Gibco/BRL)) were 

then added. The samples were then incubated at RT for 25 min (not more) and 50u.l of 

lOOmM EDTA pH 8.0 was added to chelate Mg2+ and to break up the VRC. The RNeasy 

RNA (Qiagen) clean-up protocol was then performed as follows. Briefly, 350 |il of 

Buffer RLT was added and was then mixed thoroughly. 250 (il of ethanol was then 

added and this was mixed well by pipetting. The sample was then loaded on an RNeasy 

column and the collumns were spun for 15 sec at >8000xg. The flow through was 

discarded. The collumn was transferred to a new collection tube and 500 (0.1 of Buffer 

RPE was added and the collumn was then spun for 15 sec at 8000xg to wash. The wash 

procedure was then repeated but the second time, the collumn was spun for 2 min at 

700i.il
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maximum speed to dry the membrane. The collumn was then transferred to a new 1.5 ml 

tube and 30-50 )ll H20 was applied to the collumn membrane before being centrifuged 

for 1 min at 8000xg to elute RNA. The RNA in the eluate was then precipitated with 0.1 

vol Na Acetate and 2.5 vol. ethanol at -20°C overnight. 

2.6 Cytoplasmic RNA Isolation 

The cytoplasmic fraction above the sucrose pellet was pipetted into a 1.5 ml 

tube containing 250^1 of 2xPK buffer (350mM NaCl, 2% SDS, 25mM EDTA, 200mM 

Tris pH 7.5) and 500(j,l of Tris saturated phenol pH 7.5 (stored at 4°C; made fresh every 

month). This mixture was then vortexed for 10 sec. The samples may be left at RT for 

hours if other samples (e.g. Nuclear samples) are to be processed. Samples were spun at 

RT for 4 min. The phenol layer was then removed from the bottom of the tube with a 

200ul pipette tip and 500|ll of fresh phenol was added for a second extraction step (not 

required for 10cm plates). Phenol was removed in the same fashion and the supernatant 

was then extracted with 500ul of chloroform/IAA (24:1). The supernatant was then 

pipetted into a tube containing 1ml of ice-cold ethanol for precipitation at -20°C 

overnight. After all traces of ethanol were removed, pellets were resuspended in 200 JLLI 

of ddH20 and quantitated by UV spectrophotometry. 

2.7 RNA Stability Measurements: 

After permitting expression of the tet-responsive genes for one or more days in 

culture, further transcription was terminated by adding tetracycline to a final 

concentration of 10 (ig/tnl. Cytoplasmic RNA was isolated at various time points after tet 
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addition. RNA abundance was monitored by Northern analysis, c-fos, BFB, and BFfsB 

mRNAs were detected with a Stul-Bglll fragment of the pBFB which corresponds to 

exon 4 of the human c-fos gene. BBB and BBB+ARE mRNAs were detected with a 

HinDIII-Bglll fragment of RSV-B-globin that corresponds to the rabbit 6-globin cDNA. 

GAPDH mRNA was detected with a PstI fragment of pBSMGAP that corresponds to the 

murine GAPDH cDNA. 
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3 RESULTS 
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3.1 Translation of c-fos Message infos Amplified Cells 

3.1.1 Background 

A former student of our lab, Dr. Howard Wong, used an adaptation of the 

technique of dihydrofolate reductase (dhfr) directed gene amplification (172) to co-

amplify the human c-fos gene in tissue culture cells (172). In brief, CHO cells (DG44) 

that are deficient for the dhfr gene were transfected with a construct containing both the 

dhfr and c-fos genes. Amplification of dhfr and co-amplification of c-fos within these 

transfectants were achieved by sequential selection with increasing amounts of the 

chemotherapeutic drug methotrexate. 

To study mRNA decay, control cell lines and afos amplified cell line (FA-1), 

were serum starved for 24 hours or more and then total RNA is extracted at various times 

following serum stimulation and measured by Northern analysis. In both FA-1 and 

control cell lines, c-fos mRNA is rapidly induced, reaching a peak in steady-state levels 

after 30 min of serum treatment. In control cell lines, c-fos mRNA levels decline rapidly 

and are almost undetectable after 90 min. In FA-1 cells, however, c-fos mRNA is 

greatly overproduced (50-150 fold) and is still detectable at 8-12 hr. after induction (172). 

Significantly, the rate at which its decay occurred was reduced by approximately 10 fold 

in the FA-1 cell line compared to that found in the control cell lines. Nuclear run-on 

experiments showed that in both fos amplified and control cell lines transcription was 

transiently induced by serum and then returned to its very low basal level within 60 min 

after induction. Heterogeneous nuclear c-fos RNA was also detected but did not persist 
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as did the mature RNA. Thus the reduced rate of c-fos mRNA decay could only be 

explained by a perturbation of some post-transcriptional process distinct from hnRNA 

processing. Our hypothesis was that the excess amount of c-fos mRNA caused an auto-

titration of factors that are normally required for its own rapid degradation. Consistent 

with this, it was also observed that transcripts with closely related sequences such as fosB 

and/ra-1 (but not c-myc or c-jun) were also partly stabilized in trans. 

3.1.2 fas mRNA Translatability 

There are two possible mechanisms by which the enhanced stabilization 

observed in FA-1 cells may have been achieved. First, several lines of evidence suggest 

that ongoing translation of the c-fos mRNA is required for its rapid degradation in normal 

cells (141; 164). If this is true, one reason for the observed stabilization of fos mRNAs in 

c-fos amplified cell lines may have been due to a decrease in the efficiency of their 

translation. It is therefore formally possible that high levels of c-fos mRNA in FA-1 cells 

could have titrated factors required for their own translation. The second possibility is 

that the decay pathway itself is saturated in/os-amplified cells. 

In order to examine the first possibility, I carried out a series of experiments to 

compare the efficiency of translation of c-fos (as evidenced by recruitment to polysomes) 

in control, compared to that in/05 amplified cell lines. Cytoplasmic extracts from each 

cell line were fractionated by sucrose gradient centrifugation. RNA from each fraction 

was extracted and analyzed by Northern hybridization to c-fos specific probes. The ratio 

of polysomal to non-polysomal c-fos mRNA was found to be similar in the control and 
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experimental cells (see figure 3). We do not yet have an explanation for the smaller sized 

mRNAs that are found in the non-poly somal fractions. It is possible that these represent 

messages with shortened or deadenylated poly(A) tails which may be less efficiently 

translated than the longer species. 

These results are consistent with a model suggesting that a cellular pathway 

that specifically degrades fos-family mRNAs has been perturbed in the c-fos amplified 

cell line. Wong's study suggests that there are factors that have been titrated by 

overexpressing the c-fos mRNA. These factors are presumably intimately linked with the 

machinery which targets the c-fos message for rapid degradation. 
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Figure 3: fos mRNA is Efficiently Translated in fos Amplified Cells. 

Cytoplasmic extracts of serum stimulated cells were taken from either fos amplified (FA-

1) cells or from parental cells (DG44). Extracts were sedimented through a 15-45% 

sucrose gradient. RNA was isolated (total RNA method in the methods section) from 

collected fractions (1-10) and analyzed by Northern hybridization to a human c-fos probe. 

Lower fraction numbers contain lighter particles from the top of the gradient and high 

fraction numbers are from the bottom of the gradient. Polysomal fractions were 

identified by measuring the UV absorbance continuously on a chart recorder as the 

fractions were collected (not shown). The UV absorbance profile revealed that 

polysomes were fractionated to a similar degree from both the FA-1 and DG44 cells. 

Following hybridization, the exposure time for the DG44 Northern blot was 

approximately 40 times longer than that for the FA-1 Northern blot, consistent with 

increased abundance of c-fos mRNA in the/05 amplified cell line. 
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3.2 The Tetracycline Expression System 

3.2.1 Rationale 

We wished to develop a way to identify components of the machinery that 

degrades c-fos mRNA, and to elucidate how the decay machinery itself might be 

regulated, by adapting the newly described tetracycline-regulated system for the study of 

mRNA decay (see figure 4). The tet-responsive promoter system is based on a hybrid 

transactivator that specifically stimulates transcription of promoters that contain tet-

operator sequences (58). The hybrid transactivator protein (tTA) is composed of the 

DNA binding domain of the Tet repressor protein from Escherichia coli and the 

activating domain of the viral protein VP16 from herpes simplex virus. tTA is able to 

specifically bind to and strongly activate minimal promoters containing seven 

consecutive tetO sequences. When tet is present, the binding of tTA to the tetO 

sequences is prohibited, resulting in efficient shut-off of gene transcription (58). 

Previous studies of c-fos mRNA stability have depended upon expressing the 

c-fos mRNA, or derivatives thereof, from the serum inducible c-fos promoter, which 

directs a transient burst of transcription upon serum stimulation. Although serum 

inducibility has allowed us to measure mRNA stability without the use of transcription 

inhibitors, it is possible, even likely, that the decay machinery itself may be serum 

responsive. To help identify and characterize components of the degradation machinery 

in NIH 3T3 cells, it would be useful to be able to uncouple expression of the mRNAs of 
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interest from serum induction. The tetracycline system is ideally suited to this purpose. 

In this system, target mRNAs are repressed when cells are grown in the presence of 

tetracycline, and induced upon tetracycline withdrawal. Because this system permits the 

directed expression of specific mRNAs in a tightly regulated manner, it allows us to vary 

the growth conditions under which the c-fos mRNA derivatives are expressed. 
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Figure 4: Tetracycline Regulated Transcriptional Expression System. 

(A) tet-transactivator (tTA) expression construct. Neomycin resistant NIH 3T3 

transfectants were tested for tet-regulated expression by transient transfection of a 6-

galactosidase reporter under the control of the (B) tet-regulated promoter (58). A tTA-

cell line that allowed induced expression of B-galactosidase in the absence of 1 mg/ml 

tetracycline and low basal expression in the presence of tetracycline, was chosen for 

subsequent experiments (see table 1). MCS: multiple cloning site. VP16: herpes simplex 

virus viral protein 16. CMV: minimal promoter including TATA box from 

cytomegalovirus promoter. neoR: gene for neomycin resistance. tetR: sequences 

encoding the tet Repressor protein. 
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3.2.2 Advantages of the Tet-Expression System 

Advantages of the tetracycline expression system are many fold. First, 

expression of the tet responsive gene is reversible by simply adding or washing out 

tetracycline; in practice, up to five orders of magnitude of regulation can be achieved 

(58). Second, it's exquisitely selective in that in contrast to the effectors of other 

inducible systems such as heat shock or heavy metals, tetracycline does not seem to 

influence the expression of other genes; the concentrations required for this system are 

orders of magnitude below those known to have any biological effects (58). Third, the 

system has been proven to work in vivo in species as diverse as plants (53), trypanosomes 

(169) and mice (50), making it amenable for broad use in many systems. 

3.3 Cell lines Expressing/os mRNAs under Tetracycline Control 

3.3.1 fos/fi-Globin Chimeric mRNA Constructs 

As described in the introduction, previous work conducted in the laboratories 

of Belasco and Greenberg identified two major destabilizing elements in the c-fos 

mRNA; one in the coding region and one, an AU-rich element, in the 3' untranslated 

region (see figure 2). This was done by creating chimeric mRNAs using components of 

c-fos and a stable reporter mRNA, B-globin. The chimeras are named in a three letter 

code. For example, the wild type B-globin mRNA is called "BBB", where the first 'B' 

stands for the 6-globin 5' UTR, the second 'B' stands for the 6-globin coding region, and 

the third 'B' stands for the B-globin 3'-UTR. BBB+ARE is a modified wild type 8-
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globin mRNA that has had the human c-fos ARE inserted downstream of the wild-type 8-

globin coding sequence. "BFB" is the c-fos coding region flanked on the upstream and 

downstream sides by the 6-globin 5' and 3'-UTRs respectively. As shown in figure 2, 

either the c-fos coding region (BFB) or an AU-rich element in the 3' UTR (BBB+ARE) 

can independently destabilize the chimeric transcripts compared with BBB. In order to 

bring the expression of each of the fos/globin chimeric mRNAs under the control of 

tetracycline, DNA sequences encoding each of the chimeric mRNAs were placed 

downstream of the tet-responsive promoter (see figure 5). 

The BFfsB construct illustrated in figure 5 is essentially identical to BFB 

except that the fos coding sequence has been shifted +1 out of frame. Each of the new 

stop codons in the altered reading frame was mutated to allow translation to proceed to a 

new stop site adjacent to the wild type site in the native reading frame. Using this 

construct, Cheryl Wellington showed that the coding region element functions as mRNA 

per se, since it still functions as a destabilizing element when translated out of frame. 

Therefore, we have two versions of the coding region element, one (BFB) that will by 

definition also produce c-Fos polypeptide, and another (BFfsB) that will produce only the 

mRNA target independent of c-Fos protein. Decay patterns observed for these two 

mRNAs are identical in serum stimulated cells (164). We have included the BFfsB 

construct in our studies to control for the possible side effects that might be caused by 

ectopic expression of the Fos protein. 
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Figure 5: c-/os/B-globin Chimeric mRNA Expression Under the Control of 

tetracycline. Tet-responsive c-fos/B-glob'm chimeric mRNA expression constructs were 

made and transfected into tTA-expressing NIH 3T3 cells as described in in figure 4. "pt" 

is an abbreviation for "plasmid tetracycline". Either of the c-fos mRNA instability 

determinants have been inserted into a 6-globin RNA background as described in figure 

2. BBB: wild-type 8-globin. BBB+ARE: same as BBB except for an insertion of the 51 

nt c-fos AU-rich element of mRNA instability into the 8-globin 3'-UTR. BFB: the 6-

globin coding region sequences have been replaced by the entire c-fos coding region. 

BFfsB: harbours a +1 frame-shift mutation at the native c-fos translational start site. 

Premature stop codons in the +1 reading frame have been corrected so that translation 

may procede to the native stop site (UGA). mRNA produced from this construct was 

shown to be efficiently translated by polysomal analysis and has mRNA decay kinetics 

which are identical to those of the BFB mRNA (164). This mRNA was used so that 

mRNA decay kinetics might be monitored without the constitutive expression of the c-

Fos protein. 
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3.3.2 Tet Transactivator Cell Line 

The first step was to establish a NIH 3T3 cell line stably transfected with a 

construct (pUHD15-3neo) that constitutively expresses the tetracycline responsive 

transactivator, a fusion protein consisting of the DNA binding domain from the bacterial 

tet repressor gene and the herpes simplex viral protein 16 (VP16) transactivator. Cells 

expressing this fusion protein were selected with neomycin and individual clones were 

picked, grown in the presence or absence of tetracycline, and were then screened as 

follows. Into each clone, a tetracycline-responsive LacZ reporter gene (pUDH16-3) and 

a constitutively expressed CAT gene (pSV-CAT) were introduced by transient 

transfection. Cell lysates were then tested for LacZ protein abundance by ELISA assay. 

LacZ abundance was then normalized to levels of CAT expression. 

We first wanted to determine how robust the tetracycline promoter was as an 

inducible system in NIH 3T3 cells. We therefore measured the basal activity of the tet-

promoter expression construct in the absence of the tet-activator protein in NIH 3T3 cells. 

As shown in table 1, NIH 3T3 cells contain endogenous 6-GAL levels that are below the 

sensitivity of our ELISA method (mock). However, when a tet-regulated B-GAL 

construct is transiently introduced into NIH 3T3 cells (parental), the 6-GAL levels are 

almost as high as those of cells containing a 6-GAL construct driven by the SV40 

promoter (SV-I3-GAL). Similarly, in cells containing the tTA protein, tet-G-GAL 

expression was also quite high even in the presence of tetracycline. These results 

indicate that in transient transfections, the basal activity of the minimal CMV promoter is 
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significant. We did not determine if the measured basal promoter activity could be 

minimized by using a lower quantity of DNA in transient transfections. 

We were successful in generating several tTA transfected cell lines that were 

neomycin resistant and presumably contained the tet-transactivator protein. Using the 

tet-regulated B-gal reporter construct, we were able to identify the tet-activator 

transfected cell lines that exhibited the greatest repression in the presence of tetracycline 

(line C in Table 1), after normalizing to CAT levels. This cell line was called NIH 3T3 

tTA. 6-Gal activity in this cell line was repressed 12 fold in the presence of tetracycline. 

This cell line was deemed to be suitable for the following reasons. First, a 12-fold 

difference is sufficient to be able to measure mRNA half-lives. Second, although the 

basal levels of expression were measured to be quite high, this was assumed to be partly 

due to the inadequacies of transient transfection by calcium phosphate. In NIH 3T3 cells 

in our hands, the transfection efficiency is about 1% on average (not shown). Therefore, 

while 99% of the cells take up no DNA, the measured expression is due to a small 

number of cells taking up large quantities of DNA, the absolute amount of which is 

difficult to control. It was assumed that the use of stable transfection would alleviate this 

problem. The NIH 3T3 tTA cell line was therefore used in the next round of 

transfections. 
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Table 1: Screening tTA transfectants 

tTA transfectants: NIH 3T3 fibroblasts were stably transfected with pUHD15-3neo and 

G418-resistant colonies were picked (only four of 13 are shown here). These colonies 

were screened for tTA expression by transiently transfecting G418-resistant clones with 

pUHD16-3 and assaying for those that displayed tetracycline-regulated B-galactosidase 

expression by an ELISA assay normalized to transfection control plasmid SV-CAT. The 

cell line with the greatest degree of tetracycline regulated expression was named NIH 

3T3 tTA (cell line C). 

Controls: (SV-B-Gal) NIH 3T3 cells were transiently transfected with a construct which 

expresses the B-GAL gene from the SV40 promoter. (Parental) NIH 3T3 cells were 

transiently transfected with the tet-inducible B-GAL construct, pUHD16-3. (Mock) only 

carrier DNA was used in the transfection. 
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tTA transfectants Controls 
Tetracycline 

(2ng/ml) A B C F SV-B-Gal Parental mock 

+ 0.054 0.029 .03 .036 0.031 0.024 . 

B-Gal 
(ng/ml) 

- .4 .098 .38 .27 0.030 0.020 0.001 

Fold 
7.3 3.4 12 7.5 

Repression 
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3.3.3 Tet-Regulatedfos mRNA Expression 

Once a cell line containing the tTA protein was generated, we could then 

introduce into this cell line, the various constructs (figure 5) that would place each of our 

test/bs/globin chimeric mRNAs under the control of tetracycline. Each tet-globin/ftw 

construct was stably co-transfected into NIH 3T3 tTA cells together with a gene for 

Hygromycin resistance. Hygromycin resistant colonies were selected and between 20-40 

clones from each transfection were screened for regulated expression of the transgenes by 

steady state Northern analysis (figure 6). Candidates were grown either in tet-free 

medium or in medium containing 1 fig/ml tetracycline. Cell lines that showed low basal 

activity in the presence of tet and high activated levels of expression in the absence of tet 

were used for further study. 

Although this technology wasn't available to us at the beginning of these 

studies, accurate quantitation of Northern blots was eventually made possible by the use 

of phospho-imaging. Approximately 50% of cell lines showing any expression of the 

transgene displayed a significant difference in expression when grown in the presence or 

absence of tet. At least two cell lines chosen for further studies exhibited approximately 

a 500-fold difference in expression levels in the presence and absence of tet. Although 

many of the cell lines showed significant levels of basal expression in the presence of 

tetracycline, in certain cell lines the basal levels of expression were undetectable. These 

results are in contrast with those obtained from transient transfections of tet-B-GAL into 

tTA cell lines, which showed very high levels of basal activity. This demonstrates that 
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by doing stable transfections and carefully screening for appropriate clones, it is possible 

to obtain cells that display a robust regulation of transgene expression with the 

tetracycline promoter system in NIH 3T3 cells. 
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Figure 6: Selection of cell lines expressing c-/os/B-globin chimeric mRNAs. 

Individual hygromycin-resistant colonies containing stably integrated (A) tetBBB, 

(B) tetBBB+ARE, (C) tetBFB, or (D) tetBFfsB in NIH3T3 tTA cells were cultured 

either in the continuous presence of tetracycline (l|j,g/ml) or in the absence of 

tetracycline. Cytoplasmic RNA was isolated. For analysis, 10(ig of RNA was 

subjected to electrophoresis through 1% agarose, 2.2M formaldehyde gels (lower 

image), and transferred to nylon membranes. Probes specific for the c-fos or B-

globin coding regions were used to screen candidate lines for those that displayed 

tetracycline-regulated expression of the chimeric mRNAs under steady state 

conditions. Only mRNA species were detected (middle image). Cell lines that were 

used in subsequent experiments are indicated with an asterix (*). Quantitation was 

performed by scanning X-ray films and normalizing to EtBr stained 18S 

RNA.(Upper) Because of the limited range of sensitivity of film, we believe the fold 

induction values to be an underestimation. This was later confirmed by quantitation 

by phospho-imaging analysis. 
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(C) tet-BFB cell line selection 
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3.3.4 Tetracycline Dose Response 

In order to determine the range of tetracycline concentration that can achieve 

regulated transgene expression, a dose response curve was generated for a candidate cell 

line of each tet-/0.s/globin construct. As shown in figure 7, the tetracycline dose response 

curve for each of the different cell lines is identical. This suggests that regulation of the 

tTA protein by tetracycline is independent of the reporter sequences, insertion site, and 

copy number. In our cells, basal expression from the tet-promoter is seen at a tet 

concentration of around lOOng/ml and above whereas maximum steady state expression 

is observed at concentrations below O.lng/ml. These values are essentially identical to 

those obtained in HeLa cells (58). It may therefore be possible to modulate transgene 

expression by varying the tetracycline concentration between the range of O.lng/ml and 

lOOng/ml in a wide range of cell types and tissues under a variety of conditions. 
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Figure 7: Dose-reponse curve of selected cell lines under steady-state conditions. 

One candidate cell line for each of the four chimeric mRNAs was cultured in growth 

media containing tetracycline at the following final concentrations: Lane 1: no 

tetracycline; lane 2: 0.1 ng/ml; lane 3: 1 ng/ml; lane 4: 10 ng/ml, lane 5: 100 ng/ml; 

lane 6: lOOOng/ml. Cytoplasmic RNA was isolated after three days of growth, and 

10(lg was analyzed by Northern blot to either a fos or a 6-globin probe. 
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3.3.5 Transgene Induction Kinetics 

3.3.5.1 Background 

An important goal of this study was to use the tet-expression system to 

produce a "pulse" of RNA transcription that could then be monitored in the cytoplasm. 

This type of approach would not only allow us to measure cytoplasmic mRNA decay 

rates but would also allow us to follow the mechanisms of decay of a population of 

mRNAs. For example, using the /bs-promoter, it was shown that mRNAs that have 

recently emerged from the nucleus have a poly(A) tail of approximately 200 nt. Over 

time, the poly(A) tail is shortened to about -60 nt after which the body of the mRNA is 

rapidly degraded (148). We wished to be able to use the tet-system to carry out this type 

of precursor/product analysis in parallel with mRNA decay studies. In this way we could 

determine whether the mechanisms and kinetics of c-fos mRNA decay mediated by either 

instability determinant were similar under a variety of conditions. In order to carry out 

these types of experiments, we would have to grow cells in the presence of tetracycline to 

shut off transcription and then wash out tet in order to induce transcription from the tet-

promoter. After allowing enough time for mRNA to accumulate, we would then add 

tetracycline to shut off transcription and then we could monitor mRNA decay. Ideally, 

the kinetics of transcriptional activation and repression by tetracycline should be rapid. 
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3.3.5.2 Tet Washout causes a rapid induction of transgene expression 

We then carried out experiments to evaluate the kinetics of transcription 

resumption when tet was removed from the culture medium. In early experiments, we 

were unable to observe significant induction from our tet-driven constructs (data not 

shown). From the dose response curves, it was apparent that only very low 

concentrations of tetracycline are required to repress gene expression and it was possible 

that simple replacement of culture medium was insufficient to obtain good induction. 

Therefore, we decided to include a more rigorous rinsing procedure (see figure 8) and 

performed induction experiments on each class of tet-expression cell lines. Two of these 

experiments are shown in figure 8. The cell lines carrying tet-BFB and tet-BFfsB both 

show a rapid and efficient mRNA induction following the removal of tetracycline. At 

time zero these mRNAs were undetectable by Northern blot analysis. Following a delay 

of approximately 1.5-2 h, mRNA levels increase rapidly and reach 20% of maximum 

steady state levels after another -2.5 h. 

3.3.5.3 Tet washout induces the endogenous c-fos gene 

An additional unexpected result that can seen in figure 8B is that a higher 

molecular weight mRNA in addition to those of BFB and BFfsB is transiently induced 

following tet washout. We infer this mRNA to be that of the endogenous murine c-fos 

gene for the following reasons. First, by comparison with the migration of the ribosomal 

RNAs, the size of this mRNA was estimated to be approximately 2.2kb, identical to that 

of c-fos. Second, the kinetics of its expression are identical to published results of c-fos 
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kinetics following a stimulus. Third, it hybridizes to afos probe, which was used to 

detect BFB and BFfsB mRNAs. A comparison of the BFB and BFfsB mRNA abundance 

and those of the endogenous c-fos mRNA reveals that even at maximum levels, transgene 

expression does not exceed that of the endogenous c-fos mRNA. As previously shown by 

Wong (172), high levels (50-100x) of overexpression of fos mRNA result in altered 

mRNA decay kinetics. This is presumably due to a saturation of the decay pathway that 

renders the c-fos mRNA highly unstable. Since the levels of expression of the BFB and 

BFfsB transgenes are approximately the same as the endogenous gene, we do not expect 

that the exogenous expression of these genes will alter normal mRNA decay kinetics. 

The observed induction of the endogenous c-fos gene reveals that cellular 

stimulation is an unwanted consequence of our tet-washout procedure. One of the major 

potential advantages of using the tet-system to study mRNA decay was to avoid 

perturbing cellular processes. If we wanted to study mRNA decay in stimulated cells, we 

could use the c-fos promoter as others have done with great success. Since we were 

interested in studying mRNA decay in cells grown in a variety of conditions, we decided 

to abandon our original goal of using the tet-system to make a transcriptional pulse. In 

order to study mRNA decay, we decided to simply grow cells in the absence of 

tetracycline in order to induce mRNA to maximum steady-state levels. mRNA decay 

could then be measured by simply adding tetracycline and following mRNA decay 

following transcriptional shut-off. 
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Figure 8: Induction of tet-regulated fos/globin chimeric mRNA by 

tetracycline washout. tet-BFB-E and tet-BFfsB-D cell lines were grown in the 

presence of 2j!g/ml of tetracycline and were then washed 4x rigorously with 10 

ml of PBS and were then incubated in normal media. Cytoplasmic RNA was 

taken at the times indicated. lOfig of RNA from each time point was analyzed by 

Northern Analysis (B) to a human c-fos DNA probe. (A) Northern Blots were 

exposed to X-ray film and quantitated using NIH image software. Signals were 

normalized to a control GAPDH probe signal (not shown), tet-washout results in 

an induction of tet-regulated mRNAs. Additionally, the wash procedure and 

replenishment with fresh media results in a spike of endogenous c-fos expression 

(on the left, upper band). 
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In November Hitler finally released the Me 262 for fighter production.53 The jet 

had proven itself against enemy planes and it was clear that the Me 262 was not suited for 

bombing. Hitler still insisted that the Me 262 be capable of carrying at least one 250kg 

bomb, but this order was expressly ignored by Messerschmitt and the operational units 

that flew the jet fighter. The release of the Me 262 was attributed to the completion of 

another jet project built specifically for bombing. The first of the Arado Ar 234 jet 

bombers were coming off the production line, and Hitler had acquired his high-speed 

bomber. The Ar 234 was the second operational jet aircraft of the German jet program. 

Fitted with BMW 003 engines, the first two operational Ar 234s were delivered to 

1 .IVersuchsverband Ob.d.L (reconnaissance group Oberbefehlshaber der Luftwaffe (C-in-

C of the Luftwaffe)) in July 1944.54 These machines were set up to fly photographic 

missions and were able to evade enemy aircraft with their superior speed. The BMW 

engines were no more reliable than the Junkers engines and had to be completely 

overhauled after only ten hours. But, the operational Ar 234 was similar to the Me 262 in 

that it could evade Allied aircraft because of its amazing speeds in excess of 740 km/h. 

Between September and November 1944, three additional Ar 234 reconnaissance 

groups were formed, designated Sonderkommando Gotz, Hecht, and Sperling.55 They all 

employed the new production Ar 234B-1, a twin-engine high-wing jet bomber. All three 

were disbanded in January 1945, then reformed and renamed 17(F) 100, l./(F) 123 

(based at Rheine), and 17(F) 33 (based in Denmark). 

The first Ar 234 bombing group was not operational until the Ardennes Offensive 

in December 1944 when KG 76 flew bombing missions against the Allies. Sorties 



74 

3.4 Analysis of mRNA Stability Using the Tet System 

3.4.1 Background 

It has been demonstrated that certain labile AUUUA-containing mRNAs can 

be stabilized by treatment of lymphocytes with phorbol esters (146), anti-T-cell 

antibodies (174), or protein synthesis inhibitors (106). This stabilization can affect 

individual messages or be class-dependent and requires continuous exposure to mitogens 

(171). This suggests that protein kinase and calcium dependent signaling pathways can 

modulate mRNA turnover. In this light, it is significant that the systems that target 

certain ARE-containing mRNAs in trans are somehow perturbed in certain tumour cell 

lines (132;142). These findings are significant as they reinforce the idea that AU-rich 

elements and the degradative systems that target mRNAs that contain them may 

constitute part of a signaling pathway that inhibits either cell growth or metastasis. 

We wished to identify conditions under which the systems that target the c-fos 

mRNA for rapid degradation might be modulated. To date, there have been only a few 

studies that have shown that the stability of the c-fos mRNA may be modulated (149). 

However, very few reports have been published where the two fos instability 

determinants were isolated from each other. A consequence of having multiple 

instability determinants is that the entire message would remain unstable if only a single 

element remained active. For example, using chimeric RNAs containing either the ARE 

or the fos coding region of instability (CRDI), Shyu et al. (149) reported that the CRDI 
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was inactive in growing cells, while the ARE remained active. In the same publication, 

the authors also observed that while transcriptional inhibitors stabilized mRNAs 

containing the fos ARE, those with the CRDI alone were unaffected in serum stimulated 

cells. These results suggested that fos RNA instability determinants are targeted by 

separate pathways and have activities that vary under different conditions. Moreover, 

because transcriptional inhibitors such as DRB or ActD have been show n to stabilize fos 

RNAs (see below), studies that have employed these drugs would be insensitive to 

changes in the activities of degradative pathways. 

We have chosen to improve upon the analysis of c-fos mRNA decay in two 

ways. First, we have chosen to study the ARE and the CRDI mRNA instability 

determinants separately so that we may identify conditions under which the activities of 

either one might be specifically modulated. Second, we have chosen to place test RNAs 

under the transcriptional control of the tet-promoter so that we would be able to shut-off 

the production of the test RNA specifically. In this way, we could study decay under a 

variety of conditions in the absence of global inhibitors of transcription and at times when 

the endogenous promoter would be minimally active. 
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3.4.2 fos ARE is Active in Growing Cells 

We first tested the activity of either instability determinant in growing cells. 

Cells were grown in the absence of tetracycline and then cytoplasmic RNA was isolated 

at varying time points following the addition of tetracycline. RNA levels were 

determined by Northern analysis. In early experiments, we observed that a rapid and full 

repression was not achieved using a concentration of l|j,g/ml tetracycline. In subsequent 

experiments, transcriptional shut-off was achieved using tetracycline at a final 

concentration of lOjxg/ml. In all experiments, following the addition of tetracycline, a 

15-30 min lag was observed where RNA levels remained unchanged. At time points 

after 30 min, cytoplasmic mRNA decay was observed and this decay continued until a 

new steady state level of basal expression was achieved (see below). 

We first examined the activity of the c-fos ARE in cells undergoing 

exponential growth in 10% calf serum. As shown in figure 9, the addition of tetracycline 

has little effect on the levels of control B-globin transcripts in exponentially growing 

cells, implying, as expected, a highly stable mRNA (figure 9, BBB). By measuring the 

time required for the RNA levels to be reduced by 50%, we estimated the half-life of the 

wild-type B-globin mRNA to be greater than 10 h in growing cells. However, an 

identical RNA, except for the inclusion of the c-fos ARE into the 3'-UTR (BBB+ARE), 

decays with rapid kinetics. We estimate that the half-life of the BBB+ARE mRNA is 
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approximately 50 min in growing cells (see figure 9). From these data we conclude that 

the fas ARE is a potent destabilizer of mRNA in growing cells. 
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Figure 9: c-fos ARE is active in exponentially growing cells. 

(A) The BBB+ARE expression construct. BBB mRNA corresponds to the wild type 6-

globin mRNA. BBB+ARE is an altered version of BBB that has had the c-fos AU-rich 

element inserted into its 3'-UTR. (B) At time zero, lOflg/ml of tetracycline was added to 

growing cells and RNA was isolated at the time points indicated. RNA abundance was 

determined by Northern blot with a globin specific probe and then quantitated with a 

phosphoimager. Relative mRNA abundance has been plotted on a semi-log scale. 
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3.4.3 Effects of Transcriptional Inhibitors 

We also wished to compare the tet-promoter method of measuring mRNA 

decay rates with those which employ the transcriptional inhibitors Actinomycin D (ActD) 

and 5,6-dichloro-l-B-D-ribofuranosyl-benzimidazole (DRB). As shown in figure 10, the 

decay of BBB+ARE mRNA in growing cells is extremely slow in the presence of ActD. 

Previous studies by Chen et al. (32) showed that ActD inhibited global transcription by 

99% in the same cell line. Because we observe almost no decay of the BBB+ARE, we 

conclude that in the presence of ActD the fos ARE is inactive as an RNA destabilizer 

element. This is consistent with previous work in our lab showing enhanced stabilization 

of the full length c-fos message in the presence of ActD (172) and with the results of 

other investigators that have examined the effects of ActD on ARE function in serum 

stimulated cells (32). 

These findings suggest a possible model whereby a labile factor required for 

the rapid decay of ARE containing RNAs is no longer produced following the inhibition 

of RNA synthesis. Actinomycin D inhibits transcription by intercalating into nucleic 

acids. It is therefore also possible that ActD might inhibit ARE-mediated degradation 

selectively by site-specific intercalation into c-fos mRNA. To distinguish between these 

two possibilities, we examined the decay of BBB+ARE mRNA after the treatment of 

growing cells with DRB, a transcription inhibitor that functions by interacting 

specifically with the RNA polymerase II transcription apparatus rather than by 
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intercalating into DNA (105;177). We performed several experiments using several 

batches of DRB and observed that the results varied dramatically (data not shown). We 

therefore performed an experiment where we added both tetracycline and DRB 

simultaneously in order that tetracycline would shut off transcription and we could then 

determine the effect of the drug on mRNA stability. As shown in figure 10, following the 

addition of tetracycline and DRB, the initial phase of BBB+ARE mRNA decay is slow 

compared to that observed when tet is used alone; during the subsequent 2-8 hours, 

BBB+ARE mRNA decay is slowed even further. Thus by 2 hours of DRB treatment, the 

BBB+ARE mRNA is almost fully stabilized with a half-life similar to that seen in ActD 

treated cells. Because both of these transcriptional inhibitors, with different modes of 

action, are able to retard BBB+ARE mRNA decay, this suggests that the degradation 

pathway that targets the ARE is transcription dependent in growing cells. Our results 

also illustrate the fact that extreme care must be taken when interpreting data that uses 

transcriptional inhibitors to measure mRNA decay. 
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Figure 10: Transcriptional Inhibitors Inactivate the c-fos ARE. 

Growing BBB+ARE cells were treated with either (tet) tetracycline alone or 

(ActD)ActinomycinD (10|lg/ml) alone or (tet+DRB) tet together with 25u.g/ml 5.6-

dichloro-l-B-D-ribofuranosyl-benzimidazole(DRB). RNA was then isolated at the time 

points indicated. Northern analysis was performed using a globin specific probe. 

Quantitation was performed by phospho-imager analysis and was quantitated and then 

normalized to 28S ribosomal RNA in the agarose gel. 
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3.4.4 BBB+ARE mRNAs are Stabilized in Sub-Confluent Cells 

During our initial studies, we noticed that there was a great deal of variability 

in apparent mRNA half lives among different experiments. This variability seemed to 

correlate with differences in the density at which the cells were growing at the time that 

the experiments were conducted. We therefore measured the half-lives of fos/g\obin 

RNAs in either confluent or sub-confluent cells. For sub-confluent cells, cells were 

seeded at a low density and at the time of the experiment, cells were observed to be alone 

or in pairs on the tissue culture dish - i.e. not generally in contact with neighbouring 

cells. For confluent cells, cells were seeded at a high density and by the beginning of the 

experimental time course, cells had formed a continuous monolayer with no spaces. 

BBB+ARE cells were grown in normal medium at low density or until they 

reached confluence. The decay of the mRNA in each condition was followed after the 

addition of tetracycline. As can be seen in figure 11, the decay of BBB+ARE mRNA is 

slower in sub-confluent cells. The half-life in confluent cells was estimated to be 

approximately 50 min. However, in sub-confluent cells, BBB+ARE decayed with a half-

life of approximately 90 min. This difference represents an 80% increase in the stability 

of the ARE containing message. 



85 

Figure 11: fos ARE is more active in contact-inhibited cells. Tetracycline was added 

to BBB+ARE cells that were either completely confluent (confluent) or growing at low-

density (sub-confluent). Northern analysis was performed using a globin specific probe 

and signal intensity was quantitated by phospho-image analysis. Signals were 

normalized to 28S rRNA in the agarose gel. mRNA abundance as a function of time is 

plotted on semi-log scale. 
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3.4.5 The fos CRDI is Active in Growing Cells 

Previous work by Shyu et al. (149) suggested that the fas CRDI was inactive in 

growing cells. These experiments were done by placing the BFB mRNA under the 

control of the SV40 promoter and then measuring the decay of the mRNA following the 

treatment of cells with the transcriptional inhibitor, DRB. By this method, it was 

reported that BFB mRNA decayed with a half-life of 4-6 h in growing cells. They 

concluded that in contrast to serum-stimulated cells, fas CRDI activity was radically 

decreased in actively growing cells. We decided to test these conclusions using the tet-

system as an independent method to measure decay of CRDI containing mRNAs in 

growing cells. The decay curves of BFB and BFfsB in growing cells are shown in figure 

12. The half-lives of these RNAs vary somewhat depending on the conditions in which 

the cells are grown (see below), however, it is clear that these mRNAs are rapidly 

degraded in growing cells. Our results are in contrast with those of Shyu et al. since the 

slowest half-life we observe for the BFfsB mRNA in growing cells is approximately 75 

min. 
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Figure 12: The c-fos CRDI is active in growing cells. Cells were grown to either 

confluence or low density (sub-confluent) as in figure 11 and tetracycline was added. (A) 

The fos coding region determinant of instability (CRDI) is flanked on either side by 6-

globin 5' and 3'-UTRs (also see figure 2). Decay of both (B) BFfsB mRNA and (C) 

BFB mRNA is accelerated in contact inhibited cells. Tetracycline was added and RNA 

was isolated at the time points indicated (min). Northern Analysis was performed using a 

/os-specific probe and signals were quantitated using a phospho-imager. Signals were 

then normalized to 28S rRNA. 
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3.4.6 fas CRDI mRNAs are Stabilized in Sub-Confluent Cells. 

Similar to our experience with the BBB+ARE cells, in the course of 

conducting early experiments, we observed differences in decay curves of RNAs 

containing the CRDI that seemed to vary with the density at which the cells were grown. 

We therefore performed experiments to measure the decay rates of CRDI-containing 

mRNAs in cells at varying cell densities. As shown in figure 12, the decay of both the 

BFB and BFfsB mRNAs were delayed in sub-confluent vs. confluent cells. For example, 

the half-life of BFfsB mRNA in confluent cells was found to be approximately 35 min. 

However, in sub-confluent, actively growing cells, we estimate the half-life to be 70min, 

a two fold increase in mRNA stability (see figure 12 B). When we repeated these 

experiments on another cell line that also harbours the BFB mRNA, we found that the 

mRNA was stabilized in sub-confluent cells (figure 12C) to a similar degree as that of 

BFfsB. The fact that this effect is observed in two independent experiments using 

independent cell lines, suggests that the activity of the fos CRDI is differentially 

modulated in sub-confluent vs. confluent cells. This is a potentially very interesting 

finding, as it may indicate that cells that are capable of growth allow higher levels of c-

fos mRNA to accumulate. 
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3.4.7 Effects of Transcriptional Inhibitors on the CRDI 

We speculated that the delayed decay kinetics observed by Shyu et at. (149) 

were due to an artefactual stabilization of CRDI containing RNAs by transcriptional 

inhibitors. We therefore wished to compare the tet-promoter method of measuring 

mRNA decay rates to those that employ the transcriptional inhibitors, ActD and DRB. 

We grew BFfsB cells in the absence of tetracycline and then added either ActD 

(10(ig/ml), DRB (25|xg/ml), or tetracycline. As shown in figure 13, following the 

addition of tetracycline the BFfsB mRNA decays rapidly with a half-life of 

approximately 45 min. However, when ActD is used to shut off transcription, the decay 

of BFfsB RNA is slowed to a half-life of ~3 hours. 

We performed several experiments using several batches of DRB and we 

observed that the results varied dramatically (data not shown). We therefore performed 

an experiment where we added both tetracycline and DRB simultaneously. Tetracycline 

would shut off transcription and we could then determine the effect of the presence of 

DRB on mRNA stability, independently of a requirement for DRB to repress 

transcription. As shown in figure 13, the decay kinetics of BFfsB mRNA are slowed 

drastically in the presence of DRB following the addition of tetracycline. The kinetics of 

BFfsB decay are identical to those seen in the presence of ActD. These results explain 

the discrepancy between our data and those of Shyu et al. (149). Shyu et al. reported that 

an SV-BFB mRNA had a half-life of approximately 4 hours in growing cells when DRB 
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was used to measure mRNA decay. This result is comparable to the slow rates of decay 

we observe in the presence of global transcriptional inhibitors. 



94 

Figure 13: The fos CRDI is inhibited by ActD and DRB. 

Tetracycline was added to BFfsB cells alone (tet) or in combination with 25jig/ml of 

DRB (tet+DRB). Actinomycin D (ActD) was added alone to cells. Relative BFfsB 

mRNA abundance was monitored by Northern analysis and normalized to 28S RNA 

abundance in the agarose gel. 
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3.4.8 Contact Inhibition (Not Growth Inhibition) Destabilizes CRDI mRNAs 

We wished to elucidate the underlying principle that governs the decreased 

stability observed in contact inhibited cells. Because contact inhibited cells are also 

growth inhibited, we wished to determine whether growth inhibition per se results in a 

destabilization of the CRDI mRNAs. NIH 3T3 fibroblasts require serum growth factors 

to grow normally and upon removal of these factors, their growth slows and the majority 

of the cells enter a quiescent state of G0. We therefore performed experiments to 

determine if CRDI mRNAs are equally unstable in cells that have been rendered 

quiescent by serum deprivation (see figure 14). 

BFfsB cells were plated at either high or low density. "Low-density" cells were 

allowed to attach to the dishes and were then grown in medium containing 0.5% calf 

serum for at least 24 hours. "High density" cells were grown in normal medium and 

allowed to reach confluence before they were deprived of serum for 24 hours. Decay of 

BFfsB mRNA was measured following the addition of tetracycline. Although we did not 

measure DNA synthetic rates directly, cells that were grown in 0.5% calf serum showed 

an altered morphology and displayed little growth when compared to control cells that 

had been grown in 10% serum (data not shown). 

Despite the fact that serum-deprived cells grown at low density display a low 

growth rate, in serum-starved cells BFfsB mRNA was found to decay with delayed 

kinetics, similar to those found in sub-confluent, actively growing cells (compare figures 

14 and figure 12). In contrast, in cells that were grown to a high density before being 
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deprived of growth factors, BFfsB mRNAs were found to decay very rapidly. These 

results support the notion that contact inhibition results in a destabilization of mRNAs 

containing the fos CRDI. Because the mRNA decay curves were very similar in 

confluent cells grown in the presence (10%) or absence (0.5%) of calf serum, a second 

conclusion supported by these data is that the regulation of the decay pathway does not 

seem to depend on serum growth factors. 
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Figure 14: Contact inhibition per se (not growth inhibition) results in rapid CRDI 

mRNA Decay. 

BFfsB Cells were either grown to confluence or plated at low-density before being 

deprived (0.5% CS) of serum growth factors. BFfsB mRNA decay was monitored by 

Northern analysis and normalized to 28S rRNA is in the agarose gel. 
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3.4.9 ARE Activity in Serum-Stimulated Cells 

We also wanted to test whether the tet system recapitulates the decay patterns 

observed when transient activation of the c-fos promoter method is used to measure 

mRNA decay. It was previously shown by Shyu et al. (149) that both the ARE and/<?.!> 

CRDI are active in serum stimulated cells. Shyu et al. reported the half lives of globin 

mRNAs containing either the fos ARE or the fos CRDI as 40 min and 20 min 

respectively. Other labs have measured the half-life of BBB+ARE (the identical mRNA 

to that used by Shyu et al.) as 60 min (92; 179) to 70 min (47;48) using the same 

technique in the same cells. We predicted that, using the tet-promoter, we would observe 

similar decay kinetics in serum stimulated cells. 

We therefore measured the stability of our test RNAs in serum stimulated cells 

using the tet system. Cells were expanded in the absence of tetracycline for several days, 

serum starved for 24 - 30 h and then serum stimulated. In early experiments, we added 

tetracycline simultaneously with the addition of serum. As with previous experiments, 

we expected that levels of mRNAs driven by the tet-promoter would decrease following 

the addition of tetracycline. However, we observed that mRNA levels actually increased 

over time and then a slow decay (half-life >5 hours) was observed beginning 1 hour after 

serum stimulation (figure 15 "Asynchronous mRNA decay"). 
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Figure 15: Decay of BBB+ARE mRNA in Serum Stimulated cells: A 

comparison of the decay kinetics observed for BBB+ARE mRNAs that represent a 

synchronous or an asynchronous population of mRNA. Asynchronous: (triangles) 

Cells that were previously serum starved in the absense of tet for 24 hours were then 

treated simultaneously with 10|ig/ml tetracycline and with 20% calf serum. 

Synchronous: (squares) Serum starved cells were stimulated with serum for 60 min 

before adding tetracycline. Because there is an increase in the tet-basal promoter 

activity following stimulation, a burst of transcription is produced within 60 min. In 

this experiment because of the effects of serum on the tet-promoter, we believe that 

the tet promoter is not repressed until -90 min post-stimulation. Bi-phasic decay of a 

synchronous BBB+ARE mRNA population may be observed. The "lag period" is a 

~2 h period where BBB+ARE mRNA levels remain unchanged and is presumably is 

due to the time required to shorten the poly(A) tail. This is then followed by 

"exponential decay" of the body of the message, which follows first order kinetics. 
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The observation that BBB+ARE levels increased following serum stimulation, 

even in the presence of tetracycline, challenged an assumption we had made that the 

basal activity of the tet-promoter would remain more or less constant under a variety of 

growth conditions. Since we also see this effect in all of our tet-regulated constructs, we 

hypothesized that serum stimulation results in an increase in basal activity from the 

minimal CMV promoter element present in the tet-promoter. This increase in activity is 

presumably independent of the upstream tet-operator sequences since the addition of 

tetracycline is thought to clear these sequences of tet-activator protein (58). The 

combination of an increase in activity of basal transcription due to serum stimulation and 

a decrease in activity due to the addition of tetracycline, presumably resulted in a modest 

increase in steady-state expression of RNAs expressed from the tet promoter, potentially 

complicating the interpretation of our experiments under these conditions. 

The observation that BBB+ARE mRNA decayed with a half-life of >5 hours in 

stimulated cells was at first surprising as this decay rate is greater that 5-fold slower than 

the previously reported half-life of 45-75min when the c-fos promoter is used to measure 

BBB+ARE decay. However, the data obtained by these two methods can not be 

compared directly because the population of RNA that is being analyzed by the tet-

system is asynchronous whereas the mRNAs produced by the c-fos promoter are 

essentially synchronous in both synthesis and decay. 

In order to observe the decay of a synchronous population of mRNA in stimulated 

cells, we decided to take advantage of the serum dependent increase in basal transcription 
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from the tet-promoter. In a second set of experiments, we delayed the addition of 

tetracycline in stimulated cells until one hour after the addition of serum. Under these 

conditions, BBB-fARE mRNA levels rapidly increase upon the addition of serum in the 

absence of tetracycline (data not shown). Following the addition of tetracycline, 

BBB+ARE mRNA levels remain unchanged for approximately 2-3 hours before then 

decaying with a half life of approximately 60 min (figure 15, "Synchronous mRNA 

Decay")- Although we have not measured the nuclear RNA decay kinetics of BBB+ARE 

RNA under these conditions, we suspect that the expression levels we observe under 

these conditions represent true cytoplasmic mRNA decay kinetics for two reasons. First, 

decay of an asynchronous population of BBB+ARE mRNA is detectable within 60min 

following the addition of serum and tetracycline (figure 15 "Asynchonous mRNA 

Decay"). Second, decay of a synchronous BFfsB mRNA population is detectable within 

30 min following the addition of tetracycline in serum stimulated cells (see below): this 

corresponds to a timepoint 90min after serum stimulation. Presumably, transcriptional 

kinetics of BBB+ARE and BFfsB genes are similar since they are both driven by the tet 

promoter. Taken together, these data suggest that the 2-3 hour lag in measured decay 

observed for a synchronous BBB+ARE mRNA population is due to a post-transcriptional 

mechanism. 

Bi-phasic kinetics of decay are also observed when BBB+ARE is driven from the 

c-fos promoter in stimulated cells (47;48;92;149;179). Despite the fact that transcription 

from the c-fos promoter ceases 30 min after serum stimulation, /os-driven BBB+ARE 

mRNA levels remain constant for more than two hours after the addition of serum 
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(47;48;92;149;179). This effect was attributed to a requirement for the removal of the 

poly(A) tail before the decay of the rest of the mRNA occurs. Although we have no data 

regarding the poly(A) tail length over the course of our experiments, we assume that the 

delay in BBB+ARE mRNA decay is due to the time required for the poly(A) tail to be 

shortened to some discrete length before the remainder of the mRNA may be degraded. 

In the case where the addition of tet is delayed until 60 min after serum 

stimulation, tet-driven BBB+ARE levels increase rapidly after the addition of serum (not 

shown). Thus, the population of BBB+ARE mRNAs in these experiments are likely to 

be highly synchronous: this is analogous to the case where the c-/os-promoter is 

employed to study mRNA decay. As such, the kinetics of mRNA decay observed using 

the tet system undert these conditions are identical to those obtained when the c-fos 

promoter is employed. We observe that BBB+ARE mRNA levels remain elevated for 

approximately 2 hours after the time RNA is no longer being produced, after which they 

decay with a half life of approximately 60 min. We assume that the "lag" period 

observed prior to any detectable BBB+ARE mRNA decay is due to slow removal of the 

poly(A) tail (see figure 15 "lag phase"). Additionally, the half-life that is eventually 

observed 3 hours after the addition of tetracycline is approximately 60 min (see figure 15 

"exponential decay"). This value is consistent with values from previously published 

data and further validates the use of the tet-system for mRNA decay studies. These 

results also illustrate that it is impossible to directly compare the apparent decay rates of 

synchronous and asynchronous RNA decay when the decay pathway is bi-phasic. When 

RNAs are synchronous, the decay kinetics observed are clearly bi-phasic, whereas in 
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asynchronous decay, the two components of the decay pathway are intermingled. The 

result of the addition of (1) the rate of poly(A) tail removal and (2) the decay of the rest 

of the message is that the overall rate is much slower than the decay curve observed for 

only the second half of the overall pathway. From the decay kinetics observed for an 

asynchronous BBB+ARE mRNA population, we conclude that the true half-life of 

BBB+ARE in serum stimulated cells is much greater than the reported half-life using the 

c-fos promoter (see below). 

3.4.10 ARE activity is Inhibited in Stimulated Cells 

A summary of the kinetics of asynchronous decay of BBB+ARE mRNA under 

a variety of growth conditions is shown in figure 16. The half-life of BBB+ARE in 

contact inhibited cells and in actively growing cells is 50 min and 90 min respectively. In 

contrast, the decay rate observed in stimulated cells is >5 hours. Why is ARE activity 

inhibited in serum stimulated cells? One possible explanation is that the delayed decay 

observed in stimulated cells is a vestige of the previous 30 hours of serum starvation. 

Preliminary experiments in which we measure the half-life of BBB+ARE mRNA in 

serum starved cells does not support this explanation because the decay we observe in 

cells that have been starved for the same period of time occurs rapidly with a half-life of 

45-50 min following the addition of tet (data not shown). Taken together, our data 

support a model whereby serum stimulation turns on a cellular pathway which renders 

the fas- ARE instability element ineffective within a period of 90-120 min. 
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Figure 16: A Comparison of BBB+ARE mRNA Decay in a Variety of Growth 

Conditions: BBB+ARE mRNA is Stabilized in Serum Stimulated Cells. 

This is a compilation of the results presented in figures 11 and 15. When the decay of 

asynchronous mRNA populations are compared, a 5-10 fold stabilization of 

BBB+ARE in stimulated cells is observed. This illustrates that it is impossible to 

directly compare the decay kinetics that are a result of synchronous and asynchronous 

mRNA decay. 
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3.4.11 CRDI Activity in Serum Stimulated Cells 

We wished to determine the stability offos CRDI mRNAs in serum stimulated 

cells. We predicted that the half lives measured under these conditions would be the 

same as those obtained when the c-fos promoter is used to measure decay rates. By the 

time we conducted these experiments, we were aware that the apparent stabilities of these 

mRNAs are affected by cell density (see figures 12 and 14). We therefore compared 

BFfsB mRNA decay patterns in stimulated cells that had been previously grown to either 

a sub-confluent or a completely confluent state. Because we used a fos probe to detect 

BFfsB mRNA abundance, the endogenous c-fos mRNA "spike" of expression following 

serum stimulating is also detected on the same Northern blot. Cells were deprived of 

serum for at least 24 hours and then stimulated with calf serum. One hour after the 

addition of serum, tetracycline was then added. As shown in figure 17, the decay patterns 

observed in confluent, stimulated cells are different than those seen in sub-confluent 

cells. At 60 min after the addition of serum, decay of the endogenous c-fos mRNA in 

confluent cells is immediate and occurs with a half life of approximately 10 min. In 

contrast, in sub-confluent cells, decay of the endogenous c-fos mRNA is not observed 

until approximately 120 min after the addition of serum. Despite the fact that it is 

expressed from an independent promoter, an identical lag-phase is also observed with 

BFfsB mRNA. Because of the experimental error, it is impossible to determine if the 

observed decay rates that are eventually observed for either c-fos or BFfsB mRNA are 

also significantly slowed in sub-confluent cells (see figure 17). However, the observed 
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lag time which precedes the decay of both BFfsB mRNA and the endogenous c-fos is 

consistently observed in low density serum stimulated cells. Transcription from the c-fos 

promoter has been reported to cease 30 min after serum stimulation (60), however, these 

studies did not compare transcriptional kinetics in confluent and sub-confluent cells. 

Because we are not certain of the kinetics of transcription and/or nuclear RNA export, we 

do not know whether the observed decay kinetics in sub-confluent cells represent the true 

rate of degradation in the cytoplasm. It is formally possible that the observed decay 

kinetics represent a temporal delay in the return of the basal promoter activities to pre-

serum stimulation levels. 

It is theoretically possible to estimate the true half life of BFfsB and 

BBB+ARE mRNAs in stimulated cells by using the approach-to-steady-state method. 

Following the replacement of tetracycline containing medium with fresh medium, 

mRNAs driven by the tet promoter are induced. As we have already shown, the 

replacement of tet-containing medium with fresh medium also produces a serum response 

(figure 8). The time required for a stable mRNA such as BBB (data not shown) to reach 

its new steady state is much longer than that required for labile RNAs such as BFB and 

BFfsB (see figure 8). As I discussed in the introduction, this rate of increase is directly 

related to the stability of an mRNA and not to the transcriptional rate increase. Using this 

method, the mRNA half-life corresponds to the time required for RNA levels to reach 

50% of the new induced steady state level. Unfortunately, because we now believe that 

the basal rate of transcription of the tet-promoter varies with time following serum 
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stimulation, the kinetics of induction for these RNAs are too complex to precisely 

measure mRNA half-lives in this way. 
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Figure 17: CRDI-mediated mRNA decay in serum stimulated cells: Effect of cell 

density. 

BFfsB mRNA decay (heavy lines) is monitored after tet is added 60min after the 

addition of 20% serum to serum-deprived cells. The levels of the endogenous c-fos 

mRNA from each experiment are shown in thin lines. Tetracycline is added at time 

zero and RNA is isolated at the times indicated. Cells were grown either to 

confluence (grey lines, circles) or to sub confluence (black, squares) before being 

deprived of serum for more than 24 hours. At the time of the addition of serum, the 

cell density of each plate was confirmed. 
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3.5 Development of Nuclear RNA Isolation Procedure 

3.5.1 Rationale 

An assumption we had made when we began these experiments was that the 

activity of the minimal CMV promoter of the tet-promoter would be invariant. This 

assumption meant that following the addition of tetracycline, the cytoplasmic decay 

kinetics of test mRNAs would be a reflection of the true rate of degradation in the 

cytoplasm. However, once we learned that basal expression from the tet-promoter is 

stimulated by serum, we realized that we could not rule out a role for nuclear RNA 

kinetics in their ability to affect cytoplasmic RNA levels. In none of our experiments did 

we know the rate at which the tet-promoter was turned off by tetracycline. We had 

assumed that because we observed RNA decay beginning 15-30 min following the 

addition of tet that tet-promoter activity had returned to its basal level of activity by this 

time. However, it was possible that the addition of tetracycline might result in only a 

slow return of basal promoter activity. If so, the true rates of degradation might be 

significantly faster than those we have observed. This is particularly relevant to the case 

of serum stimulated cells where we see a lag in decay following the addition of 

tetracycline for a number of RNAs under certain conditions. We therefore decided that it 

was necessary to measure nuclear RNA kinetics in parallel with our analyses of 

cytoplasmic RNA kinetics. 
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The nuclear run-on transcription assay is the only available method for directly 

testing whether a gene is regulated at the transcriptional level. The assay allows 

monitoring of transcriptionally active polymerases by analysis of newly synthesized 

radiolabeled RNA in the presence of [oc-32P]UTP. Since intact cells are unable to take up 

nucleoside triphosphates, the run-on transcription reactions must be carried out in isolated 

nuclei. An advantage to this procedure is that new initiation of transcription is inhibited 

and only established transcription complexes can elongate in isolated nuclei (61). 

However, recently it has been shown that activation of paused, elongation competent 

polymerases in nuclear run-on experiments can produce a strong artefactual transcription 

signal in cells that do not otherwise express those transcripts (96). Since we wish to 

measure the overall rate at which nuclear mRNA decays following the addition of 

tetracycline, an additional disadvantage of the nuclear run-on protocol is that it only 

measures transcriptional activity. Moreover, this procedure is relatively labour intensive 

and requires the use of large quantities of radioactivity for each experiment. Thus, this 

would be a very expensive and inconvenient method since we needed to process more 

than 50 samples for a single series of experiments. 

Given the practical and scientific limitations of the nuclear run-on protocol, we 

decided to instead isolate total nuclear RNA simultaneously with our cytoplasmic RNA 

isolation procedure. We predicted that in this way, we would be able to monitor the 

levels of both heterogeneous-nuclear RNA (hnRNA) as well as mature nuclear and 

cytoplasmic mRNA following the addition of tetracycline. Presumably the addition of 

tetracycline would result in a rapid disappearance of both of the nuclear RNA species in 
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intact cells, while cytoplasmic pools would (transiently) remain unchanged. If the rate 

constants for the nuclear processes were even faster than those of the cytoplasm we could 

then conclude that any modified decay kinetics observed in the cytoplasm were due 

primarily to an altered rate of cytoplasmic mRNA degradation rather than a change in 

nuclear events. 

In order to isolate nuclear RNA, we would first need to be able to separate 

nuclei from cytoplasm. Because cytoplasmic RNA accounts for approximately 90-95% 

of the total cellular RNA, isolation of a clean nuclear fraction uncontaminated by 

cytoplasmic RNA would be crucial. Even a small contamination of the nuclear fraction 

by cytoplasmic RNA would significantly affect the results of kinetic studies. 

Additionally, due to the labile nature of nuclear RNA species, the fractionation protocol 

would necessarily have to be rapid. Second, we would need an RNA extraction protocol 

that would be able to efficiently separate nuclear RNA from genomic DNA. We tried 

previously used methods for both fractionation and RNA isolation and after much effort 

found them to yield unsatisfactory results. We therefore decided to develop our own 

method to isolate nuclear RNA from NIH 3T3 cells. 

3.5.2 Cell Fractionation 

Previously published methods to obtain clean nuclear fractions typically separate 

nuclei from cytoplasm by ultracentrifugation through a 2M sucrose cushion. Due to the 

labile nature of hnRNA, the time required for this procedure rendered this method 

unsuitable. On the other hand, simple centrifugation of lysed cells in lysis buffer results 
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in a large number of unlysed cells contaminating the nuclear pellet. Therefore, following 

cell lysis, nuclei were spun for one minute through a 300ul 25% sucrose pad at top speed 

in a microcentrifuge. Observation through a light microscope showed nuclei prepared by 

this method showed little discernable cytoplasmic contamination (not shown). Second, 

protein extracts derived from these nuclei did not contain pyruvate kinase (a cytoplasmic 

marker) when assayed by Western blot (not shown), whereas cytoplasmic fractions 

showed a strong signal. Third, RNA preparations were found to be enriched both in 

precursor ribosomal RNA as well as hnRNA as observed in Northern blot analysis (see 

below). Fourth and most importantly, nuclear mRNA was found to be uncontaminated 

by cytoplasmic mRNA (see below). 

3.5.3 RNA Isolation 

Commonly used methods based on guanidinium salts have been very 

successful for the isolation of total RNA (36). However, when we tried to isolate RNA 

from nuclear fractions, we found that these methods as well as other phenol based 

extraction methods resulted in unusually high quantities of contaminating genomic DNA 

that interfered with RNA migration in agarose gels. Moreover, these methods were slow, 

generally taking two separate days of work, and relatively expensive. We therefore 

adapted a technique, originally used for the preparation of large quantities of nuclear 

RNA, so that it could be performed entirely in 1.5 ml tubes, facilitating its use with a 

large number of samples. This method is based on SDS nuclear lysis followed by 

simultaneous DNA precipitation with potassium acetate and protein extraction with 
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chloroform (139). With this method, we were able to extract RNA from up to 6-8 15cm 

tissue culture plates at a time without noticing any degradation despite the lack of 

"protective" agents such as guanidinium or proteinase K. Furthermore, while we 

consistently observe a modest level of DNA contamination, it is dramatically lower than 

in the original guanidinium hydrochloride procedure (36) and does not interfere with the 

migration of the RNA in agarose gels or with its transfer and blotting. Together with a 

modified DNasel treatment (see Methods) which was necessary for only a very brief 

period of time, we were able to obtain undegraded nuclear RNA uncontaminated by 

genomic DNA. 

As shown in figure 18A, nuclear RNA samples contain abundant 28S and 18S 

ribosomal RNAs. In addition, higher molecular weight species are also present (figure 

18A - arrow). We believe that these are pre-ribosomal RNAs for the following reasons. 

First, we know that these bands are RNA because they are sensitive to RNase but not to 

DNasel. Second, the size of the most prominent band corresponds to 32S ribosomal 

RNA which is the most abundant species found in nucleolar RNA (42). The fact that this 

species, which is normally undetectable in total RNA preparations, is observed in our 

preparations is consistent with our observation that we consistently obtain a nuclear RNA 

yield that is approximately 10% of the cytoplasmic RNA. Taken together, our data 

suggest that our procedure results in an approximately 10 fold enrichment of nuclear 

RNA species when compared with a total RNA preparation. 
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Figure 18: Nuclear and Cytoplasmic RNA Kinetics Using a Novel Nuclear RNA 

Isolation Procedure. NIH 3T3 fibroblasts were serum deprived (0.5% CS) for 30 

min and then stimulated with 20% calf serum. Cells were harvested at the times 

indicated above and then fractionated into nuclear and cytoplasmic compartments. 

RNA was isolated from both fractions and analyzed by Northern analysis with a 

human c-fos probe. (A) Ethidium bromide stained denaturing agarose gel. Typical 

28S and 18S RNA bands are indicated. The high molecular weight band (arrow) is an 

RNA species presumed to be 32S pre-ribosomal RNA. This band is not detected in 

cytoplasmic RNA agarose gels. (B) Northern analysis of fos nuclear RNA kinetics. 

(hnRNA) hetergeneous nuclear RNA. (mRNA) mature nuclear RNA. (C) Northern 

analysis of cytoplasmic c-fos mRNA 



time (min) 0 5 10 15 25 60 90 

120 

A) 

B) 

28S 

18S 

28S 

hnRNA 

S :«IS8i> mRNA 
18S 

C) 
mRNA 



121 

In order to further validate our fractionation/extraction protocol, we examined 

the kinetics of c-fos in serum stimulated cells. By nuclear run-on analysis, it was shown 

that c-fos transcription is rapidly induced following mitogenic stimulation, reaching 

maximal levels at 15 min after treatment at which time transcription ceases abruptly and 

is barely detectable at 30 min after treatment (60). Consistent with this, when we observe 

the nuclear kinetics of c-fos RNAs, we observe a high molecular weight band that is 

rapidly induced following exposure of cells to serum growth factors and which (figure 

18B "hnRNA") reaches maximal levels at around 10 min. This band then quickly 

disappears and is only barely detectable by 25 min. The nuclear species of c-fos mRNA 

displays similar kinetics but these are delayed slightly compared to the hnRNA. Despite 

the fact that the cytoplasmic mRNA is still present at high levels 60 min after serum 

stimulation (figure 18C), the nuclear mRNA is undetectable 60 min after serum 

stimulation (figure 18B "mRNA"). These data validate the nuclear fractionation 

protocol. If cytoplasmic contamination of nuclear preparations had occurred, we would 

expect to observe elevated levels of c-fos mRNA at the 60 min time point (the number of 

cell-equivalents of the cytoplasmic RNA samples represents approximately 1/10 of the 

cells required for the nuclear samples). 

3.5.4 Nuclear RNA Decay Kinetics 

Confident in our new nuclear RNA extraction protocol, we then wished to 

determine the rate at which hnRNA and nuclear mRNAs of tet-regulated genes disappear 
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after tetracycline has been added to growing cells. Following the addition of tet to 

growing BFfsB cells, cytoplasmic and nuclear RNAs were isolated at various time points. 

RNA was analyzed by Northern analysis and the levels of BFfsB RNA were quantitated 

and plotted as a function of time as shown in figure 19. In these growth conditions, the 

difference between activated and repressed RNA levels is about 10 fold. Following the 

addition of tetracycline, RNAs corresponding to BFfsB hnRNA and nuclear mRNA begin 

to disappear with a half-life of 20-30 min following a 15 min lag. By the end of 2h, they 

have returned to a basal level of expression. In contrast, the cytoplasmic species of 

BFfsB mRNA also begins decay after a -15 min lag but it decays with a half life of 

approximately 50 min. Because nuclear decay occurs at a rate that is more rapid than the 

cytoplasmic decay rate, in this case, we do not believe that nuclear kinetics play a role in 

the observed cytoplasmic half life of this mRNA. These data suggest that the true 

cytoplasmic half-life of BFfsB mRNA under these growth conditions is 50 min. 
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Figure 19: Cytoplasmic and Nuclear RNA kinetics of BFfsB mRNA in Actively 

Growing Cells. Growing cells were harvested at time points after the addition of 

tetracycline. Cells were fractionated into nuclear and cytoplasmic fractions and RNA 

was isolated from each fraction. (Cytoplasmic mRNA) RNA from the cytoplasmic 

fraction was isolated and 20p,g of RNA was loaded onto a denaturing agarose gel for 

Northern analysis using a c-fos probe BFfsB mRNA signals were quantitated by 

phospho-imager analysis and normalized to the 28S RNA in the gel. (Nuclear) RNA 

was isolated from the nuclei of two 15cm plates of cells, quantitated and 10|Lig samples 

were loaded onto a denaturing agarose gel. (Nuclear hnRNA) Signals of the most 

abundant high molecular weight BFfsB hnRNA band were quantified and normalized 

to 28S rRNA levels in the agarose gel. (Nuclear mRNA). Signals of the single lower 

moleculular weight nuclear BFfsB RNA band were quantified using a phosphoimager 

and were normalized to 28S RNA abundance in the agarose gel. 
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4 DISCUSSION 
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4.1 c-fos mRNA Stability 

The mRNAs of many proto-oncogenes, cytokines and lymphokines are 

targeted for rapid degradation by AU-rich elements (AREs) located in their 3' 

untranslated regions (25; 146), and these AREs are best characterized by the presence of 

the pentamer AUUUA. ARE sequences were shown to embody a critical aspect of the 

instability of early response gene (ERG) mRNAs (146). These instability sequences are 

believed to help keep ERG mRNAs in constant flux so the cellular output of growth 

regulatory proteins can respond rapidly to environmental signals or to changes in 

transcription. Thus, highly stable mRNAs are buffered against rapid changes in 

transcription whereas the levels of unstable mRNAs can change rapidly as more or less 

mRNA is transcribed. The biological relevance of ARE-mediated mRNA instability in 

proliferation and differentiation is best exemplified in the immune system. For example, 

after T-cell activation, ARE-mediated instability is a fundamental mechanism regulating 

cytokine mRNA levels in the cytoplasm (78). Another classical example is the 

immediate-early response of c-fos transcription, in which addition of serum to serum-

depleted cells causes exit from the G0 phase of the cell cycle and entry into G,. The rapid 

and transient increase and subsequent decrease in the levels of c-fos mRNA are possible 

because c-fos mRNA is turned over rapidly in the cytoplasm (31). 

In the case of c-fos (149) and c-myc (170), in addition to the presence of AREs in 

their 3'-UTRs, there are other, poorly understood non-ARE instability elements that 

reside within the coding regions of these mRNAs. Thus the regulation of c-fos and c-myc 
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mRNA abundance is complex because in addition to being controlled by the ARE in the 

3'-UTR, which is common to many unstable mRNAs, they also contain coding regions of 

instability (CRDI) that may affect the expression of only a single gene or gene family. 

4.2 Experimental System: Tet-Regulated Gene Expression 

We wished to develop a way to identify components of the machinery that 

degrades the c-fos mRNA and elucidate whether and how the decay machinery itself 

might be regulated. Previous studies have determined that the use of transcriptional 

inhibitors to monitor mRNA decay results in the stabilization of the same RNAs that 

were under investigation, c-fos mRNA is one transcript that is known to be stabilized in 

the presence of transcriptional inhibitors (172). Therefore, it is crucial to be able to 

measure mRNA half-lives in the absence of such drugs. In this study we have used the 

tetracycline-regulated eukaryotic expression system to study the stability of the c-fos 

mRNA. Previous studies done on c-fos mRNA stability have depended upon expressing 

the c-fos mRNA, or derivatives thereof, from the serum inducible c-fos promoter, which 

directs a transient burst of transcription upon serum stimulation. Although serum 

inducibility has allowed investigators to measure mRNA stability without the use of 

transcription inhibitors, it is possible that the decay machinery itself may be serum 

responsive. Thus, elements of the decay pathway may be more or less active under other 

growth conditions, such as quiescence or exponential proliferation, that previously have 

not been investigated. 
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To help identify and characterize components of the degradation machinery in 

NIH 3T3 cells, we employed the tetracycline-regulated expression system to uncouple 

expression of the mRNAs of interest from serum induction. In this system, target 

mRNAs are repressed when grown in the presence of tetracycline, and induced upon 

tetracycline withdrawal. Because this system permitted the directed expression of 

specific mRNAs in a tightly regulated manner, it allowed us to vary the growth 

conditions under which the various test imRNAs we study are expressed. 

In this study, we placed the expression of several /bs/globin chimeric mRNAs 

under the control of the tet-promoter. Two types of mRNAs were studied. First, the c-

fos ARE was inserted into the 3'UTR of the stable mRNA of B-globin (BBB+ARE). The 

second type of construct contained the c-fos coding region flanked on either side by the 

5' and 3' UTR's of B-globin (BFB and BFfsB). This approach allowed us to monitor the 

activity of either fos mRNA instability determinant in isolation from the other. 

Moreover, although it had previously been shown that these elements could both act 

independently to destabilize an mRNA in serum stimulated cells, using the tet-system, we 

could now ask whether the activities of these RNA destabilizing elements were altered in 

a variety of growth conditions including: growing cells, serum starved cells, and serum 

stimulated cells. 

Initially, when performing transient transfections of a B-Gal reporter driven by 

the tet-promoter (tet-B-Gal), we found that although we could observe up to 12 fold 

induction using the tet-system, we also observed that the basal activity of the tet-promoter 

is very high. Even when tet-B-Gal was transiently introduced into cells that did not 
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harbour the tTA protein, we observed levels of 6-Gal expression that were similar those 

seen when 8-Gal was driven by an SV-promoter. Since we began these studies, many 

labs have reported that the basal activity of the tet-promoter varies in different cell types 

(74), and those observed in NIH 3T3 cell are now generally considered to be relatively 

high. In contrast, when we made stable transfectants of each of our tet-regulated 

/os/globin chimeric constructs we were able to isolate clones that exhibited from 50-500 

fold levels of induction, where in some cases there were undetectable levels of mRNA 

expression in the presence of tetracycline (see figure 8). In stable transfectants, 

variations in the basal levels of activity of the tet-transgene are presumably due to the site 

of integration of plasmid DNA into chromatin. The tet-minimal promoter may act as an 

enhancer trap for neighboring chromosomal sequences. An even more likely possibility 

is that the hygromycin resistance gene, which contains a constitutive promoter, was 

integrated into the same site as the tet-promoter construct in many of the cell lines tested 

and affected the regulation of the tet-driven transgene. Nevertheless, our results 

demonstrate that if clones are carefully selected it is possible to generate NIH 3T3 cell-

lines that display very clean tet-dependent transgene regulation. Moreover, this fold 

difference in expression is sufficient for the study of mRNA decay. 

One of our original goals was to be able to produce a pulse of transcription of 

our test RNAs from the tet-promoter. In this way we could monitor the decay of a 

synchronous mRNA population in order to be able to observe intermediates of the mRNA 

decay pathway. Unfortunately, the simple act of washing cells with PBS to wash out 

tetracycline and returning the cells to fresh medium resulted in a strong induction of the 
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endogenous c-fos gene. This result indicates that the rigorous washing procedure 

necessary to remove tetracycline combined with the addition of fresh medium results in 

cellular stimulation. Because we wanted to study mRNA stability under controlled 

growth conditions, we abandoned attempting to develop a transcriptional pulse system. 

Instead, we grew cells in tet-free medium to allow maximal levels of mRNA expression 

and then RNA decay kinetics were monitored following the addition of tetracycline. It is 

significant to note that Xu et al. (173) have recently described a transcriptional-pulse 

strategy using the tet system (see below) and they do not mention whether they also 

observe induction of the endogenous c-fos gene. This discrepancy might be explained by 

the fact that Xu et al. monitor expression with a globin specific probe which would not 

detect a change in c-fos expression. The significance of this issue is discussed below. 

4.3 Summary of the Findings of This Study 

1. fas RNAs are Stabilized by Transcriptional Inhibitors; 

2. fas mRNA Decay is Accelerated in Contact Inhibited Cells; 

3. fas CRDI is Active in Growing Cells; 

4. ARE Activity is Strongly Inhibited In Serum Stimulated Cells; 

5. ARE Activity is Inversely Correlated with Cytoplasmic HuR Protein Abundance; 

6. ARE Activity is Inversely Correlated with U-rich Binding Protein Activity; 

7. ARE and CRDI are Targeted by Independent Decay Pathways; 

8. Simultaneous Measurement of Nuclear and Cytoplasmic RNA Kinetics. 
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4.4 fos RNAs are Stabilized by Transcriptional Inhibitors 

Using the tetracycline system, we observe that RNAs containing either of the 

fos instability determinants are stabilized in the presence of transcriptional inhibitors. 

The fact that we observe stabilization of CRDI containing mRNAs explains a discrepancy 

between our results and those previously published by Shyu et al. (149) regarding the 

activity of the fos CRDI in growing cells. Using DRB to block RNA production, Shyu et 

al. measured the half-life of SV-BFB mRNA to be approximately 4h. in growing cells, 

which is comparable to what we observe when we add either DRB or ActD to growing 

cells (see figure 13). However, in the absence of these drugs, we measured the half-lives 

of BFfsB mRNAs to be between 35 and 70 min, depending on the density at which the 

cells were grown (see figure 12). Thus, using the tet-system, we determined that both the 

fos ARE and the fos CRDI are active in growing cells. These results illustrate the 

inherent superiority of the tet-systern for studying mRNA decay over the use of 

transcriptional inhibitors. The effects of these inhibitors on the decay machinery are only 

now becoming appreciated. mRNAs encoding c-fos, erythropoietin (55), and transferrin 

receptor (144) have now all been shown to be directly stabilized by transcriptional 

inhibitors using independent methods to study RNA decay. As such, the true half-lives of 

these messages must be measured without general transcriptional blockade. As most 

mRNA decay rates have been determined in the presence of either ActD or DRB, the 
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mere suggestion that these compounds may directly impact this catabolic pathway is of 

great concern. 

Our results also raise the question of the mechanism by which transcriptional 

inhibitors stabilize mRNAs. While it is likely that there are numerous non-specific 

effects that are uniquely associated with either DRB or ActD, both drugs have similar 

effects on mRNA stability. Since each of these drugs blocks transcription by an 

independent mechanism, this supports a model whereby global transcriptional inhibition 

per se causes stabilization of fas CRDI and ARE containing mRNAs. In this model, 

rapid decay of the c-fos mRNA might require the continuous transcription of some 

limiting labile factor. One prediction of this model might be that the degree of 

stabilization observed in the presence of these drugs would vary with the degree of 

transcriptional inhibition. Experiments performed in other laboratories have shown that 

at the concentrations we have employed in our experiments, DRB and Act D inhibit 

transcription by 60% and 99% respectively in NIH 3T3 cells (32). Despite the fact that 

DRB may be only partially effective at blocking transcription, the decay kinetics we 

observe for RNAs containing either the ARE or the CRDI in the presence of DRB are 

identical to those observed with ActD. At the time I performed these experiments, I had 

not yet developed a technique to measure nuclear RNA levels. Therefore, we do not 

know the degree to, nor the rate at which these drugs inhibit transcription in our cells, and 

cannot presently make accurate conclusions regarding the mechanism of DRB and ActD 

inhibition of c-fas mRNA stability. However, it is interesting to speculate that DRB 

and/or ActD stabilize CRDI mRNAs by mechanisms independent of transcriptional 
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inhibition. Further investigation into the mechanism of stabilization by these drugs 

should shed light on the pathways that regulate the stability of mRNA. In this context, it 

is significant to note that proteins that have been shown to bind to and stabilize 

BBB+ARE mRNA (and other ARE containing mRNAs) are completely translocated 

from the nucleus to the cytoplasm following the treatment of cells with either ActD or 

DRB (see below). 
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4.5 fas mRNA Decay is Accelerated in Contact Inhibited Cells. 

Both of the fos instability determinants appear to be more active in contact 

inhibited cells (figures 11 & 12). This effect is observed in 10% serum when two 

independent cell lines are used (figure 12). Furthermore, a lag in the decay of both the 

chimeric tet-driven BFfsB mRNA as well as the endogenous full-length c-fos mRNA is 

observed in sub-confluent cells following serum stimulation (figure 17). 

In the case of the fos ARE, it is unclear whether rapid decay observed in 

contact inhibited cells is due to growth inhibition or to contact inhibition per se, since 

preliminary experiments suggest that decay in serum starved cells is similar to decay in 

contact inhibited cells. However, in the case of the fos CRDI, in one experiment decay 

kinetics are significantly more rapid in contact inhibited cells than in low density, serum 

starved cells (figure 14). This suggests that contact-inhibition per se, rather than growth 

inhibition results in an increase in the activity of the fos CRDI. 

There are two important caveats to the interpretation of these data that should 

be mentioned. First, we do not know what the nuclear kinetics of mRNA decay are in 

serum starved and/or stimulated cells. Our experience with the tet-system reveals that the 

activity (and possibly the kinetics of induction and repression) of the basal promoter 

varies under different conditions. It therefore remains possible that the modest 

differences in decay rates that we observe under different conditions are a consequence of 

altered nuclear RNA kinetics. The fact that we also observe a lag in endogenous c-fos 
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mRNA decay following serum stimulation (figure 17) might suggest that this lag is due to 

a post-transcriptional event, since the c-fos promoter is thought be silent 30 min after 

serum stimulation (60). However, there is no published report describing endogenous c-

fos promoter kinetics in differing cell densities. Simultaneous monitoring of nuclear 

hnRNA and mRNA abundance using the techniques developed in this study should allow 

this issue to be resolved. 

The second caveat of these analyses is that we do not know the growth status 

of serum starved vs. contact inhibited NIH 3T3 fibroblasts. FACS analysis reveals that 

contact inhibition of NIH 3T3 cells grown in 10% serum results in approximately 90% of 

cells in G0/G1 as compared to only 70% in actively growing cells (Alice Davy, personal 

communication). However, we have not performed FACS analysis on sub-confluent 

cells or confluent cells that had been serum deprived for 24 hours. Since we estimate that 

the doubling time of our cells is ~24h, we assume that this is a sufficient amount of time 

for cells to become quiescent. However, it remains possible that the delayed decay 

kinetics of BFfsB mRNA observed in low density serum starved cells vs. confluent serum 

starved cells (figure 14) correlates with a greater fraction of cells under going cycles of 

cellular division. FACS analysis comparing the growth status of NIH 3T3 cells under 

different growth conditions should resolve this issue. 

Using the tetracycline expression system to produce a "pulse" of BBB+ARE 

mRNA, Xu et al. (173) claim to be able to measure mRNA decay under a variety of 

conditions such as G0 growth arrest and in contact inhibited cells. Their data suggest that 

BBB+ARE mRNA is more stable in serum starved cells than in contact inhibited cells. 
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Our results show, however, that the simple act of washing the cells and replacing with 

tet-free medium is enough to elicit a strong induction of the endogenous c-fos gene - an 

indication that cells have been stimulated. Therefore, the cells that they claim to be in a 

"quiescent" state might be more accurately described as "stimulated". Their experiment is 

therefore not essentially different from measuring decay in serum stimulated cells. This 

is of great concern to the interpretation of their data since our results show that the ARE 

is inhibited in serum stimulated cells. Their approach ignores the real advantages of 

using the tet system to study mRNA stability, that is, to measure mRNA decay rates in 

conditions other than in serum stimulated cells. Furthermore, the Xu et al. study failed to 

determine the growth status of their cells through FACS analysis. Thus, it remains 

unclear from their work whether growth inhibition or contact inhibition per se correlates 

with an increase in ARE activity and a decrease in mRNA stability. 
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4.6 ARE Activity is Inhibited in Serum Stimulated Cells. 

The c-fos promoter exhibits a low level of basal activity in fibroblasts that have 

been starved of serum growth factors (60). Greenberg and Ziff have shown that, 

following the addition of serum to cells, the transcriptional activity of the c-fos promoter 

increases by about 15 fold before quickly returning to the levels seen in starved cells (60). 

This measured increase in transcriptional activity could not account for the greater than 

150 fold increase observed in cytoplasmic mRNA levels (note: this is a conservative 

estimate because c-fos mRNA is essentially undetectable in serum deprived cells). To 

provide an explanation for this discrepancy, they speculated that the observed increase in 

c-fos mRNA was due to (1) an increase in transcriptional activity from the c-fos promoter 

and to (2) an increase in the stability of the c-fos mRNA (60). We correspondingly 

hypothesized that the stability of mRNAs containing either the fos CRDI or the ARE 

would be greater in serum stimulated than in serum starved or growing cells. In order to 

test whether the destabilizing activity of the fos ARE is perturbed following serum 

stimulation, we measured the half-life of BBB+ARE mRNA in serum stimulated cells. 

Previously published half-lives of the BBB+ARE mRNA in serum stimulated 

NIH 3T3 fibroblasts driven by the c-fos promoter have been reported to range from 40 

min (149), to 60 min (179) or 70 min (92). In contrast, using the tet-promoter, we 

measure the half-life of BBB+ARE mRNA to be approximately 4-5 h in stimulated cells 

(figure 15 "Asynchronous mRNA decay"). This difference between our results and those 
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previously reported was puzzling until we realized that the decay kinetics of a 

synchronous population of mRNAs as produced by the c-fos promoter would naturally be 

very different from those observed for an asynchronous population of mRNAs as 

produced by the tet-promoter. Furthermore, we realized that the methods currently used 

to calculate mRNA half lives when the c-fos promoter is employed are flawed. In fact, 

upon a closer analysis of previously published data we were able to confirm that the true 

half-life of the BBB+ARE mRNA in serum stimulated cells is significantly longer than 

the BBB+ARE mRNA half-lives that we observe in growing or serum-starved cells, 

consistant with our own data (see below). 

The c-fos promoter provides a burst of transcriptional activity following serum 

stimulation, reaching maximal levels within 10 min, declining rapidly to 25% of maximal 

levels by 30 min and then returning to pre-stimulation levels within 60 min following 

treatment (60). Because of the rapidity with which the c-fos promoter is turned on and 

off, the population of mRNAs that are produced are highly synchronous, whereby the 

majority (>60-80%) of transcripts arrive in the cytoplasm within 15-30 min of serum 

stimulation (149; 179). Thus, the use of the c-fos promoter has allowed investigators to 

study the specific mechanisms by which mRNAs are degraded: intermediates in the 

decay pathway appear as precursors disappear. This type of approach led to the 

discovery that mRNAs are progressively deadenylated before the main body of the 

transcript is rapidly degraded (149). Thus, the kinetics of decay of a synchronous 

population of BBB+ARE mRNAs produced in this way are clearly bi-phasic. Following 

a pulse of transcription from the c-fos promoter, the first phase of BBB+ARE mRNA 
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decay is a period in which mRNA levels remain at maximal levels for up to 2 h after 

serum stimulation, during which time the poly(A) tail of the mRNA is shortened 

(148;179). Polysomal analysis of BBB+ARE mRNA following serum stimulation 

suggests that this population of mRNAs represents functional mRNA (32), as there is no 

evidence in the literature to suggest that mRNAs with poly(A) tails of 60 to <200nt in 

length are any less efficiently translated than are mRNAs with poly (A) tails of >200nt. 

The second phase of BBB+ARE mRNA decay is that of the body of the mRNA, which 

occurs with a half-life of 40-70 min (148; 149; 179). Here lies the basis for the 

discrepancy between the BBB+ARE mRNA half-life we observe and that which has been 

reported in the literature: the mRNA half-life values that are commonly reported in the 

literature correspond solely to the rate of decay observed during the second phase of 

degradation of the BBB+ARE mRNA. This practice is misleading because it implies that 

the overall process of mRNA decay occurs at the rate of the more rapid, second step, 

while it ignores the 2 h lag in decay that is required for the poly(A) tail to be removed. 

Clearly, an integration of the two phases of decay in serum stimulated cells would yield 

an overall rate constant that would be much greater than that of the second process alone. 

Indeed, our data using the tet-system to measure the decay of an asynchronous population 

of mRNAs (which necessarily includes transcripts in both phases of decay) is consistent 

this prediction. The decay of BBB+ARE that we observe when tet is added 

simultaneously with serum corresponds to a half-life of -4-5 hours (figure 15). We are 

currently collaborating with a mathematician to predict the decay profile of an 

asynchronous population of mRNAs in serum stimulated cells based on data that have 
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already been published by a number of other laboratories in order to (a) clarify methods 

of calculation of "true" mRNA half-lives using different experimental methods and (b) to 

explore in greater detail the implications of the data we observe in our cells. We have 

ruled out the possibility that the BBB+ARE mRNA in our cell line is intrinsically stable, 

because when we synchronize the expression of this mRNA by waiting one hour after 

serum before adding tetracycline, the decay kinetics we observe are essentially identical 

to those seen when the /os-promoter is used to study decay ( see figure 15 "Synchronous 

mRNA decay"). 

In contrast to the relatively slow decay of BBB+ARE mRNA we observe in 

stimulated cells, the decay of BBB+ARE mRNA in a variety of other growth conditions, 

including actively growing cells, serum starved cells and confluent cells, is relatively 

rapid and occurs with half-lives of 90 min, 50 min and 50 min respectively (figure 16). 

Our finding that BBB+ARE mRNA is rapidly degraded in serum starved cells is 

particularly intriguing, because the change in the observed mRNA half-life that we see in 

serum stimulated cells occurs within 1.5-2 h after serum treatment, which is the earliest 

time after which we can reliably measure BBB+ARE decay. Thus serum stimulation of 

quiescent fibroblasts activates a cellular pathway that results in a dramatic inactivation of 

the fas ARE within 90-120 min, and consequently a significant extension in half-life of 

transcripts bearing this domain. 

Our data comparing the activity of the CRDI in serum starved and stimulated 

cells is at present inconclusive. However, it is possible that partial inhibition of both the 

decay pathway mediated by the CRDI, in addition to inhibition of the ARE-dependent 
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pathway, occurs following serum stimulation. It is significant to note that deletion of the 

ARE from the c-fos mRNA results in a significant stabilization of the c-fos mRNA (149). 

Thus, inactivation of the ARE in stimulated cells would, in the short time that the mRNA 

is expressed, result in a drastic increase in the levels and the persistence of the full length 

message. Taken together, these data support the notion that c-fos message is stabilized 

following serum stimulation largely due to a 5 fold inhibition of the mRNA destabilizing 

activity of the AU-rich element. 

4.7 ARE Activity is Inversely Correlated with HuR Protein Expression 

Recently, there has been a burst of publications that link the HuR RNA binding 

protein with mRNA stability (see below). The most significant of these demonstrate that 

when HuR is overexpressed, ARE containing mRNAs are stabilized in vivo. Taken 

together, these new data provide a plausible mechanism by which some of the altered 

decay rates of BBB+ARE mRNA we observe in different growth conditions may be 

achieved. I have therefore provided a summary of the most recent data directly linking 

the HuR protein with ARE activity. I then go on to discuss the significance of these 

findings as it pertains to the present study. 

4.7.1 Backgrou nd: HuR Protein 

In contrast to the c-fos CRDI, the ARE is a discrete, well-defined sequence and 

this has facilitated the identification of protein binding factors. A number of ARE-

specific RNA-binding proteins have been identified and studied 

(19;21;81;107;117;158;175;178). Two independent groups observed that a 
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predominantly nuclear, 32-kDa protein could be UV-crosslinked to ARE-containing 

mRNAs (117;124). Myer et al. (117) demonstrated that the 32-kDa protein was HuR 

(116), the homologue of a ubiquitously expressed Xenopus protein elr-A (56). It is now 

known that HuR is one of four members of a family of human proteins that are highly 

homologous to a Drosophila nuclear protein known as ELAV (for embryonic lethal 

abnormal vision). Deletion mutants of the elav gene are embryonic lethal because of 

abnormal development of neurons (131). Temperature-sensitive mutations result in 

abnormal neuronal differentiation, which is most apparent in defects in the formation of 

Drosophila eyes. In mammals and in Xenopus, the Hu family consists of three members 

that are developmentally regulated and tissue-specific and one (HuR) that is ubiquitously 

expressed in all cell types (7;56;82;104;155). All members of the Hu family of proteins 

have a strong binding preference for ARE sequences. Significantly, mutations in the 

ARE that alter its mRNA destabilizing function also decrease the affinity of HuR binding 

(116). These data point strongly to the possibility that HuR and Hu family members 

participate in ARE-mediated rapid degradation. 

In NIH 3T3 cells it has been shown that HuR protein levels vary 5-fold with 

the cell cycle (8). Maximal levels are seen 18 hours after serum stimulation and minimal 

levels are seen in G0. Immunohistochemistry revealed that the protein is localized to the 

nucleus in the vast majority of cells (8). At first, this finding presented a puzzle since it 

was unclear how a nuclear protein could affect cytoplasmic mRNA stability. However, 

when a large number of fields were examined, in cells undergoing cytokinesis or in 

recently separated cells, cytoplasmic staining was observed to be dramatically increased 
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(8). This suggests that at a distinct period during the cell cycle, presumably during early 

Gl , HuR protein is located in the cytoplasm and later returns to the nucleus. 

Jain et al. (76) reported that ectopic expression of a Hu family member Hel-Nl 

in 3T3-L1 cells led to stabilization of an endogenous ARE-containing mRNA encoding 

the glucose transporter 1 (GLUT1) protein. In addition, the levels of GLUT1 protein 

increase dramatically in transfected cells after induction of 3T3-L1 cell differentiation. 

This was the first indication that an ARE-binding protein could lead to increased stability, 

rather than instability of a target mRNA. Stabilization in vivo of c-fos and GM-CSF 

ARE-reporter transcripts as well as the vascular endothelial growth factor mRNA, 

subsequently was shown by transfection of HuR cDNA into various cultured cells 

(48; 100; 124). 

4.7.2 Discussion 

The observation that HuR overexpression increases the half-life of ARE-

containing mRNAs can be interpreted in at least two ways. One possibility is that HuR 

acts as part of a large complex whose assembly is required for ARE-targeted mRNA 

decay. If another factor in this complex is limiting, then overexpression of HuR could 

sequester such a component, thereby precluding assembly of the active degradation 

complex. Alternatively, HuR may function in vivo to slow the decay of ARE-containing 

mRNAs, suggesting that the rate of mRNA degradation is determined by the relative 

balance of stabilizing and destabilizing factors. Consistent with the second hypothesis, 

treatment of cells with ActD or DRB results in a translocation of HuR from the nucleus to 
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the cytoplasm (124). This may explain the stabilization of BBB+ARE mRNA that we 

see in the presence of these inhibitors. Furthermore, RNA binding studies show that 

several reproducible RNA binding complexes are seen under conditions when ARE-

containing RNAs are unstable and that these complexes are replaced by new complexes 

under conditions when ARE mRNAs are stable (e.g. ActD treatment and HuR 

overexpression) (124). Gene knockout experiments are required in order to establish 

more definitively whether HuR acts mechanistically as a stabilizing or destabilizing 

protein. It is possible that in serum stimulated cells, which proceed rapidly from G0 to 

G,, HuR may be briefly translocated to the cytoplasm as occurs in cells proceeding from 

M to G, phase, and this might account for the increased stability we observe for 

BBB+ARE in stimulated cells. The issue of whether there are cell-cycle dependent 

changes in mRNA stability that correspond to changes in HuR localization could be 

addressed using the tet-system. Alternatively, the activation of a serum factor signaling 

pathway that affects either the localization or the activity of HuR could result in the 

stabilization of BBB+ARE mRNA in serum stimulated cells Indeed, cytoplasmic HuR 

protein levels have been shown to increase in activated T-cells within one hour of 

treatment (U. Atasoy, personal communication), consistent with a role of this protein as 

an RNA stabilizer. 

4.8 ARE Activity and U-rich Binding Protein 

The increased stabilization of BBB+ARE mRNA we observe in serum 

stimulated cells also correlates with the binding activity of another protein that has been 
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shown to bind a portion of the c-fos ARE (175). The 5 lnt c-fos ARE is composed of two 

structurally different domains that seem to have different roles in mRNA decay in vivo 

(30). Domain I contains the conserved AUUUA pentamers found in most AU-rich 

elements and is required for the destabilizing activity of the ARE. The second domain 

(II) contains no AUUUA pentanucleotides, is U-rich (16U, 3A) and, while it is unable to 

destabilize an mRNA on its own, it can enhance the activity of an adjacent AUUUA 

containing domain to promote the deadenylation of an mRNA (30). You et al. (175) used 

gel-shift mobility assays and competition experiments to identify 4 proteins in NIH 3T3 

cells that bind to the c-fos ARE. The binding sites for all four proteins were mapped to 

domain II, the U-rich region. The binding activity of one 37 kDa protein was 

significantly increased within 30 min following serum stimulation. At the time, the 

authors made the claim that this protein might play a role in rapid decay of c-fos in serum 

stimulated cells. However, they provided no evidence that the ARE is less active in 

serum starved cells. Since we find that the ARE is less active in serum stimulated cells, 

our data would suggest that this protein might also play a role in the stabilization of ARE 

containing mRNAs. It should be noted that the binding specificities of the U-rich binding 

protein and HuR are very different, and it is therefore unlikely that they are the same 

protein. It is interesting to note that the domains to which these two proteins bind play 

distinct roles in the overall RNA destabilizing function of the ARE. Overexpression of 

HuR results in no effect on the observed rate of poly(A) shortening of ARE containing 

mRNAs. Rather, HuR overexpression results in a persistence of mRNAs with short 

poly(A) tails. This is consistent with a role for the AUUUA-pentamer domain in 
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directing the decay of the mRNA body (149). One might predict that the U-rich binding 

protein might interfere with the ability of the U-rich domain to enhance the rate of 

deadenylation of an ARE containing mRNA. Conversely, proteins that are displaced 

from the ARE by HuR (124) or the U-rich binding protein (175) might play a role in 

promoting rapid mRNA decay. If all of the ARE binding proteins that have been 

identified turn out to be involved in mRNA decay in vivo, competition for the AREs by 

several different ARE binding proteins may control the rapidity of cytokine/oncogene 

mRNA decay. 
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4.9 c-fos mRNA Decay is Targeted by Independent Decay Pathways 

Several observations in previously published work suggested that the two 

destabilizing domains of the c-fos mRNA direct its decay by mechanisms that are, at least 

in part, distinct. First, no long AU-rich sequences are present within the c-fos coding 

region, demonstrating that the ARE and the coding region instability determinant differ 

structurally. Second, in serum stimulated cells, degradation mediated by the c-fos ARE is 

gradually impeded after cells are treated with transcription inhibitors, whereas 

degradation mediated by the c-fos coding region was not observed to be significantly 

affected (149). A third observation is that in growing cells, while transcripts containing 

the ARE are almost completely stabilized in the presence of either ActD or DRB (figure 

10), decay of BFfsB is apparently only moderately affected as decay proceeds with a 

half-life of approximately 2.5 hours (figure 13). Because HuR specifically binds the 

ARE and not the c-fos coding region, the differences in sensitivities to transcriptional 

inhibitors might be partly explained by a model whereby ActD/DRB treatment results in 

HuR protein translocation from the nucleus to the cytoplasm, allowing HuR to bind to 

and inactivate ARE function. Finally, we observe that CRDI destabilizing activity is only 

slightly reduced in serum stimulated cells, whereas we observe a 4-5 fold stabilization of 

an ARE-containing mRNA (figure 16). 

There are two possible reasons why c-fos mRNA might need more than one 

destabilizing sequence, both of which are consistent with our data. One reason could be 
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that multiple elements might constitute a fail-safe mechanism to ensure low levels of c-

fos mRNA in unstimulated cells. The other is that perhaps the two elements have 

different functions under different conditions or in various tissues that are not detected 

using previously employed methods to measure mRNA decay. For example, the coding 

region element may be specific to c-fos or its family members and could target these 

messages for rapid decay under a certain set of well-defined conditions. The AU-rich 

element, however, is commonly found in many other unstable mRNAs, and may 

constitute a more general type of destabilizing sequence. 
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4.10 A Novel Nuclear RNA Isolation Method 

Our original objective was to use the tet-system to study cytoplasmic mRNA 

decay kinetics that have been uncoupled from nuclear RNA production. This objective 

has only been partly met. While it is possible to inhibit transcription by the tet promoter 

by more than 10-fold within a period of 90 min by the addition of tetracycline (figure 18), 

our data indicate that the activity of this promoter can also fluctuate in a manner that is 

independent of tetracycline. For example, when serum in added to cells that have been 

deprived of serum, a dramatic increase in expression from tet-driven constructs is 

consistently observed (not shown). At this time, we do not know precisely either the 

extent of transcriptional activation nor the duration of the effect. In order to rule out the 

possibility that nuclear RNA kinetics could be influencing the cytoplasmic decay kinetics 

we observe following stimulation, we found it necessary to measure nuclear RNA 

kinetics simultaneously with cytoplasmic decay kinetics. Methods that were initially 

available proved inadequate and we therefore developed a new method in which nuclear 

mRNA and hnRNA levels in addition to cytoplasmic mRNA levels within the same cell 

could be analyzed at the same time. We validated our new method by showing that 

following serum stimulation, c-fos hnRNA accumulation and disappearance precede 

those of the nuclear mRNA, which in turn precede those of cytoplasmic mRNA 

accumulation and decay. At time points when cytoplasmic c-fos levels are still high (60 

min), both the c-fos hnRNA and mRNA species are undetectable. This suggests that the 
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nuclear fractions generated by this protocol is uncontaminated by cytoplasmic RNA. We 

then used this method to demonstrate that in growing cells, following the addition of 

tetracycline, a decrease in tet-driven hnRNA (BFfsB) production begins following a lag 

of approximately 25-30 min. Furthermore, decay of both the hnRNA and nuclear RNA 

occurs with a half-life of approximately 20-30 min, while the cytoplasmic mRNA decays 

with a half-life of -50 min (figure 18). Thus, in this case, nuclear RNA kinetics do not 

influence the observed cytoplasmic mRNA half-life. The half-life of the nuclear RNA (in 

this case 20-30 min) may represent the kinetic limit of sensitivity of the tet-system. Thus, 

using the tet-system in these cells under these conditions, a measured cytoplasmic half-

life of 20-30 min of a test RNA may be an under-estimation of the true cytoplasmic rate 

of decay. However, for RNAs measured to have half-lives slower than 20-30 min, this 

may be assumed to be the true mRNA half-life. 

Although we have only recently developed this technique, its true potential has 

yet to be realized. For example, with this technique, it may be possible to determine the 

specific signaling pathway responsible for the inactivation of the ARE in stimulated cells. 

Various specific growth factors and or inhibitors might be tested for their effect on 

BBB+ARE decay. Treatments that alter basal transcription and/or nuclear RNA kinetics 

can be set apart from those that affect cytoplasmic mRNA decay per se. 
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4.11 Translation and c-fos mRNA stability 

A major issue that has not been adequately addressed in this work is the role of 

translation in c-fos mRNA stability. I will present a brief review of the relevant literature 

and then discuss it's significance as it pertains to this work. 

4.11.1 Background: 3'-UTR and mRNA Translation 

The half-lives of many unstable mRNAs such as that of c-fos are dramatically 

lengthened when translation is blocked with inhibitors of protein synthesis 

(49; 113; 157; 167), which results in the so-called superinduction phenomenon. 

Interestingly, the fos ARE also seems to inhibit translation in Xenopus oocytes (88-90) 

where, contrary to what is observed in somatic cells, numerous unstable mRNA are not 

degraded. This observation suggested that a link may exist between mRNA degradation 

and translation. It was reported that the 3'-UTR of human interferon 6 mRNA (hu-IFNB) 

has an inhibitory effect on its translation in Xenopus oocytes without affecting its stability 

in these cells (89;90). The translational blockade is imposed by an ARE present in hu-

IFNB mRNA and can be substituted by either the GM-CSF or the c-fos AREs (88). 

Indeed, an inverse correlation was observed between the amount of interferon produced 

after microinjection, and the number of AUUUA pentamer sequences in the 3'UTR. 

Similarly, when c-fos RNAs bearing 3' deletions of increasing lengths were synthesized 

in vitro and translated in a rabbit reticulocyte lysate, their translational efficiency was 

increased upon the deletion of the ARE. The latter element was shown to inhibit 

translation in vitro in a poly(A)- and degradation-independent manner. The translational 



152 

inhibitory effect of ARE has also been assayed in vivo by transfecting cells with 

constructs where the natural c-fos promoter has been replaced by the rat B-actin promoter. 

c-fos mRNA recruitment into large polysomes was analyzed in pools of stably transfected 

mouse Ltk" cells expressing comparable amounts of c-fos RNAs constitutively 

transcribed from either a wild-type mouse c-fos gene or a mutant in which the ARE had 

been deleted (49). Wild-type mRNA was systematically observed to copurify with 

fractions containing smaller polysomes, whereas mRNAs lacking the ARE were found to 

copurify with large polysomes. Moreover, when compared for their Fos protein content, 

cells expressing the 3'UTR deletion mutant expressed five to ten times more protein than 

did those expressing the wild-type mRNA. These data show that the fos ARE exerts a 

strong negative effect on translation efficiency and they extend the previous observations 

in Xenopus eggs to mammalian somatic cells (88-90). 

4.11.2 Background: Is Translation linked to 3'UTR-Mediated mRNA Degradation? 

The mechanism by which protein synthesis inhibitors stabilize certain mRNAs 

remains obscure. Several possibilities (which are not mutually exclusive) involving 

either highly unstable proteins or translation per se have been proposed. These different 

hypotheses are complicated by the fact that some protein synthesis inhibitors have also 

been shown to act as nuclear signalling agonists (44). Moreover, there is an intrinsic 

difficulty in distinguishing between cis and trans effects of inhibitors, which resides in 

their bulk effect on protein synthesis. Different approaches have been designed to 

address this problem. One approach has been to insert a stable stem loop structure into 
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the 5'-UTR of a test mRNA. In this way it was shown that the mRNA destabilizing 

activity of the c-fos CRDI is dependent on translation in cis in serum-stimulated NIH 3T3 

cells (141). In an analogous study, the AREs of both GM-CSF and of c-fos were tested 

for their dependence on translation in cis. In contrast to that observed for the fos CRDI, 

however, inhibition of translation in this way resulted in only a minor effect on both 

stability and deadenylation of ARE containing mRNAs in stimulated NIH 3T3 cells (32). 

The ferritin mRNA iron response element (IRE), which when placed upstream 

of a reporter sequence has previously been shown to give rise to translational control 

dependent on intracellular iron concentration (9;27;69;70;109), has also been used to 

address this problem. When iron is abundant (cells treated with an iron source as hemin 

or ferric ammonium citrate), the IRE promotes mRNA translation, whereas when iron is 

scarce (cells treated with a chelator such as desferrioxamine), the RNA is found in free 

mRNA fractions. This effect is specific for the mRNA containing the IRE and global 

protein synthesis is not affected by iron availability. Degradation of an mRNA encoding 

the transferrin receptor that also harbored the c-fos ARE was shown to be independent of 

iron concentration in stably transfected B6 mouse fibroblasts (86). However, these data 

are in contradiction with two more recent reports based on a similar approach using 

chimeric B-globm/fos mRNAs containing the human ferritin IRE (162; 168). Constructs 

expressing fos ARE containing mRNAs were either transiently transfected into mouse 

NIH 3T3 cells (168) or stably transfected into mouse Ltk- cells (162). In both cases, cells 

were treated for 16 h with ferric ammonium citrate, hemin or desferrioxamine and then 

mRNA stability was measured using actinomycin D. Desferrioxamine treatment reduced 
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dramatically the amount of reporter mRNAs present in polysomal fractions compared 

with that of cells treated with iron where the same RNAs were significantly shifted 

toward polysomal fractions, c-fos ARE containing mRNA half-lives were observed to 

increase several fold in cells treated with desferoxamine, while those of mRNAs devoid 

of IRE or containing a mutated IRE, remained unchanged. Deletion of the ARE-

containing fragment from the 8-globin/c-/o5 construct resulted in a stable mRNA (20;49) 

insensitive to intracellular iron availability. It should be pointed out that since these 

studies have used Actinomycin D to measure mRNA decay, it remains a possiblity that 

artefactual stabilization by Act D per se is dependent on translation whereas wild-type 

decay may be insensitive to changes in translatability. 

The question of the requirement of ARE-dependent mRNA degradation for 

translation is therefore still a matter of debate. In most of the experiments the distinction 

between initiation and elongation has not been thoroughly analyzed. As pointed out by 

Sachs (137), it might well be that one of the reasons for the observed discrepancies 

resides in variations in the inhibition of translation by the various 5' inhibitory elements. 

Should the degradative enzymes be associated with either initiation or elongation 

translation factors, the overall decay kinetics will probably be different. Such a precedent 

of a ribonuclease associated with a protein required for translation has been found in 

yeast (138). 

Both the fos ARE and coding region mRNA destabilizing elements are 

involved in poly(A) shortening. This common denominator is important with regard to a 

potential link between degradation and translation because poly(A) has also been 
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involved in the control of both degradation and translation. Along these lines, a report 

from Richter's lab showed that poly(A) addition promoted 5' cap ribose methylation 

during progesterone-induced oocyte maturation in Xenopus laevis. This result might shed 

light on the translational requirement for inducing mRNA decay (91). Should this 

observation be generalized to somatic cells, it would be interesting to look for the reverse 

reaction, i.e. whether deadenylation could give rise to cap ribose demethylation and thus 

explain the translational inhibitory role of the ARE, which remains mysterious. 

4.11.3 Translation and c-fos mRNA Stability in this Study 

These studies were begun in collaboration with Dr. Cheryl Wellington. Dr. 

Wellington and an undergraduate student Valerie Sim set out to determine the efficiency 

with which the tet-regulated transcripts examined in this study were translated and 

deadenylated. The lack of an antibody to either rabbit 6-globin or to the BFfsB mRNA 

encoded protein product made this analysis difficult for these mRNAs. Strangely, 

immunoprecipitations and western blot analysis carried out in cells expressing the BFB 

mRNA, which encodes a wild type c-fos mRNA were unable to detect any Fos protein in 

conditions when the mRNA is abundant. It is interesting to point out that it has never 

been demonstrated by any lab that the BFB mRNA is, in fact, capable of being translated 

(Dr. Cheryl Wellington, personal communication). This result is reminiscent of previous 

reports of cells expressing measurable levels of c-fos mRNA without any detectable 

amount of Fos protein (112). In monocytic or myelomonocytic cells, a rapid induction of 

c-fos mRNA by phorbol esters is followed by a progressive decrease to a plateau level 
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which can last for several hours, during which no Fos protein can be detected. Moreover, 

in transgenic mice expressing c-fos constructs, phenotypic effects were observed only 

after the removal of the normal c-fos 3'-UTR, an effect which was not explained solely 

by an increase of mRNA stability (134). Dr. Wellington began experiments which would 

have examined the distribution of these RNAs on polysomes however, these experiments 

were never completed. 
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5 SIGNIFICANCE AND FUTURE DIRECTIONS 
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5.1 The tet System: Advantages and Disadvantages 

Using the tetracycline expression system, we have measured mRNA decay 

rates in a number of defined growth conditions and have made novel findings regarding 

the activities of both fos mRNA instability determinants. It is a widely held belief that 

the ARE acts as a potent destabilizing sequence in serum stimulated fibroblasts. While 

this is plainly true, we have found that the ARE is up to 5 times more potent in serum 

starved and in confluent cells than it is in stimulated cells. Additionally, we have 

determined that the fos CRDI is active in growing cells, even though it was previously 

considered to be inactive. Furthermore, the decay rates we observe for an ARE-

containing mRNA (BBB+ARE) correlate with the binding activities of at least two ARE-

binding proteins, one of which has been shown to directly stabilize ARE mRNAs in vivo. 

A number of questions that have been raised by this study could be addressed 

experimentally over the short term. First, a FACS analysis on NIH 3T3 cells under a 

variety of growth conditions would allow us to determine if observed changes in mRNA 

stability correlate with growth status. In particular, it would be of interest to know 

whether contact inhibited cells are more or less growth arrested than are cells that have 

been deprived of serum growth factors. For example, we consistently observe that 

mRNAs containing either of the c-fos mRNA instability determinants are less stable in 

contact-inhibited cells. A FACS analysis would allow us to determine whether contact 

inhibition is a more powerful growth inhibitory signal than is serum deprivation. 

Alternatively, it is possible that specific signals associated with contact inhibition cause 
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an increased rate of degradation of the c-fas mRNA, and potentially other labile messages 

as well. 

A second project that could be completed over the short term would be to 

elucidate the role of ARE binding proteins in c-fos mRNA stability. For example, the 

abundance and localization of RNA binding proteins such as HuR in serum starved and 

serum stimulated cells could be determined quite quickly. Immunohistochemistry 

combined with protein analysis of nuclear and cellular fractions would allow us to 

determine whether HuR is more or less abundant in the cytoplasm of serum stimulated 

NIH 3T3 cells. In addition to these studies, it should be possible to test for specific RNA 

binding activities that are up or down regulated following serum stimulation. Ultimately, 

a cloning strategy could be envisioned that would allow us to clone candidate proteins 

(such as the U-rich binding protein) and then do molecular studies to determine their 

function in vivo. For genes such as the one encoding the HuR protein, it may be possible 

to use an antisense RNA strategy to determine if loss of HuR function results in a 

destabilization of ARE containing messages. 

The observations made in this study would have been entirely missed if we had 

used standard methods to measure mRNA decay rates. Ultimately, our strategy may 

facilitate the identification of the components of the decay machinery that target mRNAs 

such as c-fos for rapid decay, and will allow the dissection of the signaling pathways that 

regulate the activities of c-fos mRNA instability determinants. This is particularly true of 

the poorly understood coding region determinant of instability (CRDI). 
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A disadvantage of the tet-system is that for best results it is necessary to make 

double stably transfected cell lines. Since we first developed this system in NIH 3T3 

cells, many other labs have used the tet system in this cell line and have confirmed that 

careful selection of second round transfectants is crucial to isolating a useful cell line. 

Stable transfectants require considerable time and resources to grow and screen. High 

basal expression is observed from many clones and therefore a great deal of screening 

must be done before useful clones can be obtained. When clones are finally obtained, we 

noticed that regulated expression in some of our clones decreased over time, possibly 

reflecting an uncharacterized negative selection pressure. Unfortunately this has meant 

the some of our studies have been left incomplete. It is therefore important to keep 

stocks of cells that have been constantly grown in selective medium. Additionally, it may 

be possible that some transgenes are toxic and invoke an adaptation response. In this 

case, stock cells should be continually grown in the presence of tetracycline to keep 

expression of the introduced gene at low levels. 

As with any new technology, there are always second and third generations 

that improve upon the first. One improvement in the tet system that will likely make it 

much easier to use is the development of retroviral tet-expression vectors. These vectors 

allow the delivery of the tet-system with high efficiency so that polyclonal populations 

with diverse integration sites may be generated in a week (17). Additionally, important 

modifications in these vectors have further reduced basal levels of expression by orders 

of magnitude. 
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5.2 ARE Binding Proteins as Therapeutic Targets in Cancer Treatment? 

HuR expression has been studied in a few cell lines and HuR protein levels are 

higher in transformed cell lines, including HeLa, HEK 293, COS and 1670, and lower in 

immortalized lines such as L929 and NIH 3T3 (48). Since proto-oncogene, cytokine and 

lymphokine mRNAs characteristically contain ARE sequences, finding higher HuR 

protein levels in faster-growing cells is consistent with HuR having a stabilizing effect on 

these mRNAs, some of which may contribute to the transformed phenotype. 

Two of the brain-specific mammalian Hu cDNAs were derived by screening a 

cDNA expression library with Hu autoimmune serum (155). The autoimmune serum 

used for the expression cloning of the two brain specific Hu cDNAs came from a patient 

with a paraneo-plastic neurological disorder (PND) (6;40;41;43). PND patients have 

certain types of cancers, predominantly small cell lung carcinoma, and in other cases 

breast, ovarian, or prostate cancer. During the course of their disease, they develop 

autoantibodies against proteins ectopicaily expressed in the tumors (6). The humoral and 

cellular responses are mounted against these tumour proteins because they are normally 

expressed in an immune privileged site such as the central nervous system. In the case of 

the Hu proteins, the small cell lung tumour expresses a brain-specific Hu antigen. The 

antibodies made in response to the tumor antigen, as well as inflammatory cells, cross the 

blood-brain barrier, resulting in PND-associated encephalomyelitis and neuropathy 

(6;43). One fascinating observation is that the tumours in PND patients remain small as a 

result of the tumour-specific immune response, and the patients die of neuronal 

degeneration rather than cancer (40;41). This immune suppression of tumor growth in 
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PND patients could be viewed as a natural validation of Hu proteins as potential 

therapeutic targets. The functions of Hu proteins in up-regulating the expression of early 

response gene mRNAs and their gene products is consistent with this notion. 

5.3 Summary 

It is clear that the work described in this thesis helps to illuminate an aspect of 

the regulation of gene expression, that of the control of mRNA decay, that is still only 

partly understood. My studies have (1) resulted in the development of new methods of 

analysis of nuclear and cytoplasmic RNA, (2) have identified previously unsuspected 

modes of regulation by cells of specific decay pathways, (3) have helped to clarify earlier 

inconsistencies and misinterpretations of decay pathway kinetics by distinguishing 

between rates of poly(A) tail loss and disappearance of coding sequences, and (4) have 

identified an intriguing correlation between variable stabilization of labile c-fos 

transcripts and the reported distribution of the HuR protein. Much work will be needed 

in the future to further explore these issues. 
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