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Fig. 3. Expression of T1 and T2 by cell clones. 
Polyadenylated RNA was separated by electro- 
phoresis on a 2.2M formaldehyde denaturing gel 
and transferred to nitrocellulose (30). After bak- 
ing and prehybridization, the filter was probed 
successively with 32P-labeled T2, T1, and actin 
and was washed at 80°C for 30 min in 0.1% SDS 
and 0.1% saline sodium citrate (SSC) between 
probes. RNA hybridizing with T1 was present in 
parental cells and in idiotype-negative clones, but 
T2 was expressed only in idiotype-negative 
clones. P, parental. 
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Flg. 4. Expression of Oz and idiotypic deterrni- 
nants by cell clones. Parental cells (dashed lines) 
and variants C5 and C.14 (solid lines) were exam- 
ined by indirect immunofluorescence with anti- 
idiotype (anti-id) and monoclonal antibody 14D1 
(directed against Oz-) and a n a l p d  with the 
FACS 440 (Becton Didinson). Fluorescence in- 
tensity is displayed on a log scale. 

The two different idiotype-negative 
clones rearranged the same V-region gene. 
This implies that VA gene usage by the 
tumor variants was restricted. Preferential V 
gene usage has been described for the heavy 
chain locus in normal B cells during murine 
(17) and human (18) fetal development. In 
these cases the preferred heavy chain V- 
region genes (VH genes) were those proxi- 
mal to the J region gene cluster. Mapping of 
the human Vh genes may provide an expla- 
nation for the repetitive use of one particular 
VA gene by this tumor. 

1. N. Hozumi and S. Tonegawa, Roc.  Natl. Acad. Sci. 
U . S .  A .  73,3628 (1976); S. Tonegawa, Nature 502, 
575 (1983). 

2. S. Lcwis, N. Rwcnberg, F. Ak, D. Baltimore, Cell 
30, 807 (1982); R. M. Fedderscn and B. G. Van 
Ness,Roc. Natl. Acad. Sci. U . S . A .  82,4793 (1985). 

3. R. R. Kleinfield et al., Nature 322, 843 (1986); M. 
Reth, P. Gchrmann, E. Pcuac, P. Wicse, ibid., p. 
840. 

4. M. G. Weigert et al.,  ibid. 228, 1045 (1970). 
5. M. E. Twccddale, B. Lim, N. Jamal, M. Minden, H. 

A. Messner, J. Cell. Biochem. 9 4  117 (1985); M. E. 
Twccddak et a / . ,  Blood 69, 1307 (1987). 

6. M. R. Walker, A. Solomon, D. T. Weiss, H. F. 
Dcutsch, R. Jcffcris, J. Immunol. 140, 1600 (1988). 

7. R. Lcnhard-Schuller et al.,  Roc.  Natl. Acad. Sci. 
U . S . A .  75, 4709 (1978); R. W i n ,  U. Storb, B. 
Arp, Biochem. 18, 5013 (1979). 

8. B. Pernis et al.,  J. Exp. Med. 122, 853 (1965); J. J. 
Ccbra, J. E. Colberg, S. Dray, ibid. 123, 547 
(1966). 

9. S. P. Kwan, E. E. Max, J. G. Seidman, P. Mu, M. 
D. Scharf, Cell 26, 57 (1981); 0 .  Bernard, N. 
Gough, J. Adams, Roc.  Natl. Acad. Sci. U . S . A .  78, 
5812 (1981); K. A. Ritchie, R. Brinster, U. Storb, 
Nature 312, 517 (1984); M. C. Nusscnzwcig et al.,  
Science 236, 816 (1987). 

10. U. Storb et a/ . ,  Immunol. Reu. 89, 85 (1986). 
11. A. M. Stall et al., Roc.  Natl. Acad. Sci. U . S . A .  85, 

3546 (1988). 
12. W. L. Carroll, C. 0. Stamcs, R. Levy, S. L q ,  

J. Exp. Med. 168, 1607 (1988); S. Levy, M. J. 
Campbell, R. Levy, in preparation. 

13. F. J. Bollurn, in Enzymes, P. D. Boyer, Ed. (Aca- 
demic Press, New York, 1974), vol. 10, pp. 145- 
171 -. -. 

14. F. W. Alt and D. Baltimore, Roc. Natl. Acad. Sci. 
U . S . A .  79,4118 (1982). 

15. M. Heller et at., J. Erp .  Med. 166,637 (1987); H. 
G. Klobcdq G. Combriato, H. G. Zachau, Nucleic 
Aci& Res. 15,4877 (1987). 

16. K. Kajalainen and C. Colcdough, Nature 314, 544 

17. R. hi. ~erkut te rb t  a ~ . ,  Science 227, 1597 (1985); J. 
M. Teak, J. Immunol. 135, 954 (1985); G. D. 
Yancopoulos et al.,  Nature 311, 727 (1984); A. M. 
Lawler et al.,  Pmc. Natl. Acad. Sci. U . S .  A .  84, 2454 
(1987). 

18. H. W. Schrocder, Jr., J. L. Hillson, R. M. Perlmut- 
ter, Science 238, 791 (1987). 

19. J. Kcski-Oja, D. F. Mosher, A. Vaheri, Biochem. 
Biophys. Res. Commun. 74, 699 (1977). 

20. U. Pcttcrsson and J. Sarnbrook, J. Mol. Biol. 73, 
125 11973). 

1-- .  - 1 .  

21. E.M. Southern, ibid. 98, 503 (1975). 
22. P. A. Hieter, G. F. Hollis, S. J. Korsmeycr, T. A. 

Waldmann, P. Lcder, Nature 294, 535 (1981). 
23. A. D. Feinberg and B. Vogelstcin, Anal. Biochem. 

132,6 (1983). 
24. J. M. Chqwm, A. E. Pnybyla, R. J. MacDonald, 

W. J. Rutter, Biochemistry 18, 5294 (1979). 
25. H. Aviv and P. Lcdcr, Roc.  Natl. Acad. Sci. U . S . A .  

69, 1408 (1972). 
26. S. Lmy, E. Mendel, S. Kon, Gene 54, 167 (1987). 
27. J. Messing, Methods Enzymol. 101, 20 (1983). 
28. F. Sangcr, S. Nidden, A. R. Coulson, Roc.  Natl. 

Acad. Sci. U . S . A .  74, 5463 (1977). 
29. E. A. Kabat, T. T. Wu, M. Reid-Miller, H. M. 

Perry, K. S. Gottaman, Sequences of Roteins of 
Immunological Interest, U . S .  Public Health Service (Be- 
thcsda, Maryland, 1987), ed. 4, pp. viii-ix. 

30. H. Lchrach, D. Diamond, J. M. Wozney, H. 
Bocdtker, Biochemishy 16, 4743 (1977). 

31. Supported by National Cancer Institute grants 
CA33399 and CA34233, the Ontario Cancer Treat- 
ment and Rcxarch Foundation (N.B.), and the 
American Cancer Society (R.L.). Computer re- 
sources were provided by the NIH-sponsored 
BIONET National Computer Research for Molecu- 
lar Biology (grant RR-01685-05). We thank R. 
Jderis for monoclonal antibody 14D1 and C. J w  
and P. Busscy for help with preparation of the 
manuscript. 

28 October 1988; accepted 14 February 1989 

Regulation of Lymphokine Messenger RNA Stability 
by a Surface-Mediated T Cell Activation Pathway 

Quiescent T cells can be induced to express many genes by mitogen or antigen 
stimulation. The messenger RNAs of some of these genes undergo relatively rapid 
degradation compared to messenger RNAs from constitutively expressed genes. A T 
cell activation pathway that specifically regulates the stability of messenger RNAs for 
the lymphokines interleukin-2, interferon-?, tumor necrosis factor-a, and granulo- 
cyte-macrophage coiony-stimulating factor is induced by stimulation of the CD28 
surface molecule. This pathway does not directly affect the steady-state messenger 
RNA level, transcription, or messenger W A  half-life of other T cell activation genes, 
including c-myc, cc-fos, IL-2 receptor, and the 4P2HC surface antigen. These data show 
that stimuli received at the cell surface can alter gene expression by inducing specific 
changes in messenger RNA degradation. 

A LTHOUGH MUCH HAS BEEN 

learned about the transcriptional 
regulation of gene expression (I), 

relatively little is known about how mRNA 
stability contributes to gene expression (2). 
In both prokaryotic and eukaryotic cells 
some mRNAs are relatively short-lived 
while other mRNAs are extremely stable 
(2). In bacteria, many of the genes that 
encode short-lived mRNAs are responsive 

to growth conditions (3), a short mRNA 
half-life possibly allowing for rapid modula- 
tion of the expression of cell growth-associ- 
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ated genes in response to the environment. 
Similarly, in eukaryotic cells, many genes 
associated with cell growth, including the 
nuclear proto-oncogenes, genes associated 
with DNA replication, and several transcrip- 
tion factor genes, encode mRNAs with 
short half lives (1, 46). The mRNAs for 
several of these genes are stabilized during 

RN, 

TNF 

GM-CSF 

IFN* 

stimulation by serum of serum-deprived 
cells or treatment with cycloheximide, a 
protein synthesis inhibitor (5, 6). These data 
suggest that there may be a cellular mRNA 
degradation system that is labile and sensi- 
tive to the cellular environment (5-7). 

Some eukaryotic genes that encode secre- 
tory molecules also have mRNAs with short 
half lives (8). These genes all encode highly 
regulated extracellular molecules such as 
peptide hormones, lymphokines, and cyto- 
kines. We now report a novel surface-medi- 
ated T cell activation pathway that specifical- 
ly regulates the mRNA stability of a group 
of lymphokines sharing certain structural 
characteristics in their 3' untranslated re- 
gions. 

T cells are important regulators of in vivo 
immune responses, and the specificity of a T 
cell-initiated immune response is mediated 
by a complex of the T cell receptor and CD3 
(TCR-CD3) (9). Interaction of this complex 
with antigen in association with a major 

histocompatibility complex protein can re- 
sult in the induction of T cell effector func- 
tions such as lymphokine production and 
cytolytic activity (10). A number of addi- 
tional T cell surface molecules appear to 
contribute to the control of T cell immune 
responses (1 1). One such molecule is CD28, 
a 44-kD glycoprotein that is a member of 
the immunoglobulin supergene family and 
is expressed as a homodimer on a major 
subset of human T cells (12). We have 
previously shown that when normal human 
T cells that have been activated by cross- 
linking of the TCR-CD3 complex are ex- 
posed to an antibody to CD28 (anti- 
CD28), there is a marked enhancement of 
the induction of interleukin-2 (IL-2) 
mRNA (13). The expression of three addi- 
tional lymphokines that have been reported 
to be coordinately expressed in some murine 
T cell clones in conjunction with IL-2 (14) 
was therefore examined. These genes in- 
clude tumor necrosis factor* (TNF-a), 

Fig. 1. Effccts of CD28 stimulation on TNF-a, 
GM-CSF, IFN-y, IL-2, and HLA class I mRNA 
expression. The CD28+ T ceUs were purified (13) 
and cultured at 2 x 106 cells per milliliter in the 
prexnce of medium alone (Med), soluble mono- 
clonal anti-CD28 9.3 (aCD28), monoclonal anti- 
CD3 G19-4 i m r n o b i d  to plastic (aCD3), or 
anti-CD3 immobilized to plastic together with 
soluble anti-CD28 (aCD3 + aCD28). The anti- 
CD3 was i m m o b i i d  by adsorbing the antibody 
to the surface of plastic tissue culture plates, 
which was necessary to achieve the cross-linking 
of the TCR-CD3 receptor required for prolifera- 
tion of purified T cells (18). The amount of anti- 
CD3 used in each well was that which induced 
maximal proLiferation of peripheral blood T cells 
at 72 hours (1 @ml of cells). Anti-CD28 was 
used at a dose of 1 &ml. The cells were harvest- 
ed after 6 hours of culture, and total cellular RNA 
was isolated (13). RNA blots were prepared from 
equal id samples of RNA and hybridized se- 
quentially with pmbcs specific for TNF-a, GM- 
CSF, IFN-y, IL-2, and HLA class I genes (23). 
The resulting autoradiograms are shown. The 
upper panel represents ethidium bromide staining 
of the 28s ribosomal RNA band from the equal- 
ized RNA samples used to prepare the RNA 
blots. The data presented are representative of five 
separate experiments. Separate experiments have 
demonstrated that anti-CD28 enhances anti- 
CD3-induced lymphokine gene expression in 
both the CD4+ and CD8+ subsets of CD28+ T 
cells (15). 
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Fig. 2. Kinetics of augmentation by anti-CD28 of TNF-a, GM-CSF, IFN-y, and IL-2 mRNA 
expression of normal human T cells stimulated with anti-CD3. CD28+ T cells were cultured with anti- 
CD3 immobilized to plastic or anti-CD3 in the presence or absence of soluble anti-CD28. Cells were 
harvested at the times shown after stimulation, and total cellular RNA was isolated. RNA blots were 
prepared from equalized RNA samples and hybridized to specific probes for TNF-a, GM-CSF, IFN-y, 
IL-2, c-fs, c-myc, 4F2HC (4F2), and HLA class I genes as described in the legend to Fig. 1. 
Hybridization intensity of the gene-specific probes was measured by scanning densitometry (6). The 
data presented are from a single experiment, but are representative of the results of five independent 
experiments. 
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granulocyte-macrophage colony-stimulating 
factor (GM-CSF), and interferon-y (IFN- 
y). All four lymphokines are associated with 
T cell regulation of delayed-type hypersensi- 
tivity responses. 

Resting CD28' T cells do not express any 
of the four lymphokine genes studied (Fig. 
1). Cross-linking of the TCR-CD3 complex 
with immobilized antibodies to CD3 (anti- 
CD3) induced the expression of all four 
genes. Although stimulation with anti- 
CD28 alone failed to induce expression of 
these genes, stimulation of CD28 was found 
to synergize with TCR-CD3 cross-linking 
to cause a 5- to 20-fold enhancement in the 
expression of all four lymphokines. This 
augmentation in lymphokine gene expres- 
sion by anti-CD28 occurred at all doses of 
anti-CD3 tested over a 50-fold range (0.015 
pg to 1.0 pg per milliliter). When cells were 
stimulated with 1.0 p,g/rnl, a concentration 
that maximized anti-CD3-induced T cell 
proliferation, only the expression of the four 
lymphokine genes was enhanced by anti- 
CD28 costimulation (Fig. 1). Under these 
conditions, anti-CD28 did not augment T 
cell proliferation or the expression of c-myc, 
c-for, IL-2 receptor, and 4F2HC genes (15). 
Therefore, in all subsequent experiments we 
have used an anti-CD3 dose that has been 
titrated to induce maximal T cell prolifera- 
tion in the absence of co-mitogens. 

The kinetics of TNF-a, GM-CSF, IFN-y, 
and IL-2 mRNA expression after stimula- 
tion of normal human T cells with anti-CD3 
were markedly different (Fig. 2). Whereas 
TNF-a was found to be induced as an early 
response gene with peak expression at 1 
hour, GM-CSF, IFN-y, and IL-2 all re- 
quired several hours of stimulation with 
anti-CD3 for the induction of peak expres- 
sion. The induction of TNF-a by stimula- 
tion with anti-CD3 can occur in the absence 
of new protein synthesis, whereas the induc- 
tion of GM-CSF, IFN-y, and IL-2 expres- 
sion in response to stimulation with anti- 
CD3 failed to occur in the presence of the 
protein synthesis inhibitor cycloheximide 
(16). Despite these differences, costimula- 
tion with anti-CD28 was capable of aug- 
menting mRNA expression of each lympho- 
kine at the indicated times after their induc- 
tion by stimulation with anti-CD3. In sepa- 
rate experiments, maximal induction of all 
four lymphokines was found to occur be- 
tween 4 and 8 hours after costimulation 
with anti-CD3 and anti-CD28. The expres- 
sion of the T cell activation genes, c-myc, c- 
fos, and 4F2HC, and the constitutively ex- 
pressed human leukocyte antigen (HLA) 
class I genes were also studied. Despite 
markedly different patterns of expression in 
response to stimulation with anti-CD3, co- 
stimulation with anti-CD28 had no signifi- 

cant effect on the steady-state mRNA levels 
of these genes. 

We investigated the role of transcriptional 
regulation in the induction of lymphokine 
expression by anti-CD3 and anti-CD3 to- 
gether with & t i - ~ ~ 2 8  by performing run- 
on transcription assays on CD28' peripher- 
al blood T cells that had been cultured in the 
presence of medium alone, anti-CD3, or 
anti-CD3 together with anti-CD28 (Fig. 3). 
Under all three conditions, an equivalent 
level of transcription of HLA class I, glycer- 
aldehyde-3-phosphate dehydrogenase, and 
28s ribosomal RNA genes was found. The 
transcription of the 4F2HC gene in the cells 
cultured in the presence of medium alone is 
consistent with the reported regulation of 
4F2 gene expression by transcriptional at- 
tenuation in quiescent cells (1 7). Treatment 
with anti-CD3 alone was capable of induc- 
ing the transcription of a variety of T cell 
activation genes, including IL-2, IFN-y, 
GM-CSF, TNF-a, 4F2HC, and IL-2 recep- 
tor. The addition of an anti-CD28 stimulus 
had no effect on the transcription of any of 
these genes. Our data are consistent with the 
results of previous experiments showing that 
stimulation of resting T cells with anti-CD3 
is sufficient to induce the transcription of a 
variety of T cell activation genes including 
the lymphokines we have studied (9, 18, 19). 
It also appears that the anti-CD28 stimulus 
does not exert its effect on lymphokine gene 

GM-CSF - 

HLA - w 

GPD - 
28s - - 

Fig. 3. Lymphokine gene transcription in periph- 
eral blood T cells cultured in the presence of 
medium alone (Med), anti-CD3 immobilized to 
plastic, or anti-CD3 i m m o b i d  to plastic to- 
gether with soluble anti-CD28. &Us were har- 
vested 3 hours after stimulation. Nuclei were 
isolated, and run-on transcription assays were 
performed (24). The run-on transcription prod- 
ucts were hybridized to filters containing 5 pg of 
plasmids with inserts specific for IL-2, IFN-y, 
GM-CSF, TNF-a, 4F2HC (4F2), HLA, glyceral- 
dehyde-3-phosphate dehydrogenase (GPD), 28s 
ribosomh RNA (28S), and IL-2 receptor (IL- 
2R) (23). The data are representative of two 
independent experiments, each performed in du- 
plicate. Similar results were also obtained in cells 
treated for 5 hours. 

expression by altering the transcription of 
these genes. 

The possibility that stimulation with anti- 
CD28 might regulate lymphokine gene 
expression by a posttranscriptional mecha- 
nism was investigated. Cells were treated 
with anti-CD3 or anti-CD3 together with 
anti-CD28 for 5 hours. We studied the 
stability of each of the specific mRNAs for 
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Fig. 4. The rate of mRNA degradation in T cells 
that had been stimulated for 5 hours with anti- 
CD3 in the presence or absence of anti-CD28. 
The rate of mRNA degradation of TNF-a, GM- 
CSF, IFN-7, IL-2, c-myc, and 4F2HC (4F2) was 
determined by measuring the hybridization inten- 
sities of gene-specific probes (6,23) to RNA blots 
containing mRNAs isolated from cells at the 
indicated times after the addition of actinomycin 
D (Act. D) (10 pg/ml). The amount of mRNA at 
the various times is expressed as a fraction of the 
mRNA level at time zero. The amount of mRNA 
was determined by scanning densitomeny (6). 
The data presented are representative of three 
independent experiments. 
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TNF-a, GM-CSF, IFN-y, IL-2, c-myc, and 
4F2HC by measuring the levels of mRNA 
in cells harvested after the addition of 10 pg 
of actinomycin D per milliliter (Fig. 4). 
Costimulation of CD28 led to an increase in 
the stability of each of the four lymphokine 
mRNAs. In contrast, c-myc mRNA was 
unstable under both stimulation conditions 
and 4F2HC mRNA was a relatively stable 
transcript under both conditions. Thus, 
stimulation with anti-CD28 specifically sta- 
bilized the mRNAs of the four lymphokine 
genes studied. 

As mentioned above, expression of the 
TNF-a gene after stimulation with anti- 
CD3 does not require new protein synthe- 
sis. Furthermore, cycloheximide can stabi- 
lize TNF-a mRNA and thus enhance its 
expression (20). To compare the effects of 
stimulation with anti-CD28 on mRNA sta- 
bility to those of cycloheximide in T cells 
activated with anti-CD3, T cells were stimu- 
lated with anti-CD3, anti-CD3 together 
with anti-CD28, or anti-CD3 with cyclo- 
heximide (Fig. 5). With anti-CD3 alone, 
both TNF-a and c-myc mRNAs were rapid- 
ly lost from the cells after actinomycin D- 
induced transcriptional blockade. Costimu- 
lation of cells with anti-CD3 and anti-CD28 
induced stabilization of the TNF-a mRNA 
but did not affect the stability of the c-myc 
mRNA. In contrast, when cells stimulated 
with anti-CD3 were cultured in the presence 

aCD3 
+ ma 

CHX 

of cycloheximide, the mRNA stability of 
both TNF-a and c-myc was significantly 
enhanced. Thus, the alteration in mRNA 
stability induced by CD28 stimulation is 
much more specific than the stabilization of 
mRNA degradation that occurs in the pres- 
ence of cycloheximide. The degradation of 
the 4F2HC and HLA mRNAs was not 
significantly affected by any of the culture 
conditions. 

Our data show that the CD28 pathway 
augments T cell expression of several lym- 
phokine genes by specifically stabilizing 
their mRNAs. The data also suggest that the 
ability of CD28 stimulation to stabilize 
mRNA results from a property shared by 
the four lymphokine mRNAs. One structur- 
al characteristic that is shared by all four 
lymphokine mRNAs is a conserved and 
homologous AU-rich sequence in their 3' 
untranslated regions (7, 21). One common 
feature of these AU-rich sequences is that all 
have at least three reiterated copies of the 
sequence AUUUA. It has been shown that a 
sequence derived from the 3' untranslated 
region of the GM-CSF gene, when geneti- 
cally engineered into the 3' end of a stable 
mRNA transcript such as P-globin, confers 
instability to the mature mRNA (7). A 
minimum of three reiterated AUUUA se- 
quences (AUUUAUUUAUUUA) appears 
to be sufficient to produce instability in 
synthetic constructs (22). Whereas the pres- 

HLA c-myc 

Fig. 5. The stability of TNF-a, 4F2HC (4F2), HLA, and c-myc mRNAs after treatment of peripheral 
blood T cells with anti-CD3, anti-CD3 together with anti-CD28, or anti-CD3 plus cycloheximide 
(CHX). CD28+ T cells were cultured for 3 hours in the presence of anti-CD3 or anti-CD3 together 
with anti-CD28 as described in the legend to Fig. 3. To one set of cells mated with anti-CD3, 
cycloheximide was added at 10 pg/ml for the last 2 hours of stimulation. Actinomycin D (ActD) (10 
pglml) was then added to the cultures, and cells were harvested after the times shown (minutes). Total 
cellular RNA was isolated and RNA blots were prepared from equalized samples of RNA. The blots 
were hybridized sequentially with TNF-a, 4F2HC (4F2), HLA, and c-myc gene-spec& probes (23). 
For each condition, equivalent intensities of hybridization at the zero time point were used to allow 
direct comparison of the results. The data presented are representative of three independent experi- 
ments. 

ence of the conserved AU-rich sequences in 
the 3' untranslated region of the above 
lymphokine mRNAs suggests that these se- 
quences may play a role in regulating stabil- 
ity, such AU-rich sequences are not neces- 
sarily the CD28-responsive element. Both c- 
myc and c-fos mRNAs have AU-rich 3' 
untranslated regions with at least three dis- 
persed AUUUA sequences, and these 
mRNAs are not stabilized by the CD28 
activation pathway. These findings suggest 
that either this sequence element is not 
sufticient to confer mRNA stability in the 
presence of CD28 stimulation or that the 
structural relationship of the reiterated se- 
quence elements is important in conferring 
stability. 
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The Role of Cis-Acting Promoter Elements in 
Tissue- Specific Albumin Gene Expression 

The mouse albumin gene promoter has six closely spaced binding sites for nuclear 
proteins that are located between the TATA motif and nucleotide position - 170, In 
&o transcription with liver or spleen nuclear extracts of templates containing either 
mutated or polymerized albumin promoter elements establishes a hierarchy of the 
different protein binding sites for tissue-specific albumin gene transcription. The 
HNP-1 and CEBP binding sites strongly activate transcription in a tissue-specific 
manner. The NP-Y binding site has a lower activation potential and is less specific, 
being equally efficient in liver and spleen nuclear extracts. The remaining elements are 
relative6 weak activator sites, 

- 

T HE ACTIVITY OF MOST TISSUE SPE- 
cifically expressed mRNA genes is 
controlled primarily at transcription 

initiation (1). Three types of cis-acting ele- 
ments may regulate the efficiency of this 
process: chromatin openers (Z), enhancers 
(3), and promoters (4). Chromatin openers 
may decondense chromatin domains from a 
repressed to a potentially active state, thus 
making the gene or genes accessible to the 
transcription machinery. Enhancers can in- 
crease transcription initiation frequency 
from a distance in a location- and orienta- 
tion-independent manner. Promoters are bi- 
partite structures consisting of a core pro- 
moter and an upstream regulatory region. 
The core promoter (generally a TATA box, 
or equivalent element, and cap site) guides 
RNA polymerase I1 to the correct start site. 
The upstream regulatory region comprises 
one to several elements that can augment or 
decrease initiation frequency. Structural and 
functional studies on many promoters and 
enhancers have indicated that both have a 
modular structure and that some modules 
can be shared between the two. Both mav 

DNA sequence elements with one hnction- 
al domain and general components of the 
transcription apparatus such as RNA poly- 
merase I1 and factor TFIID with another 
domain (5). 

The serum albumin gene may need tissue- 
specific chromatin opener, enhancer, and 
promoter elements for its developmental 
activation during liver differentiation (6). In 
transient transfection studies, however, a 
relatively short 5' flanking segment of about 
150 nucleotides was sufficient to direct he- 
patocyte-specific transcription (7). We have 
also found that this sequence is necessary 
and sufficient to confer tissue-specific in 
vitro transcription to a G-free cassette (syn- 
thetic DNA fragment that does not contain 
any guanosine residue in its noncoding 
strand) reporter gene (8). As our in vitro 
system consists of histone-free nuclear ex- 
tracts (NEs) and plasmid DNA templates, 
this differential in vitro transcription does 
not seem to need complex chromatin struc- 
tures; more likely, it is the direct result of 
trans-acting tissue-specific transcriptional 
activators. We therefore established an in- 

therefore be assembled into a preinitiation ventory of DNA binding proteins that in- 
complex that can be recognized efficiently teract with albumin gene promoter ele- 
by the transcription machinery, and this ments, both for liver, the expressing tissue, 
assembly may be mediated by trans-acting and spleen, a nonexpressing &sue (9-1 1). In 
transcription factors that recognize specific agreement with the results of other groups 

(12). the identified DNA binding: ~roteins 
\ 8 ,  " I 

Departement de Biologic Moliculaire, Sciences 11, Quai include the liver-specific or liver-enriched 
E. Anserrnet 30, CH-1211 Geneva, Switzerland. factors HNF-1 (13), CEBP (14) and DBP 

(lo), several CTFNF- 1-related factors (IS), 
and the ubiquitous CAAT-factor NF-Y (16) 
(Fig. 1). 

Results are now presented of two experi- 
mental strategies that were chosen to evalu- 
ate the relative im~ortance of the ~rotein- 
binding promoter elements in conferring 
liver-specific transcription of the albumin 
gene. In the first approach each individual 
binding site [with the exception of site F, 
whose deletion had only a marginal impact 
on transcription (8)] was destroyed by a 
short substitution of 11 or 13 nucleotides 
with unrelated DNA (Fig. 2A). The result- 
ing templates contained the mutated pro- 
moters PAA to PAE, each having lost the 
capacity to interact with the cognate factor 
for the mutated site (17). The mutagenized 
templates, together with templates contain- 
ing the wild-type promoter (P,,) and the 
core promoter (PA-35, which consists of the 
TATA motif and the cap site) were subject- 
ed to transcriptional analysis with liver and 
spleen NEs (Fig. 2B). 

In each in vitro transcription reaction, 
AdML200, a template containing the ade- 
novirus major late promoter, was used as an 
internal standard. This promoter is recog- 
nized with a similar efficiency in both liver 
and spleen NEs (8). The relative transcrip- 
tional potential of the albumin promoter in 
liver and spleen was evaluated by dividing 
the radioactivity associated with the albumin 
transcript by the one associated with the 
adenovhs major late transcript. This ratio 
suggests that the albumin promoter is ap- 
proximately 50-fold as active in liver as in 
spleen. 

In liver NE, substitution of site B had the 
greatest effect on transcription, reducing the 
transcription efficiency approximately ten- 
fold. In contrast, this same mutation had no 
significant effect on transcription in spleen 
NE. This result is consistent with that of a 
binding assay (Fig. 3B), which demon- 
strates that the cognate factor for this site, 
HNF-1, is liver-specific. In addition to the 
HNF-1 complex, a number of less abun- 
dant, more >apidly migrating complexes 
were observed with both liver and spleen 
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