
stimulated by the preovulatory gonadotro- 
pin surge suggests that the half-lives of the 
inhibin mRNAs are likely to be very short. 
This is consistent with inhibin production 
being tightly regulated in response to tran- 
sient conditions during the estrous cycle, 
and suggests that the major site of control of 
inhibin biosynthesis is at the level of tran- 
scription. Our results indicate that one com- 
ponent of this control is likely to be the 
gonadotropin surges. Further elucidation of 
the molecular mechanisms by which gonad- 
otropins and other hormonal and develop- 
mental cues modulate inhibin biosynthesis 
promises to enhance our understanding of 
the control of the mammalian reproductive 
system. 
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Alternative Mechanisms for Activation of 
Human Immunodeficiency Virus Enhancer in T Cells 

The expression of human immunodeficiency virus (HIV) after T cell activation is 
regulated by NF-KB, an inducible DNA-binding protein that stimulates transcription. 
Proteins encoded by a variety of DNA viruses are also able to activate expression from 
the HIV enhancer. To determine how this activation occurs, specific genes from herpes 
simplex virus type 1 and adenovirus that activate HIV in T lymphoma cells have been 
identified. The cis-acting regulatory sequences in the HIV enhancer that mediate their 
effect have also been characterized. The relevant genes are those for ICPO-an 
immediate-early product of herpes simplex virus type 1-and the form of ElA encoded 
by the 13s messenger RNA of adenovirus. Activation of HIV by adenovirus E1A was 
found to depend on the TATA box, whereas herpesvirus ICPO did not work through a 
single defined cis-acting element. These findings suggest multiple pathways that can be 
used to bypass normal cellular activation of HIV, and they raise the possibility that 
infection by herpes simplex virus or adenovirus may directly contribute to the 
activation of HIV in acquired immunodeficiency syndrome by mechanisms indepen- 
dent of antigenic stimulation in T cells. 

E XPRESSION OF HUMAN IMMUNODE- enhancer linked to the chlorarnphenicol ace- 
ficiency virus (HIV) increases after tyltransferase (CAT) gene (5 -3 ,  but the 
activation of inducer T cells by phor- 

bol esters and lectins (1,2). This stimulation 
is mediated by NF-KB (3), a factor that G. J. Nabel, Whitehead Institute for Biomedical Re- 

regulates transcription and binds to the search, Cambridge, MA 02142, and Department of 
Biology, Massachusem Institute of Technology, Cam- 

twice-repeated 11-bp KB motif in the HIV bridge, MA 02139, and Howard Hughes Medical Insti- 

enhance; (Fig. 1). &is l l -bp  motif is also yi Rice and D, M, Kpe, Departmint of Micmbiolo- 
found in the immunonlobulin linht chain w and Molecular Genetics. Harvard Medical School. 

CI " 
enhancer (4). Mutations of nucleotides p;';i,%ep"~;ehead Re: 
within these sites that eliminate the binding search, Cambridge, MA 02142, and Department of 
of N F - ~ B  also abolish the increase in HIV Biology, ~ a s s a c h s e m  Institute of ~echnblogy, Cam- 

bridge, MA 02139. 
gene expression seen in activated T cells (3). 
DNA from primate viruses induced HIV T o  whom correspondence should be addressed at How- 

expression when cotransfected into fibro- ard Hughes Medlcal Institute, University of Michigan 
Medical Center, MSRB I, Room 4510, Ann Arbor, MI 

blasts with a plasmid containing the HIV 48109. 
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Fig. 1. Schematic represen- 
tation of HIV-CAT plasmid 
and mutant plasmids. Mu- 
tant plasmids contained ei- 
ther alterations in both KB 
sites as shown (mutant KB), 
deletion of all Sp1 sites (mu- 
tant Spl), aiteration' of & CTC Spl deletion GCGC 
TATA box (mutant TATA), 
or alteration of both the KB and TATA sites (mutant KB plus TATA) as shown. The KB sites were 
mutated as described (3). The TATA box was altered, and Spl sites were deleted as shown by using the 
gap heteroduplex method for site-directed mutagenesis (3). 

Fig. 2. Effect of DNA virus genes 50 - A 
on HIV-CAT expression. (A) Ef- 
fect of herpes simplex v i m  imrne- - 40 - 

diate-early products. The HIV- 
CAT plasmid (5 kg) was cotrans- 
fected into Jurkat tat-I11 cells (lo7) 
by using DEAE-dextran (17) with 
5 pg of pUC13, or plasmid con- 
taining herpes simplex virus ICPO 
(pSHZ), ICP4 (pEK4), ICPO in 
combination with ICP4 (pSGl), or Fold stimulation: 1 14.3 0.8 21.7 0.85 1 1.5 5.5 6.7 

a deletion (DEL) mutant of ICPO cotransfected p u c  lcpo ICP4 ICPO DEL pUC 1 2 s  1 3 s  EIA 
(pSHZ-dll). Conversion of chlor- plasmid: + 4  
amphenicol to its acetylated forms 
was determined (3), and relative stimulations by the cotransfected plasmids are indicated. The plasmid 
pSHZ contains a 4.7-kb Sac I to Hpa I insert encoding the intact ICPO gene (43) cloned into pUC-19. 
A deletion derivative, pSHZ-dll, was made by deleting a 2.1-kb Xho I to Sal I fragment from pSHZ, 
removing a large segment of the ICPO coding region (36). The plasmid pEK4, encoding ICP4, contains 
a previously described 8.5-kb Eco RI to Kpn I insert (36) cloned into pUC19. The plasmid pSGl (44) 
contains an 18-kb insert that encodes both ICPO and ICP4. (B) Effect of adenovirus El& and 12s and 
13s mRNA products of E1A on HIV-CAT expression. HIV-CAT (5 pg) was cotransfected into Jurkat 
tat-I11 cells (lo7) by using DEAE-dextran (17) with 5 kg of pUC13, a plasmid containing the 12s 
subunit of E1A (DOL-12S), a plasmid with the 13s subunit of E1A (DOL-13S), or the adenovirus 
DNA fragment H3G (20) containing the entire E1A gene. DOL-12s and DOL-13s were derived by 
ligation of E1A complementary DNAs, as described (45), into the Barn HI cloning site of DOL. For 
data in Figs. 2 to 4, no less than two replicate plasmids were analyzed for each group presented and 
independent transfections were performed in duplicate or triplicate. Values reported are accurate to a 
SD 510%. 

DNA virus transactivators and their sites of 
action in HIV were unclear. 

Herpes simplex virus type 1 encodes sev- 
eral gene products that activate transcription 
of other genes. One set of herpesvirus trans- 
activators is synthesized immediately after 
infection (immediate-early gene products). 
These include the known transactivating 
proteins ICPO (ICP, infected cell protein), 
which is 110 kD in size as determined by 
SDS-polyacrylamide gel electrophoresis, 
and ICP4, which is 175 kD (8). ICP4 is 
required for later gene transcription essen- 
tial to viral replication, and both gene prod- 
ucts can stimulate viral gene expression in 
transfected cells. 

Similar to herpesvirus, adenovirus en- 
codes polypeptides expressed early after in- 
fection that are required for virus replica- 
tion. The E1A gene, located at the left end 
of the adenovirus genome, codes for three 
overlapping messenger RNAs (mRNAs) 
that share a common 5' end but are differen- 
tially spliced (9) .  Two of these transcripts, 
the 13s and the 12s forms of ElA. are the 
first products expressed after adenovirus in- 
fection, and they encode polypeptides of 

288 and 242 amino acids, respectively (10). 
They differ only by the presence of an 
additional 46 amino acids in the 13s form 
(1 1). The phosphoprotein encoded by the 
13s transcript regulates mRNA levels of 
other early viral i d  cellular genes, whereas 
the 12s form stimulates the growth of ade- 
novirus in quiescent cells (12-16). The rela- 
tive contribkions of these proteins to viral 
replication and cellular transformation are 
unknown. 

To determine which transactivators from 
herpes simplex virus and adenovirus were 
responsible for activation of HIV, we co- 
transfected known transactivator genes from 
these viruses with an HIV-CAT plasmid. To 
determine the sites of action, we examined 
expression by using HIV-CAT plasmids 
containing mutations in the KB, Sp-1, or 
TATA sites (Fig. 1). 

Plasmid DNAs that encoded known viral 
transactivators from either herpes simplex 
virus type 1 or adenovirus type 5 were 
cotransfected (17) with an HIV-CAT plas- 
mid [pURIII-CAT (18)] into Jurkat tat-I11 
cells (19). The HIV-CAT plasmid contained 
the tat-I11 target region, thus allowing us to 

increase the sensitivity of the system by 
using Jurkat cells that stably expressed the 
tat-I11 product. To validate the use of tat-111 
in this way, we first studied a plasmid in 
which the tat-I11 target region was deleted. 
This deletion decreased basal activity 15- 
fold, but cotransfection with ICPO or E1A 
increased CAT activity 16- and 8-fold, re- 
spectively, indicating that the stimulatory 
activity of these proteins is independent of 
the tat-I11 gene. Cotransfection of Jurkat 
tat-I11 cells with HIV-CAT and plasmids 
containing ICPO or ICPO plus ICP4 result- 
ed in a 14- to 22-fold activation of HIV- 
CAT expression (Fig. 2A). Neither the 
ICP4 gene alone nor pUC13, which resem- 
bled the vector for the viral genes, caused 
activation. Similarly, cotransfection of the 
ElA gene (20) increased HIV-CAT expres- 
sion 5- or 6-fold in Jurkat tat-I11 cells, and 
the 13s but not the 12s product mediated 
this effect (Fig. 2B). 

When Jurkat tat-I11 cells were transfected 
with a mutant HIV-CAT plasmid, which no 
longer binds NF-KB (Fig. l ) ,  little or no 
increase in CAT activity was found in acti- 
vated T cells compared to resting cells (Fig. 
3). This result had been described with 
Jurkat cells that do not express tat-I11 (3). 
When either ICPO or E1A genes were co- 
transfected with these mutant plasrnids, 
however, a 15- to 20-fold stimulation of 
CAT activity was evident (Fig. 4A). Thus, 
these genes function as stimulators by a 
mechanism apparently independent of the 
NF-KB binding site. 

To localize other sites critical to the aaivi- 
ty of ICPO or ElA, we used plasmids either 
deleted of their Spl sites, mutated in the 
TATA site, or mutated in both KB and 
TATA. The plasmid with deleted Spl sites 
had a somewhat reduced basal expression 
but was stimulated 5- to 20-fold by the viral 
activator genes (Fig. 4B). Mutation of the 
TATA also reduced activity (Fig. 4C) and 
abolished the ability of E1A to stimulate, 
although it had little effect on ICPO stimula- 
tion (Fig. 4C). For example, ICPO could 
stimulate even when both the KB and TATA 
sites were altered (Fig. 4C) and was active 
when the entire enhancer (U3 region) ex- 
cept for the TATA box and 8 bp of adjacent 
upstream sequence was removed. Thus ElA 
appears to depend on the TATA site, but 
ICPO's action is independent of any single 
defined site and may not require a cis-active 
element at all. 

Whether herpesvirus or adenovirus can 
actually potentiate HIV production in an 
infected individual is not known, but it is 
evident in this model system that genes of 
the two viruses stimulate HIV-mediated 
CAT production by disparate mechanisms, 
both unrelated to the potentiation of CAT 
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Fig. 3. Expression of HIV-CAT (A) and HIV- 
CAT KB mutant (B) activity after activation of 
Jurkat tat-I11 cells. To determine expression of 
HIV-CAT in activated cells, Jurkat tat-I11 cells 
were transfected with HIV-CAT or mutant KB 
plasmids and activated with phorbol myristate 
acetate and phytohemagglutinin as described (3). 
The percentage conversion of chlorarnphenicol to 
its acetylated form was determined (3), and the 
fold induction for HIV-CAT or mutant HIV- 
CAT plasmids was calculated. 

Fold stimulation: 20.5 1.8 

Activation: - + - 

Control 
ICPO 

kZ ElA 

Fold stimulation: 1 18.8 11.3 1 21 16.8 1 22.2 5.2 1 15.9 0.77 1 9.2 1.2 

Cotransfected Wild type Mutant KB Mutant Spl Mutant TATA Mutant KB 
HIV-CAT plasmid: + TATA 

Fig. 4. Stimulation of HIV-CAT variants in the presence of ICPO or adenovirus E1A. Plasmids 
encoding ICPO or E1A (5 kg) were cotransfected with mutant plasmids (5 kg) by using DEAE dextran 
(17) into Jurkat tat-I11 cells. To determine control levels of activity, HIV-CAT was cotransfected with 
the ICPO-deletion mutant (Fig. 2). Similar levels of activity were found when cotransfection with 
pUC13 was performed. 

synthesis during activation of T cells. Both 
the ICPO and E1A products are known to 
affect the activity of other genes, although 
there is little evidence that either transactiva- 
tor interacts directly with DNA. However, 
E1A can inhibit transcriptional activity un- 
der some conditions, as in simian virus 40 
(SV40), adenovirus, polyoma, or immuno- 
globulin enhancer-dependent systems (21- 
24). Type 12 adenovirus E1A can also de- 
crease expression of class I major histocom- 
patibility molecules (25-27). In other in- 
stances, E1A can activate transcription, as 
with several early adenovirus genes (11, 12, 
14,15), and with certain cellular genes, such 
as p-tubulin or heat shock (28, 29), or 
transfected preproinsulin or p-globin genes 
(30-32). In the case of adenovirus E1A 
activating ElB, the enhanced expression 
also depends on the TATA box and appears 
to alter the rate but not the site of transcrip- 
tional initiation (33). We do not yet know 
whether E1A affects the rate or the site of 
initiation in the activation of HIV since we 
cannot detect signals by S1 nuclease analysis 
using RNA expressed in cells transfected 

with the TATA box mutant. Regardless of 
which mechanism is operative, however, 
E1A stimulation appears independent of the 
KB regulatory site. 

Although ICPO appears to activate many 
cellular and viral genes, its mechanism of 
action is not understood. This 110-kD im- 
mediate-early polypeptide of herpes simplex 
virus can enhance expression of immediate- 
early, early, and late herpes simplex promot- 
ers (34-39), as well as the SV40 early pro- 
moter (40). These promoters do not appear 
to share a common cis-acting regulatory 
sequence, suggesting that ICPO may not act 
through a unique cis element. Although 
ICPO can increase the levels of mRNA ex- 
pressed from these genes (37,41), it has not 
been proved that this effect is transcription- 
al. I t  remains possible that ICPO affects gene 
expression at a post-transcriptional level, 
such as RNA transport or stability. Mosca et 
d. have also shown that ICPO activates the 
HIV enhancer (42). They observed no stim- 
ulation when 5' deletions extended through 
the region containing KB and Spl  sites, 
possibly because of the use of deletion rather 

than point mutation of the enhancer, be- 
cause their transfections were performed in 
non-T cells, or because of lower sensitivity 
in the CAT assay. The use of tat-111-infect- 
ed Jurkat cells in our system allows measure- 
ment of signals that'would otherwise be 
undetectable. 

I t  is evident that HIV RNA accumulation 
is sensitive to various influences. The effects 
described here are distinct from activation 
by the tat-I11 gene product. Furthermore, 
the KB-dependent effect of T cell activation 
is quite separate from the effects of ICPO 
and ElA, suggesting that these latter agents 
might activate HIV in the absence of im- 
mune stimulation in an infected T cell. 
These suggestions, generated from examina- 
tion of cell culture svstems and transientlv 
transfected plasmids, must be tested in more 
clinical settings to determine whether they 
apply to the progression of HIV-induced 
disease. 
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Regulation of Gene Expression by Interferons: 
Control of H-2 Promoter Responses 

The magnitude of the response to interferons and the requirement for individual 
elements in the promoter of the H-2Dd gene were shown to be cell-specific and 
dependent on the type of interferon used. Three DNA sequences in the promoter were 
found to bind murine nuclear factors. Two of these sequences are in bctionally 
defined enhancer regions and also bind to the transcription factor AP-1. The third 
sequence is part of the region involved in interferon regulation and is homologous to 
the enhancer element of the interferon p gene. A model for interferon regulation of 
H-2 promoters is discussed. 

I NTERFERONS (IFNs) AFFECT SUCH 

cellular processes as anti-viral responses, 
cell growth, differentiation, and gene 

regulation. Type I IFNs (a and P) and type 
I1 IFN (y) are synthesized by different cells, 
and it is likely that they use different mecha- 
nisms to elicit their different cellular re- 
sponses (1-3). 

Major histocompatibility (H-2) class I 
genes are regulated by type I and type I1 
IFNs ( 4 ) .  The murine H-2 class I proteins 
are highly polymorphic, 45-kD polypep- 
tides that function during antigen presenta- 
tion as cell-surface recognition molecules for 
cytotoxic T lymphocytes (5)  and are ex- 
pressed on most somatic tissues at tissue- 

the sgeen and lymph nodes, show-the least 
change in expression (8). 

IFN regulation of class I gene expression 
involves at least two mechanisms, one de- 
pendent on sequences upstream and the 
other on sequences downstream of the H-2 
promoter region (9-12). IFN induction uti- 
lizing the upstream sequences accounts for 
less than a twofold enhancement of class I 
gene expression, corresponding to less than 
40% of the entire IFN response in L cells 
(10). It is dependent on the presence of a 
37-bp region, designated the IRS (IFN 
response sequence) (11) that lies between 
nucleotides 159 and 122 upstream of the 
transcription initiation site of the H - ~ D ~  
gene (1 0). Induction of class I expression by 
type I IFNs in L cells requires the concomi- 
tant presence of a second sequence located 
just upstream of the IRS (10, 11); this 
sequence is not required in NIH 3T3 cells 
(12). These conclusions were based on cells 
that express high endogenous levels of H-2 
antigens that are only moderately inducible 
(2.5- to 8-fold) by IFNs. We have assessed 
the relative activities of the upstream regula- 
tory sequences in cells in which H-2 antigen 
expression is highly inducible by IFNs. 
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Table 1. Induction of CAT constructs in different cell types by murine type I and type I1 IFNs. The enhancement factor is a ratio of specific CAT activity 
(CAT activity per protein concentration) in cells treated with IFN to that in untreated cells. It is independent of the cotransfection efficiency in the individual 
pools of cells transformed with a mixture of neo gene and CAT constructs in all cell lines used. Ten cloned cell lines from a BL5 transfected cell pool were ana- 
lyzed as controls; all were positive for CAT expression. The basal levels of CAT gene expression and their ability to respond to IFNs varied moderately 
between different cloned transfectants. Clone data confirmed results observed on pooled transfectants. Levels of class I antigens on different cell lines were 
measured with different antibodies by radioimmunoassay (32),  and compared on a per cell basis with the levels of the class I antigen expression on spleen cells 
of the same haplotype. L cells expressed 5- to 10-fold higher levels than H-2k C3H spleen cells, BLK SV cells expressed 3- to 6-fold more than H-2b C57BLI6 
spleen cells, MPC 11 cells expressed 1.5- to 6-fold higher levels than H-2dBalb/c spleen cells, and BL5 cells expressed lower levels of H-2b antigens than 
C57BLl6 spleen cells (ranging from 0.25-fold to comparable levels of expression). 

- -  - 

Enhancement factor 

Construct BL5 + IFN y BL5 + IFN (a  + P) BLK SV + IFN y BLK SV + IFN (a  + P)  

Range R t SD (n) Range R +- SD (n) Range R k SD (n) Range R t SD (n) 

*Endogenous levels of H-2 antigens in A-122CAT transfectants were inducible by IFNs to the same degree as in the untransfected cells. The ability of these molecules to respond to 
IFN served as an internal control for the noninducible phenotype of A-122CAT gene. 
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