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GLI proteins are involved in the development of mice, humans, zebrafish, Caenorhabditis elegans, Xenopus,
and Drosophila. While these zinc finger-containing proteins bind to TG-rich promoter elements and are known
to regulate gene expression in C. elegans and Drosophila, mechanistic understanding of how regulation is
mediated through naturally occurring transcriptional promoters is lacking. One isoform of human GLI-2
appears to be identical to a factor previously called Tax helper protein (THP), thus named due to its ability
to interact with a TG-rich element in the human T-lymphotropic virus type 1 (HTLV-1) enhancer thought to
mediate transcriptional stimulation by the Tax protein of HTLV-1. We now demonstrate that, working through
its TG-rich binding site and adjacent elements, GLI-2/THP actually suppresses gene expression driven by the
HTLV-1 promoter. GLI-2/THP has no effect on the HTLV-2 promoter, activates expression from the promoters
of human immunodeficiency virus types 1 and (HIV-1 and -2), and stimulates HIV-1 replication. Both effective
suppression and activation of gene expression and viral replication require the first of the five zinc fingers,
which is not necessary for DNA binding, to be intact. Thus, not only can GLI-2/THP either activate or suppress
gene expression, depending on the promoter, but the same domain (first zinc finger) mediates both effects.
These findings suggest a role for GLI-2 in retroviral gene regulation and shed further light on the mechanisms
by which GLI proteins regulate naturally occurring promoters.

Human retroviruses have usurped cellular signal transduc-
tion pathways and proteins to regulate their transcription and
hence replication. These cellular proteins, which often interact
with retroviral promoters, are frequently members of proto-
oncogene families and are similar to proteins involved in the
regulation of development. Different sets of cellular proteins
are involved in regulating the transcription of the four known
human retroviruses: human T-lymphotropic virus type 1 (HTLV-
1), which is known to cause leukemias and lymphomas and to
be involved in the pathogenesis of tropical spastic paraparesis
(29, 62, 66, 67, 79, 94); HTLV-2 (43), which is not yet defini-
tively linked with any human disease; and human immunode-
ficiency virus types 1 and 2 (HIV-1 and -2), which are known to
cause AIDS (5, 15-17, 27, 34, 68). Each of these viruses makes
use of a specific set of cellular proteins to activate transcrip-
tion, often in response to T-cell stimulation. (Fig. 1 and refer-
ences 13, 24, 25, 36, 37, 39, 46, 48, 54, 55, 58, and 64).

Within the HTLV-1 enhancer, there are two types of ele-
ments which are thought to mediate transcriptional activation
in response to the viral Tax protein, known as Tax-responsive
elements 1 and 2 (TRE-1 and -2) (30, 41, 60, 69, 82). The
TRE-1 motifs consist of 21-bp repeats which bind the cyclic
AMP response element binding protein (CREB). Interestingly,
within the TRE-2 region, there is a TG-rich element, similar to
the HIV-2 peri-ets (pets) site, which we have shown to be
important to the response of both promoters to T-cell activa-
tion (14, 24, 25, 36, 37, 39, 55). While other groups have
suggested that this region is Tax responsive (85, 86), our results
did not support that contention (14). Yoshida and colleagues
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used Southwestern screening to clone a protein which binds to
the TRE-2 pets-like element. This protein, termed Tax helper
protein (THP), has been found in two splice variants, THP-1
and THP-2, which differ only in that THP-2 has an extra 17
amino acids (aa) near the amino terminus (86). Subsequent
analysis has shown that THP, a protein with five zinc fingers, is
a form of human GLI-2 and that multiple isoforms of GLI-2
exist, of which THP is the smallest (85). The human GLI
proteins are closely related to the Caenorhabditis elegans sex
determination protein tra-1 (61, 95, 96) and less closely related
to Kriippel proteins (50, 97) and to YY1, a zinc finger-con-
taining protein known for its ability to stimulate or repress
transcription (51, 80, 87). The Drosophila protein cubitus in-
terruptus is a GLI protein which is known to regulate gene
expression and to be important in fly development. Recently,
GLI proteins have also been found in Xenopus (53) and in
zebrafish (45). GLI proteins play an integral part in the Hedge-
hog signaling pathway, which is involved in normal and abnor-
mal cellular development (12, 35, 52, 84).

There are three known human GLI proteins: GLI-1, GLI-2,
and GLI-3. GLI-1, the prototypical GLI protein, can transform
cells in cooperation with adenovirus E1A and has been iden-
tified as being amplified in certain human gliomas (hence the
name) and in certain human sarcomas (47, 73, 76, 77; but also
see reference 91) and has been linked to basal cell carcinomas
(18). GLI-3 has been shown to be the protein mutated in
human Greig’s syndrome (and in the mouse equivalent), in
which facial and limb abnormalities are seen (89), in Pallister-
Hall syndrome (44), and in postaxial polydactyly type A (71).
The wild-type and mutant forms of GLI-3 bear some localiza-
tion and functional similarities to the longer (activation) and
shorter (repression) forms of cubitus interruptus (81). Like
GLI-1 and GLI-3, GLI-2 is expressed at high levels in glioblas-
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FIG. 1. Enhancer regions of HTLV-1 (A) and HIV-1 and HIV-2 (B). Relevant sites within the LTR sequences are identified. The altered bases
within the mutant pets plasmids used are shown below the wild-type sequence. The sequence of HIV-2,p, has been published elsewhere (33). The
sequence of the pets site of the HTLV-1 enhancer differs slightly from the previously published sequence in which the G at position —144 on the
coding strand is shown as AA (8, 28). CRE, CREB response element (=TRE-1); tar, Tat activation response element. PuB1 and PuB2 bind Ets
family members (14, 30, 48, 55). The pets site is discussed in the text. The HIV-2 kB and peri-kB (pkB) sites have been described previously (13,
54), as have the HIV-1 kB and Sp1 sites (58, 59). The putative HIV-2 Sp1 sites have not been tested experimentally, other than as shown in Fig.
7.

toma multiforme (76). It has also been shown that GLI-2
mutant mice have diminished Sonic Hedgehog signaling and
severe skeletal abnormalities including cleft palate, tooth de-
fects, absence of vertebral body and intervertebral discs, and
shortened limbs and sternum (22, 38, 56). Mice mutant in both
GLI-2 and GLI-3 also show abnormal development of the
lung, trachea, and esophagus (57). While Kriippel and cubitus
interruptus are known to modulate gene expression, and while
other human GLI proteins are known to bind to TG-rich ele-
ments similar to the site to which THP (GLI-2) binds, little has
been known about the effect of human GLI proteins on gene
expression or about naturally occurring promoters which might
respond to these proteins. Further, while multiple copies of
GLI binding sites placed upstream of a heterologous promoter
can be activated or suppressed by GLI proteins (1, 53, 78), it
has not generally been ascertained whether the TG-rich GLI
binding elements mediate the effects that GLI proteins might
have on transcription driven by natural promoters.

In view of the fact that GLI-2/THP is capable of binding to
an important regulatory element of the HTLV-1 promoter,
and in view of the limited information available on the effect of
human GLI proteins on gene expression, we tested the effect of
cotransfecting GLI-2/THP with the HTLV-1 promoter. We
now demonstrate that contrary to what might be expected from
a putative Tax helper protein, GLI-2/THP actually decreases

expression from the HTLV-1 promoter but has no effect on the
HTLV-2 promoter. Mutation of a single amino acid in the first
zinc finger, which is not necessary for DNA binding, markedly
affects the ability of GLI-2/THP to modulate expression from
the HTLV-1 promoter. In contrast to the effect on HTLV-1,
GLI-2/THP activates HIV-1 replication and increases expres-
sion from both the HIV-2 and HIV-1 promoters, an effect
which is also dependent on the first and second zinc fingers and
is reflected at the RNA level. The pets site and surrounding
enhancer elements mediate the response of HTLV-1 to GLI-
2/THP, but surprisingly, neither the pets site nor other up-
stream enhancer elements mediate its effect on HIV. Last, we
show that only THP, the truncated form of human GLI-2,
significantly modulates retroviral transcription. Thus, these
studies favor the interpretation that human GLI proteins, like
cubitus interruptus, serve both transcriptional activation and
repression functions, but unlike the case for cubitus interrup-
tus, the same form of the protein can serve both purposes.

MATERIALS AND METHODS

Cell culture and transfections. The CV-1 monkey kidney cell line was cultured
in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine
serum, 2 mM L-Glutamine, and penicillin-streptomycin. Cells were plated at 50%
confluency, transfected by the calcium phosphate method, shocked with 10%
dimethyl sulfoxide in phosphate-buffered saline after 4 h, and harvested for
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chloramphenicol acetyltransferase (CAT) assays 40 h posttransfection. The
Jurkat T-cell line, the U937 monocytic cell line, and the Ul HIV-1-infected
monocytic cell line were grown in RPMI 1640 supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, and penicillin-streptomycin. Cells (107) were
transfected by the DEAE-dextran method (70), stimulated where indicated with
16 nM phorbol myristate acetate (PMA) after 20 h, and harvested after an
additional 20 h of incubation. In all transfections, cell lysates were prepared by
multiple freeze-thaw cycles in 0.25 M Tris-Cl (pH 7.5), and CAT activity was
assayed by standard methods (31). Transfection efficiencies were normalized for
protein concentration or Rous sarcoma virus promoter-driven luciferase expres-
sion, measured using the Bio-Rad reagent or Promega Genelight and a Wallac
scintillation counter, respectively. CAT activity was quantitated on a Betagen
beta scanner.

Plasmids. The HTLV-1, HTLV-2, HIV-1, and HIV-2 long terminal repeat
(LTR)-CAT reporter constructs have been described elsewhere (30, 54, 83), as
have the HTLV-1 Apets, HIV-2 Apets, HIV-2 AkB, and HIV-2 —80 truncation
(14, 54, 55). Plasmids containing the HIV-1 mutation AxB or ATATA (6, 58) or
a depletion of all three Sp1 sites (59) were gifts from Gary Nabel. HIV-2 ASpl,
in which the 3’ putative Sp1 site is mutated, was created using an Altered Sites
II (Promega) site-directed mutagenesis kit to convert the HIV-2 wild-type se-
quence from 5'-GGGAGGAGCTGGTGGGGAACGCCC-3' to the mutant se-
quence (underlined) 5'-GGGAGGAGCGGATCCGGAACGCCC-3'. The se-
quence was confirmed by dideoxynucleotide sequencing with a Sequenase kit
(Amersham). The deletion mutants of the B form of human GLI-2 were made
with an Exo-Size deletion kit from New England Biolabs according to the pro-
tocol provided. The Xbal-to-BamHI GLI-2 B insert was ligated into pGEM 7f—
for deletion mutagenesis, and BamHI linkers were ligated to the exonuclease
III-digested ends. The Xbal-BamHI-digested fragments were isolated by agarose
gel electrophoresis and ligated back into the original cytomegalovirus (CMV)-
based pCG expression vector. Clones of interest were sequenced by the Univer-
sity of Michigan automated sequencing core. HTLV-1 and HTLV-2 Tax expres-
sion plasmids were previously described (10, 30, 49). The GLI-2/THP expression
plasmids pCG-THP-1 and pCG-THP-2 were constructed and kindly provided by
M. Yoshida (86), and mutations of the first zinc finger were introduced using an
Altered Sites kit. Point mutations (C to G) were made in either one (ACys 1; also
referred to as GLI mutant finger [GLI mtF1] for simplicity in Fig. 10]) or both
(ACys 1 + 2) cysteine-encoding sequences of the first zinc finger, thus converting
cysteine codons to tryptophan codons. The same methodology was used to create
constructs in which the first cysteine in the second zinc finger (GLI mtF2) or the
first cysteine in both zinc fingers (GLI mtF1F2) were mutated. The GLI-2/THP-
glutathione S-transferase bacterial fusion protein constructs were made by using
PCR to add in-frame BamHI sites to the ends of the GLI-2/THP coding se-
quence and cloning the full-length THP-2 BamHI or a 3'-truncated BamHI-to-
Smal fragment into pGEX-2TK (Pharmacia).

Primer extension and RNase protection assays. Total cellular RNA from
transfected U937 cells was isolated by a modification of the method of Chom-
czynski and Sacchi (9, 39). Primer extensions were performed as described in the
Promega protocol. A primer complementary to the 5’ end of the CAT gene
(5'-TGCCATTGGGATATATCAACGGTG-3') was 5’ end labeled with 3P and
hybridized for 30 min at 58°C with 10 pg of RNA in 10 wl of avian myeloblastosis
virus (AMV) reverse transcriptase (RT) buffer. To the hybridization mixture was
added 10 pl of 1X AMV RT reaction buffer containing 1.4 pl of 40 mM sodium
pyrophosphate and 1 U of AMV RT (Promega), and the reaction mixture was
incubated at 42°C for 1 h. The primer extension products were then precipitated
and analyzed by electrophoresis through a 6% polyacrylamide gel containing 7 M
urea. RNase protection assays were performed as described elsewhere (9). The
GLI-2/THP probe was prepared using the wild-type GLI-2/THP ¢cDNA cloned
into pcDNA3.1/Neo (Invitrogen) linearized with BstEII and transcribed by SP6
polymerase with the Riboprobe system (Promega) and [a-*?P]CTP as label. The
CAT probe was made by inserting the EcoRI fragment of SP-CAT into pGEM
7f— (Promega) and transcribing with T7 polymerase. RNA (5 pg) from trans-
fected cells was hybridized at 48°C overnight with 10° cpm of the appropriate
probe and digested with RNase T, for 1 h at 30°C. The RNA was then precip-
itated with an equal volume of 4 M guanidinium thiocyanate, 10 pg of tRNA
carrier, and 2 volumes of isopropanol and analyzed on a 6% polyacrylamide-7 M
urea gel. The protected fragments were quantitated on a PhosphorImager (Mo-
lecular Dynamics).

EMSASs with recombinant GLI-2/THP and deletion mutants. GLI-2/THP and
mutant GLI-2/THP were first prepared as described in the accompanying report
(9a). The recombinant proteins were released from the agarose beads by diges-
tion with thrombin. Protein was quantitated by a commercially available kit
(Bio-Rad). Five micrograms of recombinant protein was incubated at room
temperature with the HIV-2 pets probe in the presence or absence of 100 ng of
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competitor. Electrophoretic mobility shift assays (EMSAs) were performed as
described previously (39, 55). The reaction products were analyzed on a nonde-
naturing 5% polyacrylamide gel in 1X Tris-borate-EDTA buffer.

HIV-1 replication studies. HIV-1 replication in U937 monocytic cells was
assessed by transfecting plasmids encoding GLI-2/THP, GLI mutants, or control
vector along with a biologically active infectious molecular clone of the dual-
tropic cytopathic HIV-1 primary isolate 89.6 (p89.6) by the DEAE-dextran
method. Viral replication was assessed for 3 days following transfection by RT
assay as described elsewhere (2, 70). HIV-1 replication in the chronically infected
U1 monocytic cells was also assessed by RT assay following transfection with the
GLI constructs by the DEAE-dextran method.

RESULTS

GLI-2/THP decreases expression from the HTLV-1 but not
HTLV-2 promoter. In view of the ability of GLI-2/THP to bind
to the pets-like site in the HTLV-1 promoter (Fig. 1A), we
tested whether this protein could modulate HTLV-1 and
HTLV-2 gene expression in contransfection assays. An expres-
sion vector encoding GLI-2/THP or an empty control vector
was transfected along with a construct expressing CAT under
the control of the HTLV-1 or HTLV-2 promoter. Contrary to
expectations, GLI-2/THP actually decreased expression from
the HTLV-1 promoter (Fig. 2). This effect was dose responsive
and was seen with the lowest amount of GLI-2/THP (2 pg)
tested (data not shown). In contrast, GLI-2/THP had no effect
on the HTLV-2 promoter (Fig. 2). The suppressive effect of
GLI-2/THP on HTLV-1 was present whether the promoter-
driven expression was tested at basal levels (Fig. 3) or when the
promoter was stimulated with Tax (Fig. 2). Therefore, we con-
clude that GLI-2/THP can suppress HTLV-1 expression but
appears to have no effect on the related HTLV-2 promoter.

The first zinc finger of GLI-2/THP mediates much of the
effect on HTLV-1. While the crystal structure of GLI-2/THP is
not known, the structure of the prototypical GLI protein,
GLI-1, has been analyzed (63). This study demonstrated that
of the five zinc fingers, fingers 3, 4, and 5 closely contact DNA.
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FIG. 3. The first zinc finger contributes to suppression of the
HTLV-1 LTR by GLI-2/THP. CV-1 cells were transfected with 5 g of
HTLV-1/CAT and 7.5 pg of the GLI-2/THP wild type (wt), GLI-2/
THP ACyst 1 (in which the first zinc finger of GLI-2/THP has been
disrupted), or control CMV promoter-containing vector. Cellular ex-
tracts were prepared 48 h later, normalized for protein concentration,
and assayed for CAT activity.

Finger 2 partially contacts DNA, and finger 1 does not contact
DNA. Therefore, we speculated that finger 1 might be involved
in protein-protein interactions and hence might be involved in
the modulation of gene expression. Thus, a single cysteine
residue was mutated in the first zinc finger of GLI-2/THP. The
mutated construct still made a full-length protein (not shown).
Further, mutant protein was still able to bind to the HTLV-1
pets site (not shown). However, when transfected with the
HTLV-1 promoter, the construct with the mutated zinc finger
had a much less marked effect on HTLV-1 gene expression
than did the wild type (Fig. 3). Therefore, we conclude that the
first zinc finger is important to the function of GLI-2/THP.

The decrease in expression from HTLV-1 mediated by
GLI-2/THP requires intact upstream enhancer elements which
include the pets site. In view of the above information, we
reasoned that the suppression of the HTLV-1 promoter by
GLI-2/THP was mediated by the pets-like site in HTLV-1 (Fig.
1). We therefore cotransfected GLI-2/THP with the HTLV-1
wild-type promoter or the HTLV-1 promoter in which the pets
site had been altered by site-specific mutagenesis (14). Surpris-
ingly, although mutation of this site decreased basal promoter-
driven expression, as we have seen previously (14), it did not
alter the response to GLI-2/THP (not shown). Therefore, we
tested a series of previously constructed deletion mutants (Fig.
4A) to assess which sites in the HTLV-1 promoter mediate the
response to GLI-2/THP. Interestingly, when the region be-
tween —242 and —101 was deleted, both Tax responsiveness
and GLI-2/THP suppression were lost (Fig. 4B). This region
contains two of the 21-bp TRE-1s and the TRE-2, the latter of
which contains the pets site. Thus, while the minimal pets site
alone does not mediate the GLI-2/THP response, it is part of
an enhancer complex which does.

GLI-2/THP requires an intact first zinc finger to increase
expression from the HIV-1 and HIV-2 promoters. We next
asked whether GLI-2/THP can modulate the expression of
either HIV-2, which contains a pets site (Fig. 1B), or HIV-1,
which does not. As can be seen in Fig. 5A, both wild-type
GLI-2/THP (lane 1) and GLI-2/THP in which the first zinc

J. VIROL.

finger is mutated (lane 4) were able to bind to the HIV-2 pets
site in vitro. Further, GLI-2/THP increased expression from
the HIV-1 (see Fig. 7A) and HIV-2 (Fig. 5B; see also Fig. 7B)
promoters, but only in the presence of PMA. RNase protection
assays demonstrated that this was not a result of increased
expression of GLI-2/THP with PMA treatment (Fig. 6B, lane 3
versus lane 4 and lane 7 versus lane 8). Here again, GLI-2/THP
constructs with mutations in the first or first and second cys-
teines of the first zinc finger largely lost the ability to modulate
gene expression (Fig. 5B). We therefore conclude that in the
presence of PMA, GLI-2/THP can increase expression from
HIV promoters, in contrast to its ability to depress expression
of HTLV-1. Just as it is necessary for suppression of the
HTLV-1 promoter, the first zinc finger is needed for activation
of the HIV promoters.

The increase in expression from the HIV-2 promoter driven
by GLI-2/THP is reflected at the RNA level. As the pets site did
not mediate the effect of GLI-2/THP on HIV expression (Fig.
7B), we wished to ascertain that the effect was indeed seen at
the RNA level. Therefore, we cotransfected HIV-2 and HIV-1
with GLI-2/THP in the presence of PMA and assessed the
effect of adding GLI-2/THP plus PMA by primer extension
assays. As shown in Fig. 6A, increases in RNA equivalent to
the increases in CAT activity were seen (lane 3 versus lane 4,
lane 5 versus lane 6, and lanes 4 and 6 versus lane 2). This was
confirmed using RNase protection assays (Fig. 6B, CAT mes-
sage in lane 2 versus lane 4 and lane 6 versus lane 8). There-
fore, we conclude that the GLI-2/THP effect on retroviral gene
expression is mediated at the RNA level.

The effect of GLI-2/THP on HIV-1 and HIV-2 gene expres-
sion is not mediated by upstream enhancer elements or the
Spl or TATA sites. The effect of GLI-2/THP on HIV gene
expression was seen at the RNA level (Fig. 6) but surprisingly
was not mediated by the pets site (Fig. 7B). We assessed
whether other known regulatory regions of either HIV-2 or
HIV-1 could be demonstrated to be responsible for this effect.
As shown in Fig. 7B, even the deletion of all upstream en-
hancer elements of HIV-2 (the —80 truncation mutant), while
markedly diminishing the response to PMA alone as previously
reported (54, 55), did not affect the GLI-2/THP-stimulated
increase in HIV-2 gene expression. Testing of the Spl, TATA,
and kB elements using HIV-1 constructs (Fig. 7A) demon-
strated that these promoter elements were also not necessary
for the GLI-2/THP effect to occur. tra-1, the GLI protein of C.
elegans, has recently been shown to bind to RNA (32). While in
C. elegans this binding affected posttranscriptional events, this
observation did suggest that GLI-2/THP might interact with
RNA elements within the HIV promoters. However, neither
deletion of the Tat activation response (TAR) element (down-
stream of —20) of the HIV-1 promoter (Fig. 7A) nor mutation
of the region between +1 and +20 (not shown) altered the
effect of GLI-2/THP on promoter-driven expression. The ex-
periments shown in Fig. 7 were performed in Jurkat T cells;
very similar results were obtained in the U937 monocytic cell
line (not shown). Therefore, in contrast to HTLV-1, the effect
of GLI-2/THP on HIV gene expression does not appear to be
mediated by known upstream (or downstream) enhancer ele-
ments.

Only truncated forms of GLI-2 modulate retroviral tran-
scription. An individual GLI protein is typically found in mul-
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FIG. 4. The pets site and adjacent enhancer elements mediate the response of the HTLV-1 promoter to GLI-2/THP. (A) HTLV-1 LTR-CAT
reporter plasmids. Full-length (pU3R) and 5’ deletion mutant HTLV-1 LTR sequences were cloned upstream of a CAT reporter gene for use in
transient transfection assays in CV-1 cells as previously reported (8, 30). The HTLV-1 TRE-1 and TRE-2, the Ets-responsive regions (ERR-1 and
ERR-2), the TATA box, and the transcription start site (nucleotide 0) are indicated. The TRE-2 element includes the pets site. Illustrated are the
HTLV-1 sequences included upstream of the CAT reporter gene for the various LTR constructs and the regulatory domains that remain. (B)
Effects of GLI-2/THP on basal and HTLV-1 Tax-stimulated transcriptional activity of the HTLV-1 LTR. Full-length and mutated HTLV-1
LTR-CAT reporter plasmids (7.5 pug) were transiently transfected into CV-1 cells (30) alone (basal) or with an expression plasmid for Tax; (0.5
wg), GLI-2/THP (5 wg), or both. Cells were harvested 48 h after transfection, and CAT assays were performed with 10 pg of each extract. Shown
are the percentages of acetylation of ['*C]chloramphenicol (percent CAT activation) observed in a representative experiment.

tiple different forms in the cell, and variants which are less
abundant are often biologically very significant (4, 75). GLI-2/
THP is an isoform found in low abundance which is consis-
tently seen at the RNA level (Fig. 6) but is seen consistently at
the protein level only following purification steps (9a). As

several new, larger isoforms of human GLI-2 have been de-
scribed (85), we tested whether the longest (1,241 aa) GLI-2
construct, GLI-2B, would activate HIV-1 transcription. As
seen in Fig. 8, this larger isoform did not increase HIV tran-
scription in either T cells or monocytic cells, in contrast to the
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FIG. 5. (A) GLI-2/THP and GLI-2/THP mutant in the first zinc finger bind to the HIV-2 pets site. The HIV-2 pets site probe was incubated
with 5 pg of purified recombinant (made in Escherichia coli) GLI-2/THP (lanes 1 to 3) or mutant GLI-2/THP (lanes 4 to 6) without competitor
(lanes 1 and 4), with 100 ng of unlabeled HIV-2 pets oligonucleotide (lanes 2 and 5), or with 100 ng of unlabeled mutated pets oligonucleotide
(lanes 3 and 6). As a control for bacterial pets binding proteins, the HIV-2 pets site was also incubated with 5 pg of control extract which was
prepared by isolating protein from E. coli programmed with the empty pGEX vector (lanes 7 and 8). Lane 7 represents incubation of the control
extract in the absence of competitor and lane 8 in the presence of 100 ng of HIV-2 pets oligonucleotide. The upper arrow marks the mobility of
the GLI-2/THP complex, and the lower arrow marks the mobility of a bacterial pets binding protein, which we have previously demonstrated to
be the Lon protease (26). (B) GLI-2/THP increases expression from the HIV-2 LTR; this effect is dependent on PMA stimulation and can be
greatly reduced by mutation of the first zinc finger. Jurkat cells were transfected with HIV-2 CAT and either the empty vector or the wild-type or
mutant GLI-2/THP expression plasmid. The ACys 1 and ACys 2 mutations both disrupt the first zinc finger. Cell extracts were prepared at 48 h
and normalized for protein concentration, and CAT assays were performed.

THP isoform. Thus, deletion mutants of GLI-2B were con-
structed and tested for transcriptional activity. The shortest of
these mutants, GLI-28 (426 aa), which is 82 aa shorter than
THP (508 aa), was the only one able to activate HIV-1 tran-
scription (Fig. 8), perhaps yet more potently than THP. The
longer deletion constructs had little effect on gene expression.
Similar findings were noted with full-length and truncated ver-
sions of mouse GLI-2 (data not shown). Full-length (1,241 aa)
GLI-2B, unlike any of the mutant constructs, was able to con-
sistently, although only modestly, suppress expression from the
HIV-1 promoter in both cell types (Fig. 8).

We then tested the ability of the same mutant constructs of
GLI-2 to suppress expression from the HTLV-1 promoter.
Again, GLI-2B (426 aa) had the most potent effect, followed by
THP (Fig. 9). Unlike the case for HIV-1, GLI-2p (527 aa) also
showed some effect. Full-length GLI-28 (1241 aa) had little
effect in the presence of Tax and no significant effect in the
absence of Tax (Fig. 9). Therefore, while there were some
differences, just as in the HIV-1 system, it is the shorter forms
of GLI-2 which modulate gene expression. Thus, GLI-2 shows
similarities and differences to cubitus interruptus. Like cubitus
interruptus, a small, less abundant protein form is involved in
transcriptional repression. However, the long form of cubitus

interruptus is the one which activates gene expression, whereas
for GLI-2/THP the truncated form not only represses but also
activates gene expression, at least with these retroviral promot-
ers. The long isoforms of human GLI-2 would thus appear to
contain a domain which inhibits their ability to modulate tran-
scription.

GLI-2/THP stimulation of HIV-1 replication is dependent
on the first two zinc fingers. The ability of GLI-2/THP to
activate HIV promoter-driven transcription suggested that this
form of human GLI-2 might be able to stimulate HIV repli-
cation. Further, the reporter gene transfection experiments
suggested that the first, and possibly second, zinc finger might
be necessary for this effect, if seen (Fig. 5). We thus tested the
ability of GLI-2/THP, or constructs in which the first, second,
or first and second zinc fingers had been mutated at a single
amino acid, to stimulate HIV-1 replication. We found that
GLI-2/THP can markedly stimulate HIV-1 replication in
freshly transfected U937 monocytic cells (Fig. 10A and refer-
ence 9a) and in the chronically infected Ul monocytic cell line
(Fig. 10B). Mutation of either zinc finger 1 or 2 markedly
reduced the ability of GLI-2/THP to stimulate viral replication.
Thus, GLI-2/THP can stimulate both early and latent viral
replication, and does so through a mechanism which involves
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FIG. 6. The GLI-2/THP-mediated increase in HIV LTR-driven CAT expression is reflected at the RNA level. (A) Primer extension analysis
of RNA from GLI-2/THP- and HIV-2/CAT-cotransfected U937 cells. THP-1 and THP-2, splice variants of GLI-2/THP, both increase the level of
CAT transcript approximately 10-fold in the presence of PMA. The arrow indicates the correctly initiated CAT transcript. (B) RNase protection
assay of RNA from U937 cells cotransfected with either HIV-1 or HIV-2/CAT and GLI-2/THP. GLI-2/THP expression increases the level of CAT
transcripts in PMA-stimulated U937 cells, while the level of GLI-2/THP message is not affected. Sizes are indicated in base pairs.

zinc fingers which are minimally involved in DNA binding (Fig.
5A and reference 63).

DISCUSSION

In the present report, the following key findings are pre-
sented. (i) GLI-2/THP, an isoform of GLI-2, is a potent mod-
ulator of retroviral transcription and replication. This obser-
vation links the vital GLI proteins to the replication of human
pathogenic retroviruses. Thus, this work identifies a new func-
tion for the GLI family and also a new mechanism by which
retroviral gene expression and replication might be controlled
in cells. (i) While GLI-2/THP was originally called the Tax
helper protein, this protein unexpectedly suppresses HTLV
transcription rather than activating it. Its ability to suppress
HTLV-1 transcription and activate HIV-1 and HIV-2 tran-
scription is reminiscent of a related protein, YY1, which is also
noted to be capable of both activating and repressing transcrip-
tion. (iii) The mechanism by which GLI-2/THP works to mod-
ulate retroviral transcription is different than expected. In the
case of HTLV-1, merely mutating the minimal pets site does
not alter suppression by this transcription factor. However,
deletion of a larger region which includes the pets site does
eliminate suppression. Thus, it would appear that GLI-2 is part
of a complex of cellular proteins and enhancer elements which
likely work together. In the case of HIV-1 and HIV-2, GLI-2/
THP does not work through any obvious upstream (or down-
stream) enhancer element, thus demonstrating that not all
modulation of transcription by GLI proteins need proceed
through TG-rich enhancer elements. (iv) The first and second
zinc fingers of GLI-2/THP, which are not important for DNA
binding, are vital to both activation and suppression of gene
expression, a finding which runs somewhat counter to prevail-
ing thought (see below). Further, it is the small isoform of
GLI-2, THP, which is active in both transcriptional activation

and repression, again dissimilar to observations made with
other GLI proteins, such as cubitus interruptus.

Our findings in the above studies using naturally occurring
human retroviral promoters lead to different conclusions than
do the studies of others (85, 86). These authors concluded that
the larger isoforms of human GLI-2 were the biologically sig-
nificant ones, based on their inability to detect the THP form
of GLI-2 in certain cell lines. However, they were able to
detect an RNA message compatible with the THP form of
GLI-2 (86). Our observations also suggest that on the protein
level, THP is not an abundant form of human GLI-2, and
purification steps must be used in order to consistently identify
this isoform of the protein in cellular extracts (9a). However, as
noted above, it is not unusual for less abundant isoforms of
GLI proteins to be biologically very significant, as is the case
for the small form of cubitus interruptus (4, 75). These obser-
vations, as well as the potency of the GLI-2/THP effect on
retroviral transcription and replication, strongly suggest that
human GLI-2/THP is a biologically significant form of human
GLI-2. This conclusion is also supported by the observation
that mouse GLI-2/THP, but not full-length GLI-2, is also a
potent activator of transcription (M. Smith and D. Markovitz,
unpublished observations).

Another difference between our findings and those reported
elsewhere concerns the question of what the functional effect
of GLI-2/THP is on Tax-mediated activation of the HTLV-1
promoter. It has been suggested that GLI-2 is a transcriptional
activator which synergizes with Tax to stimulate HTLV-1.
However, previous studies involved overexpression of a larger
form of human GLI-2 (GLI-2«) and employed CAT reporter
plasmids which had copies of individual Tax-responsive se-
quences rather than the naturally occurring HTLV-1 promoter
used in our studies. Even in those experiments, overexpression
of human GLI-2a actually suppressed CAT expression, unless
GLI-2 was linked to a GAL4 protein/reporter system (85). It
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FIG. 9. Ability of GLI-2 constructs to suppress expression from the
HTLV-1 LTR. Transient transfections of CV-1 cells were performed
with 7.5 g of a plasmid containing the full-length HTLV-1 LTR
upstream of a CAT reporter gene (pU3R-CAT) in the presence or
absence of 0.5 pg of a plasmid expressing Tax; and 4 pg of a plasmid
expressing GLI-2/THP, GLI-2B (1,241 aa), GLI-2B (527 aa), or
GLI-2B (426 aa) as indicated. Forty-eight hours after transfection,
extracts were prepared and analyzed by CAT assay using [**C]chlor-
amphenicol and thin-layer chromatography. The results were analyzed
with a PhosphorImager and ImageQuant software. The extent of trans-
activation of the HTLV-1 LTR is represented as percent CAT activity.

was also demonstrated that GLI-2 can interact with CREB,
which binds to the 21-bp repeats found next to the TG-rich
(pets) element which GLI-2 can bind (20). However, no func-
tional demonstration that CREB and GLI-2 can act synergis-
tically was presented.

As discussed above, GLI family members are widely con-
served in nature, being found to be important in the develop-
ment of nematodes (tra-1 [21, 32, 61, 95, 96]), zebrafish (45),
Drosophila (cubitus interruptus [3, 23, 42]), Xenopus (53), mice
(40, 56, 90, 92), and humans (GLI-1, GLI-2/THP, and GLI-3
[44, 47, 73, 76, 77, 89]) and in human disease (18, 47, 76, 77).
While human GLI proteins have been shown to bind to TG-
rich promoter elements, in some cases in functionally signifi-
cant sites (14, 85, 86), and can modulate transcription in con-
structs in which multiple GLI binding sites are placed
upstream of a heterologous promoter (1, 53, 78), the present
study is one of the few (19) to report on a human GLI protein
able to modulate expression driven by natural promoters. Sim-
ilar to the related YY-1 protein, GLI-2/THP is able to both
suppress (HTLV-1) and activate (HIV-1 and HIV-2) gene
expression, while having no apparent effect on other related
promoters (HTLV-2). Interestingly, GLI-2/THP function re-
quires an intact first zinc finger, which is not necessary to bind
DNA, but not a VP16-like domain or a CREB binding protein
(CBP) binding domain, both of which have been observed to
be crucial for the ability of GLI-3 and GLI-1 to activate tran-
scription (19, 93). GLI-2/THP generally requires the presence
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FIG. 10. GLI-2/THP stimulation of HIV-1 replication is mediated
by the first and second zinc fingers. (A) U937 monocytic cells were
transfected with 2 pg of the infectious HIV-1 clone p89.6 and 2.5 pg
of GLI-2/THP, GLI mtF1, GLI mtF2, GLI mtF1F2, or control vector
as indicated. The cells were treated with PMA at a concentration of 16
nM 24 h after transfection. RT activity was measured in supernatants
collected each day after transfection. The data represent mean RT
activity in triplicate wells and are representative of four separate ex-
periments. (B) The chronically infected monocytic cell line Ul was
transfected with 5 pg of GLI-2/THP, GLI mtF1, GLI mtF2, GLI
mtF1F2, or control vector as indicated. The cells were treated with
PMA at a concentration of 16 nM 24 h after transfection. RT activity
was measured in supernatants collected each day after transfection.
The data represent mean RT activity in triplicate wells and are repre-
sentative of two separate experiments.

of PMA to activate HIV replication and gene expression. As
PMA does not stimulate the expression of GLI-2/THP itself, it
appears that PMA must either stimulate the expression of, or
modify, a GLI-2/THP cofactor, decrease the expression or
function of a GLI-2/THP suppressor, or directly induce a post-
translational effect on GLI-2/THP itself. This is reminiscent of
cubitus interruptus, which appears to affect transcription not
simply on the basis of the expressed level of the protein, which
stays constant, but following posttranslational modifications
(such as proteolysis [4]) or protein-protein interactions. The
function of cubitus interruptus is also modulated by a protein
kinase, with its effect being diminished by exposure to protein
kinase A (11; reviewed in reference 65). It has also been shown
that cubitus interruptus is found in a complex with the serine-
threonine kinase Fused (72).
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Regulation of HTLV-1 transcription by GLI-2/THP, while
not depending simply on the TG-rich minimally defined pets
site as we suspected, does require the region of the promoter
which includes the pets element. The regulation of HIV-2
transcription by GLI-2/THP is, surprisingly, not mediated
through the TG-rich pets enhancer element to which this pro-
tein binds in vitro. This suggests that the binding of other GLI
proteins, such as GLI-1, to similar sites may also not always
hold the key to understanding how these important proteins
function to regulate gene expression. Regulation of a specific,
naturally occurring promoter by a given GLI protein, demon-
strated to be mediated by specific GLI binding sites, has only
very recently been reported (19). While previous data suggest
that cubitus interruptus can act through GLI binding sites to
modulate transcription (3), direct evidence showing activation
of gene expression (driven by the wingless promoter) mediated
by GLI binding sites has only recently been presented (88).
Even in the latter study, the effect of cubitus interruptus on the
intact promoter was minimal (<2-fold stimulation), and only
by placing an isolated, very distal fragment of the wingless
promoter in front of a heterologous promoter was sufficient
activation obtained to perform a site-specific mutational anal-
ysis confirming the importance of the specific binding sites.
Therefore, our report is one of the first to present data relevant
to the mechanism by which a GLI protein activates expression
from intact, naturally occurring promoters.

In Drosophila, only one true GLI protein, cubitus interrup-
tus, is known to exist, whereas humans and mice have at least
three GLI proteins. It has been suggested that whereas cubitus
interruptus serves as both an activator and repressor of gene
expression, the three known human GLI proteins have evolved
specialized functions, each serving as either an activator or
repressor of transcription and each competing with the other
for GLI binding sites (74). Our findings do not favor this
model, as GLI-2/THP can clearly either repress or activate
gene expression, depending on the specific target promoter
and the state of activation of signal transduction pathways.
Further, our data demonstrate that not all modulation of gene
expression by GLI proteins takes place through the TG-rich
binding sites predicted by in vitro DNA binding studies. A
second theory which suggests that different domains of the
individual GLI proteins might separately mediate activation
and repression has been presented (7, 19). Our data also do
not support this model, as mutation of the first zinc finger of
GLI-2/THP, which does not alter DNA binding, markedly af-
fects the ability of GLI-2/THP to both activate and repress
gene expression. Thus, like cubitus interruptus and GLI-3,
GLI-2 can induce both transcriptional repression and activa-
tion. However, unlike the situation with these proteins, the
same domain, the first zinc finger, is involved in both forms of
regulation. In our experiments, cells generally had to be
treated with PMA to demonstrate activation of the HIV-1 and
HIV-2 promoters by GLI-2/THP. Therefore, it appears likely
that, as is the case for cubitus interruptus, phosphorylation
changes can modulate the function of human GLI proteins.
Further study of how GLI-2 modulates transcription should
shed light both on the mechanism of action of the develop-
mentally important GLI proteins and on retroviral gene ex-
pression and replication, a process which appears to exploit
these highly conserved proteins.
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