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INTRODUCTION

The human immunodeficiency virus (HIV) infects a number of
different cell targets including the monocyte-macrophage.
Infection of monocyte-macrophages is important in the pathogenesis
of neurological syndromes associated with HIV and may also
contribute to the impairment in host defense seen in these
patients. Furthermore, the monocyte-macrophage is an important
immune effector cell, working to present antigen to T cells as part
of the immune response, as well as an important cell source of
regulatory proteins called cytokines.

HIV is able to infect the human monocyte-macrophage; we have
studied this interaction throughout our contract with the
Department of Defense. Our previous work focused on dysregulated
cytokine production in HIV infected monocyte-macrophages. We now
have addressed viral and cellular factors which may influence viral
tropism in monocyte-macrophages as well as further explore the role
of cytokines in HIV biology. The methodology for the work
performed during the first year was presented in the proposal
(section 4 "Description of Proposed Research"). A series of cell
biological and molecular biological experiments were performed,
aimed at identifying cellular transcription factors which could
interact with the HIV LTR and modulate expression of virus. We
also performed studies to determine the applications of cytokines
to protect progenitor cells from myelosuppressive effect of
cytokines frequently elaborated in HIV-infected patients such as
TNF.

Our initial studies performed in the first quarter of the year
demonstrated that certain cytokines may cause transactivation of
the HIV LTR independent of the NF-kappa B structure. This was most
dramatically seen in viruses with deletion or point mutations in
the two NF-kappa B sequences present in the HIV-1 LTR that have
been transfected into the human megakaryocytic cell 1line CMK.
Despite these NF-kappa B mutations, there was transactivation of
the HIV LTR in the CMK megakaryocytic cells in response to induce
such as the phorbol diester PMA. Similarly, GM-CSF treatment of
THP-1 monocytic cells transfected with these NF-kappa B mutants
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showed transactivation as well. This work was further pursued
during the course of the year and we recently published (see
APPENDIX, Sakaguchi et al) our findings that there are as yet
uncharacterized cellular transcription factors present in certain
cells, including megakaryocytes and monocytes, that are able to
interact near the TATA box of the HIV LTR and significantly
transactivate the HIV LTR in the absence of NF-kappa B responsive
sequences. Ongoing work is designed to better characterize these
cellular transcription factors and to determine their tissue
distribution. Such factors could be important in activating latent
virus within monocyte-macrophages as well as determining the
efficiency of infection in different cell types.

We have studied as well the effects of HIV infection on
surface expression of myeloid antigens. We did extensive studies
and found that CD14 and CD11 were not changed in the monocytic cell
line U937 following HIV infection. Further work demonstrated that
only the CD4 structure and the HLA-DR structures were downmodulated
following HIV infection. Based on these results, we decided not to
further pursue studies since our hypothesis that HIV infection may
alter the surface expression of important adhesion molecules and
thereby impair monocyte function was not supported by our studies.

The newly identified KL/SCF 1is a cytokine produced by
mesenchymal cells including bone marrow stromal fibroblasts. Two
forms of KL/SCF arise via differential mRNA splicing, a
transmembrane form which 1is present on the surface of the
fibroblasts and a soluble secreted molecule. The predominant form
of KL/SCF in bone marrow stromal fibroblasts is the transmembrane
form; we found, using a radioreceptor assay, that less than 10
ng/ml of soluble KL/SCF was produced by bone marrow stromal
fibroblasts. KL/SCF markedly increases myeloid and erythroid
progenitor response to later acting growth factors such as G-CSF,
GM-CSF and erythropoietin respectively. We studied the effects of
KL/SCF on HIV replication in target monocyte-macrophages. We found
that using either monocyte tropic or T cell tropic isolates (BAL or
9533 as the monocyte tropic isolates and HIV IIIB as the T cell
tropic isolate) that there was no upregulation of virus replication
with exposure to the KL/SCF. This suggested that the cytokine
could be safely used in AIDS or ARC patients. To better define its
potential role in the biology of HIV interaction with myeloid
cells, we found that KL/SCF markedly increased the responsiveness
of the progenitor cells and maintained normal progenitor numbers
even in the presence of suppressive factors such as tumor necrosis
factor. alpha. It has been hypothesized that TNF alpha is
elaborated in HIV infected individuals either due to HIV infection
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itself or to concomitant opportunistic infections seen in such
patients. If TNF alpha contributes to impaired myelopoiesis in
AIDS, KL/SCF may overcome its effects.

Because human megakaryocytes have the c-kit receptor which
serves as the KL/SCF receptor, we studied whether HIV infected
megakaryocytes were altered in terms of their production of virus
in the presence of KL/SCF. No increase in virus production was
noted in these studies following exposure to KL/SCF.

Recently, we have focused on the ARP family of transcription
factors which appear capable of interacting with regions of the
negative regulatory element (NRE) of the HIV LTR. By gel shift
assays, there appears to be strong binding of ARP to the NRE. We
found that T cells produced very little ARP. We have recently
transfected ARP in human T cells to determine whether production of
the protein will reduce virus production. Initial studies using an
infectious clone of HIV-1, WI-3, revealed that ARP expressing T
cells had much lower levels of virus replication compared to T
cells transfected with same plasmid but not expressing ARP. These
studies are now being extended to the role of ARP in monocyte-
macrophages and megakaryocytes with respect to differential
regulation of virus production.

We have thus, in the past year of work, addressed both viral
and cellular factors which may regulate replication of HIV in
different cell types as well as pursued new avenues of research in
cytokine biology in HIV.

CONCLUSION

Considerable progress has been made in the past year of our
studies. We have found that there are responsive sequences in the
HIV LTR to previously unidentified cellular transcription factors
distinct from NF-kappa B. We have also identified a new family of
transcriptional factors termed ARP which are capable of binding to
the negative regqulatory element of the HIV LTR and which may be
important in suppressing virus replication. We are thus positioned
to pursue studies on both positive and negative signals that
regulate virus transcription. Our studies in cytokine biology
focused on a newly recognized growth factor, the kit ligand/stem
cell factor, which is produced by bone marrow fibroblasts and may
be important in amplifying progenitor responsiveness to later
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acting growth factors as well as requlating megakaryocytopoiesis.
These studies of KL/SCF should be important in obtaining
information with regard to the potential clinical application of
this cytokine in the therapy of patients with AIDS or ARC as well
as determining whether there is disturbance of its physiologic role
which could account for impaired myeloid cell development in AIDS.

APPENDIX

1. Sakaguchi M, Sato T, Groopman JE. Human immunodeficiency
virus infection of megakaryocytic cells. Blood. 1991;
77:481-485.

2. Sakaguchi M, Zenzie-Gregory B, Groopman JE, Smale ST, Kim
S. Alternative pathway for induction of human
immunodeficiency virus gene expression: Involvement of
the general transcription machinery. J Virol. 1991;

65:5448-5456.




Human Immunodeficiency Virus Infection of Megakaryocytic Cells

By Mamoru Sakaguchi, Takeyuki Sato, and Jerome E. Groopman

The human immunodeficiency virus (HIV) is capable of infect-
ing certain cells of hematopoietic lineage, particularly mono-
cyte-macrophages and T lymphocytes. Recently, the possibil-
ity that celis of megakaryocytic lineage are susceptible to
HIV infection has been raised. We have characterized infec-
tion of the permanent megakaryocytic cell line CMK by HIV in
vitro. CMK cells were easily infected by HIV type 2 (HIV-2),
producing significant amounts of virus in culture. Infection
appeared to be mediated by the CD4 surface antigen on CMK
cells. Three different strains of HIV-1 were able to minimally

ROFOUND DEFECTS in hematopoiesis have been
observed in some patients infected with the human
immunodeficiency virus (HIV)."* Defining the cellular tar-
gets of HIV may yield insights into the pathogenesis of
dysregulated hematopoiesis due to this retrovirus. HIV is
capable of infecting hematopoietic cells that bear the CD4
surface antigen, specifically T lymphocytes and monocyte-
macrophages.”® Recently, populations of immature bone
marrow myeloid progenitors' as well as nonhematopoietic
bone marrow stromal fibroblasts'' have been reported to be
susceptible to HIV infection in vitro. We were intrigued by
the observations that certain patients with HI'V and throm-
bocytopenia responded to 3’'-Azido-3'-deoxythymidine
(AZT) therapy with marked increases in their platelet
counts.'*"* This suggested that the retrovirus might directly
interfere with megakaryocytopoiesis. Zucker-Franklin and
Cao," using in situ hybridization, detected HIV sequences
in bone marrow megakaryocytes from HIV infected individ-
uals. Another recent study found significant expression of
the CD4 antigen on the marrow megakaryocyte." The
establishment of permanent cell lines of megakaryocytic
lineage allows for direct assessment of infection of these
cells by HIV. Using the CMK megakaryocytic cell line,"™"
derived from a patient with megakaryoblastic leukemia. we
have studied their susceptibility of these cells to infcction by
HIV. CMK cells can be infected with HIV, and this
infection appears to occur via virus interaction with the
CD4 surface receptor. This system may provide a model for
exploring the consequences of HIV infection of megakaryo-

cytes.

MATERIALS AND METHODS

Cell lines. The CMK cell line.'™™ derived from a patient with
megakaryoblastic leukemia, was the generous gift of Dr T. Sato
(Chiba University, Japan). Three different clones of the CMK cells
were available for study. These clones were termed CMK, CMK-6.
and CMKI11-5. The CMK cell lines were carried in RPMIJ 1640
medium containing 10% fetal bovine serum (GIBCO. Grand
Istand. NY), L-glutamine, penicillin. and streptomycin. The cells
were shown to be free of mycopiasma.

Characterization of CMK cells. The three CMK clones were
characterized for expression of cell surface markers of megakarvo-
cytic. erythroid. lymphoid, and myeloid lineage. This was done by
flow cytometry using specific monoclonal antibodies (MoAbs) to
platelet glycoprotein (GP) Ib (Amac. Inc. Westbrook, ME).
platelet GP Ilb/I11a ( Amac. Inc). the erythroid marker glycophorin
A (Amac. Inc). and the myeloid marker CD15 (anti-Leu M1:
Becton Dickinson Immunocytometry Systems. Mountain View,

Blood, Vol 77, No 3 (February 1), 1991: pp 481485

infect CMK cells, suggesting there may be isolates of HIV
tropic for megakaryocytes. Infection of CMK cells led to
downregulation of the CD4 surface antigen but no discern-
able change in expression of megakaryocyte-associated pro-
teins glycoprotein Ib and glycoprotein lib/illa. These observa-
tions support the likelihood that megakaryocytes are
susceptible to HIV infection, and cell lines of megakaryocytic
origin may provide a useful model to study effects of the
retrovirus on megakaryocyte function.

© 1991 by The American Society of Hematology.

CA). The detection of the surface CD4 protein was performed
using the murine MoAb Leu3a (Becton Dickinson) and of the
surface CD34 antigen using the MoAb MY 10 (Becton Dickinson).
The cell surface expression of HLA-DR antigen was analyzed
using anti-HLA-DR MoAb (Becton Dickinson). All samples were
analyzed using a FACS analyzer (Becton Dickinson). CMK cells
were also analyzed by Northern blot for expression of the GF-1
gene. a transcription factor specific for megakaryocytic and eryth-
roid cells. as described."?

Virus stocks. HIV-1 111B and HIV-2 ROD were obtained from
Dr R.C. Gallo (National Cancer Institute, Bethesda, MD)™ and Dr
J.C. Cherman (Institut Pasteur, Paris, France),” respectively. The
HIV-2 DOU strain was derived from a West African man with
acquired immunodeficiency virus (AIDS) and provided by Dr Y.
Perol (Hopitaux de Paris. France). Virus stocks were propagated in
H9 cells as previously described.” Cells were harvested at peak
infectivity and virus stocks were made by the shaking method of
Vujcic et al” and stored in aliquots at —70°C in 50% fetal bovine
serum. HIV-1 Ba-L (provided by Dr M. Popovic. National Cancer
Institute. Bethesda, MD)* and HIV-1 9533 (isolated in our
laboratory) were grown in primary macrophages as described.™
Tissue cuiture supernatants from primary macrophages were
harvested at peak infectivity and stored in aliquots at —70°C in
60 fetal bovine serum. The tissue culture infectious dose (TCID).
a measure of infectious titer of virus, was determined by a terminal
dilution assay in susceptible H9 T cells or peripheral blood
monocyte-macrophages.

HIV infection of CMK cells. Infection of CMK cells was per-
formed as described previously.™ Briefly, 60 pL of CMK. CMK-6.
or CMK11-3 cells (5 x 10°mL) was incubated for 1 hour at 37°C
with 60 pL of 10° to 10" 50% tissue culture infectivity doses
(TCID,,) of HIV and 60 pL of complete media. One hundred fifty
microliters of this mixture containing cells and virus was then
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transferred to 2 mL of media and cultured in 24-well plates
(Costar, Cambridge, MA) at 37°C in 5% CO,. Control cultures
consisted of mock infected CMK celis not exposed to virus. Positive
control cultures used to assure the infectivity of virus within the
frozen stocks consisted of H9 or CEM T cells or peripheral blood
monocyte-macrophages. Cultures were periodically monitored for
productive HIV infection by measuring supernatant reverse tran-
scriptase ( RT) activity, and by quantitation of cells expressing HIV
specific proteins by indirect immunofluorescence (IFA), as de-
scribed below. Cell viability in these cultures was assessed by
trypan blue exclusion. In some experiments, expression of cell
surface antigens was measured by flow cytometry before and after
HIV infection.

RT assay. The assay for HIV RT activity was performed as
previously described.™ Virus was concentrated from 1 mL of
cell-free tissue culture supernatant by precipitation with 0.5 mL of
polyethylene glycol overnight at 4°C.

IFA. HIV antigens on the cells were detected by IFA on
methanol-fixed cells using the serum of an AIDS patient.”’ Serum
from a seronegative donor was used as a negative control.

Blocking experiments. To determine if HIV used the CD4
surface receptoer to infect CMK cells. cultures were established in
the presence of Leu3a, an anti-CD4 MoAb (Becton Dickinson) or
with soluble recombinant CD4 (Genentech. South San Francisco.
CA) as previously described.”™™ Productive HIV infection was
monitored by RT and IFA.

RESULTS

Phenotypic characterization of the three different clones
of CMK showed different degrees of maturity (Table 1).
CMK-6 cells expressed the lowest amounts of megakaryo-
cytic differentiation markers, particularly GPs Ib and IIb/
II1a. while CMKI11-5 had the most mature surface pheno-
type. The parent CMK clone was intermediate in stage of
maturation between the CMK-6 and CMKI1-5 clones. In
addition to expression of markers of megakarvocytic lin-
eage, the CMK cells expressed the erythroid marker glyco-
phorin A. as well as the CD34 antigen. The CD4 surface
antigen was found on CMK cells at all three levels of
maturation. CMK cells were strongly positive for GF-1
expression by Northern blot (data not shown).

The CMK megakaryocytic cell line proved highly suscep-
tible to HIV-2 ROD infection. Comparable kinetics of
infection of CMK-6, CMK, and CMKI11-5 are shown in Fig
1. High levels of productive infection were achieved with
peak RT activity greater than 10 x 10" cpm/mL and IFA for

Table 1. Surface Antigen Characterization of the Three CMK Ciones

CMK-6 CMK CMK11-5
Positive Cells Positive Cells Positive Ceils
MoAb (%) (%) (%)
GP Ib (CD42b) 0.3*10.2) 3.0(1.0) 8.01(0.9
GP llb/lita (CD41) 12.7 (3.1) 52.6 (3.3) 69.5 (6.1}
Glycophorin A 2.51{0.5) 37.0(7.2) 47.3 (4.8)
Leu3a (CD4) 90.5(1.2) 91.1 (2.5) 66.8 (7.5)
My10 (CD34) 1.3(0.3) 6.7 (0.5) 4.9 (0.5)
Leu M1{CD15) 65.9 (6.5) 20.7 (4.0 1.3(0.4)
HLA-DR ND 31.21(5.6) ND

IFA were performed as described in the text. Values in parenthesis
represent the standard error (SE).

Abbreviation: ND, nat done.

*Values represent the averages of two separate experiments.
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Fi'g 1. Characteristics of HIV-2 ROD infection of three CMK clones
({CMK-6, CMK, and CMK11.5 celis). As described in the text, CMK celis
were infected with 10° TCID,, of HIV-2 ROD. RT activity and immuno-
florescence (iF} positive cells were monitored every 3 to 4 days. RT
activity of ROD infection ([-Z-)], CMK; [----A----], CMK-6; [ ],
CMK11-5) and DOU infection [---A---], CMK11-5} is shown. IF assay of
ROD infection ([---M---}, CMK; [----A---'], CMK-6; [----@®---], CMK11-5).

HIV antigens greater than 50% after 21 days of culture.
The less mature CMK-6 cells were somewhat less suscepti-
ble to HIV-2 ROD infection. with a lag in appearance of
RT in the supernatant. Peak virus production was compara-
ble among the three CMK clones. Similar kinetics of
infection were seen with the HIV-2 DOU strain (Fig 1).

CMK megakaryocytic cells were significantly less suscep-
tible to infection with the HIV-1 isolates (I111B. Ba-L. 9533)
despite challenge of the three different CMK clones with
high titer virus inocula (10° TCID,). Productive infeciion
was barely detectable by RT or IFA. Cultures were sus-
tained for more than 28 days without a change in HIV-1
production (data not shown). In some experiments. unin-
fected H9 T-lymphoid cells were added to HIV-1 IIIB
infected CMK cultures. After cocuitivation with H9 T cells.
there was a rapid increase in detectable infection after 20
days of cocultivation (Fig 2).

To determine whether HIV entered CMK celis via the
CD4 surface structure, we challenged CMK cells with
HIV-2 ROD in the presence of anti-Lcu3a MoAb. which
binds at or near the HIV binding site on CD4. There was no
detectable infection of CMK cells with HIV-2 ROD in
cultures containing the anti-Lcu3a MoAb (S pg/mL). Simi-
larly, addition of soluble recombinant CD4 at concentra-
tions of 100 pg/mL completely inhibited productive infec-
tion of CMK celis by HIV-2 ROD (Fig 3)

Infection of CMK celis with HIV-2 ROD led to reduced
expression of the surface CD4 and HLA-DR antigens. but
no apparent change in expression of the megakarvocytic
markers GP Ib or GP 1lb/Illa or the crvthroid marker
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Fig 2. Recovery of HIV-1 [IIB from CMK cells after cocultivation
with noninfected H9 T cells. CMK cells (2 x 10°/mL) were initially
challenged with HIV 11IB (10* TCID,,). Three months after challenge
CMK cells were cocuitivated with noninfected H9 cells (2 x 10*/mL).
RT activity was monitored at 3- to 4-day intervals. Symbols: (), CMK
celis challenged with HIV-1 IIB and later cocuitivated with H9
uninfected cells; {1}, CMK cells challenged with HIV-1 IlIB without
cocultivation.

glycophorin A (Table 2). There was no significant loss of
celi viability or gross cytopathic effect in CMK cells after
HIV infection.

DISCUSSION

The megakaryocytic cell line, CMK. was highly suscepti-
ble to infection with the HIV-2 ROD and HIV-2 DOU
strains in vitro. The CMK cells expressed specific megakary-
ocytic lineage markers, including the surface platciet GPs
Ib and IIb/I1]a. and GF-1 RNA. Like most other perma-
nent cell lines with megakarvocytic potential, ie, HEL.
LAMA-84. and Dami,”* CMK cells also expressed glyco-
phorin A, an erythroid-specific protein. This suggests that
megakaryocyte precursors and erythrocyte precursors may
be derived from a common progenitor.™ Aithough the
surface phenotype of the megakaryocyte and megakaryo-
cyte progenitor have not been extensively investigated in
humans. CFU-Meg (colony-forming units-megakaryocyte)
bear the HLA-DR antigen and certain myeloid antigens.”
CMK cells appear to have the phenotyp: of early megakary-
ocyte progenitors.

Our studies with the CMK ccll line provide data support-
ing the susceptibility of cells of megakarvocytic lincage to
HIV infection. The initial study of Zucker-Franklin and
Cao." which used in situ hybridization techniques. showed
HIV-1 RNA in marrow megakaryocytes from HIV-infected
patients. This indicated the likelihood of in vivo infection of
megakaryocytic cells. The subsequent report by Basch et
al" of surface CD4 expression on maturc bone marrow
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megakaryocytes also suggested that megakaryocytic cells
would be susceptible to HIV infection, because the CD4
structure is the major receptor for HIV infection in T
lymphocytes and monocyte-macrophages.”* More recently.
Zucker-Franklin et al,” using electron microscopy. identi-
fied HIV-1 particles in human megakaryocytes and plate-
lets after in vitro incubation with virus. These three prior
studies, and our work presented here, provide data using
different methodologies and indicate HIV infection of cells
of megakaryocytic lineage.

The high degree of susceptibility of CMK cells to infec-
tion with HIV-2 ROD and HIV-2 DOU compared with
minimally detectable productive infection with three dif-
ferent HIV-1 strains suggests that there may be viral
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Fig 3. Inhibition of HIV-2 ROD infection of CMK celis by anti-Leu3a

{A) and rCD4 (B). HIV-2 ROD virus, 100 TCID,, in 60 uL was mixed with
60 pL of anti-Leu3a MoAb or rCD4, and incubated at 4°C for 1 hour.
Then, 60 ul of CMK cells {5 x 10°/mL) was added and incubated at
37°C for 1 hour. One hundred fifty microliters of this mixture was
transferred to 2 mli of complete media and cuitured in 24-well plates
at 37°C in 5% CO,. RT activity was measured on the seventh day.
Control cultures consisted of mock infected CMK cells. Indicated
concentrations of anti-Leu3a and rCD4 represent final concentration.
Each experiment was performed in duplicate.
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Table 2. Cytometric Analysis of CN'K Cells: Effects of
HIV-2 ROD infection
Before Infection After Infection*
MoAb % Positive Cells % Positive Cells
GP ib (CD42b) 1.77 (1.3) 2.3(0.9)
GP ib/tila (CD41) 46.9 (9.6) 61.2(7.9)
Glycophorin A 34.21(3.3) 40.1 (14.5)
Leu3a (CD4) 83.6(2.9) 1.4 (0.6)
HLA-DR 36.8 (5.1) 7.5 (0.5)

Values in parenthesis represent the standard error (SE).
*Analyses were performed 1 month after infection.
tValues represent the averages of two separate experiments.

tropism for megakaryocytic cells. HIV tropism is well
described for infection of monocyte-macrophages versus T
lymphocytes in vitro."* Of clinical interest, monocyte
tropic HIV isolates have frequently been derived from
AIDS patients witih central nervous system degeneration.”
HIV-1 IIIB is a T-lymphotropic isolate while HIV-1 Ba-
L=* and 9533 (Groopman J: unpublished data. March
1990) are monocyte tropic isolates. HIV-2 ROD propa-
gated in our laboratory and used in these studies can infect
both T cells and monocyte-macrophages. The issue of
tropism of HIV isolates for megakaryocytic cells merits
further work. Our initial studies suggest that less than 1 in
100 CMK cells was infected by HIV-1 IIIB using the
polymerase chain reaction method (M. Sakaguchi: unpub-
lished data, January 1990). Currcnt data indicate that carly
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events such as virus binding, entry, and/or uncoating are
important determinants of HIV tropism in T cells and
monocytes.™™ We are currently studying such carly steps in
HIV infection of CMK cells.

The different susceptibility of CMK celis to HIV-1 and
HIV-2 could be explained by their different genc structurc.
For example. the VPX genc in HIV-2. not presert in
HIV-1. might contribute to this different susceptibility.
although the effect of the VPX protein on infectivity has
been controversial.”** Furthermore. it would be of interest
to obtain isolates of HIV-1 from patients with thrombocy-
topenia or bone marrow failure states. and determine if
they are more capable of infecting megakaryocytic cells
than HIV-1 1IB, BaL. and 9533.

The observations reported here provide evidence for
HIV infection of megakaryocytic cells. a possibility sug-
gested by the prior in situ hybridization and ultrastructural
studies and the finding of surface CD4 antigen on bone
marrow megakaryocytes.'*'** Because of the difficulties in
obtaining highly purified populations of bone marrow
megakaryocytes for in vitro study. it may be that pathologic
cvidence. provided by in situ hybridization or other studies.
will form the major basis for determining in vivo infection.

The availability of megakarvocytic cell lines like CMK
provides an in vitro model to study the effects of HIV on
megakaryocvte function. Such studies may broaden our
understanding of the pathogenesis of dysregulated he-
matopoiesis after infection with this retrovirus.
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Human immunodeficiency virus type 1 (HIV-1) is viable and mitogen inducible in the absence of its binding
sites for the inducible transcription factor NF-xB. We have investigated alternative mechanisms for induction of
HIV-1 transcription. Using transient transfection assays. we found that transcription from an HIV-1 LTR
containing mutant B sites was activated 10- to 20-fold in a variety of human cell types by the phorbol ester
phorbol myristate acetate (PMA). The promoter elements conferring this inducibility were localized to the region
downstream of nucleotide —70, which contains the TATA and TAR elements and binding sites for transcription
factors Spl and LBP-1. Synthetic promoters containing only Sp1 sites and a TATA element were also induced in
transfection experiments as well as in in vitro transcription experiments with T-cell nuclear extracts. Moreover.
promoters containing a TATA box in the absence of Spl sites or Spl sites in the absence of a TATA box were
equally inducible in vitro. as was an RNA polymerase I11 promoter. The activities of RNA polymerases I and 111
and of the 38-kDa TATA-binding protein transcription factor IID (TFIID), were not induced by PMA, but
electrophoretic mobility shift assays revealed a highly inducible protein-DNA complex that interacted specifically
with the TATA sequence. This protein-DNA complex appeared to be much larger than that found with the
38-kDa human TFIID expressed in bacteria. Taken together. these data suggest that a component of the general
transcription machinery, and possibly a TFIID-associated protein. is induced in T cells by PMA. This induction

may be important for augmenting HIV expression and for the pathogenesis of AIDS.

Gere expression of human immunodeficiency virus type 1
(HIV-1) is regulated both by cellular factors and by its own
viral gene products. including the rar and rev proteins
{reviewed in references 10 and 29). One of the major routes
for modulating HIV-1 expression appears to be through the
control of transcription initiation from the long terminai
repeat {LTR). Transcripuonal control sequences in the LTR
interact with several cellular DNA-binding proteins. includ-
ing Spl. NF-xB, LBP-1. NFAT-1. and the TATA-binding
protein. transcription factor 11D (TFIHID) (reviewed in refer-
ence 16). Indeed. genetic and virologic studies of HIV
strains containing mutations in the binding sites for some of
these proteins have confirmed that they influence viral
growth and replication (13a, 21, 25).

The accepted model of viral kinetics in HIV-infected
individuals predicts that during the early phase of infection.
virus replicates rapidly in the absence of antibodies to HIV,
causing an early viremia (reviewed in reference 22). This
stage is followed by a long period of latency. clinically
charactenized as the asvmptomatic phase. during which
virus production is very low or undetectable. In general. the
progression to AIDS coincides with an increase in virus titer
in the nenpheral blood. 1t 1s not clear whether this is caused
by a sudden insurgence of virus in vivo or whether the
dramatic rise in virus titer is duc to a weakening of the
mmune system. Whatever the mechanism. it appears that

* Corresponding author.

there is a tight correlation between viral replication and the
development of AIDS. Therefore. study of the transition
from nonproductive to productive (or low- to high-level
replication is important for understanding how latent virus is
activated and thus for unraveiing the pathogenetic mecha-
nism of HIV. For this reason. identification and characteri-
zation of factors that activate viral gene expression. espe-
cially upon cellular induction. have been major components
of the molecular studies of HIV.

Among the many cellular transcription factors. NF-xB
(20. 40) has been shown to be a potent activator of HIV
transcription and to be highly inducibie in T cells stimulated
with a varietv of agents. including phorbol ester (20. 27).
Therefore, it has been proposed that NF-xB or related
proteins (4) might be involved in the activation of dormant
HIV-1 provirus in vivo, resulting in the transition from latent
to productive infection. However, it has recently been
shown that the DNA sequence elements in the LTR that
interact with NF-«B sites are not essential for the growth or
infectivity of HIV in certain cell lines and that virus lacking
these sites could still be induced by mitogen (13a. 21. 251
These studies suggest that factors other than NF-«xB plav a
role in induction of HIV expression.

In this report. we have examined the possibility that
inducible cellular factors other than NF-«B might regulate
HI1V transcription. Qui data demonstrate that transcniption
from an LTR containing mutated or no kB sites was highly
induced by treatment of cells with phorbol ester. The 1n-
duced activator appears to be a component of the general
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transcripuon machinery and possibly a protein that interacts
with either the TATA box or TFIID.

MATERIALS AND METHODS

Plasmids and construction of LTR mutants. The wild-type
LTR-chloramphenicol acetyliransferase (CAT) plasmid.
pY38. contains the HIV-1 LTR from pUR-1II (34) and was
described previoushy (193, Plasmid p942 is idenucal to p938
but contains point mutations at both of the kB sites of the
LTR. This was constructed by replucing the Bg/ll fraugment
of p938& with that of pUR-III containing mutations at both «B
enhancer sttes (19, 27). The rar expression vector. pCMV-
Tat. was provided by D. Trono (Salk Institute) and consists
of the first exon of tar on a Sall-Kpnl fragment from HXB2
cloned into the polviinker linker site (.Xhol) of the expression
vector pCPLK (45).

Deletion mutations were constructed by standard methods
as described by Maniats et al. (26). All plasmids used in
these experiments had an SP63 backbone und were identical
except for vanous mutations or deletions described. To
construct deletion derivatives. Tagl (—=120). Haelll (=70,
Banll (—46), and Pyull (=20) sites of the LTR region were
converted to BamHI sites. and then BamHI-HindIll frag-
ments of the LTR were tigated into the Be/ll-f{indlll back-
bone of p942. Therefore. the 5 endpoint of all of the
deictions 1s the Bel/ll site (—488) of the HIV LTR.

The CAT plasmids containing the herpes simplex virus rA
gene TATA box with or without multimerized Spl-binding
sites were  described previously (7) (obtained from Al
Courey. University of Califorma. Los Angeles).

Plasmids IV, V. and VI were described previously (42,
43). {The inductions shown with plasmids V and VI were
also observed with similar plasmids that delete a binding site
for transcription factor AP-1. which is located adjacent to
the Spl sites in V and VI. This single AP-1 site did not
influence the levels of either uninduced or induced transcrip-
tion in vitro |data not shown]. It was not surprising that a
single AP-1 site had no influence on the strong in vitro
transcription activated by five Spl sites. However. this
result served as an important control because 1t also ruled
out the possibility that a crvptic AP-1 site elsewhere in the
plasmid was influencing the induction observed.)

Transfections and CAT assavs. Cells (1 x 107 10 2 x 107
were transfected with 1 ug of HIV LTR-CAT and 2 ug of rar
expression plasmids (for cotransfection). using DEAE-dex-
tran (13. 44). Cells were grown in RPMI 1640 containing 105
(CMK) or 20% (H9) fetal bovine serum: 12 to 15 h later. half
of the cell population was treated with phorbol mynstate
acetate (PMA: Sigma) at S0 ngml. Cell extracts were pre-
pared 15 to 18 h postinduction. and CAT acuvity was
determined according 1o standard methods (12), using equiv-
alent amounts of protein. The degree of conversion of
['*C]chioramphenicol to its acetviated forms was determined
bv cutting out appropriate spots and quanutating the amount
of radioactivity by liquid scintillation.

Gel retardation assavs. Cellular extracts were prepared as
described by Baceuerle and Baltimore (2). Approximately 13
x 10° cells were harvested. washed with ice-coid phosphate-
buffered saline. and transferred to Eppendorf tubes. Cells
were then lvsed in a N-2-hvdroxvethyipiperazine-A'-2-
ethanesulfomc acid buffer contaming 20mM (HEPES: pH
7.9). 0.35 M NaCl. 207 glvcerol. 1% Nomdet P-40. 1 mM
MgCl,. 1mM dithiothreitol (DTT). 0.5 mM EDTA. 0.1 mM
EGTA. 19 aprounin (Sigma). and 1 mM phenvimethyisul-
fonyvl fluonde. After [vsis and extracuion for 10 min on ice.
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particulate material was removed by centrifugation (Mi-
crofuge) for 15 min at 4°C. Amounts of protein 1n the
resulting supernatants were quantitated by using bicincho-
ainic acid (Micro BCA protein assay reagent 23235: Pierce).

Two binding conditions for the electrophoreuc mobility
shift assay (EMSA) were used. For Spl and the inducible
TATA factor(s). the binding reaction mixture contained. 1n
total volume of 15 wl. 3 pg of poiv(di-dC). the radioactuive
probe (5.000 to 10.000 cpm in Tris-EDTA. and 510 10 pg of
cellular extracts (generally 0.5 to 1 i) in the binding bufter
{10 mM Tris-HCI {pH 7.5]. 50 mM NaCl. 1 mM DTT. 20 ng
of bovine serum albumin. 1 mM EDTA ([pH 8.5]. 3
glycerol) (1), After incubation for 30 mun 4t room temperi-
ture. samples were loaded onto 5% polvacrylamide gels and
run with 0.5> TBE (0.045 M Tris. 0.045M borate. 0.001 M
EDTA) a1 150 V for 1.5 to 2 h. For purified TFIID. binding
was carried out according to the method of Kao et al. (18).
Basically. the reaction mixture contained. in u total volume
of 15 ul. 3 wg of polytd1-dC). the radioactive probe (5.000 (o
10.000 cpm in Tris-EDTA}. and 510 10 pg of cellular extracts
(generally 0.5 to 1 ul) in the binding buffer (12 mM HEPES
[pH 7.9]. 10% glyvcerol. S mM MgCl., 60 mM KCl. 1 mM
DTT. 50 ug of bovine serum albumin. 0.S mM EDTA. 0.05%
Nonidet P-40). After incubation for 30 min at 30°C. the
binding reaction mixtures were loaded onto S9¢ polvacryl-
amide geis and run with 0.5> TBE at 100 V for 2 to 3 h.

Radioactive probes were prepared from oligonucleotides
as described by Sen and Baiumore (40). The nucleoude
sequences of the oligonucleotides (synthesized by Genosys.
The Woodlands. Tex.) used were as follows: wild-tvpe Spl
oligonucleotide:

GATCTGCCTGGGCGGGACTGGGGAGTGGES
ACGGACCCGCCCTGACCCCTCACCGCCTAG
mutant Spl oligonucleotide:

GATCTGCCTGITCGGGACTGGTTAGTGGCG
ACGGACAAGCCCTGACCAATCACCGCCTAG

wild-type TATA oligonucleotide:

GATCTGCATATAAGCAG
ACGTATATTCGT

mutant TATA oligonucieotide:

GATCTGCAGAGAAGCAG
ACGTCTCTTCGTCCTAG.

CTAG

In vitro transcription reactions and analysis of RNA poly-
merase and TFIID activities. Extract preparation and in vitro
transcription reactions were as described previously (42, 43).
A total of 10° CEM T cells (at § x 10" cells'mD) were induced
for 24 h with PMA (50 ngmb in l-liter roller botties. A
similar number of cells were not induced. Extracts were
prepared simultaneously. Protein peilets following ammo-
nium sulfate precipitation were suspended in 2.4 ml of HM.1
(25 mM HEPES {pH 7.9]. 20% glvcerol. 12.5 mM MgCl.. 0.2
mM EDTA. 1 mM DTT. 100 mM KCD) and dialyzed against
HM 1. Protein concentrations were determined byv Bradiord
assav and were found to be 1.8 mg/ml for the uninduced
extract and 2.3 mgml for the induced extract. Equal
amounts of protein were used for each companson. TFIID
activity was heat inactivated bv the method of Nakanma et
al. (28). HeLa TF1ID was partially punfied by chromatogra-
phv on phosphocellulose as described previously (38). RNA
polvmerase 111 transcription with the adenovirus VAl gene
iplasmid pV Al was performed by the method of Clark and
Dasgupta (6). using a runoff transcmption assay with
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FIG. 1. Induction of HIV-1 transcription in the absence of binding sites for NF-kB. (A) CMK or H9 cells were transfected with HIV-!
LTR-CAT constructs containing wild tvpe { ~) or mutated (—) xB sites in the presence { =} or absence ( —) of a rat expression vector. One halt
of each transfected population was induced with PMA (50 ng'mi) for 15 1o 18 h (~ lanes). CAT acuvity was measured by determining the

amount of acetvlated chloramphenicol (AC) produced from |'*Clchloramphenicol (C). The vaiues shown ure from one representative of it
least three independent assavs talso see Fig. 2). (B) CMK cells were transfected and induced as described above. When cells were transfected
only with the HIV LTR-CAT plasmid contlaining mutated B sites. 100 ug of protein was incubated with [**Clchloramphenicol for 3 h at 37°C
tlanes 1 and 2); 40 pg of protein was incubated for 40 min when a rar expression vector was cotransfected (lunes 3 and 4).

[a-**PJGTP. The RNA product of 247 nucleotides was ana-
lyzed by electrophoresis on an 8% denaturing acrylamide
gel. Western immunoblot analysis of TFIID was performed
with a rabbit anti-human TFIID primary antibody. a biotin-
viated anti-rabbit immunoglobulin G secondary antibody.
and then peroxidase-conjugated streptavidin (BioGenex.
Inc.). Chemiluminescence was detected with the Amersham
ECL gene detection reagent. Nonspecific RNA polymerase
activities were determined by the method of Schwartz et al.
(39). using «-amanitin (Sigma) at 2 ug/ml to inhibit RNA
polymerase Il activity and at 100 pg'ml to inhibit RNA
polymerase I11.

RESULTS

Induction of HIV-1 transcription in the absence of binding
sites for NF-kB. To investigate NF-xB-independent mecha-
nisms for induction of HIV-1 transcription. we performed
transient transfections with HIV LTR-CAT fusion con-
structs containing wild-type or mutated B sites (Fig. 1A). It
previously was shown that the mutations used in these
constructs abolish NF-kB binding (27). After transfection
into the human T-lymphoid cell ine HY (31) or the human
megakaryocvtic cell line CMK (36). both constructs resulted
in low or undetectable levels of CAT activity (Fig. 1A. lanes
2. 4, 6, and 8). However. treatment with the phorbol ester
PMA following transfection induced readily detectable CAT
activity with the wild-tvpe but not the mutant LTR construct
(lanes 1. 3. 5. and 7).

As expected. cotransfection with a rat expression vector
resulted in a dramatic increase in CAT activity from both
constructs. although the mutations i1n the xB sites signifi-
cantly decreased overall promoter strength (Fig. 1A: com-
pare lanes 2 and 10 and lanes 6 and 14 for the wild type and
lanes 4 and 12 and lanes 8 and 16 for the mutant construct).
Treatment with PMA following cotransfection with rar pro-
duced higher levels of CAT acuvity with the wild-type
construct (lanes 9 and 13) and also increased the level of
expression from the mutant LTR (anes 11 and 15). This
induction, of at least 10- to 20-fold. was observed in other

human cell lines tested. including the T-lvmphoid cell hines
CEM and the monocvtic cell line U937 (data not showny. In
the T-lvmphoid line Jurkat. which is frequently used for
studies of HIV expression. the degree of induction was
marginal. This increase in LTR activity. despite the absence
of functional xB sites. implied that factors other than NF-xB
were induced in these cells by treatment with PMA.

tat is not involved in the observed transcriptional induction.
It has been reported that transactivation of the LTR by iur
requires protein kinase C. raising the possibility that the
increase in CAT activity of the mutant LTR might be due
simply 10 an increase in raqr activity rather than to the
induction of cellular transcription factors (15). However.
because we treated the transfected cells with PMA (50 ng'mb
for relatively short periods (16 to 18 h). rar is unhikely 1o be

responsible. Under these conditions. rar transactivation of

the LTR has been reported to be unaffected by PMA (15). To
confirm this hypothesis. we tested whether CAT activity was
induced when cells were transfected only with the mutant
LTR-CAT construct and without a rar expression veclor.
Because the level of CAT acuivity was very low in these
circumstances. we used higher amounts of protein than usual
and extended reaction times for the CAT enzvme assayv (Fig.
1B. lanes ] and 2). PMA treatment of cells transfected with
only the mutant LTR construct increased CAT activity by at
least sixfold. (The background level of activity usualiy
resulted in 0.1% conversion of {}*C]chioramphenicol to its
acetylated forms with our experimental conditions. Thus.
the induction actually may be greater than sixfold.) This
result demonstrates that the induction observed was not u

result of increased rar activity. although a minor influence of

tar cannot be ruled out. This conclusion is supported by the
results presented below.

Localization of the cis-acting element conferring PMA in-
ducibilitv. To localize the DNA sequence element respon-
sive to PMA in the kB mutant plasmid. deleuons of the LTR
were tested for their abilities to direct PMA-inducible tran-
scription (Fig. 2A). Deletion of the nucleotide sequences
upstream from the kB sites did not significantly affect
inducibility (data not shown). Mutations or complete dele-
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FIG. I. Locullzation of the DNA sequence element responsive (o phorbol escer. (A Each mutant DNA (1 wgi was cotransfecied into CMX
oellx with 2 ug of rar sxpression plasmid. ireuted with PMA. and subjeciad 10 CAT analysis u» descrived for Fig. 1. The sutorudiograph shown
i3 ont represeniative transfection. and the absence (=) or presence (+) of the majoP Lranscription clements of the HIV LTR such as kB sites.
Spl sites. and TATA box is indicated (al o see Fig. 2B). There arc three Spl-binding sitex in the HIV LTR. und =2 indicates ibe deleuen of
one Spi slic (e mos: distal from the MRNA s1an site). (B) Sequences dejeted from the LTR are indicuted by the shading. The 5 endpoint
of 41l of the deletions is the Bp/ll site of the LTR. and their 3' endpoints are as described below. Asteritks indicale point Mulstions intreduced
into the xB sites a3 deseribed by Nubel and Balumere (27.. NM, the magnitude of stimylation could not be caleulated because of ur.detestadle
levels of CAT ustivity, The relstive siimulation ifeld) is ihe rutio of CAT conversion following PMA induction 10 that without induction
Mvanly wnd siapdand devialions are based on three or more independent uransfestion sasays.

tion of the «B sites significantly lowered LTR activity
relative to the wild-type plasmid (Fig. 2A: lane 4 {or point
mutations and lanc 6 for deleuen), but CAT activity re-
mained highly inducible by PMA (compare lane 2 with lanes
3 and 5). Removal of one of the three Spl sites significantly
decreased basal CAT actlivity (compare lanes 6 and 8). but
the remaining activity was still inducible by 10-fold (lanes 7
and 8). When all three Spl sites were deleted. CAT activity
was undelestable (compare lanes 9 and 10). Overall. non-
NF-xB faciors activated the HIV LTR 10- 10 15-fold upon
PMA induction (Fig. 2B). Similar results were obtained for
CEM and H9 cells (dta not shown). This analysis indicates
that Spl itself or proteins interacting with the nucieotide
sequences downsiream from the Spl sites are induced dy
PMA.

Spl is not induced by mitogen. The minimal region of the
LTR responding to PMA induction eontained twe Spl sites,
a TATA box. and regions near the transcription start site and
within the transcribed leader that arc important for HIV-1
expression. None of these regions bind proteins known 1o be
induced by PMA (16). However. it was recently reponed
that Spl can be induced following infection with simian virus

Copy availad~ 1o

40 (35) and that Spl can be phosphoryviated (14). To our
knowiedge. Sp] has not been lested for inducibility by
mitogen. Thercfore. we investigated thir possibility. We
transfected cells with an Spl 1est piasmid contatming a CAT
gene fused 10 a promoler incorporating multirmerized con-
sensus Spl-binding sites upstream from the herpes simplex
virus ik gene TATA box (7). It has previously been shown
that the activity of this promoter depends on the presence of
Spl (7). As a negative control, a similar plasmid lacking the
Spl sites was used. Both plasmids were transfecied nio
CMK eells. and transient expression of the CAT enzyme
was used (o measure the inducibility 5y PMA. in the absence
of PMA induction. both plasmids gave a backgound con-
version of chioramphenicol to its acetyiated forms of 0.1%
(Fig. 3A. lanc 2 and 4). In most humun lymphoid or myeloid
cell lines tesied. these promoters resulied in similariy low
levels of CAT activity (lane 2). However. when celis were
treated with PMA. CAT aciivity was induced to detectabie
levejs with the 1est plasmid conzaining the Spl site (Fig. 3A:
compare lanes 1 and 2). Only background levels were
detected in the absence of the Spl sites. Similar results were
obtained for the human T-celf line H9. These dawa sugpested
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FIG. 3. Effect of PMA induction on Spl. (A) Transient trunsfec-
tion assayv with Spl test plasmids. CMK cells were transfected with
Spl test plasmids carrying the truncated promoter of the herpes
simplex virus rk gene with (<) or without (—) inserted Spl-binding-
site oligonucleotides. (BY EMSA with *P-lubeled Spi oligonucleo-
tide. Nuclear extracts from a vartety of human cell lines. either
uninduced (day 0) or stimulated (davs 1 and 2) with PMA, were
incubated with a **P-labeled oligonucleotide whose sequence was
ltaken from the Spl-binding sites of the HIV LTR (=70 to —46).
Spl-specific DNA-protein compleaes were verified by competition
assav which invoived incubaung the protein sample from lane 10
with unlabeied wild-type (W) or mutated (M) oligonucleoude (ianes
12 and 14). S. specific DN A-protein complex: FP. free probe.

that the PMA induced either Spl activity or the activity of a
protein required for basal transcripuon from a TATA box.
Alsc. because this experiment did not involve a rar expres-
sion vector. it confirmed our observation that induction of
transcription from an LTR containing defective B sites did
not result simply from increased rar activity.

To test whether Spl-binding activity was induced bv
PMA. we performed EMSA. Nuclear extracts from a variety
of cell lines. either prior to or following stimulation with
PMA. were incubated with a double-stranded **P-labeled
oligonucieotide probe. corresponding to the —70 to —436
recion of the HIV-1 LTR. The same sequence has been
shown 1o interact with Spl by DNase | footprinuing analvsis
(17). As expected. there were signtficant basal levels of Spl
in uninduced CMK. HY. and HeLa ceils (Fig. 3B. lanes 1. 4.
7. and 101. Induction of these celis with PMA did not vieid
significant increases 1n amounts of electrophoretically re-
tarded DN A-protein complexes. OOn the contrary. amounts
ol DNA-protein compleaes decrcased upon mnduction in

J. VirOL.

most cell types. This result suggested that the DNA-binding
activity of Spl was not increased by treatment with phorbol
ester. Thus. the transcriptional induction observed might be
due to induction of a component of the general transcription
machinery.

In vitro analysis of PMA-inducible transcription. In vitro
transcription experiments were used to further analyze tran-
scriptional inductton by PMA. These expenments were
necessary because we could not detect trunscrnpion in v no
from u TATA box in the absence of Spl sites. Moreover. in
vitro analvees allowed us to assay for activinies of individual
components of the general transcription machinery.

Nuclear =atracts were prepared from CEM cells cither
with or without a 24-h induction by PMA. The proten
concentrations of the extructs were simifar and were ad-

Justed 10 equinalence with buffer. In vitro trunseripuion

experiments were performed with three different synthetic
promoters to define the DN A sequence elements responsible
for PMA nduaibihty. Plasmid Vo (Fig. 4AL danes 1 10 &)
contained Spl sites upstream trom a consensus TATA
clement dernved trom the adenovirus major iate promoter.
Plasmid 1V tlanes 5 to 8) contained the TATA box in the
absence of Spl sites but in the presence of a transcriptionuld
initiator (Inr) element at the start site (42), This element
enhances transcription from the TATA clement and s
thought to mteract with & known component of the general
transcription machinery te.g.. TFHD. TFIB. or RNA poly-
merase {32, 43D, Plasmid VI dlanes 9 to 12) contained the
Spl sites and the Inr clement but lacked o TATA clement.
Dctailed characterization of these promoters and of the
proteins required for their activities have been reported (32,
43) (see ulso Matenals and Methods).

Comparison of the acuvities of these promoters n the
CEM nuclear extracts showed that transcripuion irom all
three was induced to a similar degree by PMA (Fig. 4A)
Laser densitometry revealed that transcription from plasmid
V was induced by fivefold. from plasmid I'V by fourtold. und
from plasmid VI by sixfold. Somewhat stronger inductuions
were observed with CMK cells. but no inductions were
found with Hela cells (data not showni These results
confirm that Spl 15 not responsible for the observed PMA
induction and ualso demonstrate that o TATA box 1v not
required. However. these results do not rule out the induc-
uon of the TATA-binding protein. TFIID. because TFIID s
known to be required for transcription from plasmrmd VT as
well as from other promoters that lack TATA elements (32,
43).

Because of the general naturc of the PMA inducibiity
observed. we tested in the CEM extracts the RNA polymer-
ase llI-transcribed adenovirus VAl gene (11). We found that
specific RNA polvmerase 111 transcnption was also strongh
induced (ninefold) by PMA in CEM cells (Fig. 4B). These
results demonstrate that one or more general factors re-
quired for specific transcription by RN A polvmerases 11 and
Il are induced in PMA-treated T cells. Based on the
multiphicity of events that occur in activated T celis (8). these
results mayv not be surpnsing (see Discussion),

Analysis of general transcription factors. The induction of
RNA poivmerase Il transcripuion could result from the
induction of a number of general transcnption factors. These
include RNA polvmerase Il nself or TFIID. Alternatively.
other general transcription factors (31, such as TFIIB.
TFHE. or TFIIF. might be induced by PMA. Fiallv. o
general cffect on elongation of transcrnipuon by RN A polyv-
merase I might be responsibic. To begin 1o wdenufy the
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FIG. 4. In vitro analysis of PMA-inducible transcription. (A)
Three different plasmids were tested for promoter activity and
inducibility 1n nuclear extracts prepared from CEM cells tlanes 1. 2.
5.6.9.and 10) or from CEM cells induced for 24 h with PMA (lanes
3. 4. 7. 8. 11. and 12). Characterization of these piasmids was
descnbed previously (43) (see also Materials and Methods). and the
promoters contain either Spl sites and a TATA box iplasmid V:
lanes 1 to 4). a TATA box and an Inr element (plasmid IV: lanes $
to 8). or Spl sites and an Inr element (plasmid VI: lanes 9 10 12).
Reaction mixtures contained 900 ng of template DNA and 5 or 1§ ng
of nuclear extract. as indicated. RNA svnthesized in vitro was
analvzed by pnmer extension with an SP6 promoter primer. cDNA
products were either 79 (lanes 5 to 12) or 70 (lanes 1 1o 4}
nucleotides. (B) Specific transcription of the adenovirus VAl gene.
transcribed by RNA polvmerase 111 (Ad VA Trxn RNA Pol. [1]).
was tested by a runoff transcnption assay. The reactions inciuded
300 ng of template DNA and either no extract (lane 1) or 2 pg (lanes
2.5, and 8). 10 pg (lanes 3. 6. and 9). or 20 ug (lanes 4. 7. and 10) of
nuclear extract. Extracts were from untreated CEM cells. PMA-
treated CEM cells. or Hel a cells. as indicated. The labeied RNA
product was 247 nucleolides and was analyzed on an 847 denaturing
polvacrylamide gel.

inducible protein(s). we have begun to analvze the levels and
acuvities of individual components.

We first determined the refauve levels of RN A polymerase
activities in the uninduced and induced extracts (Table 1).
These expenments measured the incorporation of tritiated
nucleotides into RNA svnthesized from total herming sperm
DNA (39). Because the three RNA polymerases efficiently
begin transcnpuion from single-stranded nicks and gaps. or
from double-stranded breaks in the absence of other general
transcription factors. this assay could be used to determine

INDUCTION OF HIV GENE EXPRESSION S483

TABLE 1. Total RNA polymerase activiies in umnduced
and PMA-induced CEM cells

Incorporation of [ 'HIUTP
o RNA icpmy

Prepn "
. . MA
Uninduced induced
No protein 180 180
4 ug of CEM extract 1.340 1.2%0
10 pg of CEM extract 4.170 3.020
10 wg of CEM extract ~ 2 ug of 3.560 2.7

a-amanun per mi
10 pg of CEM extract = 100 pg of 13K 2.2%
a-amamtin per mi

tne total RNA polvmerase activity within the extracts. The
results from duplicate experiments (Table 1) demonstrate
that the total RNA polymerase activity from the induced
extract was significantly lower (8 to 307 . depending on
whether 4 or 10 ug was used) than from the uninduced
extract. In addition. inhibition experiments with g-amanitin
revealed that the individual activities of RNA polvmerases 1.
11. and III were not significantly different in the two extracts.
a-Amanitin at 2 ug/ml is known 1o specifically inhibit RNA
polymerase Il activity. and 100 pug'ml inhibits both RNA
polvmerases Il and III. RNA polymerase I is resistant to
a-amanitin. Thus. neither RNA polymerase 11 nor 111 ap-
pears 1o be responsible for the induced specific transcription
observed. These results additionally rule out a general effect
on transcriptional elongation, which would have been re-
vealed n this assay as weil.

We next tested for the levels of TFIID. the TATA-binding
protein (37). As mentioned above. this protein iy absoluteiy
required for transcription from promoters that both contain
and lack TATA boxes (32, 37. 43). By Western blot analysis
with rabbit antisera directed against the human 38-kDa
TFID protein (18. 30) (Fig. SA). no induction of TFIID
protein was observed. Moreover. in vitro transcription ex-
periments showed that the activity of TFIID was not induced
(Fig. 5B). Depletion of TFIID activity by heat treatment of
the nuclear extracts resuited in strong decreases in transcrip-
tional activity from plasmid IV (Fig. SB. lanes 2 and 6).
When a partially punfied HeLa TFIID fraction was added
back to the heat-treated extracts. the degree of induction
was similar to that before heat treatment (lanes 3. 4. 7. and
8). If the heat-labile TFIID were responsible for the induc-
tion. HeLa TFIID would have increased transcription by
similar amounts from both the induced and uninduced heat-
treated extracts. Thus, the protein responsible for PMA
induction did not correspond to the heat-labile TFIID.

PMA induction of a protein or protein complex interacting
with the TATA box. Despite the foregoing evidence that
TFIID is not induced by PMA. EMSA studies revealed a
surprising result. We directly tested by EMSA whether o
protein or protein compliex interacting with the TATA se-
quence was induced by PMA. Celluilar extracts from human
cells (Fig. 6A. lanes 2 to 4) or cloned. 38-kDa human TFIID
purified from Escherichia coli (lane 1) were incubated with
an oligonucieotide probe corresponding to the TATA box
(=33 to —20r of the HIV LTR. The bacternaliv expressed
TFIID protein formed a specific band (S2) with the TATA
oligonucleoude. whereas crude cellular extracts formed a
DNA-protein complex (S1) whose electrophorenc mobiliny
was slower. This result is consistent with a current hypoth-
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FI1G. S, Analvsis of TFIID in uninduced and PMA-induced ex-
tracts. (A) The amounts of the 38-kDa TFIID protein i the
uninduced and nduced CEM extracts was analvzed by Western
blot. with rabbit antisera directed against the human TFLD proten
expressed in bactena (see Materals and Methods). The fane lubeled
c¢TFIID contains an E. coli extract expressing this protein. The
largest band corresponds 1o the {ull-length protetn. and the lower-
molecular-weight bands are thought to be degradation products.
Increasing amounts of umnduced and induced extract were tested.
(B) In vitro transcription experiments with TATA/Inr plasmid [V
were performed to measure the TFIID activities in the uninduced
and PMA-induced extracts. This experniment was performed by
heat-treating the extracts to inactivate the labile TFIID. followed by
reconstitution with 1 or 2 ul of partially purified TFIID from Hel.a
cells. as indicated. If the heat-labile TFIID in the CEM extracts was
responsible for the PMA induction. the signal in lane 8 would have
been equivaient to the sum of the signals from lanes 4 and 6.

ests that TFIID may interact with other proteins in vivo (23,
32. 43). slowing down its mobility in gel shift analvses. These
complexes were specific for the TATA element because they
were abolished by the unlabeled wild-tvpe TATA sequence
but not by a mutant oligonucleotide which was identical to
the wild-type probe used except for two G's substituting the
T's of TATA (lanes £ to 8). The amounts of these DNA-
protein complexes did not increase with PMA induction in
most cells that we have tested (lanes 2 to 4). Similar results
were obtained with human T-cell lines such as CEM and H9.

We also performed EMSA with different binding condi-
tions (see Materials and Methods). the most sigmficant
differences being the inclusion of S mM MgCl. in the binding
reaction and incubation of the binding reaction at 30°C rather
than zt room temperature (Fig. €B). With thesc conditions.
even high concentrations of cloned TFIID protein did not
bind to the TATA oligonucleotide (data not shown). How-
ever. an electrophoretically retarded DNA-protein complex
was readilv observed with crude extracts. and this complex
was specifically : boiished by the unlabeled wild-type TATA
sequence but not by a mutant oligonucleotide (Fig. 6B. lanes
7 and 8). Most interestingly. the amounts of this DNA-
protein complex increased more than 10-fold upon treatment
of cells with PMA. as determined by laser densitometry
analysis (lanes 1 to 3 for CMK and lanes 4 10 6 for CEM).
These results suggest that cellular proteins interacting with
the TATA sequence are highly inducible and that activation
of an LTR contaiming defective xB sites by phorbol ester
might be due to the increase in this factorts). This protein-
DNA compiex may or may not contain the 38-kDa TATA-
binding protein.

DISCUSSION

alvzed NF-xB-independent pathwavs for in-
/-1 transcnpuon. These studies were neces-
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FIG. 6. EMSA with "P-lubeled TATA ohgonucleotide. (A}
Cloned TFIID punified from L£. coli (lune 1} and nuclear extracts
prepared from CMK cells tiune 2 10 &) were analy zed hy EMSA. The
cloned TFUD protein forms a single specific bund (S2) with the
TATA oligonucleonde. whereas crude nuclear extruct formed o
DNA-protein compiexn (S1) whose electrophoretic mobihity was
slower. Spec.icities of DNA-protein complexes were venhed
competition assavs. using the protein sample from lune 2 with two
different concentrations (30 and 50 ng) of uniabeled wild-ty pe (W or
mutated (M1 oligonucleoude. (B) Inducible fictors other thun TFHD
interact with the TATA box. Nuclear extructs from CMK celis.
erither uminduced (dav 0y or sumulated 1davs T and 23 with PMAL
were incubated with a “P-abeled TATA oheonucleotide whose
sequence corresponds to the TATA box of the HIV LTR —33 10
=2M. Specificities of DNA-protein complexes were vernied b
compettion assiavs by incubating the protein sample used in lunce 2
with anfabeled wild-type (W) or mutated (M) ohigonucicoude tlunes
7 and 8).

sary because HIV strains with mutations in the binding sites
for the inducible transcription factor NF-xB were found to
be viable and mitogen inducible (13a. 21, 25). Transient
transfection assavs in both mveloid and T-cell hines demon-
strated that PMA strongly induced transcription from an
HIV LTR lacking «B sites. The DNA sequence elements
responsive 10 PMA were localized to the region downstream
of nucieoude —70. In viiro transcription experiments sug-
gested that no particular sequence element was responsible
for the PMA induction of RNA polvmecrase 11 transcription
and that specific transcription by RNA polvmerase 111 was
also PMA inducible. These results suggest that the acuviues
of components of the general transcription machinery are
responsible for the observed inductions. These componcents
do not appear 1o include an RNA polymerase or the 38-kDa
TATA-binding protein. TFIID. However. our studies re-
vealed that a protein or protein complex interacting with the
TATA box is highly inducible by PMA. This complex might
be responsible for the observed inducible transcription b
RNA polvmerase 11.

Although the data implicated a TATA-associated protein
in the PMA nduction. we do not know what proteints) uare
involved in this protein-DNA complex. It might include the
38-kDa TFIID protein 1in association with another protewn or
might instead be a novel TATA-binding protein. The latter
possibility is unlikelv because no funcuonal alternatine
TATA-binding proteins have been idenufied. By contrast.
the i1dea that the 38-kDa TFHD 1« part of u mulusubunit
protein or multiprotein complex is alreadv widely accepted
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Not onty does TFHD from cellular extracts migrate as a very
high molecular weight protein when analyzed by gel filtration
chromatography (33), but functional studies have demon-
strated that the cloned TATA-binding protein could only
partially: substitute for extensively purified TFIID from
Hela cells (300 32, 43). Moreover. TFIID is one target tor
trans¢riptional transacuvation by the adenovirus Ela pro-
temn. which recently was found to form a ught complex with
TFIID (3). The proteins in the EMSA complex will need to
be purified to determine whether TFIID 15 included. because
the punfied anti-TFHD immunoglobulin G used for the
Western analvsis could not inhibit or supershift the EMSA
complex observed even with bacteriaily expressed TFID
(data not shown).

The induction of transcripuion trom a promoter lucking o
TATA box i1s consistent with the hyvpothesis that a TFIID-
assocated protein is responsible. it has been established that
TFHD is essential for transenipuon from promoters that lack
TATA elements and that subunits 1n addinion to the 38-kDa
TATA-binding subunit are likely to be required for complete
TFIID function (32, 43).

Although the EMSA Juta implicated 4 putative TATA-
binding protein in PMA inducuon, the tunctionally inducced
protein could instead be one of the other general transcrip-
ton tactors (5), such as TFHA. TFIUB. TFHE. or TFIF. In
addition. although nenspecific RNA polvmerase 11 acovmn
decreased upon inducnon. a polymerase subumt that s
required only for specific imtation might be induced. The
RNA polvmerase I trunscription factor responsible for
induction of adenovirus VAl transcnption must also be
defined. Because nonspecific RNA polymerase I activity
wis not induced. the most hkelv candidates are TFIIB and
TFHIC (reviewed 1n reference 11).

Our data demonstrating the 1inducuon of an LTR with
mutated or deleted «B sites was somewhat uneapected in
view of previous transfecuon analvses reporting that similar
constructs did not respond to PMA (27). One possible
explanation for this discrepancy s that different cell lines
were used for the experniments. We have found that the
activity of the mutant LTR was indeed very weuk and. at
best. marginalty inducible by mitogen in the human T-lvm-
phoid Jurkat cell hine data not showni, which 1s widelv used
for HIV transcriptional studies. Recently, in vitro transcrip-
uon experiments with extracts trom Jurkat cells revealed an
approximately threefold PMA-induction of HIV transcrip-
tion in the absence of the binding sites for NF-«xB (24}, In our
transfection experiments. we have found the mutant HIV
LTR to be inducible by mitogen in multiple human cell hines.
indicating that our observation 1s not restricted to a partic-
ular cell line.

This inducuon of the general transcription machinery
might not be surpnising. considering the events that occur
dunng T-cell activation (reviewed in reference 8). 1t has been
reported that this process induces more than 70 genes.
Transcnption factors. such as NF-kB. NFAT. ¢-Fos. and
c-Mvc. are induced in activated T cells. but a contribution by
the general transcripuon machinery seems reasonable n
light of the extent of transcriptional activation. Moreover.
induction of RNA polvmerase Il transcripion mayv be
necessary to allow for increased processing and translation
of mMRNA.

If 4 component avoived in transcnpuion of all proten-
coding genes 18 induced. why s the transcription of some
genes not induced” The interleukin-2 (1L-2) genc as well us
other genes appear to be unaffected by PMA (8. 311 Poss-
Hiv. the degree of induction 1s determined by which tran-
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seription factor is rate limiting for each promoter. For
example. an increase in a putative TFIID-ussociated protein
mav not increase IL-2 transcniption upon PMA induction
because another required factor. NFAT-1. has not vet been
induced (R1. This putative general factor may not even be
tmiting for basal IL-2 transcniption i the absence of the
NFAT-1 sites.

Our findings are consistent with studies of IL-2 receptor
transcription. which 1s inducible by PMA in T cells 19y The
element responsible for this induction has not been easiiy
detined. Although u region contamning an NF-kB <te has
been found in the IL-2 receptor enhancer. no mutation has
been found to eliminate inducuion. 1t must be considered that
these results may be due. at least in part. to the tuct that o
general transcripuon factor 1s PMA inducible.

The observauon that our inducible factorts) interacts with
nucleotide sequences downstream from the HIV kB <ite< hus
imphcations for the role of NF-xB in HIV gene expression.
The reported S0-told inducuon of LTR activity upon PMA
treatment has been attnbuted to an increase in NF-«B
activity (27). However, since PMA appears to induce un-
other factor, which we have shown toincrease LTR uctuviny
by more than 10-fold. & significant portion of this increase
might be due to this other inducible factor. The relative
contributions of these two factors will need to be addressed
with the :ntact virus in pnimary cells. It has been found that
mutations in the NF-«B sites do not sigmficantly affect virus
replication or induction (13a. 21, 25 If 4 gencerai transcrip-
ton factor is ndeed ymportant for induction. we might
expect that no mutations will inhibit induction unless they
abolish transcnptional activity,

These possibilines have implications for the pathogenesis
of AIDS. We have found NF-kB-independent induction 1n &
vanety of cell types. including T cells. megakarvocevies. and
carly myelod cells. all of which have been shown 10 be
infected with HIV in vivo. The possible induction of a
general RNA polvmerase 11 transcription fuctor by immune
sumulation or ceil differentiauon might acuvate virus In
infected cells, causing accelerated viral spread or switching
of the virus fiom a latent state 1o a productive infection.
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