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Kappa B—Specific DNA Binding Proteins: Role in the
Regulation of Human Interleukin-2 Gene Expression

BeatricE Hovos, DEAN W. BALLARD, ERNST BOHNLEIN,
MiriaM S1EKEVITZ, WARNER C. GREENE

Transcriptional activation of the human interleukin-2 (IL-2) gene, like induction of
the IL-2 receptor o (IL-2Ra) gene and the type 1 human immunodeficiency virus
(HIV-1), is shown to be modulated by a kB-like enhancer element. Mutation of a kB
core sequence identified in the IL-2 promoter (—206 to —195) partially inhibits both
mitogen- and HTLV-I Tax-mediated activation of this transcription unit and blocks
the specific binding of two inducible cellular factors. These kB-specific proteins (80 to
90 and 50 to 55 kilodaltons) similarly interact with the functional kB enhancer present
in the IL-2Ra promoter. These data suggest that these kB-specific proteins have a role
in the coordinate regulation of this growth factor—growth factor receptor gene system

that controls T cell proliferation.

HE GROWTH OF HUMAN T LYMPHO-

cytes is regulated in part by antigen-

or mitogen-induced expression of
the cellular genes encoding IL-2 and the o
subunit of the high-affinity IL-2 receptor
(IL-2Ra, Tac, and p55) (1). Similarly, the
long terminal repeat (LTR) of the type 1
human immunodeficiency virus (HIV-1) is
stimulated by T cell mitogens (2-4), which
contributes to the heightened state of HIV-
1 replication that occurs in activated
CD4" T lymphocytes but not in resting cells
(5). The induced expression of both the
HIV-1LTR (2-4) and the IL-2Ra promot-
er (6-8) in Jurkat T cells by mitogens such as
phytohemagglutinin (PHA), phorbol 12-
myristic 13-acetate (PMA), or the human T
cell lymphotropic virus type I (HTLV-I)-
derived Tax protein may involve the action
of related kB enhancer elements. These en-
hancer motifs directly interact with at least
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two inducible cellular proteins including
NF-«B (51 kD) (9) and HIVENS86A (86
kD) (6, 7, 10).

We now describe our studies on the role
of identical or related factors in the coordi-
nate activation of the human IL-2 gene.
Inspection of the 5’ flanking region of the
IL-2 gene (11, 12) revealed a 12-bp promot-
er sequence located between nucleotides
—206 and —195 (AGGGATTTCACC) that
resembled the kB enhancer elements present
in the IL-2Ra promoter (GGGGAATCT-
CCC) and the HIV-1 LTR (8GGGACT-
TTCC). Although several functional do-
mains have been defined in the IL-2 pro-
moter (13, 14), regulatory effects mediated
through this putative kB site have not been
described.

To examine whether this IL-2 kB-like.

element functioned in IL-2 promoter induc-
tion, we used oligonucleotide-directed mu-

tagenesis to alter selectively various nucleo-
tides within the putative kB site of the wild-
type IL-2 promoter (13). One clustered
mutation, designated M1 (GGG—CTC at
—205 to —203), was specifically selected
because identical base substitutions in the
kB elements of the IL-2Ra promoter and
HIV-1 enhancer reduce mitogen- or tax-
induced promoter activation as well as kB-
specific protein binding activity (2, 6-8).
The additional M4 and M5 mutations al-
tered four and eight bases within this site,
respectively, while the M6 mutation
changed three bases located immediately 5’
of the kB-like element. The IL-2 M1, M4,
M5, and M6 mutant promoters and wild-
type counterpart (14) were subsequently
linked to the chloramphenicol acetyltrans-
terase (CAT) gene for comparative transient
expression studies. These recombinant re-
porter plasmids, either alone or in combina-
tion with sense or antisense tax expression
vectors (spFMT2LTR 82-2C and 82-4, re-
spectively) (15), were introduced into Jurkat
T cells, that were then stimulated with PHA
or PMA (Fig. 1). In accord with our earlier
studies (15), combinations of PHA plus
PMA, Tax plus PHA, and Tax plus PMA
increased CAT activity in cells transfected
with pIL-2-CAT, whereas single agents
were largely ineffective. In contrast, intro-
duction of the M1, M4, and M5 mutations
in IL-2 promoter inhibited the response
obtained with each of these combinations of

B. Hoyos and M. Siekevitz, Mount Sinai Medical Center,
Department of Microbiology, New York, NY 10029.
D. W. Ballard, E. Bohnlein, W. C. Greene, Howard
Hughes Medical Institute, Departments of Medicine and
Microbiology-Immunology, Duke University Medical
Center, Durham, NC 27710.
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stimuli. The M6 mutation located outside of
the kB element, however, did not alter
activation induced by Tax and PHA or PMA
and only modestly affected the response
induced by PHA and PMA combined. To-
gether, these findings suggest that the IL-2
kB-like motif is needed for optimal mito-
gen-induced activation of the IL-2 promoter
in these Jurkat cells.

To ascertain whether inducible cellular
proteins specifically interact with this IL-2
kB-like site, we performed gel retardation
assays with 22-bp oligonucleotides spanning

Fig. 1. A kB-like element in
the IL-2 gene is required for
optimal promoter activation
mediated by combinations
of PHA, PMA, and Tax.
CAT expression vectors con-
taining the wild-type IL-2
promoter (13) and wild-type
kB sequence (AGGGATTT-
CAC, —206 to —195), or
various mutations of this ele-
ment (M1: ACTCATTTCA-
C; M4: AGGGAGGACAG;
and M5: ACTCCGAACAG)
or a three-base alteration im-
mediately 5’ of the kB site

100 + —

80 +

40 4

% Relative transacetylation

20 +

this region. Electrophoretically retarded
DNA-protein complexes were detected with
nuclear extracts isolated from Jurkat T cells
stimulated for 8 hours with PHA, PMA, or
PHA plus PMA but not with media alone
(Fig. 2A). These complexes of 32P-labeled
DNA and protein resulted from sequence-
specific binding in that their formation was
blocked by an excess (500 times, molar) of
unlabeled wild-type IL-2 B probe (Fig. 2B,
lane 2). Consistent with the results of the
functional assay (Fig. 1), size-matched IL-2
kB oligonucleotides that contained the M1

(Mé6: AAG—-TTC, —209 to

—207) were cotransfected Oy % % Y Ll D% %
into Jurkat T cells in the pres- | [ | |
ence of sense or antisense fax PHA + PMA Tax + PHA Tax + PMA

expression plasmids (15). The
cells were stimulated 24

hours later with PHA (1 pg/ml), PMA (50 ng/ml), or combinations of these
transfected cultures were measured after an additional 24 hours of culture (15). Data

protein recovery in the

ts. CAT activity and total

for the mutants are presented as the percentage of the induced response of the wild-type IL-2 promoter
(shown as 100% for each set of stimuli). The results with the M1 mutant reflect camulative data from five
experiments with five independent plasmid preparations, whereas the M4, M5, and M6 results are
cumulated from three experiments performed with two independent plasmid preparations. Error bars

indicate standard errors of the mean.

Fig. 2. Binding of inducible

nuclear proteins to the IL-2

kB motif (A) Nuclear ex- A2 B
tracts (=10 pg) from Jurkat  ; 5 5 4
T cells were prepared 8
hours after stimulation with
PHA (2 pg/ml, lane 1),
PMA (50 ng/ml, lane 2), or
PHA plus PMA (lane 3), or
in the absence of mitogen
glanc 4), and mixed with
2P-labeled IL-2 kB probe
(6). Free DNA and protein-
DNA complexes were sepa-
rated by gel retardation (6) .
and detected by autoradiog-
raphy. (B) Nuclear extracts
from Jurkat T cells induced
with PHA and PMA were
prepared as in Fig. 2A and G
incubated with 32P-labeled
IL-2 B oligonucleotides in TR

the presence of an excess “‘% 2,9

(500 times, molar) of the
indicated unlabeled compet-

IL-2 xB g
123458
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itor oligonucleotides (22) as described (6). gC) Graded amounts of either unlabeled HIV-1 kB or IL-2

«B oligonucleotides were incubated with >

P-labeled IL-2 kB (top) or HIV-1 kB (bottom) probes as

described in (B). Only the retarded nucleoprotein complexes are shown.
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mutation failed to inhibit nucleoprotein
complex formation (Fig. 2B, lane 3). Pro-
tein binding was also blocked by the addi-
tion of unlabeled oligonucleotides corre-
sponding to the 5’ kB element of the HIV-1
enhancer (lane 4) or the kB element from
the IL-2Ra gene (lane 6), but not by com-
plete HIV-1 enhancer oligonucleotides con-
taining the M1 mutation in both kB motifs
(lane 5). Together, these cross-competition
studies suggest that proteins interacting
with the IL-2 kB site also bind to the HIV-1
enhancer and IL-2Ra kB elements but not
to the M1 mutated version of these ele-
ments.

To compare quantitatively the binding of
these inducible factors to the IL-2 kB ele-
ment and to the HIV-1 enhancer (5’ mo-
tif), we performed gel-retardation assays
with 3?P-labeled IL-2 kB and HIV-1 kB
probes in the presence of graded amounts of
unlabeled IL-2 and HIV-1 kB oligonucleo-
tides (Fig. 2C). With IL-2 kB as the radio-
active substrate (Fig. 2C, top), the IL-2 B
and HIV-1 kB competitor DNAs produced
an essentially identical degree of inhibition
at each concentration tested. In contrast,
when HIV-1 kB was used as the 3P-labeled
probe (Fig. 2C, bottom), the IL-2 kB oligo-
nucleotide consistently proved less effective
as a competitor than the HIV-1 B probe.
The data suggest that these DNA binding
proteins preferentially interact with the
HIV-1LTR «B element relative to the IL-2
B site.

To examine whether the same inducible
proteins interact with the kB elements of the
IL-2 and IL-2Ra genes, we used bromo-
deoxyuridine-substituted, 3*P-labeled oligo-
nucleotides (27 bp) containing these relat-
ed, but nonidentical elements (Fig. 3) in
ultraviolet light—induced cross-linking stud-
ies. Nuclear extracts from PMA-induced
Jurkat T cells were incubated with these
cross-linking probes in the presence or ab-
sence of unlabeled competitor oligonucleo-
tides. After irradiation with ultraviolet light,
we used preparative gel retentions to sepa-
rate the nucleoprotein complexes from free
DNA. Competition with the unlabeled
wild-type IL-2Ra and IL-2 kB oligonucleo-
tides (Fig. 3A, lanes 2 and 5) or those from
which the kB site had been deleted (lanes 3
and 6) confirmed the kB-specific nature of
the 3’P-labeled DNA-protein complexes
formed. Subsequent analysis of these com-
plexes on denaturing SDS—8% polyacrylam-
ide gels revealed that proteins of identical
size were covalently captured by both the
IL-2 and IL-2Ra kB probes. These protein-
DNA adducts included two species migrat-
ing with an apparent molecular size of 80 to
90 kD and two additional species at 50 to
55 kD (Fig. 3B). These findings suggested
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that the same set of inducible T cell nuclear
proteins specifically bind to the IL-2 kB and
IL-2Ra kB elements. We obtained similar
results with the HIV-1 kB elements except
that lesser amounts of the 80 to 90 kD
species were recovered.

Since the induction of NF-kB activity in B
lymphocytes has been reported to be regu-
lated at a posttranslational level (16) and to
involve the induced dissociation of this fac-
tor from a labile cytoplasmic inhibitor (17),
we next investigated the effects of cyclohexi-
mide on the mitogen-inducible expression
of these T cell DNA binding proteins. As
was expected, nuclear extracts from unstim-
ulated Jurkat cells lacked binding activity
(Fig. 4A, lane 1), whereas extracts from
PHA- and PMA-induced cells contained
proteins that formed complexes with the IL-
2 kB probe (lane 2). Incubation of Jurkat T
cells for 4.5 hours in 40 pM cycloheximide,
a concentration sufficient to inhibit 97% of
de novo protein synthesis (18), induced
small amounts of this DNA binding activity
(lane 3). The addition of cycloheximide 30
min before stimulation with PHA and PMA
(4 hours) did not alter the induction of this
DNA binding activity (lane 4), a result
consistent with posttranslational activation.
Competition experiments with unlabeled
derivatives of the IL-2 kB probe indicated
that these mitogen-induced DNA binding
proteins expressed in the cycloheximide-
treated cells specifically interacted with the
kB site (Fig. 4B). An excess (200 times,
molar) of unlabeled wild-type IL-2 «B oli-
gonucleotide or identical probes containing
a three-base substitution (M3: CAA—>GGG
at —211 to —209) upstream of the kB
element (—206 to —195) completely inhib-
ited complex formation (Fig. 4B, lanes 2
and 6, respectively).

In contrast, unlabeled IL-2 kB probes
containing either a 10-bp deletion in the kB
element (IL-2 AxB) or three base pair sub-
stitutions within the kB element at —205 to
-203 (M1l: GGG—CTC) or —201 to
-199 (M2: TTT—CCC) failed to compete
for protein binding (lanes 3, 4, and 5,
respectively). Protein binding to the IL-2
kB probe was also blocked by unlabeled
oligonucleotides corresponding to the kB
clement and flanking region of the IL-2Ra
gene (lane 7), the 5’ and 3’ reiterated ele-
ments of the HIV-1 enhancer (lanes 9 and
10), the kB element from the « light chain
immunoglobulin gene (lane 11) and the
enhancer element from the murine class I
major histocompatibility gene complex (H-
2K kB, lane 12). However, an IL-2Ra
oligonucleotide lacking the kB element did
not compete (lane 8). Together, these re-
sults indicate that the kB elements from
various viral and cellular genes are able to
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cross-compete for protein binding to the IL-
2 kB element and that these proteins remain
inducible in Jurkat T cells despite the inhibi-
tion of de novo protein synthesis.

We next investigated the question of
whether these kB-specific proteins alone
were sufficient to support IL-2 gene activa-
tion in Jurkat T cells. IL-2Ra and IL-2
mRNA expression was evaluated in Jurkat
cells induced with PHA and PMA in the
presence and absence of cycloheximide (Fig.

Fig. 3. The same nuclear factors directly bind to
the kB elements present in the IL-2 and IL-2Ra
promoters. (A) Nuclear extracts (=20 pg) pre-
pared from PMA-stimulated Jurkat T cells (6)
were incubated with size-matched, bromodeoxy-
uridine-substituted, 32P-labeled kB probes from
either the IL-2Ra (nucleotides —275 to —249,
lanes 1 to 3) or IL-2 (nucleotides —212 to —186,
lanes 4 to 6) promoters in the absence (lane 1 and
4) or presence (lanes 2, 3, 5, and 6) of an excess
(500 times, molar) of unlabeled competitor
DNAs. Competitors included the homologous
probe (lanes 2 and 4) or a kB-deleted variant
(lanes 3 and 6) with fused 5' and 3’ sequences
flanking the corresponding kB motif. The reac-
tion mixtures were irradiated with ultraviolet
(UV) light for 30 min, and free and protein-
complexed 3*P-labeled DNA species were separat-
ed by gel retardation (6). (B) Polyacrylamide
slices containing adducts of the *2P-labeled DNA
and protein formed with 32P-labeled IL-2Ra kB
(lane 1) or 3?P-labeled IL-2 kB (lane 4) were
excised from the retention gels (A) and analyzed
directly on denaturing SDS-8% polyacrylamide
gels. Molecular size markers are indicated.

Fig. 4. DNA binding A12 3

properties of nuclear ex- L
tract proteins from Jurkat
T cells treated with cyclo-
heximide. (A) Effects of
cycloheximide (CHX) on
the induction of DNA
binding proteins reactive
with the IL-2 kB probe.
Jurkat T cells were incu-
bated with or without cy-
cloheximide (40 pM) for
30 min and then medium
or combinations of PHA
(1 pg/ml) and PMA (50
ng/ml) were added. Nucle-
ar extracts were prepared 4
hours later and gel retarda-
tions performed with the
32P-labeled IL-2 B probe.
Culture conditions for
each extract are indicated
at the bottom of the gel.
(B) Specificity of proteins

CHX

4 B 1

PHA+PMA — + — +
- -+ +

4C). Although IL-2Ra mRNA expression
was well preserved in the cycloheximide-
treated Jurkat T cells induced with PHA and
PMA, IL-2 mRNA expression was unde-
tectable. Similar results in Jurkat T cells have
been reported by Shaw et al. (14) and Weiss
et al. (19). Thus, although the kB-specific
binding proteins are fully induced in the
presence of cycloheximide, IL-2 gene activa-
tion does not occur. These findings suggest
that the de novo synthesis of an additional
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that are induced by PHA and PMA in the presence of cycloheximide that bind to the *2P-labeled IL-2
kB probe. Gel retardation assays were performed with and without an excess (200 times, molar) of the
indicated unlabeled oligonucleotides. Only the electrophoretically retarded complexes are presented.
(C) RNA blot analysis of IL-2Ra and IL-2 mRNA expression in Jurkat T cells induced with PHA and
PMA in the presence or absence of cycloheximide. The same Jurkat cell cultures described in (A) were
used for the isolation of total cellular RNA. The upper and lower blots show expression of the 255 IL-
2Ra mRNA and 118 IL-2 mRNA under the indicated conditions of induction.
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factor (or factors) is required for IL-2 gene
expression in these Jurkat T cells. Recently,
an inducible nuclear factor of activated T
cells, NFAT-1, was shown to be involved in
the control of IL-2 gene activation in Jurkat
T cells (14). Since NFAT-1 expression is
dependent on de novo protein synthesis in
Jurkat cells, it is a candidate for being at least
one of these additional factors. We (20) and
others (21) have found that IL-2 gene
expression in mitogen-activated peripheral
blood lymphocytes is independent of pro-
tein synthesis. Although the biochemical
basis for this paradoxical result in Jurkat and
primary T cells is unresolved, it may reflect
biologically important differences in tran-
scription factor production or action (or
both) in these cell types.

Our findings support a role for kB-specif-
ic DNA binding proteins in the overall
regulation of IL-2 gene activation in human
Jurkat T cells. That these inducible factors
also regulate IL-2Ra gene activation sug-
gests that these proteins contribute to the

coordinate induction of these genes, both of
which are criticaily involved 1n the control of
human T cell growth.
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Metastatic Hibernomas in Transgenic Mice Expressing
an o-Amylase—SV40 T Antigen Hybrid Gene

NiLEs Fox,* ROSANNE CROOKE, LiH-HwA S. HwANG, T
UELI SCHIBLER, BARBARA B. KNOWLES, DAVOR SOLTER

Mice transgenic for a hybrid gene containing the liver promoter of the mouse a-
amylase gene (Amy-1%) fused to the SV40 tumor antigen coding region unexpectedly
developed malignant brown adipose tissue tumors (malignant hibernomas). Expres-
sion of the a-amylase gene had previously been thought to be confined to the liver,
parotid, and pancreas; however, analysis of white and brown adipose tissue from
nontransgenic mice revealed expression of the endogenous Amy-1° gene in these
tissues. Gene constructs driven by the Amy-1* liver promoter thus provide a means of
targeting gene expression to the adipocyte cell lineage in transgenic mice. Moreover,
the high frequency of metastases in the liver, lungs, spleen, heart, and adrenals of these
mice provides an experimental system in which to study the development of dissemi-

nated malignancy.

TUDY OF THE MOUSE a-AMYLASE

gene Amy-1% has provided a valuable

model of regulated gene expression
during development (1). Transcription of
Amy-1* is controlled by two differentially
regulated promoters; a stronger upstream
promoter (the parotid promoter) regulates
expression in the parotid gland, whereas a
weaker downstream promoter (the liver
promoter) regulates expression in the liver,
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parotid, and pancreas. Each promoter con-
trols transcription of an mRNA containing
a specific nontranslated leader sequence that
is joined by differential splicing to the shared
Amy-1* coding region. Activation of the two
Amy-1* promoters is temporally regulated in
the developing parotid gland. Expression
from the liver promoter is detectable at
birth, whereas expression from the parotid
promoter does not occur until 14 days post-
partum. Adult levels of Amy-1* mRNA are
not attained until approximately 3 weeks
after birth owing to the late activation of the
parotid promoter (1). Little is known about
the mechanisms regulating the tissue-specif-
ic expression of the Amy-1* gene. Some
information has been obtained from analysis
of hybrid Amy-1* gene constructs transfect-

ed into cells in culture and by in situ analysis
of Amy-1* mRNA expression in the mouse
(1). However, these studies do not address
the issue of which regions of flanking se-
quences regulate Amy-1* expression within
the various tissues of the organism. To study
the regulation of this gene, we have pro-
duced transgenic mice harboring a hybrid
gene consisting of the Amy-1? liver promot-
er and the sequence encoding $V40 T anti-
gen (Tag).

An Eco RI restriction fragment of the
Amy-1* gene was first isolated that con-
tained 438 bp of the liver promoter and
flanking region and 162 bp of the liver
untranslated region (2). This fragment was
then subcloned in front of the Hind III-
Bam HI fragment encoding SV40 Tag (ex-
cluding the 21- and 72-bp repeats) in
pBR322 A. The resulting plasmid, p600T,
was linearized at the Bam HI site and mi-
croinjected into the pronuclei of fertilized
one-cell stage C57B1/6] mouse embryos
(3). Injected eggs were transferred into the
oviducts of pseudopregnant outbred CD-1
mice and the mice that were born were
analyzed for the presence of the transgene by
Southern blotting. Seven transgenic mice
containing between five and ten integrated
copies of the p600T transgene were ob-
tained and stable transgenic lineages were
successfully developed from six of these by
backcrossing to C57B1/6] mice and then
crossing them among themselves (Table 1).
One transgenic mouse that developed bilat-
eral subscapular tumors was killed before a
lineage could be established.
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