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An obligatory step towards T cell maturation is
expression of the CD3 gene products which occurs very
early during thymic differentiation and may even precede
migration to the thymus. Delineation of the transcrip-
tional mechanisms that determine expression of the CD3
complex in immature and mature T cells will help us
understand the molecular events that govern T cell
development. We have previously reported that a 400 bp
region 3’ of the CD36 gene functions as a transcriptional
enhancer with strong specificity for T cells. Here we
identify two elements in the CD35 enhancer which
mediate its T cell restricted function. Element 6A can
function as an independent enhancer while element 6B
"has no independent function but augments the activity
of element 5A. Together, 5A and 6B are sufficient to
reconstitute the activity of the CD36 enhancer. Nucleo-
protein complexes found in mature T cells have been
identified whose presence correlates with activity of these
two elements. Since these protein binding sites are
conserved in other genes of the TCR—CD3 complex,
elements 6A and 6B and their cognate nuclear factors may
play an important role in T cell development.
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Introduction

The cells of the immune system arise from a common
precursor stem cell. The earliest definitive signal of
commitment to the T cell lineage is expression of the CD3
genes. As members of the TCR—CD3 complex these
proteins appear on the cell surface relatively late in
development after all of the component chains are
synthesized (von Boehmer, 1988). Transcription of the CD3
genes, however, begins much earlier; it precedes TCR
rearrangement and may even occur prior to migration to the
thymus (Haynes ez al., 1989). Early thymocytes and mutant
thymoma lines with an immature phenotype express low
levels of CD36 mRNA while more mature T cells express
higher levels. This suggests that transcription of CD36 is
controlled by the activities of nuclear regulatory proteins
which are modulated during T cell development.

We have previously reported that a 400 bp region 3’ of
the CD36 gene functions as a transcriptional enhancer with
strong specificity for T cells (Georgopoulos er al., 1988).
In this report we have identified two cis-acting elements 6A
and 6B in this region responsible for mediating the enhancer
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function. Element 8A is a T cell specific enhanson which
in the context of the CD3§ enhancer requires element 6B
for high levels of activity. We have studied the nuclear
protein factors that bind to these elements and found that
their concentration level correlates with enhancer activity
and expression of the endogenous gene.
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Fig. 1. Specific nuclear complexes bind to the CD35 enhancer. (A)
Map of the CD36 enhancer. Shown below the bar that represents the
genomic map of the enhancer region characterized previously
(Georgopoulos et al., 1988) are the four fragments used for the gel
mobility shift assay. M, Mspl; S, Sspl; R, Rsal, E, EcoRI.(B,C)
Fragments X (100 bp) and Z (100 bp) were end-labelled and were
assayed in a DNA binding assay with nuclear extract prepared from
the leukaemic T cell line EL4. A 50-fold molar excess of DNA
competitors was included in the assay in order to test for sequence
specificity of the complexes. These were: a, none; b, XYZ (400 bp
enhancer); ¢, non-specific DNA from \ phage cut with Pvull

(400 bp); d, CD36 promoter (450 bp Bcll—Bcll, Georgopoulos et al.,
1988). (B) 6A—cl and 8A—c2, specific nucleoprotein complexes
observed with fragment X. (C) 6B—cl and 6B—c2, specific
nucleoprotein complexes observed with fragment Z. FF denotes the
unbound DNA.
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Fig. 2. Recognition sites for the nuclear complexes formed on the CD36 enhancer. (A) The sequence specificity of the nuclear protein complexes
binding to fragment X was determined by DNase I footprinting in solution with nuclear protein from the T cell line EL4 (lanes 2 and 3). A 40 bp
oligonucleotide spanning the 51—91 bp region of the enhancer (Georgopoulos ef al., 1988) and containing the protected sequence was used as
competitor at 50-fold molar excess (lane 3). The bar shows the protection of the A element by nuclear extract made from the ELA4 T cell line. (B)
DNA methylation interference was employed to identify the binding domain for the 6B—cl and 6B—c2 complexes formed on the Z fragment. Lane
1, free fragment; lane 2, 6B—c2 complex; lane 3, 6B—cl complex. Both the + and — strands were analysed for binding. Arrows indicate G and A
bases whose methylation interfere with binding. (C ) Diagrammatic representation of the protein binding domains in the CD36 enhancer. The line
represents the CD36 enhancer region as described in Figure 1(A). The shaded boxes on this line represent the specific nuclear protein footprints
determined in Figure 2(A) and (B). The footprinted double-stranded sequences are indicated below this diagram. Solid arrows indicate the specific
A/G residues whose methylation interfered with binding of the 6B—c1 and éB—c2 factors. Hollow arrows indicate residues whose methylation
interferred with formation of the $B—c2 complex more strongly than for the 6B—cl. The three oligonucleotides, made to the 51—91 bp (containing
the 6A footprint), to 343 —382 bp (containing the 6B footprint) and to the 203—234 bp (containing a GA-rich motif) regions of the CD36 enhancer
are indicated as lines above their respective locations. (D) The three oligonucleotides described above (Figure 2C) were used as competitors for the
complexes formed on the X (left) and Z (right) fragments. A 50-fold molar excess of competitor DNA was used in the DNA binding assay described

in Figure 1(B).

Results

Nuclear protein binding studies with CD35 enhancer

Overlapping genomic fragments from the enhancer region
(Figure 1A) were tested in an electrophoretic mobility shift
assay. Nuclear extracts were made from the T lymphoma
cell line EL4 that expresses high levels of the CD34 gene
and has the phenotype of a mature T cell. The overlapping
enhancer fragments X and XY gave similar mobility shift
patterns, while the YZ and Z fragments gave another
(Figure 1B and C and data not shown). DNA fragments
covering the enhancer and the promoter region of the CD36
gene and unrelated DNA of the same size were used as
competitors in this assay to test for the specificity of the
detected binding. The nuclear complexes 6A —c1 and 6A —c2
formed on the X fragment and the nuclear complexes 6B —c1
and 6B—c2 formed on the Z fragment were specifically
competed away by the enhancer (XYZ) but not by an
unrelated fragment from A phage (Figure 1B and C). The
promoter DNA did not compete for binding to element 6A
but competed for element 6B revealing the presence of
additional binding site(s) for this factor(s) in the promoter
of the CD36 gene (Figure 1C, lane d). Sequence and
footprint analysis of the promoter region has identified sites
which resemble the 6B element and which are presumably
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responsible for the competition (data not shown and Table
IIIB). Several other non-specific complexes were observed
for both fragments and were not competed away at the
concentration of specific cold DNA used.

Footprinting analysis of the CD35 enhancer

In order to identify the binding domains within the enhancer,
we employed an in vitro DNase I protection assay for
fragment X and methylation interference footprinting for
fragment Z. A 20 bp sequence motif was protected on the
X fragment, which we designated as element 6A
(Figure 2A). An excess of unlabelled oligonucleotide made
to this protected sequence abrogated binding in both the
footprinting and gel-retardation assays. The protein complex
protecting this region is tissue specific since nuclear extracts
made from other cell types either did not footprint (MPC11,
F9) or footprinted very weakly (NIH3T3) under the protein
concentration conditions used to footprint with the EL4
extract (data not shown). :

The sequence specificity of the éB—cl and 6B—c2
complexes was analysed by methylation interference since
the in vitro DNase I protection assay did not yield clear
results. Methylation of bases in a 29 bp AT-rich region
interferred with binding of both the éB—cl and éB—c2




Table I. Functional dissection of the CD36 enhancer

Construct Fold stimulation

EL4 BW SAKS SLI12.1 3T3
XYz 15 1.8 1 1 1
XY 6 1 1 1 1
YZ 1 1 1 1 1
Z 1 1 - - 1
2Ad 10 1.5 1 1 1
SAu 29 2.9 1.5 1 3
5Au + 3Bu 36 2 - - -
S5Au + 3Bd 28 2 - — -
4Bu 1 1 - - -
4Bd 1 1 - - -
4B'u 1 1 — - —
4B’d 1 1 - - -
SL3 45 40 50 30 10
tkCAT 1 1 1 1 1

The CD36 enhancer fragments and elements were introduced upstream
and downstream of the chloramphenicol acetyl transferase (CAT) gene
driven by the basal level herpes thymidine kinase promoter in the
PBLCAT?2 plasmid (Luchow and Shutz, 1987). The first series place
the fragments used for the binding assays downstream of the tkCAT
gene (in the Smal site). These are designated XYZ, YZ, Z and YZ
respectively. The next series employed multiple copies of
oligonucleotides spanning the identified binding sites (see Figure 2).
2Ad contains two copies of A downstream of tkCAT (Smal site),
5Au contains five copies of A upstream (Sall site), SAu + 3Bu and
5Au + 3Bd contain an additional three copies of the B site upstream
(HindlIlI site) or downstream (Smal site) in the SAu construct. 4Bu and
4Bd contain four copies of the 6B site upstream and downstream (Sall
and Smal sites respectively) of the tkCAT gene. 4B'u and 4B'd
contain four copies of an oligonucleotide spanning the 8B site and
including 30 additional nucleotides which were involved in the
methylation interference of the 6B—cl,—c2 complexes. The SL3
construct contains a single copy of SL3 enhancer downstream (Smal
site) of the tkCAT gene. The recombinant plasmids were analysed for
transcriptional activity in a transient transfection assay as previously
described (Georgopoulos er al., 1988 and modified according to the
Brian Seed protocol). The absolute level of CAT activity from the
enhancerless tkCAT gene in the pBLCAT2 plasmid varied between
400 and 1000 c.p.m. The level of CAT expression of the individual
CAT constructs was calculated as fold stimulation relative to that of
the enhancerless pBLCAT2 plasmid. The data given in this table
represent the average of at least four experiments. Transfections were
done in triplicates and efficiencies were corrected by RSV3gal
cotransfections.

complexes. Differences in the interference pattern obtained
for these two complexes (6B—c1 and 6B —c2) indicated their
distinct identities (Figure 2B and C). The interference pattern
for the 6B —c2 complex extended further upstream than that
of 6B—cl. This implies that either there is a distinct upstream
binding site for 6B —c2 or that binding of a different factor
to this region relies on occupancy of the AT-rich region.
Synthetic oligonucleotides made to the AT-rich motif
abolished binding of both 6B—cl and 6B—c2 complexes
(Figure 2D). A summary of the binding domain data
obtained for elements 6A and 6B is presented in Figure 2(C).

Functional analysis of the enhancer elements

The role of elements A and 6B in the enhancer function
and specificity was studied in transient transfection assays
(Table I). The cell lines used in this study were the
phenotypically mature T cell lymphoma EL4 that expressed
high levels of the endogenous CD36 gene, a low expressor
variant of the AKR thymoma line BW5147 (J.Versteegen,
unpublished results), the AKR thymoma lines SAK8 and
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SL12.1, which were CD36 negative (Gasson and Bourgois,
1983; MacLoed er al., 1983), and the NIH3T3 fibroblasts.
As previously shown (Georgopoulos et al., 1988), the CD36
enhancer (fragment XYZ) stimulated transcription of a
heterologous promoter to moderate levels (15-fold) in the
T cell line ELA4. Deletion of the Z fragment including the
0B site from the enhancer decreased its activity by 2- to
3-fold (fragment XY). Deletion of the X fragment and
removal of the 6A site abrogated the activity of the enhancer
(fragment YZ). A fragment (Z) of the enhancer containing
only the 6B site did not exhibit any activity. Therefore,
element 6A is essential for enhancer function and its effect
is amplified by the presence of element 6B in the enhancer.
We then reiterated elements A and 6B and tested their
function as independent enhancers. A dimer of A (2Ad)
when introduced 3’ of the tkCAT gene stimulated transcrip-
tion to a higher level than the monomer present in the
enhancer fragment XY. A pentamer of element SA
introduced 5’ of the reporter gene (5Au) functioned as a
strong enhancer stimulating transcription by 30-fold; 2-fold
higher than the intact CD36 enhancer itself. A tetramer of
0B had no effect on transcription whether introduced
upstream (4Bu) or downstream (4Bd) of the tkCAT reporter
gene. A 6B’ tetramer with upstream sequences corresponding
to the whole region involved in methylation interference of
6B —c2 complex also had no effect (Table I). Element 6B
reiterated and juxtaposed to an element A pentamer
stimulated its activity to a small degree (5Au + 3Bu). When
separated from element 6A by placing 6B downstream of
the tkCAT gene in the 5Au + 3Bd construct the multi-
merized element 6B had no effect on transcription. Although
the effect of multimerized 6B on multimerized A was not
as dramatic as the effect of the 6B monomer on the §A
monomer in the enhancer (constructs XYZ and XY, ELA4,
Table I) it was consistently detected. The inactivity of 6B
alone and the requirement for proximity of A suggest that
this element acts by stabilizing the interaction of element 6A
with its cognate factor(s). Multimerization of the 6A element
may functionally stabilize the A complex and partially
replace the requirement for element 6B. This could explain
the relatively small effect of 6B in the SAu + 3Bu construct.

The activities of the CD36 enhancer and of element 6A
were also tested in the variant BW5147 AKR thymoma that
expresses very low levels of the CD36 gene (Table I). In
this cell line, both the CD36 enhancer (XYZ) and the 5Xx
OA element (5Au) stimulated transcription by 2- to 3-fold.
This level of stimulation was ~ 10-fold lower than that
detected in EL4 cells. No activity was detected for either
the CD36 enhancer or the A element in the AKR thymoma
cell lines Sak8 and SL12.1, which do not express the
endogenous CD36 gene. A low level of stimulation (3 x)
was detected by the 6A pentamer but not by the CD36
enhancer in the fibroblast cell line 3T3 (Table I). This may
be due to distinct enhancer factors present in the fibroblast
cell line which bind to the 6A element in the CD36 enhancer
with insufficient affinity to allow for stimulation of transcrip-
tion. When element 6A is reiterated, the functional affinity
for binding is increased and some stimulation of transcription
occurs.

Tissue-specific distribution of nuclear complexes
interacting with the CD35 enhancer elements

In order to correlate the activity of the CD34 enhancer
elements with the presence of specific nuclear factors, we
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studied the distribution of the A —c1,—c2 and 6B—c1,—c2
nuclear complexes in the cell lines used to determine the
functional specificity of these elements (Figure 3). The
6A —c2 complex was detected at similar levels in all cell lines
tested (when normalized against non-specific complexes) and
did not correlate with enhancer function (Figure 3A). Higher
levels of 6A —cl relative to the complex 6A —c2 were only
detected in the mature T cell line EL4 (10-fold higher than
in the other cell lines determined by scanning densitometry,
Figure 3A, lanes 1 and 2). In all the other low or non-CD36
expressing thymoma lines tested, 6A —c1 was found at either
the same (Figure 3A, lanes 3 and 6) or lower levels than
0A —c2 (Figure 3A, lanes 4 and 5). The 6A—cl complex
was not detected in the fibroblast line NIH3T3 (Figure 3A,
lane 7), but other complexes of higher mobility were
observed and could be responsible for the low level of
activation detected from this element in fibroblasts. Since
higher levels of 6A—cl correlate with CD36 enhancer
activity and the expression of the endogenous gene in the
mature T cell line EL4, the levels of A —c1 detected in the
other low or non-expressor cell lines are either quantitatively
insufficient to stimulate transcription or represent a distinct
nuclear complex which co-migrates with 6A —c1 but cannot
function as an enhancer. Alternatively if both active enhancer
factors (6A —c1) and inactive binders (6A —c2) compete for
the 0A site their relative concentrations will dictate the
activity of the enhancer element in a given cell line.
The nuclear proteins that bind site 6B were also found to
be differentially expressed (Figure 3B). The 6B—cl complex
was present at moderate to high levels in all the lymphoid
cells studied and was barely detectable in fibroblasts. In
contrast, the 6B—c2 nuclear complex was only detectable
in the mature T cell line EL4 and the AKR thymoma line
SAKS (Figure 3B, lanes 1, 2 and 5). The CD34 enhancer
and the 6A element are not active in SAKS8 cells, but this
lack of activity may be due to the low levels of 6A—cl
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Fig. 3. Tissue-specific distribution of the nuclear protein complexes
bound to the CD36é enhancer. (A,B) Nuclear extracts were made from
the mature T cell line EL4 (lanes 1 and 2, extracts from different
sources of EL4 cells are compared), a low expressor variant of the
thymoma cell line Bw5147 (lane 3), the non-expressor thymoma cell
lines SL12.1 (lane 4), and Sac8 (lane 5), the B cell line MPC11
(lane 6) and the NIH3T3 fibroblast cell line (lane 7). DNA binding
assays were performed with fragment X (A) and fragment Z (B) using
10 000 c.p.m. of DNA probe, 1 pg of nuclear protein and 1 pug of
non-specific DNA competitor (dI/dC).
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complex detected in this line (Table I and Figure 3A, lane 5).
The nuclear complexes 6B—cl and 6B—c2 may be
responsible for mediating a higher level of activity from
element 6A through interaction with the nuclear factors that
mediate its function.

Further delineation of the sequence requirements for
binding of the 6A complex

Element A was further dissected starting with a 40 bp
oligonucleotide which supported complex formation
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Fig. 4. Delineation of the sequence requirements for binding of the
6A—cl and 6A—c2 complexes to element 5A. (A) The sequence of
the 40 bp oligonucleotide (51 —91) containing the 8A site (bold letters)
is analysed. The hyphenated palindrome in this sequence is indicated
by the horizontal arrows. The Nlalll restriction cuts are indicated by
vertical arrows. The three 18 bp oligonucleotides made to the wild
type (WT), and mutant (ATF/CREB and AP1) palindromes are shown
below. The AP1 oligonucleotide deletes 1 bp in the palindrome which
binds with high affinity the Jun/Fos heterodimer (data not shown). The
ATF/CREB oligonucleotide involves a single A—G transversion. (B)
The 40 bp oligonucleotide (6A) was end-labelled as described in
Figure 1 and used as a probe in the DNA mobility shift assay with
nuclear extract from the T cell line ELA. A 50-fold molar excess of
the three 18 bp oligonucleotides containing the wild-type (WT) and
mutant palindromes (ATF/CREB, and AP1) were multimerized, and
respectively used as competitors. The 40 bp (6A) oligonucleotide was
also included in this competition experiment as a monomer. (C) The
18 bp oligonucleotides were end-labelled and used as probes in the
DNA mobility shift assay as described above. Lane 1, WT (18 bp
oligonucleotide); lane 2, ATF/CREB (18 bp oligonucleotide); lane 3,
AP1 (17 bp oligonucleotide); lanes 4 and 5, 6A (40 bp
oligonucleotide) 10 000—20 000 c.p.m. The unlabelled gray arrows
point to unique species detected binding to the oligonucleotide with the
ATF/CREB site. The rest of the protein complexes are designated as
in previous figures.




(Figure 4). Many transcription factors interact with
palindromic sequences and element A contains a 12 bp
hyphenated palindrome. Deletions in the parent oligo-
nucleotide which extended into the palindromic region from
either end abolished binding (Nlalll sites indicated in
Figure 4A as vertical arrows were used to generate the
truncated palindromes, data not shown). To investigate
further the role of this palindromic sequence in nuclear
complex formation, we made three 18 bp oligonucleotides
which contained either the wild-type or mutations in the
12 bp palindrome (Figure 4A). A monomer of the wild-type
palindrome did not support complex formation when used
as a probe in a binding reaction, and competed very weakly
for 6A—cl,—c2 (Figure 4, lane 1 and data not shown).
Multimerization of this oligonucleotide, however, resulted
in effective competition (Figure 4B, lane WT). Therefore
sequences outside this palindrome may be required to
increase the binding affinity or to provide a larger surface
for the protein DNA interaction to occur. A 1 bp deletion
(G) in the palindrome abolished its ability to compete for
binding of the 6A—cl,—c2 complexes (Figure 4B,
lane AP1). This mutation created a consensus AP-1 binding
site (Angel et al., 1987; Bohman er al., 1987) which formed
a high affinity complex with the Jun/Fos heterodimer
(Halazonitis et al., 1988; and data not shown). A single base
pair change in the palindrome (A-G) decreased its ability
to compete for binding of the A —cl,—c2 complexes by
5-fold (Figure 4B, lane ATF). Nevertheless, when the
oligonucleotide containing this mutant palindrome was used
as probe DNA in a gel-shift assay, distinct complexes

Table II.
Construct  Fold stimulation
Control Forskolin PMA PMA + Ca
El4 BW ElL4 BW EI4 BW El4 BW
XYZ 15 1.8 15 1 14 1.8 14 3
2Ad 10 1.6 10 1 11 1.5 10 2.3
5Au 30 3 30 3 32 3 29 7
SL3 45 40 40 40 40 35 40 35
tkCAT 1 1 1 1 1 1 1 1

The constructs tkCAT, XYZ, 2Ad, 5Au and SL3 described in Table I
were transfected in EL4 and BW5147 cells. Twenty-four hours later
forskolin (10 um) or PMA (100 ng) or PMA and Ca ionophore

(100 ng TPA + 0.025 pum of A23187) were added to the media. Cells
were harvested after 12—15 h and processed as described in Table I.
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appeared which were not detected with an oligonucleotide
containing the wild-type palindrome (Figure 4C, lanes 2 and
3 respectively). Since this mutant palindrome is the consensus
recognition site for the cAMP response factor and the ATF
factor (Comb et al., 1986; Lee and Green, 1987; Montimny
and Bilezikjian, 1987) we assume that the nuclear proteins
bound to this mutant DNA represent bona fide CREB or
ATF factors in T cells and are distinct from those contained
in the 6A —cl and 6A —c2 complexes. Given the sequence
specificity of the enhancer factor(s) that binds to and mediates
the activity of the A element we conclude that this enhancer
complex is a novel T cell specific entity.

Effect of signal transduction agonists on activity of
the CD35 enhancer elements

Agonists of protein kinases, such as PMA, ionophore and
cAMP have profound effects on gene expression in lymphoid
cells by mimicking the effect of developmental signals that
are transmitted through these effector pathways (Sen and
Baltimore, 1986; Crabtree, 1989; Shirakawa et al., 1989).
We have studied the effect of these reagents on the CD36
enhancer in mature T cells (EL4) and in T cells of a more
immature phenotype (BW5147). These cells were transfected
with constructs containing either the enhancer or 6A
multimers and were treated with forskolin (protein kinase
A agonist), PMA, and PMA and Ca ionophore (protein
kinase C agonist). No effect on the enhancer activity was
detected upon treatment of the EL4 T cell line with any of
these agents (Table II). In contrast, the weak enhancer
activity detected in the BW5147 cells was consistently
increased 2- to 3-fold upon treatment with PMA and
ionophore. This effect seems to be mediated by 8A; both
the enhancer and element A alone showed similar levels
of stimulation.

Sequence similarities with other T cell-specific
regulatory domains

A sequence similarity search was done between the 6A and
0B elements and the regulatory domains of the other
members of the TCR—CD3 complex. No obvious
similarities were found with the CD3e enhancer (Clevers
et al., 1989). However, an element similar to 6A was found
in the TCRa« chain enhancer where deletion of this sequence
destroyed enhancer activity (Winoto and Baltimore, 1989).
A motif similar to 6A is also highly conserved in the
promoter regions of the various TCRB chain genes
(Anderson et al., 1988; Lee and Davis, 1988). Deletions

Table III. Sequence similarities of the CD36 enhancer elements with other T cell-specific regulatory elements

(A)
CD3 6A(63)
TCRa enhancer (124)

GAAGTTTCCATGACATCATGAA
cccacTTCCATGACgTCAc Ggc

TCRS promoter (—100) GAggagTagt TGACATCATat t

B)

CD3 6B (356) TCATCCTCAAATTAATTAAAAATAAAGAACATGATGA

CD36 promoter (—416) agcctt TCct ggTAAca AAAAAc AAAt AgCAat Agtoc
(—449) gCAatagtcAcTggtaaAc AAAc AAAGAgATt t TGg
(—493) TacaaCTac At TTAc Tc Ac AAAc AAgGAAgtgct Tt g

TCRS enhancer (551") TggTgCTgAt gTTAc TTAc AgATAAAc AcCcaGAcct

IL-2 promoter (—263) gttcat Tgt ATgAATTAAAActgccAcctaAgtgTtg

Homology searches performed using the Intelligenetics Seq program. The bold upper-case letters indicate identity while small letters indicate
differences in the sequence motif. The sequence motifs in theTCRa and TCR@ enhancer and promoter regions homologous to 6A bind nuclear
factors (Winoto and Baltimore, 1989; D.Loh, personal communication). Sequences in the CD36 and IL2 promoters homologous with 8B lie within
T cell-specific footprints (K.Georgopoulos, unpublished data; Serfling er al., 1989).
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through this region abrogated TCRS expression (D.Loh,
personal communication). Sequences similar to the 6B
element were also found in the TCRS chain enhancer and
in the IL2 promoter (Table I and Fuse ez al., 1984; Serfling
et al., 1989).

Discussion

Two distinct elements, A and 6B, were identified in the
CD3 enhancer that interact to stimulate transcription in
mature T cells. When reiterated, element 6A functions as
a strong transcriptional enhancer but as a monomer in the
CD36 enhancer it requires the presence of 6B for high levels
of activity (Table I, EL4). The levels of transcription
mediated by element 6A correlate well with the levels of
expression of the endogenous CD36 gene and with the
potency of the CD36 enhancer in the mutant T cell lines
studied. The level of transcription mediated by element 6A
in the low expressor T cell line BW5147 could be weakly
stimulated by PMA and Ca ionophore (Table II). Recent
studies have shown that certain AKR thymoma cell lines
increase the rate of transcription of the endogenous CD36
gene by 3- to 5-fold when treated with Ca ionophore in
response to increase in the level of intracellular Ca (W.Miles
et al., submitted). The activity of element A correlates with
the presence of the 6A—cl nuclear complex detected at
higher concentration in mature T cells. The low concentra-
tion of this complex seen in other lymphoid cells (10-fold
less) may be insufficient for transcriptional stimulation,
especially if the 6A —c1 factor has to compete for binding
with other non-activating factors present at similar or higher
concentration levels. Alternatively, either 6A —cl is absent
from these cells and distinct nuclear complexes which do
not function as enhancers may co-migrate at this position,
or it is present in a low-affinity form which weakly stimulates
transcription. Post-transcriptional modifications taking place
during T cell development may confer higher affinity and
activity to this factor. Element 6A is the major transcriptional
element of the CD36 enhancer responsible for mediating
changes in CD34 gene expression during T cell development.

Element 6B is also required for full activity of the CD36
enhancer. In mature T cells, however, it interacts with
element SA to stimulate its enhancer activity. The function
of binding sites for the 6B factor found in the promoter of
the CD36 gene remains unclear (Table III). These additional
6B complexes in the promoter may further stimulate the
activity of the A enhancer. Element 6B binds two specific
complexes, one of which appears to be tissue specific
(complex 6B—c2). We cannot eliminate the possibility that
complex 6B—cl is involved in transcriptional enhancement
because the function of element 6B can only be assayed in
the presence of an active element 6A-factor and we have
yet identified a cell line with high levels of 6A—cl and no
6B—c2. Nevertheless, the tissue specificity of the 6B—c2
complex suggests that it is the active factor. In the absence
of these specific nuclear factors, stimulation of transcrip-
tion by the 6A element alone may not be sufficient for level
of expression of the CD34 gene. Mechanistically similar
elements have been described in the SV40 enhancer
(Fromental et al., 1988).

The CD36 enhancer elements may also be involved in
regulating the expression of the other members of the
TCR —CD3 complex. Since the CD3+ gene is closely linked
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and divergently transcribed (Saito et al., 1987), the CD36
gene enhancer may be directly involved in regulating
expression of this gene. No obvious similarities have been
found between the CD36 and e enhancers. However, an
element similar but not identical to 6A was found in the
TCRa chain enhancer and deletion of this sequence
destroyed enhancer activity (Winoto and Baltimore, 1989).
In the promoter region of the TCR@ chain gene a similar
motif of A is found conserved which is important for
expression of the gene (D.Loh, personal communication).
Although these homologous sites are protected by both T
and non-T cell nuclear extracts in the DNase I footprinting
assay, this may be due to the presence of distinct non-
activating binding factors present in these extracts (Royer
and Reinharz, 1987; Winoto et al., 1989). This hypothesis
is supported by the subtle differences observed in the
footprints obtained with the T and non-T cell extracts. It
remains to be determined whether the same nuclear factors
interact with these elements to mediate the transcriptional
regulation of these genes. Some sequence similarities
between the 6B element and the TCRS chain enhancer and
the IL2 distal promoter were also found (Table IIIB). Since
each member of the TCR—CD3 complex appears at a
different time in T cell ontogeny it is possible that these genes
share some tissue-specific regulators but that their differential
expression is accomplished either by differential affinity to
the respective control element found in these genes or by
interaction with additional control elements in their enhancer
or promoter regions.

We suggest that commitment to the T cell lineage takes
place upon activation of the transcriptional complexes that
interact with the 6A element in the CD36 enhancer.
Activation of the 8B nuclear factors and further increase in
activity of the 8A transcriptional complex may take an early
thymocyte through T cell maturation. The concomitant action
of these factors appears to be required for the high level
expression of CD3—TCR complex necessary in a mature
T cell. Isolation of the genes that code for the 6A and 6B
nuclear complexes will enable us to test their role in T cell
development.

Materials and methods

Nuclear extracts

Nuclear extracts were prepared from the leukemic T cell ELA4, the thymoma
cells SL12.1, SAK8 and BW5147, the myeloma MPC11 and the fibroblast
NIH3TS3 cell lines according to the Dignam protocol (Dignam et al., 1983).
The protein concentration was estimated by the Bradford method.

Gel-retardation assay

Fragments X (100 bp) and Z (100 bp) of the enhancer were end labelled
by the Klenow (large fragment) fill in reaction. Between 10 000 and 20 000
c.p.m. of DNA probe were incubated with 1 pg of nuclear extract and 1 pg
of non-specific DNA competitor for 15 min at room temperature. The binding
reactions were then analysed by gel retardation under conditions previously
described (Halazonitis er al., 1988). A 50-fold molar excess of DNA
competitors was included in the assay in order to test for sequence specificity
of the complexes.

In vitro enzymatic and chemical footprinting

DNase I footprinting in solution was performed as previously described
(Galson and Housman, 1988). Between 2—3 ug of nuclear protein were
used per reaction together with 1 g of non-specific DNA competitor (dl-dC)
and 25 U of DNase 1. A 40 bp oligonucleotide spanning the 51—91 bp
region of the enhancer (Georgopoulos er al., 1988) and containing the
protected sequence was used as competitor at 50-fold molar excess. Nuclear




extracts made from the B myeloma MPC11. the F9 teratocarcinoma and
the NIH3T3 fibroblast cell lines were also used.

DNA methylation interference was employed to identify the binding
domain for the 6B—c1 and 6B—c2 complexes formed on the Z fragment
as described (Galson and Housman, 1988). Weak acid depurination followed
by alkali hydrolysis was employed to determine the effect of adenine
methylation on binding of the 6B complexes. The positive and negative
strands were end-labelled by the Klenow fill in the T4 kinase reactions
respectively.

Transfections and CAT assays

The CD36 enhancer fragments and elements were introduced upstream and
downstream of the chloramphenicol acety! transferase (CAT) gene driven
by the basal level herpes thymidine kinase promoter in the pPBLCAT?2 plasmid
(Luchow and Schutz, 1987). The recombinant plasmids were analysed for
transcriptional activity in a transient transfection assay as previously described
(Georgopoulos et al., 1988). The CAT assay was modified according to
the Brian Seed protocol (Seen and Seed, 1988). The specific activity of
the elements was determined by transfections in CD3 + (EL4), CD3+/—
(BW5147 note that the BW5147 used in previous studies was a high expressor
variant of this cell line) and CD3— (Sac8 and SL12.1) T cell lines and
the NIH3T3 fibroblasts.

Stimulation of transfection assays by cAMP and protein

kinase C agonists

The constructs tkCAT, XYZ, 2Ad, 5Au and SL3 described in Table I were
transfected in EL4 or BWS5147 cells. Twenty-four hours later forskolin
(10 um) or PMA (100 ng) or PMA and Ca ionophore (100 ng TPA +
0.025 pm of A23187) were added and cells were harvested 12— 15 h later.
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