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Regulatory DNA sequence elements were functionally identified in the 5'-flanking region of a gene, PDI,
which encodes a porcine classical transplantation antigen. Both a positive regulatory element and a novel
negative regulatory DNA element were mapped within 1.1 kilobases upstream of exon 1. The negative
regulatory element reduced the activity of both the homologous PD1 promoter and a heterologous simian virus
40 promoter. In vivo competition experiments indicated that the functions of the PDI positive and negative
regulatory elements are mediated by distinct cellular trans-acting factors. The PDI positive regulatory element
interacted with cellular factors in common with those binding to the simian virus 40 enhancer. Finally, the
negative regulatory element required the presence of a positive regulatory element to function. This interaction
between positive and negative regulatory elements represents a novel mechanism for regulating gene

expression.

The class I genes of the major histocompatibility complex
(MHC) comprise a family of homologous DNA sequences,
some of which encode the heavy-chain moiety of classical
transplantation antigens found on the surface of all somatic
cells. The major functions of the transplantation antigens are
to mediate graft rejection and to serve as restriction elements
for antigen recognition (18-20). Although class I molecules
are expressed on all nucleated mammalian cells, with the
exception of neurons and mature trophoblasts (9, 24), their
expression is quantitatively regulated. The highest levels of
expression of class I antigens are found on lymphoid cells,
while markedly lower levels occur in other somatic tissues,
such as kidney. Various endogenous and exogenous factors
are known to modulate class I gene expression. For exam-
ple, interferons, both alpha/beta and gamma, and tumor
necrosis factor increase the levels of class I mRNA (3, 6, 15,
25, 36; D. S. Singer, R. Ehrlich, H. Golding, L. Satz, L.
Parent, and S. Rudikoff, in C. Warner, M. Rothschild, and S.
Lamont, ed., Molecular Biology of the Major Histocompat-
ibility Complex of Domestic Animals, in press). In contrast,
certain oncogenic viruses can dramatically reduce these
levels (29, 38).

DNA sequence elements involved in the regulation of
class I MHC genes are beginning to be identified. Transcrip-
tional promoters and enhancers and DNA sequence ele-
ments involved in the interferon response have been identi-
fied in a number of species (11, 16, 17, 21, 43; Singer et al.,
in press). In the murine L? gene, a negative regulatory
element was found which functions only in undifferentiated
embryonal teratocarcinoma cells (30). Other regulatory
DNA elements and the mechanisms by which they function
remain largely unknown.

In both mice and humans, the class I MHC gene families
contain between 17 and 40 homologous sequences (5, 32, 41,
47). In contrast, the class I MHC gene family of miniature
swine consists of only seven members (39) which, although
homologous, can be readily distinguished. One of these
genes, PDI, encodes a major transplantation (SLA) antigen.
In vivo, PD1 expression is regulated. The gene is expressed
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preferentially in lymphoid tissues and at higher levels in B
cells than in T cells (R. Ehrlich and D. S. Singer, manuscript
in preparation). Introduction of PDI into transgenic mice
results in expression of this gene in a variety of tissues and
at different levels (10). The pattern of expression of PDI in
the transgenic mouse parallels that observed in swine in
vivo, indicating that its expression is regulated in the mouse.
Furthermore, in vivo alpha/beta interferon treatment of PD1
transgenic mice induces increased expression of SLA anti-
gen in a variety of tissues, including spleen and thymus
(Ehrlich and Singer, in"preparation). PDI is also expressed
in transfected mouse L cells, in which its transcription is
enhanced by alpha/beta interferon (36). Using a series of
deletion mutants of the 5’-flanking segment of PDI fused to
a reporter gene, that for chloramphenicol acetyltransferase
(CAT) (the cat gene), the transcriptional promoter and an
interferon response element have been mapped (Singer et
al., in press).

In the present paper, we identify by function positive and
negative regulatory DNA sequence elements. The negative
regulatory element reduces PDI expression by 5- to 10-fold
and also functions, although less efficiently, on a heterolo-
gous promoter. The activity of the negative regulatory
element is dependent on the presence of an enhancer ele-
ment. In vivo competition experiments demonstrated that
the functions of both positive and negative regulatory ele-
ments are mediated by trans-acting factors.

MATERIALS AND METHODS

Recombinant plasmids. The CAT vectors pSV0, pSV1,
and pSV2 were described by Gorman et al. (14). pSV3 is
similar to pSV1, except that the 3' BamHI site has been
removed and a multiple cloning site polylinker has replaced
the Accl-Sphl fragments of pSV2. Briefly, pSV0 does not
contain eucaryotic promoters or enhancers, pSV1 and pSV3
contain only the simian virus 40 (SV40) promoter, and pSV2
contains both the SV40 promoter and enhancer.

The construction of Bal 31 PDI deletion mutants was as
follows. A PDI DNA fragment containing part of intron 1,
exon 1, and 1.1 kilobases of 5’-flanking sequences was
digested with 5 units of Bal 31 exonuclease per g from a
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unique Sacl site for periods of time between 7 and 15 min.
The deleted fragments were isolated and subcloned into the
HindIII site of pSVO0 (27). The deletion endpoints were all
determined by DNA sequence analysis of the deletion frag-
ments. 5’ deletion mutants were constructed by removal of
Ndel-Ndel fragments from position —528 to the unique Ndel
site in the pSVO0 vector. Competitor plasmids were con-
structed by deletion of the BamHI-HindIII fragment contain-
ing the cat gene.

DNA transfections. Cells were transfected with plasmid
DNA by the calcium phosphate method (14). Efficiency of
transfection was quantitated by isolation of DNA and hy-
bridization with appropriate probes (27).

Assays for CAT expression. CAT assays were performed
48 to 72 h after transfections as described previously (14).
Protein concentrations of the extracts were determined by a
Bio-Rad protein assay. Unless otherwise indicated, identical
amounts of protein, usually corresponding to 20 to 50 pl of
the extracts, were added to the reaction mix.

Preparation of RNA. RNA samples from cell suspensions
were prepared by the guanidinium isothiocyanate-CsCl pro-
cedure of Maniatis et al. (27).

Hybridization probes. The cat probe used for filter hybrid-
ization was the 1.7-kilobase HindIII-BamHI fragment de-
rived from the pSVO0 vector. The car probe used for S1
nuclease analysis extended from the BgllI site of PDI to the
EcoRlI site in the cat gene (Fig. 1B). DNA fragments were
radiolabeled by nick translation (27) and purified by passage
over Elutip D columns (Schleicher & Schuell, Inc., Keene,
N.H.).

S1 nuclease analysis. End-labeled (27) DNA probe was
hybridized to 60 g of total cellular RNA for 16 h at 51°C. S1
treatment and gel electrophoresis were as described previ-
ously (1, 46).

Filter hybridization. Analysis of total cellular RNA was
performed in formaldehyde agarose gels (27, 44). Hybridiza-
tion was performed at 42°C in 40% formamide-10% dextran
sulfate-4x SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-10xX Denhardt-10 mM Tris hydrochloride
(pH 7.5)-800 pg of denatured salmon sperm DNA-800 pg of
denatured Escherichia coli DNA-100 ng of radiolabeled
probe. The final wash was in 0.1x SSC at 65°C. Filters to be
used for rehybridization were stripped by the method of
Thomas (44). Quantitation of specific RNA hybridization
was performed by densitometric analysis of exposed X-ray
film.

DNA sequence analysis. DNA sequence analysis was by
M13 cloning and dideoxy sequencing (35). Sequence com-
parisons were by either the NUCALN program (49) or the
SEQ program (33).

RESULTS

DNA sequence of 5'-flanking region of PDI. The DNA
sequence of the 5’-flanking region of PDI was determined
(Fig. 1A). DNA sequence elements necessary for PDI
promoter activity are located between positions —38 and
—220 base pairs (bp) (Singer et al., in press). (Because the
precise transcriptional initiation site has not yet been
mapped for any class I gene, all numbering of 5’'-flanking
sequences is relative to the translational initiation site, ATG,
with A as +1.) Between 55 and 154 nucleotides upstream of
the translation initiation site, the PDI sequence contains the
sequence ACCC as well as the canonical promoter elements
CCAAT separated by 29 bp from the sequence TCTAA (a
variant of a TATAA box). The elements ACCC and CCAAT
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have been functionally associated with promoter activity in
other gene systems (8), whereas the ability of TCTAA to
function as a promoter element has been demonstrated only
for PDI (Singer et al., in press), although it is also found in
HLA class I genes (42). The initiation of transcription of PD!
has been mapped by S1 nuclease protection to approxi-
mately 25 bp downstream of the TCTAA element (data not
shown). Comparison of this region with a variety of other
class I MHC genes, including K? (48), A3 (42), HLA12.4
(26), RLA RG19 (28), 07° (7), and Q79 (40), revealed that the
tetranucleotide sequence TCAG is conserved in all these
genes at the same position relative to the TATAA box;
transcription is presumed to begin within this sequence.

DNA sequence elements with homology to known en-
hancer elements are found within the 5’'-flanking region. The
region —373 to —364 bp is homologous to the core enhancer
sequence [GGTGTGG(A/T)A/T)(A/T)G], as defined by Lai-
mins et al. (23), differing in only two positions (underlined in
Fig. 1A). The region —118 to —106 bp is homologous to the
K? enhancer B, with 10 of 13 positions identical, and occurs
in approximately the same position relative to the initiation
of transcription. The segment —203 to —214 bp (TGG
GAGTCCCCG) is homologous to a region in the K® gene
which binds a nuclear factor (16a). Finally, the stretch
between —447 and —462 bp shows homology with a segment
in the K? gene described by Kimura et al. (17) as sequence
VII.

The PDI interferon-responsive element has been function-
ally mapped to the region between —38 and —220 bp (Singer
et al., in press). Within this region, between —180 and —209
bp (underlined in Fig. 1A), is a sequence which is 69%
homologous to the extended consensus sequence of the
interferon-responsive element described by Friedman and
Stark (11). However, within the invariant core consensus
sequence of 7 bp, PDI differs in two positions. The H-2K*®
interferon response element (17) is 72% homologous to the
PDI sequence and is located in the same position relative to
the first codon. A similar degree of homology (79%) was
noted between PDI and analogous region of the murine Q/0
gene, which does not respond to interferon. Comparison of
the three class I sequences revealed no consistent substitu-
tions which can predict interferon responsiveness. Upstream
sequences flanking the interferon response element, which
were suggested to function as enhancer sequences necessary
for interferon responsiveness of K? (16, 17), showed no
significant homology between PDI and K®. No greater
homology was observed comparing the sequences of PDI
and HLA-A3 (42). Therefore, it remains to be established
whether this particular sequence within the PD/ segment
constitutes the interferon response element for the SLA gene
and whether its function is dependent on the existence of
other 5'-flanking sequences.

Identification of enhancer element in 5'-flanking region of
PDI. Positive regulatory elements have been identified in the
5'-flanking regions of a variety of genes, including class I
genes in other species (30; Israel et al., in press). In mouse
class I genes, the enhancer element overlaps the interferon-
responsive element. To test the possibility that an enhancer
element exists in the 5'-flanking segment of PDI, a 308-bp
fragment of PDI extending from —220 to —528 bp (Fig. 1)
was introduced 5’ to the SV40 promoter in the vector pSV3,
which contains the SV40 promoter ligated to the bacterial
cat gene, but does not contain any viral enhancer sequences.
The ability of this construct to direct CAT synthesis in
transfected L cells relative to that of the pSV3 vector is
shown in Table 1. The presence of the PD/ 5’ DNA segment
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FIG. 1. (A) DNA sequence of PDI 5'-flanking region. The 1,420-bp DNA sequence contains 5’-flanking sequence, exon 1, and part of
intron 1. All numbering of deletions and sequence elements is relative to the translational initiation site. DN A sequence elements are indicated
as follows: *, TCTAA, CCAAT, ACCC; - - - -, —373 to —364 bp, a sequence homologous to core enhancer sequence (53); — - - -, —180 to
—209 bp sequence homologous to interferon consensus sequence (10); — — — —, —32 to —29 bp, transcription initiation. ", Ndel restriction sites.
Numbers indicate precise endpoints of deletions from panel B. The sequence of the DNA segment —251 to +297 is reproduced from Satz et
al. (37). (B) DNA fragments from the 5'-flanking region of PDI used to construct cat fusion genes. DNA deletion fragments containing PD1
5'-flanking sequences (solid line) were inserted into the HindIII site of pSVO (see Materials and Methods). Except for p(+255)H, all fragments
were inserted in their correct orientation relative to cat; p(+255)H was in the opposite orientation. Ndel (520) and Ndel (143) fragments were
inserted into a unique Ndel site in pSV1 and pSV2 vectors. Restriction sites used for sequencing and subcloning: H, HindIII; B, Bg/II; N,
Ndel; S, Sacl.
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TABLE 1. PDI 5’'-flanking sequence contains a
positive regulatory element

DNA concn Relative CAT activity generated by:
(1g) pSV3 pSV3[PDI(~528—-220)] pSV2
2.5 1.0 44 +3.0 15.8 = 9.4
5.0 1.0 44 %12 10.8 = 3.5

“ A 308-bp (—528——220) fragment derived from the 5'-flanking region of
PDI (Fig. 1B) was introduced into pSV3 at a unique BamHI site (see Materials
and Methods). The activities of the vectors pSV3, pSV3[PD1(—528——220)],
and pSV2 were d after transient transfection of mouse L cells by
assaying CAT activity. The results were normalized to the activity of pSV3 to
allow for comparison between different experiments. The results represent the
summary of three experiments.

in the pSV3 vector enhanced the level of CAT activity by
four- to fivefold in transfected cells over the range of
concentrations tested. This augmentation is specific for this
DNA segment since insertion of a segment of DNA from
another region of the PDI gene (spanning exon 2 through
intron 3) did not affect the level of CAT activity (data not
shown). Thus, the PDI gene contains an enhancer as well as
an interferon-responsive element in the 5’-flanking region
extending from —220 to —528 bp.

Identification of negative regulatory element in 5'-flanking
region of PDI1. To identify functionally any other regulatory
elements within the 5’ end of PDI, we constructed a series of
deletion mutants (Fig. 1B). The 5’ termini of the mutants
were located either at a HindIII site at —1121 (pH series) or
at an Ndel site at —528 (pN series) (Fig. 1B). A nested set of
deletions (spanning nucleotides +15 to —236) was generated
by Bal 31 exonuclease digestion from a unique Sacl site
located within intron 1 (Fig. 1B). The precise locations of the
deletion endpoints were determined by DNA sequence anal-
ysis and are indicated in Fig. 1A. The deletion mutants were
cloned into the promoter-assay vector pSVOCAT, which
lacks eucaryotic promoters or enhancers, and tested for their
ability to promote CAT synthesis after transfection into Cos
cells (Fig. 2). The 5'-deleted derivative consistently gave 5-
to 10-fold-higher CAT activity than the parental construct. A
similar difference was found between pH(+15) and pN(+15).
The same results were obtained with mouse L cells or pig
fibroblast cell lines (data not shown). A variety of technical
explanations for these observations could be eliminated. The
differences between the pN and pH series are not due to
different efficiencies of transfection since transfected cells
contained equal amounts of plasmid DN A (see Materials and
Methods). Furthermore, the differences cannot be attributed
to the difference in length of the PDI insert in the cat vector
(1.1 kb versus 0.5 kb) or to any effect of the insert on a
cryptic promoter present within the pBR322 DNA sequences
since no difference in CAT activity was seen between
pH(—236) and pN(—236), neither of which has eucaryotic
promoter activity (Fig. 2). Therefore, the results suggest that
the DNA segment —1121 to —528 bp, which had been
removed from the pN series of constructs, contained a
negative regulatory element.

To investigate the molecular basis for the differences in
CAT activity, we analyzed RNA from cells transiently
transfected with either pH(—38) or pN(—38) for the presence
of cat mRNA (Table 2). Both direct Northern (RNA) and S1
nuclease analyses of RNA from transfected Cos cells gave
comparable results, namely, that pN(—38) transfectants gen-
erated three- to fourfold more steady-state levels of cat-
specific mRNA than pH(—38) transfectants. Furthermore,
the S1 nuclease analysis revealed only a single correctly
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FIG. 2. A DNA segment in the 5'-flanking region of PDI reduces
CAT activity. Cos cells were transiently transfected with 1 pg of the
indicated deletion constructs; cell extracts were assayed for CAT
activity. The densitometric values of the acetylated chlorampheni-
col spots on the X-ray film were as follows: pSV0, 1.37; p(+255)H,
0; pH(—236), 2.0; pN(—236), 1.2; pH(-38), 1.0; pN(—38), 8.9;
pH(+15), 0.8; pN(+15), 4.5.

initiated transcript in both transfectants (data not shown).
Northern analysis of RNA from L cells transfected with the
two constructs gave similar results (Table 2). Thus, the
presence of the negative regulatory element in the 5'-flanking
region of the PDI gene results in reduced levels of PDI
transcripts in transfected cells.

The deletion constructs used to identify the negative
regulatory element mapped its location to the region —1120
to —528 bp, which spans two Ndel sites (Fig. 1B). To further
map the position of the negative regulatory element, we
tested the ability of the larger, 520-bp Ndel fragment to
decrease PDI promoter activity. The 520-bp Ndel fragment
was reintroduced in both orientations into the pN(—38)
construct. The amounts of CAT activity generated by the
pN(—38) constructs containing the 520-bp Ndel fragment

TABLE 2. Negative regulatory element decreases the
activity of the PDI promoter

DNA cat RNA?
Expt 1 Expt 2 Expt 3
pN(-38) 3.6 3.2 4.7
pH(-38) 1 1 1
pSV2 13.8 ND? ND

2 Values represent relative levels of cat RNA among the constructs. These
numbers were derived by densitometric analysis; in experiments 1 and 3,
values were normalized to an internal actin control to correct for variations in
the amount of RNA loaded on the gel. Experiment 1, Northern analysis of
RNA from transiently transfected Cos cells. Experiment 2, S1 nuclease
analysis of 60 ug of RNA derived from transiently transfected Cos cells.
Hybridization was with an excess of probe. Experiment 3, Northern analysis
of RNA from transiently transfected L cells. Probes and protocols were as
described in Materials and Methods.

® ND, Not determined.
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TABLE 3. Negative regulatory element functions on both
homologous and heterologous promoters®

Relative CAT activity

Insert (bp)
pN(—38) pSV2 pSV1
None 1.0 1.0 1.0
Ndel(F) (520) 0.08 = 0.02 1.5 = 0.03 1.6 = 0.03
Ndel(R) (520) 0.08 = 0.06 0.5 = 0.03 1.4 £ 0.06
Ndel(F) (143) 1.5 + 0.03 1.0 = 0.01
Ndel(R) (143) 1.3 = 0.03

2 The large 520-bp and small 143-bp Ndel fragments derived from the
5'-flanking regions of PDI (Fig. 1B) were introduced into pSV1 and pSV2 at
the unique Ndel site in the vector; the 520-bp fragment was also reintroduced
into the pN(—38) vector from which it was derived. The orientation of the
inserts is denoted by F (forward) or R (reverse). The activity of the vectors
containing the fragments was assessed after transient transfection into mouse
L cells by assaying CAT activity. DNA concentrations in each of the
transfections were monitored and were approximately equal. The results have
been normalized to the appropriate vector control (in the absence of insert) to
allow for comparison between different experiments. The absolute level of
CAT activity was highest in the pSV2 series and lowest in the pSV1 series.
The results represent the compilation of three experiments.

were compared with that generated by pN(—38) alone (Table
3). Reinsertion of the 520-bp Ndel fragment into pN(—38) in
either orientation reduced CAT activity by greater than
10-fold, which was the level observed with the native
pH(—38). Therefore, the negative regulatory element resides
within the region —1048 to —528 bp.

The ability of the negative regulatory element to function
on a heterologous promoter was examined by introducing
the 520-bp Ndel fragment of PDI into the unique Ndel site
upstream of the SV40 promoter in the pSVICAT and
pSV2CAT constructs. Both of these vectors contain the
SV40 promoter fused to the car gene. They differ in that
pSV2 retains the 72-bp enhancer elements, whereas pSV1
does not. The 143-bp Ndel fragment of pH(—38) (Fig. 1B)
was also inserted to serve as a control. Each of these
constructs was transfected into L cells, and the amount of
CAT activity relative to that of the parental construct (pSV2
or pSV1) was determined (Table 3). Transfection of Cos 7
cells gave comparable results (data not shown). The control
143-bp Ndel fragment did not decrease the relative amount
of CAT activity directed by either pSV1 or pSV2. The
520-bp Ndel fragment, to which the negative regulatory
element was mapped, did not reduce activity of the pSV1
construct. However, a threefold reduction of CAT activity
relative to that of the other constructs was observed when
this fragment was introduced into the pSV2CAT construct,
which contains the viral enhancer. Thus, the PDI negative
regulatory element functions in association with a heterolo-
gous SV40 promoter, but only in the presence of the viral
enhancer element. The negative regulatory element is less
efficient in conjunction with a heterologous promoter, for
which a 3-fold reduction is seen, than in conjunction with the
homologous PDI promoter, for which a 10-fold reduction is
seen (Table 3). Furthermore, whereas the negative regula-
tory element functions in either orientation in association
with the PDI promoter, it functions in only one orientation
in association with the SV40 promoter.

Mediation of the functions of PDI regulatory elements by
cellular trans-acting factors. The functional requirement of
the negative regulatory element for the presence of the SV40
enhancer suggested that the interaction of these two ele-
ments was mediated by cellular trans-acting factors. To test
this hypothesis, we performed a series of in vivo competition
assays. Test plasmids, either pH(—38) which contains both
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the PDI positive and negative regulatory elements and
promoter or pN(—38) which contains only the PDI positive
regulatory element and promoter (Fig. 1B), were cotrans-
fected into monkey Cos 7 cells with one of a variety of
competitor DNAs containing different regulatory elements
(Fig. 3). Included among these were the PDI negative
regulatory element, either alone or in association with the
SV40 enhancer, and the SV40 enhancer alone. In all cases,
the competitors contained not only the regulatory DNA
element of interest and the SV40 promoter, but also an SV40
origin of replication. Since Cos cells constitutively express T
antigen, the competitor DNA, but not the test DNA, was
able to replicate. The competitor DNAs were derived from
the plasmids described above by removal of the cat gene
(referred to as ACAT). In all these experiments, a plasmid
containing only the SV40 origin of replication and promoter
with no other regulatory elements (pSV1ACAT) was used as
a control and as a carrier in titration experiments. Prelimi-
nary experiments documented that this construct did not
affect CAT activity generated by the test plasmids; none of
the competitor constructs alone generated CAT activity
(data not shown).

That the in vivo competition assay works was demon-
strated by the fact that cotransfection of pSV2 with the
competitor pSV2ACAT, containing the viral enhancer ele-
ments, reduced the level of CAT activity generated by pSV2
(Fig. 3A). This figure also demonstrates that the presence of
the Ndel fragment (containing the negative regulatory ele-
ment) in the construct did not alter the ability of the SV40
enhancer to compete for enhancer-binding factors. This
competition assay was therefore suitable for testing trans-
acting factors.

The ability of the test plasmids to direct the synthesis of
CAT in the presence of various amounts of competitor DNA
was assessed. A representative competition experiment in
which 1 ug of test plasmid DNA was cotransfected with 10
ng of competitor DNA is shown in Fig. 3B; a summary of all
the competition assays done is given in Fig. 4. The construct
pH(—38), which contains both negative and positive regula-
tory elements of PDI, was cotransfected with a number of
different competitors. Cotransfection with pSV1ACAT,
pSV2ACAT, or pSVINdeACAT had no marked effect on the
level of CAT activity generated by the pH(—38) test DNA,
indicating their inability to compete for factors associated
with the negative regulatory element. Cotransfection with
pSV2NdeFACAT or pSV2NdeRACAT resulted in signifi-
cantly increased levels of CAT activity (Fig. 3B and 4A).
Two conclusions can be made from these results. (i) Trans-
acting factors mediate the function of the negative regulatory
element and (ii) the ability of the negative regulatory element
to interact with these factors is dependent on the presence of
an enhancer, as evidenced by the fact that pSV2NdeACAT,
which contains the enhancer, was able to compete, whereas
pSVINdeACAT did not. Furthermore, although it was found
that the negative regulatory element was able to function in
association with the SV40 enhancer and promoter only in
one orientation (Table 3), it was able to act as a competitor
in either orientation (Fig. 4A). Thus, the criteria for function
and competition are not identical.

When pN(—38), which contains only the PD] promoter
and positive regulatory element, was used as the test DNA,
pSV1ACAT again had no effect on the resulting level of CAT
activity. However, in the presence of pSV2ACAT as com-
petitor, there was a decrease in the amount of CAT gener-
ated from the pN(—38) construct, indicating the ability of the
SV40 enhancer in pSVACAT to compete with the PDI
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FIG. 3. DNA elements in the 5’ -ﬂankmg region of PDI compete for cellular trans-acting factors. (A) Cos cells were contransfected with
1 pg of pSV2 test DNA and 10 pg of pSVIACAT, pSVZACAT pSVZNdeFACAT or pSV2NdeRACAT competitor DNA. CAT activity was
assayed as described in the text. (B) Cos cells were cotransfected with 10 pg of the competitor DNAs and 1 pg of either pH(-38) test DNA
or pN(—38) test DNA. CAT activity ‘'was ‘assayed as desciibed in theé'text. p,, PDI negative regulatory element; €,, PD1 positive regulatory
element; egy4o, SV40 enhancer; A, PD1 promoter; A, SV40 promoter. So 1d lines represent PDI sequences; wavy lines represent SV40
sequences. Arrows indicate the onentatlon of the PDI negatlve regulatory element within the vector '

positive regulatory element for,trans-acting factors (Fig. aB-
and 4B). Thus, the viral enhancer-and the class I positive
regulatory element must share at least a subset of common
binding factors which are essential for enhancer function.

DISCUSSION

In the present. study, we. rdentlﬁed both negative. and‘f _

positive regulatory elements within 1.1 kilobase of initiation

of transcription in the 5’-flanking regions of the swine class I -

MHC gene PDI. Cellular frans-acting factors were shown to

mediate the functions of these elements. The ability of the .

negative regulatory element to.function appeared to be.
dependent on a positive -regulatory. element. This kind of,
interaction between regulatory elements has not been prevn-
ously described.

The positive regulatory element is located in the reglon;,v

—220 to —528 bp and is able to enhance activity of a

heterologous (SV40) promoter by four- to fivefold. Enhancer
elements have been described for the murine class I gene K*
(16, 45) and have been mapped to a region between —213 and
—165 bp upstream of initiation of transcription. Companson
of this region of the K® gene with the PDI sequence in the
region —528 to —220 bp revealed a region between —106 and
-118 which is 77% homologous to the K® enhancer B..In’
addition, the complement of the PD1 sequence CCCTGGGC
(—347 to —340 bp) is also found within the enhancer segment ‘
of K%. Whether this element has enhancer. actrvnty remains to_
be established. Also contamed within this region of PDI
(between —361 and 373 bp) isa sequence with homology to
the core enhancer scguence, as:defined by Laimins et al.
(23).. In addition, there are various direct and inverted
repeats. The functions, if any, of these elements remain to be .
demonstrated. Israel et al. (in press) have recently identified
a binding site for a trans-acting factor at positions —170 to
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FIG. 4. DNA elements in the 5'-flanking sequences of PDI compete for cellular rrans-acting factors. Cos cells were cotransfected with the
various competitor DNA constructs (see Fig. 3) and 1 pg of either pH(—38) (A) or pN(—38) (B). pSV1ACAT was used as carrier DNA to
adjust the total amount of DNA to 20 pg in all transfections. CAT activity was determined by densitometric analysis. For each test plasn:id,
all CAT activity was normalized to that obtained with pSV1 as the competitor. The results are compiled from five independent titration

experiments for each test DNA.

—158 bp in the K® gene. A sequence with homology to this
binding site is found in a similar position (—214 to —203 bp)
in the PDI gene. However, the PDI sequence differs from
the K? in a position which has been shown to be essential for
binding. The ability of the PD1 sequence to bind trans-acting
factors remains to be established.

The present study showed that the PDI gene also has
associated with it a negative regulatory element. The pres-
ence of this DNA segment, located between —528 and —1048
bp, reduces by 10-fold the efficiency of the homologous PD!
promoter and by 3-fold that of the heterologous SV40
promoter. The function of the negative regulatory element is
orientation independent when acting on the PD] promoter
and positive regulatory element, but orientation dependent
in the heterologous system. The reason for this difference is
not clear. However, a similar effect was noted for the
negative regulatory element associated with the beta inter-
feron gene (12), suggesting that the distance separating the
element and the heterologous promoter is critical.

DNA sequence elements have been shown to be important
in the negative regulation of a variety of procaryotic genes.
Recently, such elements have also been found associated
with a number of eucaryotic genes, such as human beta
interferon (12, 51), rat insulin I (22, 31), c-myc (34), c-mos
(50), retinol-binding protein (4), and p53 (2). In addition, a
negative regulatory element has recently been identified in
the 5'-flanking region of the murine class I L? gene (30). This
latter element has been demonstrated to be active only in
undifferentiated F9 teratocarcinoma cells. After retinoic acid
induction of F9 differentiation, this element appears to
function as an enhancer. The negative regulatory element of
PDI differs from the murine element in that it is active in
both differentiated and undifferentiated F9 cells, as well as in
a variety of other somatic cell types (data not shown). Thus,
the negative regulatory element of PDI is unlike other
regulatory elements which have been described for class I
MHC genes. The PDI DNA segment containing the negative

regulatory element has no apparent homology with any of
these DNA sequence elements.

There are two lines of evidence indicating that the function
of the negative regulatory element is dependent on a positive
regulatory element. First, reduction in CAT activity is
observed when the negative regulatory element is introduced
into the pSV2, but not the pSV1, vector. Since the only
difference between the pSV2 and pSV1 vectors is the pres-
ence of SV40 enhancer sequences in pSV2, these data
indicate that the negative regulatory element interacts with
enhancer elements. Indeed, it has been suggested that both
the rat insulin and beta interferon negative regulatory ele-
ments function by acting on associated enhancer elements
(13, 22). Second, in vivo competition studies strengthen the
interpretation that the PDI negative regulatory element
interacts with the positive regulatory element and that their
functions are mediated by trans-acting cellular factors. The
positive regulatory element mediates binding of factors
common to those binding to the SV40 enhancer, since
competition with the SV40 enhancer diminishes CAT activ-
ity directed by the PDI promoter in cotransfection assays.
The factors whose binding is governed by the negative
regulatory element can be competed by the autologous
element, but only if that element is linked to a positive
regulatory element, such as the SV40 enhancer. The ability
to compete, unlike its ability to function, in association with
the SV40 enhancer is orientation independent.

The molecular mechanism by which the regulatory ele-
ments and their factors function is not known. However, the
present data suggest a model in which the negative and
positive regulatory elements each define an independent
binding site for distinct factors (Fig. 5). (It should be noted
that none of the data demonstrate direct binding to either site
or the number of factors associated with the elements. For
simplicity in discussion, we will assume the binding of a
factor to the element itself.) The binding to the positive
element of its cognate factor (positive factor) occurs inde-
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FIG. 5. Model for the interaction of the positive and negative
regulatory elements of PDI. The enhancer-specific trans-acting
factors (TAF,) first binds the enhancer (). This is followed by the
association of the TAF,, which in turn associates with the negative
regulatory element, allowing a ternary complex to form. A, PD1
promoter.

pendently of the negative element. This is supported by the
findings that the positive element functions in the absence of
the negative element and is competed by the SV40 enhancer
alone. The negative factor binds to the negative regulatory
element; however, this interaction must be stabilized by a
simultaneous interaction with the positive element. This
interaction would be most likely to occur by complexing of
the positive and negative factors. We speculate that a
complex is formed between the factors binding to each of the
elements, resulting in a change in conformation of the DNA
segments which reduces the efficiency of RNA polymerase
II binding. This model would explain the ability of
pSV2Nde, but not pSV1Nde, to increase activity of pH(—38)
in competition assays. An alternative model in which posi-
tive and negative factors compete for a common binding site
can be eliminated by the data. The fact that pSV2Nde can
compete for the enhancer-binding factor of SV40 demon-
strates that it binds these factors. Thus, the presence of a
negative regulatory element does not result in the displace-
ment of a positive factor.

The nature of the cellular trans-acting factors remains to
be determined. It is unlikely that the factors binding to the
negative regulatory element are identical to those binding to
the SV40 enhancer since the enhancer alone is unable to
compete for the negative regulatory element binding factor.
The ability to observe this competition also suggests that
negative factors are either limiting relative to positive factors
or bind more weakly. This conclusion is supported by the
facts that (i) more pSV2 DNA is required to compete the
positive regulatory element in pN(—38) than pSV2Nde for
competing the negative regulatory element in pH(—38) and
(ii) competition of pH(—38) with pSV2Nde results in only an
increase in CAT activity. The decrease in activity corre-
sponding to competition for positive factors is not observed

MoL. CELL. BioL.

within the dose range of this assay. Studies are currently
under way to isolate these factors and determine their
interactions with one another and the regulatory DNA
elements.

The in vivo function of the PDI regulatory elements is
unknown. The effects of the negative and positive regulatory
elements are within the range of variation of class I expres-
sion observed in vivo among tissues. It can be speculated
that the cumulative activities of the positive and negative
regulatory elements as well as the promoter modulate the
level of PD1 expression in different tissues. Further detailed
analysis of the 5'-flanking region of PDI, as well as of other
SLA genes which display distinct patterns of expression,
should contribute significantly to an understanding of the
mechanisms regulating class I gene expression.
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