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To investigate the c&acting DNA elements that are involved in the regulation of class I major histocompati- 
bility complex genes by interferon, several promoter fragments of the H-2Kk gene were linked to the reporter 
chloramphenicol acetyl transferase (CAT) gene, and the CAT expression was analyzed in stable transfected 
cell lines. The functional activities of progressive deletions of the S-flanking region of the H-2Kk gene linked 
to the CAT gene have allowed us to define a discrete cis-acting DNA region necessary for interferon-medi- 
ated stimulation. Moreover, the H-2Kk gene transcribed by the nonregulated SV40 early promoter was also 
found to be under interferon regulation. Thus interferon enhancement of the H-2Kk gene expression appears 
to be mediated by two c&acting elements, one located in the Slflanking region and the other by sequences 

downstream from the transcription initiation site. 

Interferon; H-2 gene transcription; Gene regulation 

1. INTRODUCTION 

Major histocompatibility complex (MHC) class 
I genes (termed H-2 K,D and L in mice) encode 
highly polymorphic membrane antigens that are 
expressed on nearly all cell types and play an essen- 
tial role in T-cell immunity [l]. Interferons (IFNs) 
have been found to stimulate MHC class I gene ex- 
pression [2-51. To elucidate the molecular 
mechanisms of IFN enhancement of the H-2 class 
I gene expression, several promoter fragments of 
H-2Kk were linked to the structural gene of 
chloramphenicol acetyl transferase (CAT) and in- 
troduced into rodent fibroblasts. Measurements of 
CAT activity in IFN-treated cells revealed that se- 
quences from -213 to - 165 within the 
5 ‘-flanking region of the gene are involved in the 
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stimulation by IFN. Moreover, the promoter-less 
H-2Kk gene linked to the nonregulated SV40 early 
promoter was also analysed. The expression of the 
H-2Kk gene transcribed by the SV40 promoter was 
shown to be under IFN control. 

Thus IFN-mediated enhancement of the H-2Kk 
gene depends on two discrete &-acting elements, 
one located in the 5’-flanking and the other 
downstream from the transcription initiation site. 

2. MATERIALS AND METHODS 

2.1. Plasmids 
The pH-2Kk-CAT contains 1.8 kb of the 

5’-flanking region of H-2Kk linked to CAT se- 
quences [6]. Fragments containing various lengths 
of the H-2Kk promoter region were inserted in 
p&CAT-O via Hind111 linkers or using suitable 
sites present in the promoter-less p&CAT-O [7]. 
The pdl365dS-CAT was isolated after Sac11 diges- 
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tion of pd1365CAT and subsequent ligation. The 
pSV-H-2Kk was constructed in two steps: first, a 
deletion of the 5 ’ -flanking region of H-2Kk [8] was 
made using the ExoIII/Mung-deletion kit as sup- 
plied by Stratagene, the resulting promoter-less 
H-2Kk containing a unique EcoRI site at 
nucleotide + 18 relative to the transcription initia- 
tion site; second, the EcoRI fragment from 
p861-CAT [7] containing the SV40 early promoter 
and 256 bp of CAT sequences, was inserted in the 
EcoRI site of the promoter-less H-2Kk. All the 
plasmids were confirmed by DNA sequencing and 
isolated by standard recombinant DNA 
techniques. 

2.2. Isolation of stably transfected cell lines and 
IFN treatmeni 

L(TK-) cells were maintained in DMEM (Gibco) 
supplemented with 5% fetal calf serum. The 
promoter-CAT plasmids were transfected in 
L(TK-) cells by the Ca-PO4 co-transfection tech- 
nique using the pTK plasmid as selectable marker 
in HAT medium. The cells were grown and treated 
with mouse type I IFN (Lee BioMolecular, San 
Diego, CA) by culturing them in the presence of 
1000 U/ml for 48 h. CAT assays were performed 
as in [9] using 200 pg of total protein extract, pro- 
tein concentrations were determined using the Bio- 
Rad protein assay. 

2.3. RNase analysis 
Total cellular RNA was isolated by the 

guanidinium isothiocyanate method. RNase map- 
ping [lo] was performed using uniformly labeled 
RNA probe transcribed in vitro by T7 polymerase 
from linear DNA template. The XbaI-PvuII frag- 
ment from pH-2Kk-CAT, containing 157 bp of 
CAT sequences and 365 bp of 5 ‘-flanking H-2Kk 
was cloned in pGEM-3 vector (Promega-Biotec). 
To analyze the RNA in cells containing the pSV- 
H-2Kk the 497 bp PvuII fragment of pSV2-CAT 
[9] containing the SV40 promoter and 157 of CAT 
sequences was cloned in pGEM-3 (Promega- 
Biotec) and RNA probe was made. The linearized 
DNA templates were transcribed in vitro using the 
reagents and conditions supplied by Promega- 
Biotec. RNA-RNA hybridization was performed 
overnight at 45°C. Digestion with RNase A 
(40pg/ml) and Ti (2 pg/ml) was at room 
temperature for 30 min. The double-strand 
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products were analyzed by electrophoresis through 
8% polyacrylamide denaturing gels. 

2.4. Nuclear run-off 
Nuclear run-off transcription assays were per- 

formed essentially as in [ 1 I- 131. The plasmids 
were linearized, denatured and spotted onto 
nitrocellulose filters using the Scheicher & Schull 
slot-blot apparatus. 

3. RESULTS 

3.1. Transfection of the H-2-promoter-CAT into 
mouse cells 

We constructed a series of H-2Kk promoter- 
CAT hybrid genes in which the 5 ’ -flanking region 
of the H-2Kk was deleted progressively from 
1.8 kb to 61 bp from the cap site (fig. 1). The dele- 
tion junctions were sequenced and named with 
numbers corresponding to the remaining bases of 
the H-2 promoter with respect to the transcription 
start site. The gene constructs were cotransfected 
with Herpes virus tk gene as selectable marker for 
stable transformation into mouse L(TK-) cells. 
The majority of stable transformants on each plate 
(> 100) were pooled to minimize the effect of the 
integration site, copy number and reorganization 
during the transfection. DNA Southern hybridiza- 
tion, carried out to determine the relative copy 
number in the isolated clones, showed a range of 
l-4 copies of promoter-CAT gene per haploid 
genome (not shown). The basal levels of CAT gene 
expression in representative cell cultures of each 
transfection are reported in fig.1. The basal 
(unstimulated) levels of the transfected plasmids 
indicate the presence of two regulatory sequences. 
One is located between - 213 and - 165, the other 
between - 99 and - 61. These two regions are con- 
sistent with the localization of two enhancer se- 
quences designated A and B, respectively, for the 
H-2Kb [14]. Moreover, sequence comparison be- 
tween H-2Kb and H-2Kk 5 ‘-flanking regions 
revealed no difference in these two regions; 
therefore we conclude that the promoter of H-2Kk 
contains the two enhancer-like elements A and B as 
described for the H-2Kb promoter. In addition a 
30-bp sequence located at positions - 169 to - 140 
is homologous to a common sequence that has 
been recently found in the promoter region of 
several human genes responsive to IFN [15]. This 
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Fig. 1. Summary of CAT assays in stable transfected cells, and localization of the IFN-sensitive site in the 5 ’ -flanking 
region of H-2Kk gene. The deletion constructs are designated by the number of bases remaining relative to the 
transcription start site. enh A and enh B, the positions of two enhancer sequences as defined [14]; IRS, the IFN- 
consensus sequences [1.5]. The basal levels of CAT gene expression varied between different cell lines for each 
transfected plasmid. The BL valuei (basal level) reported are the average of at least 3 different cell lines and are 
expressed as units per mg of protein (1 l,?it = 1 nmol of chloramphenicol acetylated per h at 37°C). The SE (stimulation 
effect) was calculated as the average of tue ratio of specific CAT activity in cells treated with IFN to that in untreated 
cells. The measurements of the SE values were made in parallel on the complete set of transfectants, using appropriate 

amounts of protein to fall within the lo-SO% acetylated range. 

region has been designated IRS for interferon- 
responsive sequences. 

3.2. Induction of H-2-CAT expression by type I 
interferon 

The stable transfected cells were incubated with 
1000 U/ml of mouse type I interferon for 48 h. 
For control, the plasmid pSV2-CAT, which con- 
tains the SV40 early promoter, was transfected in- 
to L cells. The pSV2-CAT gene expression was not 
influenced by IFN. The analysis of the CAT ac- 
tivities in the presence and absence of IFN is shown 
in fig. 1. We found that the plasmids pH-2Kk-CAT, 
pd1365-CAT, pd1213-CAT and pdl365dS-CAT 
retain the IFN-mediated response. These ex- 
periments indicate that sequences from - 213 to 

- 165 are important for the IFN response; 
moreover an internal deletion from position - 34 
to - 3, encompassing the TATA box does not af- 
fect IFN stimulation. Our data indicate that the 
enhancer A is a key element in the IFN response. 
Next we sought to confirm that the CAT activities 
measured in the experiments shown in fig. 1 reflect 
initiation of CAT gene transcripts at the correct 
sites. Total cellular RNA was isolated from cells 
grown in the presence or absence of type I IFN, 
and analyzed by RNase mapping [lo]. Fig.2 shows 
the results of such an analysis, indicating that the 
level of mRNA observed correlates with the levels 
of CAT activity, and the H-2Kk-CAT mRNA has 
the appropriate 5’-ends in both the presence or 
absence of IFN. Under the same conditions, we 
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Fig.2. Analysisof transcription initiation sites by RNase 
protection. Total RNA (2OFg) isolated from stable 
transformed cells in the presence ( + ) or absence ( - ) of 
IFN was hybridized to 32P-labeled anti-sense CAT RNA. 
Hybrids were treated with RNase A and T and analyzed 
on sequencing gels. The pdl165-CAT does not respond 
to IFN-mediated stimulation (fig. 1). The correct 
transcription initiation start (the protected band of 
174 bp) is detected; moreover, aberrant transcription 
initiation sites were found in the transfected cells. P, 
untreated anti-sense probe (the 130 nucleotide band is an 
aberrant SP6 transcript that occasionally was detected, 
but it did not affect the RNase experiment); -RNA, 
treated probe in the absence of RNA; M, 32P-labeled 

H&II digest fragments of @X174 DNA. 

confirmed by Northern blotting analysis that the 
steady-state level of endogenous class I genes is 
stimulated by type I IFN (not shown). From the 
results in fig.2, the IFN stimulation of H-2 gene ex- 

pression appears to be due to elevated levels of 
transcription; however, we cannot exclude the 
possibility of a post-transcription regulation by 
type I IFN. We have experimentally addressed this 
point by measuring the relative rate of transcrip- 
tion of H-2Kk-CAT genes in the presence of IFN, 
using the nuclear run-off transcription assay 
[11,12]. An average of 2.5fold increase in CAT 
transcription activity was observed in response to 
type I IFN. Although this increase is small, it was 
highly reproducible. An example of one such ex- 
periment in fig.3 shows that the induction of 
H-2K-CAT transcripts in IFN-treated cells is at 
least in part at the level of transcription. 

3.3. Post-transcription regulation of H-2K gene 
expression by IFN 

The 2-fold increase in transcription is less than 
the 5-fold enhancement of the CAT activities in the 
IFN-treated cells (figs 1 and 3). This difference 
may well be the result of a technical artefact; alter- 
natively, post-transcriptional events such as 
cytoplasmic stability may also contribute to the 
enhanced expression of CAT mRNA in IFN- 
treated cells. To further define this IFN-mediated 
stimulation of H-2 gene expression, we have con- 

+ IF@ -Ifl 

Fig.3. Transcription rate of CAT sequences in 
transformed cells. Nuclei were isolated from cells 
transfected with pd1365-CAT with (+) or without (-) 
IFN treatment, and assayed by nuclear transcription 
run-off analysis as described in the text. The cloned 
DNAs bound to nitrocellulose were: CAT, 1.6 kb 
HindIII-BarnHI fragment from pSV2-CAT; H-2, 
1.9 kb XbaI-XbaI fragment of H-2Kk gene [8], this 
fragment contains the first 3 exons of the gene; TK, pTK 
plasmid DNA. Densitometric scanning of the 
autoradiograph indicates a 2- to 3-fold increase of CAT 
and H-2 transcription rate relative to that of the TK in 

IFN-treated cells. 
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strutted a hybrid gene consisting of the SV40 early 
promoter and the H-2Kk gene [S] lacking its 
cognate promoter; 157 bp of CAT sequences were 
located between the SV40 promoter and the H-2 
gene in order to discriminate, at the RNA level, the 
expression of the transfected hybrid gene from the 
endogenous H-2 genes. 

Stable transfected cell lines were isolated after 
cotransfection into L(TK-) of pSV-H-2Kk hybrid 
gene with the pTK as selectable marker. Al1 the 

1IlL 
mRNA 

Fig.4. DNA sequences 3’ from the transcription 
initiation site contribute to the ability of H-2Kk to 
respond to type I IFN. On the top is shown the structure 
of the pSV-H-2Kk. Filled boxes denote exons and open 
boxes denote introns and flanking sequences. The 
dashed box shows the 3 ’ untranslated region. SV, PvuII- 
Hind111 fragment of SV-40 containing the early 
promoter; CAT, 157 bp HindIII-PvuII CAT fragment. 
Cells transfected with pSV-H-2Kk were treated with IFN 
and analyzed by RNase protection using an anti-sense 
probe. The RNase protection was performed as 
described in the text. The correct transcription initiation 
start (the protected band of 174 bp) was detected. 1, 
RNA isolated from IFN-treated cells; 2, the IFN- 

32 untreated sample; M, P- labeled Hue111 DNA fragment 
of 4x174. 

stable transformants on each plate (> 100) were 
pooled and grown in culture. We then cultured the 
stable transfected cells in the presence of 
1000 U/ml of type I IFN for 48 h, after which 
total RNA was isolated from cells grown in the 
presence or absence of IFN, and analyzed by 
RNase mapping. The result of one such analysis is 
shown in fig.4. We found that type I IFN is still 
capable of enhancing the expression of pSV-H-2Kk 
hybrid gene. Since the SV40 early promoter is not 
regulated by IFN (see fig. 1) we conclude that IFN- 
mediated enhancement of H-2Kk gene depends on 
two different mechanisms; one is controlled by the 
5’ -flanking region and the other by sequences 
downstream from the transcription site. 

4. DISCUSSION 

We found that the region from position - 213 to 
- 165 relative to the mRNA cap site of the H-2Kk 
is important for IFN regulation, This region in- 
cludes the enhancer-like sequences A and overlaps 
the 30 bp IRS consensus sequences [lS], located 
between - 169 and - 140. An internal deletion 
from nt.-34 to nt.-3, encompassing the TATA box, 
does not affect the IFN response. Our results are 
comparable and consistent with those obtained by 
others with H-2Kb and H-2Dd genes [ 16-181, sug- 
gesting the presence of similar regulatory se- 
quences in distinct class I genes. Using the nuclear 
run-off analysis we have shown that the IFN- 
response is at least in part at the level of transcrip- 
tion. However, we have also found that IFN- 
mediated increase of H-2Kk gene expression is con- 
trolled by sequences located 3 ’ to the transcription 
initiation site. This result extends the original 
observation [19] that the expression of a promoter- 
less human class I gene HLA-B7, transfected into 
mouse L cells is regulated by IFN. Similar results 
on the localization of 3 ’ IFN regulatory sequences 
have been described recently for the H-2Ld and 
H-2Dd gene [20]. 

The presence of two different regions in the 
H-2K gene involved in IFN mediated activation 
suggests the existence of at least two different 
mechanisms, which appear to act independently of 
each other, and account together for the full 
response of H-2Kk gene expression to type I IFN. 
One of the mechanisms involving sequences at the 
5 ’ -flanking region, clearly operates at the level of 
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initiation of gene transcription. The molecular 
mechanism, involving downstream regulatory se- 
quences remains undetermined. Although the 
localization and identity of the 3 ’ regulatory se- 
quences have not been established, it may be that 
these regions are involved in post-transcription 
events such as an increase in RNA stability. 
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