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ABSTRACT Transcription of major histocompatibility
complex (MHC) class I genes is negatively regulated in undif-
ferentiated F9 mouse embryonal carcinoma cells via the con-
served upstream regulatory region. This region contains con-
stitutive enhancers and an inducible enhancer, the interferon
consensus sequence (ICS), that is responsible for interferon-
induced transcription. A series of mutations in the ICS, but not
in the enhancer elements, resulted in an increase in expression
of the MHC class I promoter in F9 cells. However, these ICS
mutants did not increase promoter activity in F9 cells differ-
entiated after retinoic acid treatment. Results of mobility-shift
DNA-binding assays and methylation interference experiments
showed that undifferentiated F9 cells contained a factor(s) that
bound to a sequence within the 5’ and central part of the ICS.
This binding site, termed the MHC negative regulatory element
(NRE), coincided with the site of mutations that increased
promoter activity in F9 cells and was distinct from the element
to which interferon-response factors bind. The factor(s) that
binds to the MHC NRE was not detected in differentiated F9
cells treated with retinoic acid or in other cells expressing MHC
class I genes. Finally, introduction of concatenated, double-
stranded NRE oligomers, but not oligomers of unrelated se-
quences, into F9 cells abolished negative regulation of the MHC
class I promoter activity, providing evidence that the NRE
binding factor is responsible for repression of the MHC class I
genes in F9 cells.

Embryonal carcinoma (EC) cells resemble early mammalian
embryos in many aspects (1). In the undifferentiated state,
these cells express high levels of c-myc gene product, heat
shock proteins, and a surface antigen that is embryo-specific.
One of the most distinctive characteristics of undifferentiated
EC cells is their capacity to repress transcription of various
genes. A number of viral genes including those of polyoma
virus, simian virus 40, and murine leukemia virus have been
shown to be transcriptionally repressed (2-4) due to negative
regulatory mechanisms (5-8). The sequences specifying such
repression have been extensively studied (8-11). The pres-
ence of a nuclear factor in EC cells that may be involved in
negative regulation has been reported for murine leukemia
virus (11, 12). In addition, the interferon B8 (IFN-B) gene is
reported to be under negative control in F9 mouse EC cells,
and this correlates with the presence of a factor that binds to
a sequence upstream of the gene (13). Lenardo et al. (14)
showed that F9 cells contain a factor, called NFA-3, that
binds to the immunoglobulin (Ig) octamer sequence, which
may negatively regulate the activity of the Ig x enhancer.
These reports suggest that there are multiple factors and
mechanisms that govern repression of various cellular genes
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in EC cells. The repression seen in EC cells may reflect
normal developmental processes, as early embryos are re-
fractory to viral infection (15) and fail to express many
cellular genes (1, 16, 17). When embryos develop, and when
EC cells differentiate following retinoic acid treatment, neg-
ative regulation ceases. Concomitantly, a number of cellular
genes are induced, including the Endo A and B (16), collagen
type IV, plasminogen activator (17), IFN-B (13), and major
histocompatibility complex (MHC) class I genes (18). Tran-
scription of MHC class I genes is repressed in F9 cells via the
conserved regulatory region (nucleotides —203 to —139 rel-
ative to the RN A initiation site) that contains the MHC class
I enhancers and the IFN consensus sequence (ICS) (ref. 19
and Fig. 1). This repression ceases following differentiation,
which parallels induction at low levels of endogenous MHC
class I genes. A similar progression of events occurs in mouse
embryos: at very early stages MHC class I gene expression
is negligible, followed by expression at low levels at somite
stage (20). In the present study the site of negative regulation
is mapped to a sequence that resides within the ICS. Evi-
dence for expression of a nuclear factor(s) in undifferenti-
ated, but not in differentiated, F9 cells that binds specifically
to the negative regulatory element (NRE) is presented, which
indicates that transcriptional repression of MHC class I genes
is mediated by binding of this factor to the NRE.

MATERIALS AND METHODS

Cells. F9, F9Tk™, P19, and PCC3 EC cells (21) were
cultured in appropriate media (19, 21). To induce differenti-
ation, cells were treated with 0.5 uM all-trans-retinoic acid
(Eastman Kodak) for 3-7 days.

H-2L* Constructs and Transfection. Plasmids pL‘CAT1.4K
and pLCAT123 (19) contain CAT coding sequences under
control of the H-2L¢ promoter (see Fig. 1). Mutant CAT
constructs containing 2-base-pair (bp) substitutions in the
enhancer elements and in the ICS (Fig. 1) were prepared by
site-directed mutagenesis (22, 23). Transfection was per-
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FiG. 1. Schematic representation of plasmids pL4CAT1.4K and
pLICAT123. The reporter gene is the bacterial chloramphenicol
acetyltransferase (CAT) gene. The two conserved regulatory ele-
ments, MHC class I enhancers and ICS, are shown. The enhancer
region has two elements, region I and region II, while the ICS
contains the IFN response element (IRE). Nucleotide substitutions
of mutants (m) produced from pLICAT1.4K are indicated.

formed by the calcium phosphate precipitation method with
N, N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (Bes)
buffer (19). About 5 x 10° F9Tk™ cells were incubated in a
100-mm plate with a mixture of DNA [a total of 20 ug
containing CAT constructs, pCH110 (24), and, as carrier
DNA, pUC] overnight, then washed and further incubated 24
hr before harvest for CAT assay (19). In some experiments
carrier DNA was not used. At least three different prepara-
tions of plasmid DNA were tested for each CAT construct,
and in some experiments the expression of B-galactosidase
activity was used to normalize transfection efficiency. Within
a single series of experiments, variability of transfection
efficiency was <20%. For competition in vivo, double-
stranded oligodeoxynucleotides were phosphorylated and
concatenated by incubation with T4 kinase and ligase, re-
spectively. This procedure yielded DNA of =1 kilobase (kb)
(20- to 25-mers) (25). Concatenated oligomers were purified
by phenol/chloroform extraction and ethanol precipitation
before use in transfection.

Mobility-Shift DNA-Binding Assay and Methylation Inter-
ference Experiments. Nuclear extracts were prepared by the
method of Dignam et al. (26) except that the protease
inhibitors aprotinin and leupeptin were added at 1 pg/ml
throughout. Electrophoresis of DN A-protein complexes was
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performed as described (27), using three probes: the NRE of
the H-2L4 gene, a shorter probe corresponding to the NRE of
the H-2K? gene (Table 1), and a 90-bp probe containing both
the enhancer elements and the ICS of the H-2K? gene. These
probes were prepared from plasmids harboring the relevant
sequences. The NREs of the L? and K? genes differ at a single
site, position —155 (Table 1). Extract protein (10 ug) was
mixed with 32P-labeled probes (=10* cpm/ng) and poly(dI-
dC) (2 png; Pharmacia) in 10 ul of binding buffer [S0 mM
NaCl/10 mM Tris-HCI, pH 7.8/1 mM dithiothreitol/0.5 mM
EDTA/10% (vol/vol) glycerol]. After incubation at room
temperature for 20 min, this mixture was electrophoresed
through a 4% polyacrylamide gel in Tris/borate buffer (pH
7.9). Mobility-shift assays were also performed using a dif-
ferent binding buffer, 10 mM Hepes, pH 7.4/1 mM MgCl,/40
mM KCl1(22, 23). Methylation interference experiments were
performed using nuclear extracts from undifferentiated F9
cells (27).

RESULTS

Mapping of the NRE by Site-Directed Mutagenesis. A series
of eight mutants containing 2-bp substitutions in the MHC
enhancer and ICS was constructed by site-directed mutagen-
esis (Fig. 1; refs. 22 and 23). These mutants were generated
from plasmid pLYCAT1.4K, which has a 1.4-kb upstream
region of H-2L9 positioned upstream of the CAT gene (19).
Mutants m72, m13, m14, and m86 had substitutions in the
enhancer elements (region I and region II) and their vicinity,
while m96, m97, m93, and m98 had substitutions in the ICS
(Fig. 1). The ICS region contains an IRE (Fig. 1) recognized
by IFN response factors (22, 28-31). Mutant constructs were
tested for activity by transfection into undifferentiated F9
cells. Two controls were tested in parallel, the parental
plasmid pLYCAT1.4K and pLYCAT123, from which the en-
hancers and the ICS had been deleted (Fig. 1). Results are
summarized in Table 2. In undifferentiated F9 cells the levels
of CAT activity generated by pLYCAT1.4K were lower than
those generated by pLYCAT123, as expected: the region from
—203 to —139, encompassing the MHC enhancers and ICS,
was previously found to mediate negative regulation of the
MHC class I promoter in F9 cells (19). The opposite rela-
tionship prevails in fibroblasts, in which region I and region
II act as functional enhancers (23, 32, 33). All four mutants
in the enhancer region (m72, m13, m14, and m86) generated

Table 1. NRE oligonucleotides and summary of factor binding

Name Sequence Competition*

-175 -137

NRE (L% GCTGGGGATTCCCCATICTCCTCAGTTTCACTTCTGCACC +
CGACCCCTAAGGGGTAGAGGAGTCAAAGTGAAGACGTGG

-169 -137
ICS m232 GATTCATAATCTCCTCAGTTTCACTTCTGCACC +
ICS m234 GATTCCCCGGATCCTCAGTTTCACTTCTGCACC -
ICS m238 GATTCCCCATCTCCTCCTGTTCACTTCTGCACC -
ICS m228 GATTCCCCATCTCCTCAGTTTIGATTCTGCACC -
ICS m242 GATTCCCCATCTCCTCAGTTTCACGCATGCACC +

-161 -147
Short NRE (K?%) ATCTCCACAGTTTCA +
Mutant short NRE ATCTACAGAGTTTAA -
-176 -158

Region 1 GGCTGGGGATTCCCCAGGCTGGGGATTCCCCATCT -
lac operator GGTGGAATTGTGAGCGGATAACAATTCCATGCATG -

Only the upper strands (except for the NRE) are shown. The NRE used for competition in vivo had
linkers at the 5’ and 3’ ends (GATCT and GCATG). Bases different from the parental type are
underlined. The guanine residues showing interference (Fig. 4) are marked (¢). The proposed NRE

factor binding site is boxed.
*Summary of results in Fig. 3A.
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Table 2. Activity of mutant pLYCAT1.4K in F9 cells
Relative activity (P value)

CAT

construct - RA + RA n*
pLYCAT1.4K 1.0 1.0
pLYCATI123 2.5 (<0.03) 1.2 (<0.05) 5
m72 1.5 (NS) 4
ml3 1.5 (NS) 4
ml4 1.4 (NS) 4
m86 1.2 (NS) 4
m9%6 4.4 (<0.05) 1.1 (<0.05) 4
m97 2.5 (<0.03) 1.1 (<0.06) 4
m93 6.7 (<0.06) 0.95 (<0.06) 4
m98 2.8 (<0.06) 0.1 (<0.06) 4

F9 celis before (—RA) and after (+RA) retinoic acid treatment (0.5
uM, 7 days) were transfected with pLICAT constructs. CAT activity
was normalized by B-galactosidase activity and is expressed relative
to the pLYCAT1.4K value. Significance (P) was assessed by a
nonparametric statistics signs test. NS, not significantly different
from pLYCAT1.4K.

*Number of experiments.

low CAT activity, comparable to the activity from
pLYCAT1.4K. In contrast, CAT activity generated by the
ICS mutants was markedly higher than that from
pLYCAT1.4K (Table 2). The highest levels of activity were
produced by m96 and m93, which exceeded those produced
by pLYCAT123. CAT activity produced by m97 and m98 was
lower than that produced by m96 and m93, even though the
m97 mutation is in the region immediately flanking the
mutations in m96 and m93. These data suggest that MHC
class I genes are negatively regulated in F9 cells by a
sequence within the ICS. In fibroblasts, however, the levels
of CAT activity from these ICS mutants are comparable to
the levels generated by pLYCAT1.4K (22, 25). These mutants
were also tested by transfection into differentiated F9 cells
after treatment with retinoic acid (Table 2). In these cells the
parental plasmid pLYCAT1.4K and the deletion mutant pL%
CAT123 gave similar levels of activity, indicating that neg-
ative regulation as mediated by this region is not functional
after differentiation (19). Consistent with this result, all ICS
mutants generated CAT activity comparable to that of
pLYCAT1.4K in retinoic acid-treated F9 cells. Thus, muta-
tions in the ICS region increase CAT activity only in undif-
ferentiated F9 cells.

Induction of MHC Class I Promoter Activity by Competition
in Vivo. The first indication that the negative factor might be
present at a limiting concentration was that the relative CAT
activity of pLiCAT1.4K and pLYCAT123 depended on the
amounts of DNA transfected into F9 cells. When F9 cells
were transfected with <10 ug of plasmid, the activity pro-
duced by pLICAT123 was higher than that from
pLYCAT1.4K. However, when 15 ug of plasmid was trans-
fected, the levels of CAT activity from pL/CAT1.4K became
slightly higher than that from pL4CAT123 (data not shown).
A similar effect has been reported with the polyoma virus
enhancer in F9 cells (6). Oligomers of regulatory sequences
have been shown to compete efficiently for the activity of a
DNA-binding factor in vivo (25, 34). The oligomer corre-
sponding to region I and the ICS, termed the NRE (Table 1)
was concatenated, and transfected together with
pLYCAT1.4K into undifferentiated F9 cells. A clear increase
in CAT activity was observed when increasing amounts of
the NRE oligomer were transfected with pLYCAT1.4K (Fig.
2). The levels of CAT activity generated by pLiCAT1.4K
were comparable to those generated by pL4CAT123 when the
amount of the NRE oligomer was increased to 1-2 ug. In
contrast, oligomers for region I or the lac operator sequence
(35) did not increase pLYCAT1.4K activity (Fig. 2). The NRE
oligomer had no effect on CAT activity when cointroduced
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FIG. 2. Induction of expression of pL4CAT1.4K by competition
with the NRE oligomer. Concatenated double-stranded oligomer for
the NRE (m), lac operator (Lac Op, 0), or region I (RI, ©) was
cotransfected with pLICAT1.4K (5 ug) into F9 cells. As a control,
plasmid pLYCAT123 and the NRE oligomer were cotransfected in
parallel (@). CAT activity was normalized relative to the activity of
S ug of pLYCAT123 (100) and pLYCAT1.4K (0) without oligomers.
Percent chloramphenicol conversions for pLICATI123 were 0.3-
0.6%, and for pLYCAT1.4K 0.05-0.1%.

with pLYCAT123. These results agree with the site-directed
mutagenesis data and confirm that expression of the MHC
class I promoter is negatively regulated by a titratable factor
that binds the NRE. That the region I oligomer did not
increase the levels of CAT activity from pLICAT1.4K indi-
cates that the primary site of negative regulation resides
within the ICS.

Binding of an F9-Specific Nuclear Factor(s) to the MHC
NRE. The potential existence of a nuclear factor(s) that binds
to the NRE in F9 cells was examined by mobility-shift assays
using three probes: (i) the NRE sequence tested for compe-
tition in vivo, (ii) a short NRE sequence corresponding to the
core region of the NRE derived from H-2K? (Table 1), and
(iii) a 90-bp fragment derived from the upstream region of
H-2K? and containing the enhancers and the ICS. The DNA
sequences of H-2K? and H-2L“ differ at a single site, position
—155 (A vs. T) in the conserved regulatory region —203 to
—139. With nuclear extracts from undifferentiated F9 cells,
all three probes produced two prominent bands that migrated
very slowly, marked N in Fig. 3A. In each case, formation of
the bands N was efficiently inhibited by excess unlabeled
NRE (data not shown) or short NRE (Fig. 34 ) competitor. A
mutant short NRE oligomer (Table 1) that contained three
nucleotide substitutions failed to compete for bands N. The
sequence specificity required for generating bands N was
further evaluated by testing the ability of additional mutant
NRE oligomers to compete (Table 1, Fig. 3A). Mutant
oligomers m234, m238, and m228, which had three base
changes in the central part of the NRE, failed to compete for
bands N. On the other hand, oligomers m232 and m242,
which had base changes in the 5’ or the 3’ end of the NRE,
competed for bands N. Bands N were detected in extracts
from both F9 and F9Tk ™ cells, as well as by using a different
binding buffer for the mobility-shift assay (Materials and
Methods) (data not shown). These results indicate that un-
differentiated F9 cells contain a factor(s) that binds to the
NRE and that the nucleotide difference at position —155 in
H-2L? and H-2K? does not affect binding of the factor to the
NRE. This binding site coincides with the sites of mutations
in pLYCAT1.4K, which generated increased levels of CAT
activity in F9 cells (Table 2, Fig. 1). Bands N were not
detected in extracts of differentiated F9 cells (Fig. 3B).
Furthermore, extracts from two other EC cell lines, P19 and
PCC3, generated a slowly migrating band equivalent to one
of the N bands (Fig. 3B); the NRE oligomer competed for this
band, but the mutant NRE m238 did not (data not shown). In
contrast, extracts from mouse NIH 3T3 cells and mouse liver
did not produce bands N.
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fragment of the K gene as probes. Competitor oligomers (Table 1) were added at 100 times molar excess. —, No competitor; St NRE, short
NRE; mSt NRE, mutant short NRE. (B) Cell-type specificity. Extract proteins from undifferentiated F9 cells, differentiated F9 cells (induced
with retinoic acid, F9.RA), undifferentiated P19 and PCC3 cells, NIH 3T3 cells, and mouse liver were tested with the short NRE or the 90-bp

K? fragment as probes.

Methylation Interference Experiments. Methylation inter-
ference was used to determine the critical guanine residues
involved in contacting the protein in bands N (Fig. 4). In the
coding strand only the guanine at position —152 exhibited
interference (see Fig. 4, Table 1). In the noncoding strand,
modification of any of six guanines, at position —148, —154,
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FiG. 4. Methylation interference. These experiments were per-
formed as described (27) by using nuclear extracts from undifferen-
tiated F9 cells and the NRE probe. The guanine (G) residues
exhibiting interference are marked (@). B and F stand for bound and
free probe, respectively.

-156, —157, —158, or —160, showed strong interference.
These results agree with the results of competition in Fig. 3A
and map the site involved in forming bands N approximately
from —160 to —148. These results confirm that the protein
responsible for forming bands N is distinct from previously
identified factors that bind to the IRE, which show methyl-
ation interference only from —152 to —142 (22, 28-31).

DISCUSSION

Negative regulation of MHC class I promoter expression in
F9 cells mediated by the conserved upstream regulatory
region has been investigated. This negative regulation was
relieved by competition in vivo (Fig. 2), which correlated with
increased promoter activity observed by mutations placed in
the NRE in pLYCAT1.4K (Table 1). This confirms that
negative regulation is caused by a titratable negative factor(s)
rather than by interference with the activities of positive
factor(s). In accordance, a factor(s) that specifically binds to
the NRE, bands N in Fig. 3, was detected in extracts of F9
and other EC cells. Further, negative regulation was ob-
served only in undifferentiated cells: it ceased following
differentiation of F9 cells by retinoic acid treatment and
concomitantly, binding activity to the NRE became unde-
tectable (Table 1, Fig. 3B). These data provide strong evi-
dence that the factor that binds to the NRE represents an
essential component of the negative regulation of MHC class
I genes. Results of functional studies as well as mobility-shift
and methylation interference experiments locate the primary
site of negative regulation in the 5’ and central part of the ICS,
the NRE. The NRE maps between —160 and —148 and is
distinct from the IRE, which maps to an overlapping se-
quence (22, 28-31). The present study indicates that a se-
quence in the ICS has a more important role than the MHC
enhancer elements (between —203 and —161), although pre-
vious work indicated involvement of the enhancer region
(19). Negative regulation mediated by the NRE may occur in
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other cells as well—e.g., in cells of the central nervous
system, where MHC class I genes are not expressed (P. T.
Massa, S. Hirschfeld, B.-Z Levi, L. A. Quigley, K.O., and
D. E. McFarlin, unpublished work). Further, Baniahmad et
al. (36) noted that the NRE described here is similar in
sequence to the silencer elements of the lysozyme gene and
other genes. However, down-regulation of MHC class I
genes probably results from more than one mechanism: a
sequence further upstream and distinct from the NRE has
been shown to control repression of MHC class I gene
expression in cells transformed by the oncogenic adenovirus
12 (37).

It is not known how the NRE elicits its function. It is not
likely that binding of a negative factor to the NRE physically
excludes factors from interacting with the enhancers (38), as
the MHC class I enhancers map to regions distinct from the
NRE, and the enhancer activity is low in F9 cells (ref. 19 and
Fig. 2). Since the negative regulation studied in this work is
likely to be mediated by direct binding of a factor to the NRE,
indirect mechanisms due to protein—protein interaction, such
as ‘‘squelching” (38, 39), are also unlikely. The negative
factor in F9 cells may directly act on the basal transcription
complex and reduce the rate of transcription mediated by the
TATA element and initiation sequences. Negative regulation
has been reported to occur in F9 cells for a number of other
genes, including genes in polyoma virus and simian virus 40,
in which the repression appears to be mediated by the
enhancer region. More than one negative regulatory factor
has been implicated for murine leukemia virus (11, 12).
Additionally, factors proposed to be responsible for negative
regulation, such as the octamer-binding protein NFA-3 (14)
and a factor that binds to the regulatory region of the IFN-B
gene (13), are expressed in F9 cells. This suggests that
negative regulation is a common mechanism of gene regula-
tion in EC cells. It is not clear whether these factors are
unrelated to each other or whether they have a common
component. Analysis of a recently cloned protein that rec-
ognizes the NRE as well as the CAAT sequence (M.M., T.
Nagata, K.O., and P.A.S., unpublished work) may provide
clues to the mechanism of negative regulation of MHC class
I and other genes in F9 cells.
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