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Retinoic acid (RA) treatment of human embryonal carcinoma (EC) NTera-2 (NT2) cells induces expression
of major histocompatibility complex (MHC) class I and 13-2 microglobulin surface molecules. We found that
this induction was accompanied by increased levels of MHC class I mRNA, which was attributable to the
activation of the two conserved upstream enhancers, region I (NF-KB like) and region H. This activation
coincided with the induction of nuclear factor binding activities specific for the two enhancers. Region I binding
activity was not present in undifferentiated NT2 cells, but binding of an NF-KB heterodimer, p50-p65, was

induced following RA treatment. The p50-p65 heterodimer was produced as a result of de novo induction of p50
and p65 mRNAs. Region H binding activity was present in undifferentiated cells at low levels but was greatly
augmented by RA treatment because of activation of a nuclear hormone receptor heterodimer composed of the
retinoid X receptor (RXR3) and the RA receptor (RARI3). The RXR,-RARj3 heterodimer also bound RA
responsive elements present in other genes which are likely to be involved in RA triggering of EC cell
differentiation. Furthermore, transfection of p50 and p65 into undifferentiated NT2 cells synergistically
activated region I-dependent MHC class I reporter activity. A similar increase in MHC class I reporter activity
was demonstrated by cotransfection of RXRI3 and RAR(3. These data show that following RA treatment,
heterodimers of two transcription factor families are induced to bind to the MHC enhancers, which at least
partly accounts for RA induction of MHC class I expression in NT2 EC cells.

Retinoic acid (RA) induction of embryonal carcinoma
(EC) cell differentiation has been utilized as an in vitro model
to study changes in gene regulation accompanying differen-
tiation and early mammalian development in vivo (44, 62,
72). Similar to the more widely studied murine F9 and P19
cells, human NTera-2 (NT2) EC cells have been shown to
undergo differentiation with RA treatment to produce a
neuronal lineage in addition to other cell types (1). The initial
event triggering RA-induced differentiation is almost cer-
tainly the activation of RA receptors (RARs) which het-
erodimerize with retinoid X receptors (RXRs) to bind spe-
cific DNA sequences, RA response elements (i.e., RAREs),
thus leading to induction of a diverse set of transcription
factors (12, 28, 41, 48, 61, 78). RA treatment of NT2 cells has
been shown to induce transcription factors such as AP-2 (46)
and a series of homeobox genes (70, 71). Undifferentiated
NT2 cells conversely express Oct3 mRNAs at high levels,
and the levels fall precipitously soon after RA treatment (57,
63). Likewise, extensive changes in regulatory gene expres-
sion have been reported for F9 and other EC cells after RA
treatment (40, 74). While it seems clear that RA treatment
influences expression of a number of regulatory factors that
determine cellular differentiation, the mechanism responsi-
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ble for induction of specific genes during EC cell differenti-
ation in most instances remains to be deciphered.
Expression of major histocompatibility complex (MHC)

class I genes is an important hallmark of EC cell differenti-
ation, since cells concomitantly become able to produce
interferons, become sensitive to cytotoxic T cells, and
acquire an immunologically competent status (30).
Developmental and tissue-specific regulation of MHC

class I gene expression is conferred by a conserved upstream
regulatory region (7, 13, 14, 18, 32, 38), which includes the
region I (KB-like [see below]) and region II enhancer ele-
ments (see Fig. 2A for scheme). The region II element has
been shown to function as a moderate enhancer in fibroblasts
(13) and contains a core sequence, AGGTCA, found in many
hormone responsive elements (51), including RAREs (19,
75). We isolated RXROI (formerly H-2RIIBP) on the basis of
binding to region II (29), and later showed that RXR, is
capable of activating a reporter containing region II in a
RA-dependent fashion when transfected into NT2 cells (56).
Since then, it has been demonstrated that RXRs het-
erodimerize with other members of the nuclear hormone
receptor superfamily, including RARs, to avidly bind region
II (48) and other RAREs in vitro (12, 41, 78). While it is likely
that RARs and RXRs execute important functions in RA-
induced regulation of many early responsive genes in EC
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cells, the precise identification of the receptors involved and
their in vivo target genes has yet to be determined. This issue
is further complicated by the diversity of receptor members
which may be involved (e.g., RXRa, -1, and -y [47] and
RARa, -,B, and -y [19, 79]).
Region I, a conserved KB-like sequence (67), has been

shown to bind NF-KB transcription factors in addition to
PRDIIBF1, H-2TF1, and KBF1 (7, 24, 37, 77). In some cells
and tissues the presence of region I binding activity corre-
lates with MHC class I expression (13, 22, 52). NF-KB
binding activity consists of a heterodimeric complex of p50
and p65 proteins, the subunits of which belong to a large
family of rel-related proteins (9, 10, 27, 37, 64, 65; reviewed
in references 5 and 42). Despite the report that NF-KB
homologs are involved in tissue differentiation (36), no
information is available regarding expression of NF-KB
factors during EC cell differentiation.

In this report we have studied induction of MHC class I
gene expression by RA as an example of a developmentally
regulated gene that is induced during EC cell differentiation.
We show that two DNA-binding activities, NF-KB subunits
(pSO-p65) and RXR,B-RAR1 heterodimers, are induced by
RA treatment of NT2 cells and are specific for region I and
region II, respectively. Moreover, induction of these com-
plexes was found to coincide with the induction of the region
I and region II enhancer activity and to at least partly
account for the observed increase in MHC class I promoter
activity after RA treatment. In addition, we show that region
I enhancer activity can be reconstituted in untreated NT2
cells by introduction of NF-KB subunit cDNA corresponding
to p50 and p65. Similarly, we show that RXR,B and RAR13
are capable of enhancing MHC class I promoter activity in
NT2 cells in response to RA, thus supporting a functional
role for this heterodimer pair. Taken together, these data
show that the absence of MHC class I gene expression in
undifferentiated NT2 cells is due to the absence of these
factors and the induction of MHC expression involves
induction of these factors.

MATERIALS AND METHODS

Cell culture. NT2 cells (1, 2) were obtained from L. Staudt
(National Institutes of Health) and were maintained in Dul-
becco's modified Eagle's medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS), gentamicin (50
,ug/ml), and glutamine (20 mM) at 37°C in 7% CO2 at a
density of >4 x 106 cells per 75-cm2 flask. Cells were treated
with 1 x 10-5 M or 5 x 10' M RA (all-trans; Sigma) for
indicated periods of time. The human B-cell line Namalwa
(American Type Culture Collection [ATCC]) and murine
pre-B-cells line 70Z/3 (ATCC) were cultured in RPMI 1640
supplemented with 5 to 7% FBS, gentamicin, and glutamine
as described above.
Flow cytometry. Suspensions of NT2 cells (105 cells per

tube) were incubated with hybridoma supernatants contain-
ing W6/32 (anti-human leukocyte antigens [HLA] A, B, and
C [8]; ATCC), or anti-human 13-2 microglobulin antibody
(BBM.1 (P-2m) [11]; ATCC), both diluted 1:2, for 60 min at
4°C. Cells were washed with phosphate-buffered saline
(PBS) supplemented with 1% FBS and 0.02% NaN3 and then
incubated with fluorescein isothiocyanate-labeled goat anti-
mouse immunoglobulin F(ab')2 diluted 1:40 and fluorescein
isothiocyanate-labeled goat anti-mouse immunoglobulin Fc
(Cappel) diluted 1:50. Monoclonal anti-mouse H-2Ld/Dd
(28-14-8 [59]; ATCC) was used as a negative control. To
monitor expression of a neuronal marker, cells were incu-

bated with a mixture of tetanus toxin (2 ,ug) and rabbit
anti-tetanus toxin C antibody (Calbiochem) diluted at 1:1,500
under the same conditions as described above. Cells were
then incubated with phycoerythrin-labeled goat anti-rabbit
immunoglobulin G (Southern Biotechnology) diluted 1:40.
Normal rabbit serum was used as a control. Cells were
washed three times in PBS with the above supplements and
analyzed on an EPICS II flow cytometer (Coulter Electron-
ics).

Transfection and reporter assays. MHC class I chloram-
phenicol acetyltransferase (CAT) reporter constructs
pLdl400.CAT, pLd237.CAT, pLdl23.CAT, and pLd6O.CAT
have been described (23). Mutant pLdl400.CAT constructs
were prepared by the oligonucleotide-directed mutagenesis
procedure, using polymerase chain reaction (see Fig. 2A).
Mutations in these constructs were confirmed by dideoxy
sequencing. To test MHC class I promoter activity, NT2
cells (6 x 105 to 10 x 105 cells per plate) were transfected
with S p,g of reporter construct, 5 ,ug of PCH110 (Pharmacia)
or 0.6 p,g of Rous sarcoma virus luciferase (20), and 10 ,ug of
carrier DNA (pUC18) by the calcium phosphate precipita-
tion method with the BES buffer (56) at pH 6.96. After
overnight incubation, cells were washed and cultured in
complete culture media for 36 h. CAT assays were per-
formed as previously described (56). Transfection efficiency
was monitored by 1-galactosidase or luciferase activity.
Cotransfection assays with p50 and p65 expression plasmids
were performed with PMT2T vectors containing p50 cDNA
or p65 cDNA (9). NT2 cells (2 x 106) were transfected with
5 ,ug of pLdl400.CAT or pLd1400MI.CAT (see Fig. 2) and
indicated amounts of expression plasmids as previously
described (9).
PLd1400.LUC was constructed with anXhoI-HindIII frag-

ment excised from pLdl400.CAT that encompassed the
entire 1,400 bp of the MHC class I promoter region. The
XhoI-HindIII fragment was then subcloned into the compa-
rable site of pGL2 basic (Promega). Correct insertion was
confirmed by dideoxy sequencing. The mammalian expres-
sion vector RSV-RXR1 was previously described (56). hu-
man RAR1 in pSV-SPORT was a gift from A. DeJean
(Pasteur Institute; supplied through A. Zimmer, National
Institutes of Health). Reporter assays with pLdl400.LUC
were performed in 12-well flat-bottom plates seeded with 2 x
105 NT2 cells per well. After overnight incubation, 0.3 ,g of
reporter, 0.3 to 0.5 ,g of expression vector, and 0.2 ,g of
PCH110 (Pharmacia) was transfected by the BES buffer
method (56). The total amount of expression vector was held
constant by the addition of expression vector lacking insert.
Following 8 h of incubation, cells were washed with PBS,
and 10 ,uM of all-trans RA (or vehicle) was added for an
additional 24-h incubation. Cells were washed and then lysed
by freeze-thaw three times in KH2PO4 (100 mM)-1 mM
dithiothreitol (DTT) at pH 7. Cellular debris was separated
by centrifugation, supernatants were collected, wells were
standardized to ,B-galactosidase activity, and luciferase ac-
tivity was determined as previously described (20).

Gel mobility shift assay. Nuclear and cytoplasmic extracts
were prepared by the method of Dignam et al. (21) with
minor modifications. All buffers contained the proteinase
inhibitor phenylmethylsulfonyl fluoride (0.5 mM). Extracts
were used without dialysis. Nuclear extracts containing 5 to
8 ,g of protein were incubated with 32P-labeled double-
stranded oligonucleotides (0.1 to 0.5 ng [about 103 to 104
cpm]) (see below and Fig. 2) and 2 to 4 ,ug of poly(dI-
dC) poly(dI-dC) (Pharmacia) in binding buffer containing
50 mM NaCl, 10 mM Tris-HCl (pH 7.6), 1 mM MgCl2, 0.2
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mM EDTA, and 1 mM DTT for 30 min at 4°C. The
oligonucleotides depicted in Fig. 2B were used as probes as
indicated. For competition experiments, unlabeled oligonu-
cleotides were added at 50-fold molar excess 5 min prior to
addition of labeled oligonucleotides. The following antibod-
ies were tested in gel mobility shift assays. Rabbit antibodies
to p50, p65, c-Rel, and Rel50B were prepared and used as
previously described (9). These antibodies (1 p1l of serum)
were added to 8,ug of nuclear extract proteins and incubated
in 15 pl of buffer D (20 mM N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid [HEPES; pH 7.9], 20% glycerol, 100
mM KCl, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM phenylm-
ethylsulfonyl fluoride) in the presence of 3p,g of poly(dI-
dC). poly(dI-dC), 20p,g of bovine serum albumin (BSA),
and 0.2 ng of labeled probe for 30 min before the addition of
labeled probe (0.2 ng). Monoclonal antibody specific for
RXRO (immunoglobulin Gl) (MOK 13-17) and control anti-
body MOK 15-42 were previously described (48). Ascites (1
pl) containing this monoclonal antibody was added to 5p,g of
nuclear extracts in binding buffer as described above and
incubated for 30 min at 30°C prior to the addition of labeled
region II probe.
To test the effect of sodium deoxycholate (DOC; Sigma)

treatment, cytoplasmic extracts (8),ug) were incubated with
1% DOC in binding buffer as described above for 40 min at
4°C prior to the addition of a region I probe. Reaction
mixtures were incubated and electrophoresed as described
above.
UV cross-linking. UV cross-linking experiments were per-

formed as previously described (53). Briefly, bromodeoxyu-
ridine-substituted region I probe was mixed with 4 p,g of
nuclear extract proteins in 20 pl of binding buffer and
electrophoresed as described above. The labeled complexes
were exposed to a 300-nm UV light source (Fotodyne) for
20 min. Cross-linked complexes were resolved by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE).
Chemical cross-linking and immunoprecipitation assay.

Four microliters of in vitro-translated 35S-labeled RXR, or
RAR3 transcribed in rabbit reticulocyte lysate (Promega)
was mixed with 20p,g of NT2 nuclear extract proteins and 10
pmol of biotinylated region II oligonucleotide (5'-biotin-
GCCAGGCGGTGAGGTCAGGGGTGGGGAA-3') to a 50-
,u volume in buffer A as previously described (49). After 90
min at 4°C, 1 ,ul of 12.5 mM disuccinimidyl-suberate (DSS;
Boehringer) in dimethyl sulfoxide (Aldrich) was added and
incubated for 30 min at 4°C. The mixture was quenched with
1 pl of 1 M NH4C1 for 5 min at 4°C. Next, 15 ,ul of prewashed
(buffer A plus 0.05% BSA) streptavidin-agarose beads in
0.05% BSA, 50 p,g of poly(dI-dC) poly(dI-dC) per ml was
added, and the mixture was rocked at 4°C for 30 min. Beads
were collected and washed three times with buffer A plus
0.05% BSA. A total of 50 ,ul of HS buffer (buffer A plus 0.5%
Nonidet P-40, 0.5% DOC, and 0.5% SDS) was added, and
the mixture was heated to 100°C for 10 min and then
centrifuged at 13,000 rpm in a Hermle microcentrifuge to
pellet the streptavidin-agarose. The supernatant was recov-
ered, incubated for 5 min with 3 ,ul of specific antibody or
control serum at 4°C overnight, and then combined with 30
,ul of protein A-agarose beads at 4°C for 2 h with rocking. A
polyclonal rabbit antibody raised against a fusion protein
containing the N-terminal domain of the human RAR1 was
used. This antibody specifically immunoprecipitates RAR,B
expressed in various tissue culture cells (73). Rabbit poly-
clonal anti-RXR,B antibody was previously described (49).
The beads were collected, washed twice with buffer A plus

0.05% BSA and once with buffer A. SDS sample buffer (50
,ul) was added to the washed beads, the mixture was heated
to 100°C for 10 min, beads were separated by centrifugation
at 13,000 rpm for 3 min, and the supernatant was electro-
phoresed by SDS-8% PAGE.

Northern (RNA) blot hybridization. RNA was electro-
phoresed in a 1.2% agarose gel containing formaldehyde as
described previously (22). RNA was blotted onto either
nitrocellulose or nylon filters and hybridized with 32P-labeled
cDNA probes (106 cpm/ml) for 16 h at 42°C. The hybridiza-
tion solution was either 3x SSC (lx SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)-5x Denhardt's solution and
0.1% SDS (nitrocellulose) or 0.1% SDS and 100,ug of salmon
sperm (nylon) per ml. Restriction fragments from the follow-
ing plasmids were 32P labeled by the random priming meth-
od: (i) a 1.5-kb HLA A33 cDNA EcoRI-EcoRI fragment
from pcEXV-3-AW33, a kind gift from S.-Y. Yang (Memo-
rial Sloan-Kettering Cancer Research Institute, New York,
N.Y.); (ii) a 3.8-kb EcoRI fragment from clone 243 encoding
p50, a DNA binding subunit of NF-KB (10); (iii) a 1.5 kb
BglII-BamHI fragment from p65 cDNA (64); (iv) a 1.5-kb
EcoRI-AccI fragment from the mouse RXRI cDNA (29); (v)
a 1.4-kb HindIII-SacI fragment from the human RARI
cDNA (19); (vi) a 331-bp NcoI-EcoRI fragment from the
chicken 3-actin (60); (vii) GADPH cDNA (3). Filters were
washed either three times in 0.1 x SSC at 42°C (nitrocellu-
lose) or twice in 2x SSC-0.1% SDS for 30 min at room
temperature and then twice in 1 x SSC-0.1% SDS at 65°C for
30 min (nylon), and autoradiography was performed.

RESULTS

Induction of surface MHC class I and mRNA molecules in
NT2 cells following RA treatment. We studied RA induction
of HLA and 1-2m surface expression in NT2 cells by flow
cytometric analysis. Cells were treated with RA at 10' M
for up to 9 days and tested for surface expression with two
monoclonal antibodies, W6/32 and BBM.1, specific for a
nonpolymorphic epitope of HLA-A, -B, and -C and for
,-2m, respectively. Consistent with previous reports (2),
undifferentiated NT2 cells did not show binding to either of
the antibodies (Fig. 1A, and C). After RA treatment at 1 x
10-' M (or 5 x 10' M [not shown]) for 9 days, >50% of
cells were positive for MHC class I expression and exhibited
a biphasic staining pattern. MHC class I positive cells were
first detectable 4 to 5 days after RA treatment (not shown),
and levels of staining gradually increased up to 9 days of
treatment. As shown in Fig. 1C, anti-P-2m antibody staining
paralleled MHC class I staining and produced a biphasic
profile (compare Fig. 1A with Fig. 1C). These data indicate
that MHC class I and 3-2m molecules are coordinately
induced in NT2 cells following RA treatment. We further
examined the RA treated cells with tetanus toxin, which
binds neuronally differentiated NT2 cells (1). Results in Fig.
1B, D, and E indicate that a significant fraction of cells
expressing MHC class I were of the neuronal cell type.
To determine whether the increase in surface expression

correlated with an increase in RNA levels, we performed
Northern analysis of RNA harvested from NT2 cells during
RA treatment by using the HLA Aw33 probe. As seen in Fig.
1F, undifferentiated NT2 cells expressed very low levels of
MHC class I mRNAs, but a significant increase was ob-
served after 4 and 7 days of RA treatment. These results
demonstrate that steady-state levels of MHC class I mRNA
increase in NT2 cells after RA treatment.

Induction of MHC class I promoter activity by RA treat-
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ment. MHC class I gene expression is regulated by a highly
conserved class I regulatory complex (-203 to -139) located
in the 5' promoter region of the gene (Fig. 2). We and others
have previously described two conserved enhancer elements
in the MHC class I regulatory complex, region I (also called
enhancer A) and region II (Fig. 2) that are located adjacent to
additional elements, the interferon response element and the
negative regulatory element (7, 25, 68, 77). To study the
contribution of the MHC class I regulatory complex to the
induction of MHC class I gene expression by RA, promoter
activity was examined in NT2 cells before and after RA
treatment. CAT reporters driven by the 5' upstream region
of the H-2Ld gene (see Fig. 2 for map) were tested.
pLdl400.CAT and pL 237.CAT included the upstream reg-
ulatory complex (located from -203 to -139) and contained
1,400 and 237 bp, respectively, of the gene. This regulatory
complex is deleted in pLdl23.CAT and pLd6O.CAT, which
contain only 123 and 60 bp of upstream sequence, respec-
tively (Fig. 2). As seen in Fig. 3A, all reporter constructs,
pLdl400.CAT, pLd237.CAT, and pLdl23.CAT, gave low

GREEN:W6/32
FIG. 1. Expression of surface MHC (HLA) class I molecules and

mRNA in NT2 cells following RA treatment. (A) Flow cytometry.
NT2 cells were treated with RA at 1o-5 M for 4 days (4d) and 9 days
(9d) as indicated. Cells not treated with RA (untreated: dot or dash
as noted). Binding of W6/32 (anti-HLA-A, -B, and -C) (A) and
BBM-1 (anti-,B-2m, labeled 32M) (C) antibodies was monitored with
fluorescein isothiocyanate-labeled anti-mouse immunoglobulin. (B,
D, and E) Binding of the tetanus toxin and anti-tetanus toxin
antibody (TTX) was monitored with phycoerythrin-labeled anti-
rabbit immunoglobulin. (D and E) Two-color staining with W6/32 (x
axis, green) and T1X (v axis, red). Note that staining of RA-treated
NT2 cells with W6/32 resulted in a mean fluorescence channel shift
(delta value) of two times greater than the matched control antibody
(28.14.8 [not shown]). (F) RNA blot analysis. Ten micrograms of
total RNA from NT2 cells treated with either no RA (Od) or RA at 5
x lo- M for 1 day (1d), 4 days (4d), or 7 days (7d) was blotted onto
nitrocellulose membranes and hybridized with a 32P-labeled HLA
Aw33 probe (Materials and Methods). The same filter was hybrid-
ized with a t-actin probe (Fig. 4E, left panel).

CAT activities in untreated NT2 cells. pLdl23.CAT gave
slightly higher CAT activity than pLd237.CAT and pLdl400.
CAT, presumably because of modest activity of a down-
stream regulatory element(s) present in pLdl23.CAT (23) or
lack of negative control by an upstream repressor element.
Negative regulation of pLdl23.CAT was observed in F9 EC
cells (25). In NT2 cells treated with RA for 7 days, however,
pLdl400.CAT and pLd237.CAT gave much higher activity
than pLd123.CAT. The results indicate that the MHC class I
promoter activity is weak in untreated NT2 cells, but a
strong promoter activity is induced after RA treatment
mediated by the sequence between -237 and -123 bp.
To determine the contribution of region I and region II to

the RA-induced promoter activity, CAT reporters containing
a 4-bp mutation of region I (pLdl400MI.CAT), region II
(pLdl400MII.CAT), both region I and region II (pLd1400
MI+MII.CAT), or of a control region (pLd1400MX.CAT)
were examined (Fig. 2A). These mutations were placed in
nucleotide sequences critical for factor binding to region I or
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- 3EE pLd237.CAT

_ ;iffT pLdl400.CAT
REGION 11 REGION

AGGTCAGGGGTGGGGAAGCCCAGGGCTGGGGATTCCCCA

AArr pLdl400Ml.CAT
_TTGT pLdl400MII.CAT
_JTGT AA,TAT pLdl400MI+Mil.CAT

pLd 1 400MX.CAT

B region I 5'4CTGGGGATTCCCCAT-3'
CGACCCCTAAGGGGTA

region 11 5'-GCCAGGCGGTGAGGTCAGGGGTGGGGAA-3'
TCCGCCACTCCAGT CCCCACCC CTTCGG

SPI 5'-GATCGATCGGGGCGGGGCGATC-3'
CTAGCTAGCCCCGCCCCGCTAG

API 5'-AATTAGTCAGCCATGGGG-3'
TTAATCAGTCGGTACCCC

RARE 5'-GATCCGCTAGCAAGGGTTCACCGAAAGTTCACTCGCATA-3'
GCGATCGTTCCCAAGTGGCTTTCAAGTGAGCGTATCTAG

FIG. 2. Schematic representation of MHC class I enhancer ele-
ments and CAT constructs. (A) Reporter constructs. Region I
(KB-like) and region II are part of the conserved MHC class I
regulatory complex. pLd1400.CAT and pLd237.CAT (derived from
the H-2Ld gene) contain region I and region II (-160 to -203), while
truncated pLd123.CAT and pLd60.CAT do not. Mutant reporter
constructs are similar to pL 140.CAT but contain 4-bp substitu-
tions in region I (pLd1400MI+MII.CAT), region II (pLd1400MII.
CAT), or both region I and region II (pLd1400MI.CAT) at sites
shown to be critical for factor binding (68). The control mutant
construct pLd1400MX.CAT is similar to pLd1400.CAT but contains
a 4-bp mutation (-137 to -141) in a region (X) not involved in
known factor binding. (B) Oligonucleotide probes studied. Nucle-
otide sequences of oligonucleotides used for mobility shift analysis
are depicted. Region I and region II sequences encompass the
discrete enhancer elements previously identified (20). Region I,
position -175 to -160; region II, -210 to -184 (20). Sequences of
AP1 (13), SP1 (Stratagene), and PRARE (RARE) (19) are also
shown.

region II (68). As shown in Fig. 3B, mutation of region II
resulted in a 50% reduction in RA-induced MHC class I
promoter activity. Mutation of region I resulted in a >50%
reduction in promoter activity. Conversely, no reduction in
promoter activity was seen with mutation of the control
region X. The region I and region II double mutant substan-
tially reduced the induction of MHC class I promoter activ-
ity by RA to levels slightly less than mutation of region I
alone. The fact that the region I and region II double mutant
still responded to RA (albeit at a reduced level) suggests that
an additional (previously unknown) element(s) upstream
from -123 is weakly activated by RA. These results show
that the region I and region II enhancers are involved in
induction of MHC class I transcription. These data also
indicate that both enhancers contribute to MHC class I
promoter activity following RA treatment.
RA treatment of NT2 cells induces region I binding by the

p5O-p65 NF-KcB complex. We next examined whether RA
treatment influenced factor binding to region I and region II.
Region I binds a factor designated either KBF1 (77) or
H-2TF1 (7) as well as the NF-KB components, p5O and p65
(27, 37), and other proteins belonging to the Rel family
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FIG. 3. Induction of MHC class I promoter activity following
RA treatment. (A) MHC class I promoter activity before and after
RA treatment. NT2 cells, untreated or treated with RA at 10'- M for
7 days (7d), were transiently transfected with 5 pLg of MHC class I
CAT constructs as indicated. Constructs correspond to those shown
in Fig. 2A: pLdl400, pLdl400.CAT; pLd237, pLd237.CAT; pLdl23,
pLd123.CAT. CAT activity was normalized by P-galactosidase
activity. A representative of three independent experiments is
shown. (B) Mutation analysis. Five micrograms of the wild-type
reporter pLd1400.CAT, or mutant reporters containing 4-bp muta-
tions in region I (pLd1400MI.CAT), region II (pLd1400MII.CAT), or
both (pLdl400MI+MII.CAT) or in control position X (pLd1400MX.
CAT [Fig. 2]) were transiently transfected into NT2 cells treated
with no RA (black bar; Control) or with RA at 10' M for 7 days,
prior to and during transfection (shaded bar; RA-treated). Data
represent the means of two representative experiments normalized
to luciferase activity. Note that mutation of region I, region II, or
both substantially reduces promoter activity.

(reviewed in references 5 and 53). Gel mobility shift assays
were performed with nuclear extracts prepared from NT2
cells before and after RA treatment (Fig. 4A). No detectable
band was observed when the region I probe was added to
extracts from untreated NT2 cells (Fig. 4A). Region I
binding activity was negligible in nuclear extracts prepared
from untreated NT2 cells despite the use of increased
amounts of extract proteins or prolonged autoradiography of
gels (not shown). This result is supported by similar obser-
vations using other KB-like elements (9, 26). However,
extracts from cells treated with RA for 1 day produced a
detectable retarded band (black arrow) at the position iden-
tical to that produced by B-cell extracts used as a positive
control (Fig. 4A, right panel). The intensity of region I
binding activity in NT2 cell extracts gradually increased
after exposure to RA for up to 11 days. This band was
specific for region I, since it was eliminated by excess
unlabeled region I competitor but not by region II competitor
(Fig. 4A). These results were highly reproducible and were
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FIG. 4. RA-induced binding of NF-KB (p5O-p65) to region I. (A)

Analysis of region I binding activity in NT2 cells following RA
treatment. Gel mobility shift assays were performed with a 3p_
labeled region I probe (Fig. 2) by using 5 ,ug of nuclear extracts from
NT2 cells before and after RA treatment (5 x 10- M) for the
indicated number of days (d). Competitor oligonucleotides were
added at a 50-fold molar excess (I, region I competitor; II, region II
competitor). Nuclear extracts from the human B-cell line Namalwa
were used as a positive control (right panel). (B) RA-induced region
I binding activity in NT2 cells consists of NF-KB factors. Gel
mobility shift assays were performed with a region I probe as
described above with 8 p.g of NT2 nuclear extracts before (Untreat-
ed) and after RA treatment (at 10-5 M for 8 days). Extracts were
preincubated with 1 ,ul of antibody for 30 min. Lane 1, extracts from
untreated NT2 cells; lane 2, extracts from RA-treated cells; lanes 3
to 9, extracts from RA-treated cells preincubated with antibodies
against p50 (lane 3), p65 (lane 4), c-Rel (lane 5), pSOB (lane 6), RelB
(lane 7), or preimmune serum (lane 8). (C and D) The absence of
cytoplasmic NF-KB factors in untreated NT2 cells. Cytoplasmic
(CYT) extracts (8 pLg) from untreated NT2 cells (C) or pre-B cell
70Z/3 (D) were incubated with 1% DOC in binding buffer for 40 min
at 4°C and were tested in gel mobility shift assays with a region I
probe as described above. Nuclear (NUC) extracts (8 p,g) prepared
from NT2 cells treated with RA (10-5 M for 8 days) were used as a
positive control. Extracts from 70Z/3 cells treated with phorbol ester
phorbol myristate acetate at 50 ng/ml for 8 h were also tested as a
positive control. The intensity of the specific region I band was
quantitated by phosphorimager scanning and is expressed relative to
region I band intensity produced by extracts of untreated cells. (E)
RNA blot analysis. Three micrograms of poly(A)+ RNA prepared
from NT2 cells treated with RA for the indicated days (d) were
blotted onto nitrocellulose membranes (left panel) or nylon mem-
branes (right panel) and hybridized with 32P-labeled cDNAs corre-
sponding to p5O (left panel) and p65 (right panel). The same blots
were probed with a P-actin cDNA.

the antibodies had no effect upon gel shift complexes gener-
ated with the region II probe (not shown). Because of the
presence of some c-Rel-pSO complex (9), antibody directed
against c-Rel did show a weak partial supershift, but little

_ * .4p65

< Actin

M__ Actin

verified with several separately prepared sets of nuclear
extracts. These findings show that region I binding activity is
absent or very low in untreated NT2 cells and is induced
after RA treatment.
To identify the factors constituting binding to region I in

NT2 cells, supershift analysis was performed with antibodies
directed against various members of the Rel family. As
shown in Fig. 4B, addition of antibody directed against
NF-KB subunits, p5O (lane 3) or p65 (lane 4), supershifted
(open arrow) the RA-induced region I band in NT2 nuclear
extracts. The complex was almost entirely supershifted by
either antibody, leaving little residual region I band (black
arrow). No effect upon region I binding was seen with
preimmune serum (lane 8) or with antibodies directed against
RelB (lane 7) or pSOB (lane 6). This effect was specific, since

28S -
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ablation (Fig. 4B, lane 5). Removal of the majority of the
RA-induced region I complex by anti-p50 and anti-p65
antibodies indicates that the RA-induced region I complex is
largely composed of a p50 and p65 heterodimer (37, 45).
Consistent with these results, UV cross-linking experiments
showed that nuclear extracts from RA-treated NT2 cells
contained two protein species of about 50 and 65 kDa that
interacted with a bromodeoxyuridine-substituted region I
probe (not shown).

It has been extensively documented that in many cells
NF-KB is present in the cytoplasm bound to an inhibitory
protein belonging to the IKB family of proteins (5, 67).
Treatment of cytoplasmic extracts with DOC has been
shown to release the inhibitor and permit DNA binding (6).
Since RA treatment led to induction of NF-KB factor binding
to region I, it was possible that cytoplasmically partitioned
NF-KB proteins translocated to the nucleus following RA
treatment. To test this possibility, cytoplasmic extracts from
untreated NT2 cells were treated with DOC and tested for
region I binding activity in gel shift assay. As a control,
cytoplasmic extracts from 70Z/3 pre-B cells known to re-
lease NF-KB activity in response to DOC treatment (67)
were tested in gel shift assay. DOC treatment of cytoplasmic
extracts from untreated NT2 cells did not result in region I
binding activity (Fig. 4C, lane 4). In contrast, identical
treatment of 70Z/3 cytoplasmic extracts did result in in-
creased region I binding activity (Fig. 4D, lane 4). As
expected, nuclear extracts from RA-treated NT2 cells and
phorbol myristate acetate-treated 70Z/3 cells had much
greater region I binding activity than extracts from untreated
cells. These results demonstrate that RA induction of region
I binding activity was not due to the release of preexisting
NF-KB factors (26) but was largely due to increased NF-KB
protein levels following RA treatment. Consistent with this
interpretation, Northern analysis (Fig. 4E) of poly(A)+
mRNA prepared from NT2 cells during RA treatment
showed that message levels for both p50 (left panel) and p65
(right panel, black arrowhead) were very low in untreated
cells and were substantially upregulated following RA treat-
ment. These results indicate that RA induction of p50-p65
heterodimer binding to region I occurs as a result of their de
novo synthesis, initiated by RA induction of both p50 and
p65 mRNAs.

Increased region II binding activity by the RAR(3-RXRO
heterodimer following RA treatment. We next tested whether
region II binding activity was altered following RA treatment
of NT2 cells. As seen in Fig. SA, mobility shift analysis of
extracts from untreated NT2 cells produced a weak, but
detectable, retarded band which was inhibited by excess
region II but not by the previously implicated region II
factor, AP-1 (13). RA treatment (for both 1 and 8 days)
induced a new region II band (Fig. 5, open arrow). In
addition, RA treatment increased the intensity of the upper
constitutive band, and both bands were inhibited by oligo-
mers corresponding to region II. The region II sequence is
similar to RARE identified in RA responsive genes (51, 75).
As seen in Fig. SB (lane 8), region II binding activity was
efficiently inhibited by oligomers corresponding to the
RARE from the RARI gene (19), supporting a close rela-
tionship between region II and the 3RARE. To examine
whether the increase in region II binding activity involved
RXRO, we tested the effect of an antibody specific for RXR,B
(MOK 13.17 [49]) upon the region II binding activity. As
shown in Fig. 5C, addition of MOK 13.17 ablated both
constitutive and RA-induced region II-specific bands. Con-
versely, an isotype-matched control antibody (MOK 15.42;

C) did not affect either the constitutive or the induced bands.
Since MOK 13.17 only detected a 44-kDa RXR, band in
NT2 nuclear extracts in Western blot (immunoblot) analysis,
and not other related nuclear hormone receptors (48), it is
clear that RXR,B contributes to region II binding activity
before and after RA treatment. To confirm that the increase
in both region I and region II binding activities was not
attributable to a nonspecific change in the properties of the
nuclear extracts, an unrelated oligonucleotide probe corre-
sponding to the SP1 sequence was tested in mobility shift
assays (Fig. SD). This probe produced retarded bands of
comparable intensity in both untreated and RA-treated NT2
cells. These results indicate that RA treatment of NT2 cells
results in a specific increase in both region I and region II
binding activities.
We have previously shown that RXR3 alone binds poorly

to region II in vitro, but binding is augmented when the
receptor is heterodimerized with RAR and other receptors
(48). In addition, heterodimerization is a critical requirement
for RAR binding to target DNA sequences (12, 41, 78). Since
region II binding was inhibited by a RARE, a RAR was a
likely heterodimerization partner for RXRI. Because RAR,
(but not RARa or RAR-y) has been shown to be induced after
RA treatment of NT2 cells (70) and F9 EC cells (79), we
tested an antibody specific for RAR3 (73) in mobility shift
assays. Since this antibody did not yield a clean supershift
effect, we performed immunoprecipitation assays of chemi-
cally cross-linked NT2 nuclear extracts. 35S-labeled in vitro-
translated RXRP was mixed with nuclear extracts from NT2
cells, bound to biotinylated region II oligonucleotides, and
cross-linked with DSS. Bound materials were eluted and
precipitated with anti-RARI antibody, and the antibody-
bound materials were eluted and resolved by SDS-PAGE.
As shown in Fig. 5E, much of 35S-labeled RXR3 bound to
region II was precipitated by anti-RARI antibody (lane 2).
The cross-linked complex migrated at about 100 kDa, indi-
cating that the band represents a RAR,B-RXRP heterodimer.
No labeled proteins were precipitated when extracts from
untreated cells were used (lane 4). Likewise, experiments
performed with control serum (lanes C) gave no specific
precipitated band (lanes 1, 3, 5, and 7). Use of an antibody
that recognizes all RARs revealed a similar precipitation
pattern to that observed with the anti-RAR3 antibody (66).
To further confirm that the induced region II binding activity
consisted of an RXRI-RARP heterodimer, the converse
experiment was performed: 35S-labeled RARI3 was chemi-
cally cross-linked with NT2 nuclear extracts, precipitated
with biotinylated region II oligonucleotide, reprecipitated by
anti-RXRI antibody, and resolved in an SDS gel (Fig. SE,
lanes 5 to 8). Labeled RARI was likewise precipitated by
anti-RXRI antibody and formed two closely migrating bands
of approximately 100 kDa. Extracts from both untreated and
RA-treated NT2 cells produced RAR,I cross-linked bands,
consistent with the presence of RXR,B both before and after
RA treatment (see below). These data indicate that the
increased region II binding activity in NT2 cells following
RA treatment represents binding of a RXR,B-RARI het-
erodimer. These results, however, do not exclude the pos-
sibility that a minor component of the region II band is
RXRP heterodimerized with other receptors.
We next examined whether RA-induced RAR,B-RXRP

binding to region II was due to modification of an existing
receptor or de novo synthesis of the receptors. Northern
analysis of mRNA prepared from NT2 cells following RA
treatment did not reveal any change in steady-state levels of
RXRP message (Fig. SF, right panel, open arrowhead).
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FIG. 5. Increased region II binding activity after RA treatment is due to RXR(3 and RARI heterodimers. (A and B) Analysis of region II
binding activity in RA-treated NT2 cells. Gel mobility shift assays were performed with a 32P-labeled region II probe (Fig. 2) by using nuclear
extracts from NT2 cells following RA treatment at iO-' M for 1 or 8 days. RA-induced band is marked with an open arrow (A) or with two
black arrows (B). Competitor oligonucleotides were added at a 50-fold molar excess (II, region II competitor; AP-1 competitor; and a RARE
from the RAR3 gene). (C) Ablation of region II binding activity by anti-RXRP antibody. Gel shift assays were performed as described above
with nuclear extracts from untreated NT2 cells (w/o) or NT2 cells treated with RA for 4 days (4d) preincubated with ascites (1 pA) of a
monoclonal antibody specific for RXR3 (lanes 13.17) or control (lanes C) isotype-matched ascites of MOK 15.42 (1 ,ul). (D) Lack of an
RA-induced change in SP1 binding activity in NT2 cells. Gel mobility shift experiments were performed with a SP1 probe by using nuclear
extracts (8 ,ug) from NT2 cells as described above. Unlabeled DNA was added at a 50-fold molar excess. (E) Chemical cross-linking and
immunoprecipitation. In vitro translated, 35S-labeled RXRP protein (lanes 1 to 4) was mixed with nuclear extracts (NE) from untreated NT2
cells (Od RA) or cells treated with RA at 10-5 M for 4 days (4d RA), bound to biotinylated region II oligomer, cross-linked with DSS, washed,
eluted, and reprecipitated with rabbit anti-human RARI antibody (aRAR) or preimmune serum (lanes C). In vitro-translated "S-labeled
RAR, (lanes 5 to 8) was similarly cross-linked, precipitated by region II oligomer, and reprecipitated with anti-RXR, antibody (aRXR) or
control antibody (lanes C). Black arrowhead identifies in vitro-translated labeled protein which has been cross-linked to a binding protein in
nuclear extracts and specifically precipitated by antibody directed against the opposite (putative) heterodimer partner. (F) RNA blot analysis.
Five (right panel) and three (left panel) micrograms of poly(A)+ RNA were blotted onto a nylon membrane (right panel) or a nitrocellulose
membrane (left panel) hybridized with a cDNA probe for RARP (left panel) or RXRP (right panel). The blot in the left panel was probed with
1-actin cDNA as a control (shown in Fig. 4E, right panel). RNA in the right panel was probed with a control GAPDH cDNA (open
arrowhead). Black arrowhead (right panel) identifies RXRj-specific transcript. d, days of RA treatment.
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FIG. 6. Addition of NFKB p5O-p65 or RARI-RXRO to untreated
NT2 cells activates the MHC class I reporter. (A) Activation of
region I-dependent reporter activity by p65 alone, but not p50.
Untreated NT2 cells were transfected with 5 ,ug of pLdl400.CAT
or a mutant reporter, pLd1400MI.CAT (Fig. 2), and increasing
amounts of an expression vector for p50 or p65 as shown. Lane 1,
no expression vector; lanes 2 through 6, all had expression vector
(lane 2, 0.015 p.g; lane 3, 0.05 ,ug; lane 4, 0.15 S.g; lane 5, 0.5 p.g).
Values represent the means of three experiments +/- standard
deviation. (B) Synergistic, dose-dependent activation of region I
by p50-p65 cotransfection. pLdl400.CAT or mutant pLdl400MI.
CAT was transfected into untreated NT2 cells with 0.05 ,ug of
the p65 expression vector and increasing amounts of p50 as indi-
cated. Data represent mean of three experiments +/- standard

Likewise, western analysis of NT2 nuclear extracts showed
that RXR,B protein levels did not change after RA treatment
(not shown). Conversely, RAR3 mRNA was strongly in-
duced after 2 and 4 days of RA treatment (Fig. 5F, left
panel). Taken together, the data in Fig. 5 indicate that the
observed increase in region II enhancer activity is attribut-
able to heterodimerization of the existent RXRt with RAR3
which is induced following RA treatment.

Transfection of pSO-p65 and RAR(B-RXR1 into untreated
NT2 cells activates MHC class I promoter activity. We rea-
soned that ifMHC class I gene expression in undifferentiated
cells was limited solely by the lack of positively acting
factors, expression of NF-KB factors in untreated NT2 cells
should result in an increase in MHC promoter activity. To
test this possibility, untreated NT2 cells were transfected
with expression vectors for p5O, p65, or both (9) together
with the pLdl400.CAT reporter or the mutant reporter which
carries a mutation in region I, pLdl400MI.CAT (Fig. 2).
Transfection of various concentrations of p5O alone failed to
activate pLd1400.CAT (Fig. 6A). Conversely, transfection of
relatively large amounts of p65 (>0.15 ,ug) resulted in a
dose-dependent increase in pLdl400.CAT promoter activity.
This increase was dependent on region I, since mutation of
region I abolished the promoter activity (Fig. 6A). Cotrans-
fection experiments were also performed with 0.05 ,g of p65
(an amount which gave little activation alone) and increasing
amounts of p5O. As seen in Fig. 6B, strong synergistic
activation was observed when the amount of transfected p5O
was less than 0.15 p,g. Transfection of greater amounts of
p5O resulted in a dose-dependent inhibition of promoter
activity (9, 26 [and references therein]). The effect was again
dependent upon the region I element, since the pLd1400MI.
CAT reporter was unresponsive. These results indicate that
an increase in region I enhancer activity does not depend on
RA treatment; rather, it requires expression of p5O and p65.

Since RXR( was found to heterodimerize with RARt in
NT2 cells following RA treatment, it was important to
determine whether the combination of the two receptors
could activate transcription of a MHC class I reporter. A
luciferase reporter (pLd1400.LUC) was used for these ex-
periments. With this reporter, MHC class I promoter activ-
ity could be measured at earlier times following transfection
than with CAT reporters; the increased sensitivity permitted
determination of reporter activity with minimal exposure of
the untreated cells to RA (note in Fig. SF that 48 h after RA
treatment, RARP mRNA is expressed in NT2 cells). Results
are shown in Fig. 6C. As expected, addition of RA in the
presence of control expression constructs did not result in a
substantial increase in luciferase activity. Addition of either
RARI or RXRI alone caused a modest increase in luciferase
activity, which was dependent on RA treatment. However,
addition of both RAR3 and RXR,B resulted in a 10-fold

deviation. Note that maximal activation of region I-dependent
reporter activity in the presence of p50 and p65 occurs at amounts of
expression vector less than that observed with p65 alone (A). (C)
Transfection of RXR, and RARP3 activate the MHC promoter in
NT2 cells not pretreated with RA. pLdl400.LUC (500 jLg) was
transfected into untreated NT2 cells with 300 pg of expression
construct containing the cDNA for RXRO (RXR), RAR, (RAR), or
both (RXR/RAR) or the control expression plasmid lacking insert
(CONT). A total of 10 FM of RA (+RA) or vehicle (NO RA) was
added for 24 h. Data represent the fold activation (mean + standard
deviation) of three experiments normalized for ,3-galactosidase
activity.
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increase in reporter activity in the presence of RA. These
data show that a combination of RAR1 and RXR1 can
activate MHC class I promoter activity in NT2 cells, sup-
porting a functional role of RAR,B-RXR3 heterodimers.

DISCUSSION

Nearly 20 years ago Artzt and Jacob (4) noted that MHC
class I molecules (and P-2m) were absent in undifferentiated
EC cells. Since then, RA induction of MHC class I gene
expression in EC cells has drawn considerable attention (2,
15, 16, 54) and is now regarded as relevant to developmental
regulation of the genes in vivo (31, 35, 59). Here we have
analyzed the mechanism of RA induction of MHC class I
genes in NT2 cells. Our analysis led us to conclude that the
respective binding of the NF-KB heterodimer, pSO-p65, and
the RAR1-RXR,B heterodimer to the conserved enhancer
elements, region I and region II, at least partly accounts for
MHC class I gene induction. It should be noted that although
RA-induced activation of MHC class I enhancer activity is
prominent in NT2 cells, this is not readily detected in F9 EC
cells. MHC class I promoter activity is strongly repressed in
undifferentiated F9 cells by a negative regulatory element
that is located downstream of region I (25), which presum-
ably obscures RA-induced enhancer activity in F9 cells. It is
also noteworthy that transcriptional activation ofMHC class
I genes by RA (measurable 24 to 48 h after RA treatment)
does not lead to immediate surface expression in NT2 cells
(Fig. 1). A similar delay in surface expression after RA or
interferon stimulation has been observed for undifferentiated
F9 cells and other embryonic cell lines (69). This may be due
to delays in peptide loading and in various steps of the
transport processes affecting surface MHC class I expres-
sion.
The event that initiates the RA-induced cascade of gene

regulation in EC cells is almost certainly binding of RA to the
RARs and RXRs (33, 43) and subsequent receptor binding to
RARE target sequences present in RA responsive genes.
RXRs likely play a pivotal role in this process, since RXR (a,
1, or -y) heterodimerization with RARs (a, 1, or -y) leads to
augmented RARE binding, as well as a cooperative activa-
tion of target gene transcription (12, 39, 41, 78). In agree-
ment, we previously observed that either the RAR (a or ,B) or
RXR,B receptors alone bind weakly to region II; but upon
forming a heterodimer, in vitro binding to the element is
significantly increased (48). Despite the apparent role of
RXRs and RARs in RA-induced gene regulation, the exact
heterodimeric combinations of receptors responsible for
regulating specific target genes in NT2 cells were previously
unknown. By using antibodies specific for RAR1 and RXR1,
we show that region II binding activity (both before and after
RA treatment) contains RXR,B (Fig. 5C). Furthermore, by a
combination of chemical cross-linking and immunoprecipi-
tation, we show that much of the RA-induced factor that
complexes with RXR,B and binds to region II is indeed
RAR,B.
RAR1 mRNA levels rapidly increased following RA treat-

ment of NT2 cells (Fig. 5F). On the other hand, RXR1 was
shown to be expressed regardless of RA treatment of NT2
cells: RXR1 mRNA and protein levels were not changed by
RA treatment. These observations indicate that the in-
creased region II binding activity following RA treatment is
largely due to induction of a heterodimer composed of the
preexisting RXR,B and the RA-induced RAR13. The in-
creased region II enhancer activity is most likely to be due to
binding of the RAR,B-RXR,B heterodimer, since MHC class I

reporter activity was activated by cotransfection of RXR13
and RAR13 (Fig. 6). Other members of the RAR and RXR
family, although expressed in EC cells (70, 79), appear not to
contribute significantly to region II binding in NT2 cells (Fig.
5). Since the induced region II binding activity also bound
the 13RARE, we speculate that the RXR13-RAR1 het-
erodimer could be playing a significant role in an early phase
of RA-mediated gene regulation in general (Fig. SB). Be-
cause RAR1 is not expressed at an appreciable level in
untreated NT2 cells, the original triggering of RAR1 expres-
sion by RA may be due to formation of a RAR (a or -y)-RXR3
heterodimer or a homodimer of RXR,B.
We observed that region I binding activity is absent in

untreated NT2 cells but is induced after RA treatment.
Although in vitro binding of the Rel family proteins to
various KB motifs has been well documented (5, 9, 27, 37,
64), the proteins actually responsible for in vivo region I
binding have rarely been identified. Our data in Fig. 4B show
that the pSO-p65 heterodimer constitutes much of region I
binding activity in RA-treated NT2 cells. This conclusion is
supported by the findings that (i) both anti-pSO and anti-p65
antibodies independently supershifted the region I band, (ii)
UV cross-linking with a region I probe identified two pro-
teins of approximately 50 and 65 kDa (data not shown), and
(iii) both p50 and p65 mRNAs were induced by RA treatment
(Fig. 4E; see below). The participation of p50 in region I
binding activity is expected, on the basis of the previous
report that KBF1, a protein isolated for its binding to region
I, is in fact p50 (37). In vitro binding to region I has been
demonstrated for the p50 homodimer as well as the pSO-p65
heterodimer (37, 45). However, it appears that most of p50 is
associated with p65 in the cell (reviewed in reference 5). In
agreement, our results indicate that the pSO-p65 heterodimer
is likely to be responsible for RA-induced region I enhancer
activation, since transfection of low amounts of both p50 and
p65 led to cooperative enhancement of region I-dependent
MHC class I reporter activity (Fig. 6).
The RA-induced activation of the subunits, p50 and p65,

presented in this work is quite distinct from the previously
documented activation of NF-KB subunits by a series of
posttranslational changes (reviewed in reference 5). In many
cells the pSO-p65 heterodimer is sequestered in the cyto-
plasm by associating with an inhibitory subunit, IKB. A wide
range of external stimuli initiates the dissociation of this
inhibitory subunit, leading to induction of nuclear transloca-
tion and increase in DNA-binding activity (5, 6, 26). We
demonstrate that in untreated NT2 cells there is no detect-
able cytoplasmically partitioned region I binding activity
poised to be released to the nucleus and that there is very
little detectable mRNA for p50 or p65 (Fig. 4). However,
both p50 mRNA and p65 mRNA levels increased gradually
over several days following RA treatment. Coincidentally,
region I binding activity gradually increased. Thus, de novo
induction of p50 and p65 most likely accounts for RA-
induced region I binding activity in NT2 cells. To our
knowledge, this is the first report demonstrating that de novo
activation of NE-KB protein subunits leads to functional
activation of a target gene. These results raise the interesting
possibility that both the p50 and the p65 genes are develop-
mentally controlled (in addition to being controlled by cel-
lular activation [9, 10, 64]) and that their transcription is
coordinately induced following RA treatment of EC cells. It
will be of importance to determine whether the p50 and p65
genes have an RARE which explains their induction by RA
or whether their induction is mediated by a secondary
transcription factor(s) induced after RA treatment.
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Over the years, extensive studies have been performed on
genes that may be involved in morphological differentiation
of EC cells (17, 34, 50, 58). In addition, many regulatory
genes that may play a role in controlling growth and differ-
entiation of EC cells have been investigated (40, 46, 55, 57,
63, 70, 76). Given the capacity of the two species of
heterodimers studied here to bind many additional cis ele-
ments, the mechanistic basis for changes in gene expression
outlined in this work may be involved in the developmental
regulation of a number of other genes.

ACKNOWLEDGMENTS

The first two authors made equal contributions to this work.
We thank M. Marks for the use of anti-RXR antibodies and

helpful suggestions. We acknowledge S. Y. Yang, A. Zimmer, and
A. Dejean for the gift of plasmids used to prepare cDNA probes. We
gratefully acknowledge the helpful advice of P. Andrews regarding
NT2 cell differentiation. Tetanus toxin was a generous gift of J.
Halpern. We thank R. Bravo and N. Rice for the gift of RelB and
c-Rel antibodies, respectively. The Rous sarcoma virus luciferase
vector was a gift from D. R. Helinski.

V.B. is a Senior Research Assistant of the National Fund for
Scientific Research (Belgium). J.H.S. was supported by a grant from
the Reproductive Scientist Development Program.

REFERENCES
1. Andrews, P. W. 1984. Retinoic acid induces neuronal differen-

tiation of a cloned human embryonal carcinoma cell line in vivo.
Dev. Biol. 103:285-293.

2. Andrews, P. W., G. Trinchieri, B. Perussia, and C. Baglioni.
1987. Induction of class I major histocompatibility complex
antigens in human teratocarcinoma cells by interferon without
induction of differentiation, growth inhibition, or resistance to
viral infection. Cancer Res. 47:740-746.

3. Arcari, P., R. Martinelli, and F. Salvatore. 1984. The complete
sequence of a full length cDNA for human liver glyceraldehyde-
3-phosphate dehydrogenase: evidence for multiple mRNA spe-
cies. Nucleic Acids Res. 12:9179-9189.

4. Artzt, K., and F. Jacob. 1974. Absence of serologically detect-
able H-2 on primitive teratocarcinoma cells in culture. Trans-
plantation 17:632-634.

5. Baeuerle, P. A. 1991. The inducible transcription activator
NF-KB: regulation by distinct protein subunit. Biochim. Bio-
phys. Acta 1072:63-80.

6. Baeuerle, P. A., and D. Baltimore. 1988. Activation of DNA-
binding activity in an apparently cytoplasmic precursor of the
NF-KB transcription factor. Cell 53:211-217.

7. Baldwin, A. S., and P. A. Sharp. 1987. Binding of a nuclear
factor to a regulatory sequence in the promoter of the mouse
H-2Kb class I major histocompatibility gene. Mol. Cell. Biol.
7:305-313.

8. Barnstable, C. J., W. F. Bodmer, G. Brown, G. Galfre, C.
Milstein, A. F. Williams, and A. Ziegler. 1978. Production of
monoclonal antibodies to group A erythrocytes, HIA and other
human cell surface antigens-new tools for genetic analysis.
Cell 14:9-20.

9. Bours, V., P. R. Burd, K. Brown, J. Villalobos, S. Park, R.-P.
Ryseck, R. Bravo, K. Kelly, and U. Siebenlist. 1992. A novel
mitogen-inducible gene product related to p50/plO5 NF-KB
participates in transactivation through a KB site. Mol. Cell Biol.
12:685-695.

10. Bours, V., J. Villalobos, P. R. Burd, K. Kelly, and U. Siebenlist.
1990. Cloning of a mitogen-inducible gene encoding a KB
DNA-binding protein with homology to the rel oncogene and to
cell-cycle motifs. Nature (London) 348:76-80.

11. Brodsky, F. M., W. F. Bodmer, and P. Parham. 1979. Charac-
terization of a monoclonal antibody and its use in the genetic
and biochemical analysis of major histocompatibility antigens.
Eur. J. Immunol. 9:536-545.

12. Bugge, T. H., J. Pohl, 0. Lonnoy, and H. G. Stunnenberg. 1992.
RXRa, a promiscuous partner of retinoic acid and thyroid

hormone receptors. EMBO J. 11:1409-1418.
13. Burke, P. A., S. Hirschfeld, Y. Shirayoshi, J. W. Kasik, K.

Hamada, E. Appella, and K. Ozato. 1989. Developmental and
tissue-specific expression of nuclear proteins that bind the
regulatory element of the major histocompatibility complex
class I gene. J. Exp. Med. 169:1309-1321.

14. Chamberlain, J. W., H. A. Vasavada, S. Ganguly, and S. M.
Weissman. 1991. Identification of cis sequences controlling
efficient position-independent tissue-specific expression of hu-
man major histocompatibility complex class I genes in trans-
genic mice. Mol. Cell. Biol. 11:3564-3572.

15. Croce, C. M., A. Linnenbach, K. Huebner, J. R. Parnes, D. H.
Margulies, E. Appella, and J. G. Seidman. 1981. Control of
expression of histocompatibility antigens (H-2) and 32-microglo-
bulin in F9 teratocarcinoma stem cells. Proc. Natl. Acad. Sci.
USA 78:5754-5758.

16. Daniel, F., D. Morello, 0. Le Bail, P. Chambon, Y. Cayre, and
P. Kourilsky. 1983. Structure and expression of the mouse
02-microglobulin gene isolated from somatic and non-express-
ing teratocarcinoma cells. EMBO J. 2:1061-1065.

17. Darrow, A. L., R. J. Rickles, L. T. Pecorino, and S. Strickland.
1990. Transcription factor Spl is important for retinoic acid-
induced expression of the tissue plasminogen activator gene
during F9 teratocarcinoma cell differentiation. Mol. Cell. Biol.
10:5883-5893.

18. David-Watine, B., A. Israel, and P. Kourilsky. 1990. The regu-
lation and expression of MHC class I genes. Immunol. Today
11:286-292.

19. de The, H., M. D. M. Vivanco-Ruiz, P. Tiollais, H. Stunnenberg,
and A. Dejean. 1990. Identification of a retinoic acid responsive
element in the retinoic acid receptor ,B gene. Nature (London)
343:177-180.

20. de Wet, J. R., K. V. Wood, M. DeLuca, D. R. Helinski, and S.
Subramani. 1987. Firefly luciferase gene: structure and expres-
sion in mammalian cells. Mol. Cell. Biol. 7:725-737.

21. Dignam, J. D., R M. Lebovitz, and R. G. Roeder. 1983.
Accurate transcription initiation by RNA polymerase II in a
soluble extract from isolated mammalian nuclei. Nucleic Acids
Res. 11:1475-1489.

22. Drew, P. D., M. Lonergan, M. E. Goldstein, L. A. Lampson, K.
Ozato, and D. E. McFarlin. 1993. Regulation of MHC class I and
132-microglobulin gene expression in human neuronal cells:
binding to conserved cis-acting regulatory sequences correlates
with expression of the genes. J. Immunol. 150:3300-3310.

23. Driggers, P. H., B. A. Elenbass, J. An, I. J. Lee, and K. Ozato.
1992. Two upstream elements activate transcription of a major
histocompatibility complex class I gene in vitro. Nucleic Acids
Res. 20:2533-2540.

24. Fan, C.-M., and T. Maniatis. 1990. A DNA-binding protein
containing two widely separated zinc finger motifs that recog-
nize the same DNA sequence. Genes Dev. 4:29-42.

25. Flanagan, J. R., M. Murata, P. A. Burke, Y. Shirayoshi, E.
Appella, P. A. Sharp, and K. Ozato. 1991. Negative regulation of
the major histocompatibility complex class I promoter in em-
bryonal carcinoma cells. Proc. Natl. Acad. Sci. USA 88:3145-
3149.

26. Franzoso, G., V. Bours, S. Park, M. Tomita-Yamaguchi, K.
Kelly, and U. Siebenlist. 1992. The candidate oncoprotein Bcl-3
is an antagonist of p50/NF-KB-mediated inhibition. Nature
(London) 359:339-342.

27. Ghosh, S., A. M. Gifford, L. R. Riviere, P. Tempst, G. P. Nolan,
and D. Baltimore. 1990. Cloning of the p50DNA binding subunit
of NF-KB: homology to rel and dorsal. Cell 62:1019-1029.

28. Giguere, V., E. S. Ong, P. Seguli, and R. M. Evans. 1988.
Identification of a new class of steroid hormone receptors.
Nature (London) 331:91-94.

29. Hamada, K., S. L. Gleason, B.-Z. Levi, S. Hirschfeld, E.
Appella, and K. Ozato. 1989. H-2RIIBP, a member of the
nuclear hormone receptor superfamily that binds to both the
regulatory element of major histocompatibility class I genes and
the estrogen response element. Proc. Natl. Acad. Sci. USA
86:8289-8293.

30. Harada, H., K. Willison, J. Sakakibara, M. Miyamoto, T. Fujita,

VOL. 13, 1993



6168 SEGARS ET AL.

and T. Taniguchi. 1990. Absence of the type I INF system in EC
cells: transcriptional activator (IRF-1) and repressor (IRF-2)
genes are developmentally regulated. Cell 63:303-312.

31. Hedley, M. L., B. L. Drake, J. R. Head, P. W. Tucker, and J.
Forman. 1989. Differential expression of the class I MHC genes
in the embryo and placenta during midgestational development
in the mouse. J. Immunol. 142:4046-4053.

32. Henseling, U., W. Schmidt, H. R. Scholer, P. Gruss, and A. K.
Hatzopoulos. 1990. A transcription factor interacting with the
class I gene enhancer is inactive in tumorigenic cell lines which
suppress major histocompatibility complex class I genes. Mol.
Cell. Biol. 10:4100-4109.

33. Heyman, R. A., D. J. Mangelsdorf, J. A. Dyck, R. B. Stein, G.
Eichele, R. M. Evans, and C. Thaller. 1992. 9-cis retinoic acid is
a high affinity ligand for the retinoid X receptor. Cell 68:397-
406.

34. Hogan, B. L. M., and A. Taylor. 1981. Cell interactions modu-
late embryonal carcinoma cell differentiation into parietal or
visceral endoderm. Nature (London) 291:235-237.

35. Jaffe, L., L. Jeannotte, E. Bikoff, and E. Robertson. 1990.
Analysis of 32-microglobulin gene expression in the developing
mouse embryo and placenta. J. Immunol. 145:3474-3482.

36. Kidd, S. 1992. Characterization of the Drosophila cactus locus
and analysis of interactions between cactus and dorsal proteins.
Cell 71:623-635.

37. Kieran, M., V. Blank, F. Logeat, J. Vandekerckhove, F. Lottspe-
ich, 0. Le Bail, M. B. Urban, P. Kourilsky, P. A. Baeuerle, and
A. Israel. 1990. The DNA binding subunit of NF-KB is identical
to factor KBF1 and homologous to the rel oncogene product.
Cell 62:1007-1018.

38. Kimura, A., A. Israel, 0. Le Bail, and P. Kourilsky. 1986.
Detailed analysis of the mouse H-2Kb promoter: enhancer-like
sequences and their role in the regulation of class I gene
expression. Cell 44:261-272.

39. Kliewer, S. A., K. Umesono, D. J. Mangelsdorf, and R. M.
Evans. 1992. Retinoid X receptor interacts with nuclear recep-
tors in retinoic acid, thyroid hormone and vitamin D3 signalling.
Nature (London) 355:446-449.

40. LaRosa, G. J., and L. J. Gudas. 1988. Early retinoic acid-
induced F9 teratocarcinoma stem cell gene ERA-I: alternative
splicing creates transcripts for a homeobox-containing protein
and one lacking the homeobox. Mol. Cell. Biol. 8:3906-3917.

41. Leid, M., P. Kastner, R. Lyons, H. Nakshatri, M. Saunders, T.
Zacharewski, J.-Y. Chen, A. Staub, J.-M. Garnier, S. Mader,
and P. Chambon. 1992. Purification, cloning, and RXR identity
of the HeLa cell factor with which RAR or TR heterodimerizes
to bind target sequence efficiently. Cell 68:377-395.

42. Lenardo, M. J., and D. Baltimore. 1989. NF-KB: a pleiotropic
mediator of inducible and tissue-specific gene control. Cell
58:227-229.

43. Levin, A. A., L. J. Sturzenbecker, S. Kazmer, T. Bosakowski, C.
Huselton, G. Allenby, J. Speck, C. Kratzeisen, M. Rosenberger,
A. Lovey, and J. F. Grippo. 1992. 9-cis retinoic acid stereoiso-
mer binds and activates the nuclear receptor RXRa. Nature
(London) 355:359-361.

44. Linney, E. 1992. Retinoic acid receptors: transcription factors
modulating gene regulation, development and regulation. Curr.
Top. Dev. Biol. 27:309-350.

45. Logeat, F., N. Israel, J. Ten, V. Blank, 0. LeBail, P. Kourilsky,
and A. Israel. 1991. Inhibition of transcription factors belonging
to the reVNF-KB family by a transdominant negative mutant.
EMBO J. 10:1827-1832.

46. Lulscher, B., P. J. Mitchell, T. Williams, and R. Tjian. 1989.
Regulation of transcription factor AP-2 by the morphogen
retinoic acid and by second messengers. Genes Dev. 3:1507-
1517.

47. Mangelsdorf, D. J., U. Borgmeyer, R. A. Heyman, J. Yang Zhou,
E. S. Ong, A. E. Oro, A. Kakizuka, and R. M. Evans. 1992.
Characterization of three RXR genes that mediate the action of
9-cis retinoic acid. Genes Dev. 6:329-344.

48. Marks, M. S., P. L. Hallenbeck, T. Nagata, J. H. Segars, E.
Appella, V. M. Nikodem, and K. Ozato. 1992. H-2RIIBP (RXRI)
heterodimerization provides a mechanism for combinatorial

diversity in the regulation of retinoic acid and thyroid hormone
responsiveness. EMBO J. 11:1419-1436.

49. Marks, M. S., B.-Z. Levi, J. H. Segars, P. H. Driggers, S.
Hirschfeld, T. Nagata, E. Appella, and K. Ozato. 1992. H-2RI-
IBP expressed from a baculovirus vector binds to multiple
hormone response elements. Mol. Endocrinol. 6:219-230.

50. Marotti, K. R., G. D. Brown, and S. Strickland. 1985. Two-stage
hormonal control of type IV collagen mRNA levels during
differentiation of F9 teratocarcinoma cells. Dev. Biol. 108:26-
31.

51. Martinez, E., and W. Wahli. 1991. Characterization of hormone
response elements, p. 125-153. In M. G. Parker (ed.), Nuclear
hormone receptor. Academic Press Ltd., London.

52. Massa, P. T., S. Hirschfeld, B.-Z. Levi, L. A. Quigley, K. Ozato,
and D. E. McFarlin. 1992. Expression of major histocompatibil-
ity complex (MHC) class I genes in astrocytes correlates with
the presence of nuclear factors that bind to constitutive and
inducible enhancers. J. Neuroimmunol. 41:35-42.

53. Molitor, J. A., W. H. Walker, S. Doerre, D. W. Ballard, and
W. C. Greene. 1990. NF-KB: a family of inducible and differen-
tially expressed enhancer binding proteins in human T cells.
Proc. Natl. Acad. Sci. USA 87:10028-10032.

54. Morello, D., F. Daniel, P. Baldacci, Y. Cayre, G. Gachelin, and
P. Kourilsky. 1982. Absence of significant H-2 and 12-microglo-
bulin expression by mouse embryonal carcinoma cells. Nature
(London) 296:260-262.

55. Murphy, S. P., J. Garbern, W. F. Odenwald, R. A. Lazzarini,
and E. Linney. 1988. Differential expression of the homeobox
gene Hox-1.3 in F9 embryonal carcinoma cells. Proc. Natl.
Acad. Sci. USA 85:5587-5591.

56. Nagata, T., J. H. Segars, B.-Z. Levi, and K. Ozato. 1992.
Retinoic acid-dependent transactivation of major histocompati-
bility complex class I promoters by the nuclear hormone recep-
tor H-2RIIBP in undifferentiated embryonal carcinoma cells.
Proc. Natl. Acad. Sci. USA 89:937-941.

57. Okazawa, H., K. Okamoto, F. Ishino, T. Ishino-Kaneko, S.
Takeda, Y. Toyoda, M. Muramatsu, and H. Hamada. 1991. The
oct3 gene, a gene for an embryonic transcription factor, is
controlled by a retinoic acid repressible enhancer. EMBO J.
10:2997-3005.

58. Oshima, R. G., L. Abrams, and D. Kulesh. 1990. Activation of
an intron enhancer within the keratin 18 gene by expression of
c-fos and c-jun in undifferentiated F9 embryonal carcinoma
cells. Genes Dev. 4:835-848.

59. Ozato, K., J. Wan, and B. Orrison. 1985. Mouse major histo-
compatibility class I gene expression begins at the midsomite
stage and is inducible in earlier stage embryos by interferon.
Proc. Natl. Acad. Sci. USA 82:2427-2431.

60. Paterson, B. M., and J. D. Eldridge. 1984. a-Cardiac actin is a
major sarcomeric isoform expressed in embryonic avian skeletal
muscle. Science 224:1436-1438.

61. Petkovich, M., N. Brand, A. Krust, and P. Chambon. 1987. A
human retinoic acid receptor which belongs to the family of
nuclear receptors. Nature (London) 330:444 450.

62. Robertson, M. 1987. Towards a biochemistry of morphogenesis.
Nature (London) 330:420-421.

63. Rosner, M. H., M. A. Vigano, K. Ozato, P. M. Timmons, F.
Poirier, P. W. Rigby, and L. M. Staudt. 1990. A POU-domain
transcription factor in early stem cells and germ cells of the
mammalian embryo. Nature (London) 345:686-692.

64. Ryseck, R.-P., P. Bull, M. Takamiya, V. Bours, U. Siebenlist, P.
Dobrzanski, and R. Bravo. 1992. RelB, a new Rel family
transcription activator that can interact with p5-NF-KB. Mol.
Cell. Biol. 12:674-684.

65. Schmid, R. M., N. D. Perkins, C. S. Duckett, P. C. Andrews, and
G. J. Nabel. 1991. Cloning of an NF-KB subunit which stimu-
lates HIV transcription in synergy with p65. Nature (London)
352:733-736.

66. Segars, J. H., M. S. Marks, and K. Ozato. Unpublished data.
67. Sen, R., and D. Baltimore. 1986. Inducibility of K immunoglobin

enhancer-binding protein NF-KB by a posttranslational mecha-
nism. Cell 47:921-928.

68. Shirayoshi, Y., J. Miyazaki, P. A. Burke, K. Hamada, E.

MOL. CELL. BIOL.



RA INDUCTION OF MHC CLASS I GENES IN EC CELLS 6169

Appella, and K. Ozato. 1987. Binding of multiple nuclear factors
to the 5' upstream regulatory element of the murine major
histocompatibility class I gene. Mol. Cell. Biol. 7:4542-4548.

69. Silverman, T., A. Rein, B. Orrison, J. Langloss, G. Bratthauer,
J.-I. Miyazaki, and K. Ozato. 1988. Establishment of cell lines
from somite stage mouse embryos and expression of major
histocompatibility class I genes in these cells. J. Immunol.
140:4378-4387.

70. Simeone, A., D. Acampora, L. Arcioni, P. W. Andrews, E.
Boncinelli, and F. Mavilio. 1990. Sequential activation of HOX2
homeobox genes by retinoic acid in human embryonal carci-
noma cells. Nature (London) 346:763-766.

71. Stormaiuolo, A., D. Acampora, M. Pannese, M. D'Esposito, F.
Morelli, E. Migliaccio, M. Rambaldi, A. Faiella, V. Nigro, A.
Simeone, and E. Boncinelli. 1990. Human HOX genes are
differentially activated by retinoic acid in embryonal carcinoma
cells according to their position within the four loci. Cell Diff.
Dev. 31:119-127.

72. Strickland, S., and V. Mahdavi. 1978. The induction of differ-
entiation in teratocarcinoma stem cells by retinoic acid. Cell
15:393-403.

73. Tang, T., and B. Neel. Unpublished data.
74. Tsukiyama, T., H. Ueda, S. Hirose, and 0. Niwa. 1992. Embry-

onal long terminal repeat-binding protein is a murine homolog of

FTZ-F1, a member of the steroid receptor superfamily. Mol.
Cell. Biol. 12:1286-1291.

75. Umesono, K., V. Giguere, C. K. Glass, M. G. Rosenfeld, and
R. M. Evans. 1992. Retinoic acid and thyroid hormone induce
gene expression through a common response element. Nature
(London) 336:262-265.

76. Yang-Yen, H.-F., R. Chiu, and M. Karin. 1990. Elevation of
AP1 activity during F9 cell differentiation is due to increased
c-jun transcription. New Biol. 2:351-361.

77. Yano, O., J. Kanellopoulos, M. Kieran, 0. LeBail, A. Israel, and
P. Kourilsky. 1987. Purification of KBF-1, a common factor
binding to both H-2 and B2-microglobulin enhancers. EMBO J.
6:3317-3324.

78. Yu, V. C., C. Delsert, B. Anderson, J. M. Holloway, 0. V.
Devary, A. M. Naar, S. Y. Kim, J.-M. Boutin, C. K. Glass, and
M. G. Rosenfeld. 1992. RXR: a coregulator that enhances
binding of retinoic acid, thyroid hormone, and vitamin D
receptors to their cognate response elements. Cell 67:1251-
1266.

79. Zelent, A., A. Krust, M. Petkovich, P. Kastner, and P. Cham-
bon. 1989. Cloning of murine a and 0 retinoic acid receptors and
a novel receptor -y predominantly expressed in skin. Nature
(London) 339:714-717.

VOL. 13, 1993


