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ABSTRACT

We have identified and characterized a novel retinoic
acid (RA) response element (Hi-RARE) in the second
intron of the mouse major histocompatibility
gene. The HI-RARE sequence is conserved in all
mouse classical and Q class | genes, in MHC class |
genes of the rat, Rhesus macaque, cat and in the vast
majority of human classical and non-classical class |
genes. The Hi-RARE sequence lies within a regulatory
element responsible for constitutive expression of a 5 '
enhancerless H2KbY gene in the Ltk ~ fibroblasts.
Hi-RARE consists of two inverted palindromic RARE
consensus sites (5 '-PUGGTCA-3') separated by an 8 nt
spacer. Mutational analysis revealed that both inverted
palindromic hexanucleotide motifs are indispensable
functional sites for the 9- c¢is RA response. The Hi-
RARE sequence confers 9- cis RA inducibility to a
heterologous promoter. The inducibility is further
augmented in embryonal carcinoma cells by the
expression of recombinant retinoic acid receptors
(RARSs) and the retinoid X receptors (RXRs).  In vitro,
the recombinant RAR/RXR heterodimer creates DNA—
protein complex with the Hi-RARE sequence. Treat-
ment of P19 embryonal carcinoma cells with 9C-RA
induces the Hi-RARE binding activity of nuclear
proteins that proved to be RAR (or RAR-like)/RXR
heterodimer. Thus the Hi-RARE represents a new type

of RA response element with a role in the modulation

of the expression of MHC class | family genes.

INTRODUCTION

H2Kb

The classical class | major histocompatibility complex (MHC)
genes play a central role in the cellular immune response. Their
products bind endogenously processed foreign polypeptides and
present them on the cell surface. Thus cells carrying foreign
antigen in the context of MHC molecules can be effectively
discriminated from cells bearing self antigen during immunologi-
cal surveillance by CD8cytotoxic T lymphocytes5(6). The
expression of classical MHC class | genes varies greatly among
cell types of an adult organism, being high in lymphoid tissues,
liver and lung and low or absent on the surface of brain cells,
acinar cells of the pancreas and mature spérm (

It is known that crucial control over the classical MHC class |
gene expression is transcriptiorig8j. The region at nucleotides
—213 and —61 relative to the transcription start site harbors three
elements, enhancer A or class | regulatory element (CRE),
enhancer B, and interferon response sequence (IRS) which
partially overlaps the CRE. In the adult mouse, these elements
control transcription of classicali2 class | genes in both
constitutive and inducible fashion. Enhancer A core region has
been confirmed as a target for the binding of at least four
transcription factors that may govern constitutive transcription of
theH2 class | genes: KBF1, H2TF1 and NFkB (revieweg)in

Inducible H2 transcription by tumor necrosis factor and
interferon was shown to be controlled from the CRE region and
from the overlapping IRS in thé fiank of theH2 class | genes
(7). The upstream part of the CRE binds different members of the
nuclear hormone receptor familyQj and acts as a response
element for retinoic acidlL(,12).

Although the majority of studies of MHC class | gene
regulation have focused on tHaipstream regulatory sequences,
it appears that these sequences do not accountdsiratjulation
of these geneslg-15). In particular, we have shown that a
deletion mutant of the2KP gene that lacks the entireshhancer

The family of the mouse MHC class | genes is comprised of >Zequence is fully expressed when transfected into L fibroblasts.
genes, pseudogenes and gene fragments but only three of thWendemonstrated further that its transcription was supported from

represent the classical MHC class | genes both in Mii€, (D,

a strong downstream regulatory element (H2DRE) located in the

-L) and in humansHLA-A, -B, -C)(1). The variable number of second intron and flanking exon sequences, +272 to +806 relative

related functional class | genét2M, Q and Tla in mice and

to the transcription start sitg5).

HLA-E, -F, -G,and-M in humans, show a different pattern of Here we describe a new retinoic acid response element

expressiond—4).

(referred to as Hi-RARE, histocompatibility-intron retinoic acid
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response element) within the second intron ofHBKP gene  efficient combination of transactivators was determined by
DRE region. We show that retinoids induce binding of the nucleaotransfection of the reporter plasmid with various combinations
proteins to Hi-RARE and that in embryonal carcinoma cellsf pSG5 vectors expressing mRAR mRAR32, mRAR/1
transcription of a reporter gene carrying the Hi-RARE sequenemd/or mRXR, mRXRB, mRXRy (a generous gift of P.
can be considerably augmented by simultaneous coexpressioilcbimbon). The cDNA of cloned receptdtg,{8) was inserted
the RAR-RXR transactivator heterodimers. Moreover, we demoimto a cloning site of the pSG5 eukaryotic expression vector. The
strate that Hi-RARE sequence binds recombinant RAR/RXBtal amount of DNA used for transfection was adjusted f@m10
heterodimeiin vitro and that monoclonal antibodies anti-RXRwith pUC18 DNA. After transfection the medium was replaced
and anti-RAR nuclear receptors specifically supershift thby a medium supplemented with &#ns retinoic acid or %is
complexes formed between Hi-RARE DNA and nuclear proteingtinoic acid (a kind gift of J. Grippo) at a final concentration of
of embryonal carcinoma cells. The Hi-RARE consensus s&0-8to 10°M or with a vehicle (ethanol) and incubated for 20 h.
guence is conserved in mouse, rat, Rhesus macaque and hur@&T, assays were performed as described previotS)yand
thus supporting its functional role in various MHC class | genesormalized for transfection efficiency by measuring the activity
of B-galactosidase. Nuclear extracts of the cell lines were
prepared according Dignam and co-workerS).(Whole-cell
MATERIALS AND METHODS extracts derived from cultured murine cell lines Ltk— and P19
Plasmid constructions and oligonucleotides were prepared according to the protocol of Scholer and co-
workers g0). The extracts were used directly in electrophoretic
The following double-stranded oligonucleotides, shown agobility-shift assay or were stored at <80
coding strands, were used: Hi-RARE(W), wild-type form of the
intronic (+559 to +584) sequence of H@KP gene, 5gatcGAG- , . )
TGACCCCGGGTCGGAGGTCACGA!3 Hi-RARE (M1), Electrop_horetlc mObI|Ity-ShIft assay (EMSA) and
5'-gatcGAGTGACCCCGGGTCG-AGGTCACGA:HI-RARE supershift experiments
l(?NE'%;(,?A%t)C GBA_‘ g;?égg?gggzrggsé fégfgﬁ?éﬂ;:z The Hi-RARE double stranded oligonucleotide or DNA frag-
(M4), 5’-gatéGAGTGACCCCGGGTCG’-S (H-RARE mutant ments were end-labeled by filling-in wnh-FZP]QATP using
forms 1-4). H-2RIl, region Il of the Bnhancer df2Ldgene (—204 Klenow. Three to sixg of the cell extracts were incubated with

to ~180), 5QACAGGCGGTGAGGTCAGGGGTGGGGAA:3 20-50 imol radiolabeled probe (0.5x21(f c.p.m.) and with
The double-stranded oligonucleotide RAREencompasses L;g oz(r)lon—_speu |(;C(|)mpet|f[or po'y( _ )at'rqomé%mptl\a/lra-
retinoic acid response element from the promoter ofRAgene,  tUre for 20 min in a 2Qul reaction mixture containing 20 m

, : HEPES (pH 8.0), 70 mM KCI, 0.2 mM EDTA, 1 mM DTT,
5'-TCGACGGGTAGGGTTCACCGAAAGTTCACTCGC:3 ; "
The Dde—Hinfl (+517 to +684) ancHinfl-Kpnl (+684 to 0.5mM PMSF, 5% Ficoll (type 400). For competition an

+806) fragments of thel2kP gene DRE region were derived 100-fold excess of a specific oligonucleotide was added 5 min

; ior to the addition of the labeled probe. The EMSA experiments
from pDde—Kpni289conCAT plasmidi() and were subcloned P'of ) . /
into theBanHI site of the pUC18 cloning vector. The reporterVith t.ft‘)e drei:orlr_}blnant GﬂséRAAg§§§G wer:__at cfalznesd out as
plasmids pHIRARECONCAT, pHIRAREtconCAT were obtaineddeScribed®1). Human 6H- a (a gift of H. Stunnen-
by cloning a double-stranded oligonucleotide Hi-RARE as §€9) was expressed in Hela cells from recombinant vaccinia
monomer or tetramer, respectively, intoBaerHI restriction it V!NUS: GH'RA?/ FiXIIRa was hq;)tpurlfleq througlh 4§TLII\|TA .
of the pconCAT vector. Similarly have been prepared report@Prom"’lltogrlap t.yij 31 nsupt)_elr?s ' :g(g;rlm((ejnts ?R.XR llution o
plasmids carrying mutated Hi-RARE sequences. To construct tfnoclonal antibodies anti-RARADY) and anti-RXR (mouse
pDS245conCAT reporter, tHadel—SawBAl fragment (+517 to  0:P.Y - 4RX-1D12), a gift from Pierre Chambon, was added to the
+762) overlapping the éecond intron of tHaKP gene was binding reaction onice, 15 min before loading on the gel. Samples

- . lectrophoresed on 6% polyacrylamide gels inkOTBE
subcloned into thBanHI site of pconCAT {6). The pSS193con- VEre € /
CAT reporter plasmid containing tSaBAI fragment (—264 to Puffer at 25 mA at4C and DNA-protein complexes were then

—61) from the Sflank of theH2KPgene was described previously visualized by autoradiography.
(19).
Methylation interference assay

Cell lines, transfections and nuclear extracts )
The Ddd—Hinfl fragment (+517 to +684) of thel2KP gene

Murine embryonal carcinoma P19 and F9 cells were grown subcloned in theBanHI site of the pUC18 plasmid was
Dulbecco’s modified Eagle’s medium (DMEM) supplementedadiolabeled at the' @nd of either the coding or the non-coding
with 10% calf serum (FCS). Murine fibroblast Ltk— cells andstrand and partially methylated with dimethyl sulfate (0.5%) at
human cervical carcinoma HelLa cell line were cultured imoom temperature for 4 min as describ&g).(The probe (5 ng,
DMEM containing 5% FCS. All media were supplemented witl2 x 1P c.p.m.), twice ethanol precipitated, was incubated with
2 mM L-glutamine, 100 U/ml penicillin and 1Q@/ml strep- 20 pg Ltk— nuclear extract proteins and withgbpoly(di—-dC) for
tomycin. 20 min and subjected to EMSA. Gel bands with bound and free

Cells were transfected 1 day after plating using the calciuprobe were excised, eluted, extracted with chloroform, precipi-
phosphate coprecipitation technique withdbof the chloram- tated by ethanol and cleaved with 10% piperidine at@G@or
phenicol acetyltransferase (CAT) reporter plasmid ang2 30 min. After ethanol precipitation the probes were resolved on
B-galactosidase expression vector pCH110 (Pharmacia) as &b polyacrylamide—8 M urea gel along with G/A reaction
internal control for transfection efficiencyl§). The most prepared according to the protocol of Maxam and GilBé)t (
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RESULTS A Coding &, Womcrding sir.

oA F B WA F B
Ltk— nuclear proteins bind a new retinoic acid response -mw
element sequence (Hi-RARE) in the second intron of -.e

the H2Kb gene oy )

I

The B enhancerlessl2KP gene reveals a strong transcriptional
activity dependent on an intragenic sequence chifedown-
stream regulatory element (H2DRE)5). The Ddd—Kpnl
fragment (+517 to +806) encompassing parts of the second ant
third exons and the whole second intron (+557 to +742) was
shown to bear the main transcriptional activation potential of the
H2DRE. To identify the DNA sequence that binds the Ltk—
nuclear proteins we employed the methylation interference assay
Nine guanines on the coding strand and seven guanines on th
non-coding strand interfered with the complex formation when
methylated. The tightest contacts with DNA binding protein(s)
were displayed by guanines 577 and 578 on the coding strand an
guanines 580 and 582 on the non-coding strand (Big.
Inspection of this DNA region for potenti@s-acting regulatory
sequences using the SIGNAL SCAN progrdn) (evealed the
sequence motif AGGTCA (+576 to +581) which represents the -
half site of the consensus retinoic acid response element (RARE) " F
PuG(G/T)TCA(N_pPuG(G/T)TCA £3). Furthermore, the '
sequence immediately upstream creates together with the abov

mentioned motif an everted repeat and a direct repeat, respective !
ly, which we termed Hi-RARE (histocompatibility-intron

RARE): B-TGACCC C GGGTCG G_AGGTCA3 (+562 to - =

+581).
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Second intron of theH2KP confers retinoic acid B
responsiveness to the chloramphenicol
acetyltransferase (CAT) reporter gene

1] o0 8 ®E (-]
P(563) GACOCCOOOTOREAGETCACGACDOT (181
7 CTGRGGEODCAGCTCCAGTOCTOOG0 -

To test the functionality of the Hi-RARE sequence, we con- »o . L
structed two reporter plasmids. The whole sedé2idP intron
with adjacent SequencmdfsaLBAl fragment)_was inserted in . Figure 1.Methylation interference analysis of Ltk— nuclear proteins binding to
front of the CAT gene equipped with the chicken conalbuminne Hi-RARE of theH2Kb gene second intronAf The coding or the
promoter. The 9C-RA inducibility (18 and 16% M) of the non-coding strand of th®de-Hinfl fragment (+517 to +684 from the
resulting pDS245conCAT reporter construct was assayed aftégnscription start site of thé2KP gene) was partially methylated and used in
transfection into mouse P19 and F9 embryonal carcinoma cdjj"ding reactions with the Ltk nuclear extracts. The bound (B) or free (F)
I dh ical . Hel. L li | trast t robe was recovered from the gel after electrophoretic mobility-shift assay
Ines and human cervical carcinoma HeLa cell ine. n contras ocedure, subjected to chemical scission at positions of methylated guanines
HeLa cells and F9 cells, P19 cells showed maximum CAlby piperidine and compared with the Maxam-Gilbert G/A sequencing reaction
expression at the lower dose of 9C-RA (Blg.The inducibility on 8% denaturing polyacrylamide geB) The guanines whose methylation
of the same construct in P19 cells was hlgher after gc_RAompIeter abol_ishes or partiglly interfere with protein binding are marked by
treatment than after alansRA at the same concentration@0  Plack or open circles respeciively.
or 107 M). This finding implies participation of the retinoid X
receptors (RXR) in the transactivating evext45).

expression (Fig3, lanes 16-18). The pSS193conCAT reporter

Hi-RARE-driven reporter gene is effectively transactivated ~ construct containing the 5i2K° gene enhancer (-254 to —61)
by heterodimers of RAR/RXR nuclear receptors with the pre_vlpusly described RAR]E_Q) was co—expressed.wnh

the most efficient receptor combinatid2Y RARB2/RXRP (Fig.
To elucidate whether RA receptors are involved in transactiv&; lane 1) to serve as a positive control for the CAT activity. The
tion, we cotransfected the pHi-RAREmMconCAT reporter plasmidontrol set of P19 transient transfectants with the same plasmid
(with single copy of the Hi-RARE sequence) with variouscombinations as in Figui@ but not treated with RA, did not
combinations of mouse RARs and RXRs expression vectors iregceed the values of the CAT activity found in negative controls
P19 EC cells. The greatest response to 9C-RA induction wétata not shown). The plasmid pconCAT did not show any
observed with the following combinations of RXR and RARresponse to 9C-RA when coexpressed with nuclear receptors
vectors: RAB2-RXRy > RARa1-RXRy > RARa1-RXRa >  RARaland RXRx (Fig.3, lane 18). This finding implies that the
RARB2-RXRa (Fig. 3). While the expression of RAR homo- Hi-RARE sequence inserted into the reporter plasmid (pHi-RA-
dimers did not elicit a significant response, the RXR homodimeREconCAT) is responsible for the transactivation of the reporter
induced small but reproducible increase of the reporter ge@AT gene through binding of retinoic acid receptors.
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Figure 2. H2KP intronic RARE mediates the RA responsiveness of a . ,_,

heterologous promoter in cell lines of different origin. Mouse P19 and F9
embryonal carcinoma cell lines and the human cervical carcinoma Hela cell - . - B B -
line were transfected with & of the pDS245conCAT reporter vector. The cells

were treated with 8isretinoic acid for 20 h (t@and 16€M respectively) and

the CAT assay was performed. The results shown are from a typical experimen LE R L 13 s 1 18"
and fold-induction values do not differ >25% between experiments. ﬂi::—- el [yl S al
Lo ' Q I T i

Both external half-sites of Hi-RARE are necessary for
function

EEREE

Mutations in the internal repeat or a deletion of the spacer guanir
between the internal andr@peat did not interfere with binding
of 9C-RA-stimulated nuclear proteins, nor with the 9C-RA
mediated response of CAT reporter vectors carrying thes
mutated Hi-RAREs (M1, M2, FiglA). However, deletion of
either 5 or 3 external repeat (M3 and M4 respectively, B#)
totally eliminated the nuclear protein binding to the mutated 1234538780 0NMWNMIENTH
Hi-RAREs (data not shown) and their functional response to

9C-RA (Fig.4B). The results strongly indicate that the Hi-RARE Figure 3. Differential transactivation of the pHi-RAREmconCAT reporter
external half-sites are critical for its regulatory function. EVolu-¢onstruct by co-expressed mouse retinoic acid receptarsB2, y1) and
tionary conservation of the external half-sites but not of theetinoid X receptorsa( B, y) and RA treatmentA() The reporter construct (5

internal repeat (see below) seems to support such a conclusiomg) was cotransfected with 250 ng of the receptor-expressing vectors in various
combinations into the P19 cell line as indicated. 9C-RAS(A) was added,

the cells were incubated for another 18 h, harvested and the CAT assay
Hi-RARE sequence specifically binds RAR/RXR performed. The lane 1* shows the CAT activity of the pSS193conCAT in which
heterodimers the conalbumin promoter was under the control oF®i€P gene 5enhancer.

Co-expressed were expression vectors with mB2ABnd mRXB. As a

Since the Hi-RARE sequence confers RA inducibility to anegative control, the parental reporter plasmid pconCAT was used as shown in

S e e lane 18*.B) The quantitative evaluation of the transactivation experiment
heterologous promoter and this inducibility is further augmente hown in (A). The CAT activity of the pHi-RAREmMconCAT with co-expressed

b_y e?(pression of RX and RA nuclear receptors, we reasoneq th@kRrp2 and RXR receptors was taken as 100%. The results shown in the
binding of endogenous nuclear proteins to Hi-RARE mighthistogram correspond to average values of three independent experiments

increase upon treatment with 9C-RA. To test this assumption, d#5%).

electrophoretic mobility-shift assay was employed using the

radiolabeled Hi-RARE oligonucleotide and nuclear extracts

derived from treated and control P19 EC cells. Nuclear extractdiolabeled RARB2 probe were identical (data not shown), it
from untreated cells yielded three DNA—protein complexes iseemed likely that RA-induced complexes with Hi-RARE probe
EMSA (Fig.5A, lane 2). Following the 9C-RA treatment, thewere created by RAR and/or RXR nuclear factors. The con-
middle complex increased 5.7-fold in quantity and a hew mormgusion was confirmed by supershift experiments with antibodies
rapidly moving faint complex occurred. In contrast, two majoagainst RXR and RAR. The RA-inducible complexes from P19
bands were not affected. Three out of four bands were entiralglls formed with Hi-RARE or RARE2 probes were specifically
competed with 100 molar excess of cold Hi-RARE oligonucleorecognized by anti-RXR antibody as shown by the supershifts of
tide over the radiolabeled Hi-RARE probe. The H-2RII oligospecific complexes (Fi§B, lanes 4 and 9). Anti-RAR antibody
nucleotide with the 'SRARE of theH2Ld gene (0) displayed decreased the amounts of RA-inducible complexes with both
lower ability to compete. However, the RA-induced complexeprobes. The results confirm the presence of the RXR and the RAR
were abolished by 100 molar excess of RBREligonucleotide or a related cross-reacting factor in the RA-inducible P19/Hi-
(Fig. 5A, lane 4), which represents natural RAR/RXR bindingRARE complexes.

site of the RARB2 gene promote2@). Since the mobilities of ~ To elucidate further the role of the Hi-RARE sequence as a
RA-induced complexes with Hi-RARE probe and with thetarget for binding of RAR/RXR heterodimer, we performed

Poslative CAT sciivity
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Figure 4. Mutational analysis of the Hi-RARE sequence reveals the functional importance of the outer RAREAgf&atsiquble-stranded oligonucleotides were

used as competitors in EMSA and were ligated into pconCAT for transfection assays. W: wild-type of the Hi-RARE sequett€®gjehe. M1, M2: mutations

of the Hi-RARE affecting the inner (dashed arrow) RARE moitif, either by deletion of the spacer G (M1) or by C-G substitution (M2). M3 and M4 are truncatc
Hi-RAREs with outer SRARE motif deleted (M3) or RARE motif deleted (M4)B) The effect of mutations in HIRARE sequence on the induction of CAT activity
from the reporter plasmids. The pconCAT and the reporter constructs carrying wild-type (W) Hi-RARE and its mutated forms M1-M4 were transfected into P19
cells in the absence (RA-) or presence (RA+) of 9C-RA , without or with receptor-expressing vectofraRARRXR. CAT activity was scored as percent
maximal conversion where the RA inducible activity from pHi-RAREmconCAT co-expressed with BARAR mMRXRK was set at 100%

A B
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Figure 5.ldentification of RA-inducible nuclear proteins in P19 EC specifically binding to Hi-RARE sequenksieic{ear extracts (3g) prepared from P19 cells
untreated (—, lane 2) or treated with 9C-RAF10) (+, lanes 3—6) for 24 h were used in binding reactiom#itkend-labeled Hi-RARE probe and subjected to EMSA.
RA-inducible DNA—protein complexes (lane 3) are indicated by arrows. The specificity of DNA binding was tested by following oligonucleotide-competitors in 1C
molar excess: Hi-RARE (Hi, lane 4); RARE, a natural RARE from the promoter of RBRgene (B, lane 5); H-2RII, RARE derived from theénhancer of the

H2L9 gene (H2, lane 6)B] Supershift experiments with antibodies against RAR and RXR. The gel retardation assay was conductiegl efsmg/@ar proteins

derived from P19 cells (treated with 9C-RA for 24 h) with the Hi-RARE probe (lanes 3-5) and with thBZR#xBEe (lanes 7-10). Monoclonal antibodies against
RAR (RA, lanes 3 and 8), against RXR (RX, lanes 4 and 9), and unrelated monoclonal antibody against hemagglutinin epitope (HA, lanes 5 and 10) were adc

the mixture 15 min prior electrophoretical separation of the complexes in 6% polyacrylamide gel. The protein—-DNA complexes specifically supershifted by anti-R
antibody are indicated by arrow.

competitive EMSA using either the Hi-RARE probe or theThe recombinant heterodimer displayed comparable binding
RAREPB2 probe with copurified recombinant human His-taggeaffinity to Hi-RARE and to RARB2 sequences (Fi@, lanes
RARa/RXRa (6H-RAR0/RXRa, a gift from H. Stunnenberg). 1-6). The critical parts of the Hi-RARE sequence for binding of
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Prots: Hi-RARE RAREMR Ha-BLARE pseudogenes as five out of seven pseudogenes carried mutation:
f v P ' that disrupted the consensus sequence of the Hi-RARE repeats.
Compeifior - B RE - Hi RP - Hi M1 82 M3 84 The Hi-RARE degenerate GGGTCG motif internal to the everted

repeats is less preserved since it is disrupted in four mouse genes
by single base substitutions. Thus the mouse Hi-RARE consensus
sequence appears to be TGACCC(N8)AGGTCA.
The 3 intron sequences flanking the Hi-RARE were more
- “ divergent than Hi-RARE and this tendency was even more
- . . obvious when human MHC class | genes were examined. The
outer everted repeat was preserved in 14 out of 15 examined
classical human class | genes and in seven out of nine
non-classical class | genes and pseudogenes. The internal
GGGTCG maotif preserved in many moti2class | genes was
altered in all their human homologues with the exception of
* HLA-AL Moreover, all HLA class | genes examined contain an
additional pentanucleotide insert, GCCNPu, inside the Hi-RARE
so that thédLA Hi-RARE consensus sequence displays an 11-13
nt spacer: TGACCC(N11-13)AGGTCA.
The intact Hi-RARE was also conserved in MHC class | genes
of the rat 27), rhesus macaqueg) and catZ9). In the rabbitg0)

everted repeat was partially altered: TGACCC (N12) AGcTCg.
" In the dog 81), pig 32) and chicken33) the Hi-RARE was
mutated in both everted half sites but was still traceable. The
choice of species examined was delimited by the availability of
1 2 3 4 5 & T B F QL IR class | genes with the 2nd intron sequences in the GenBank
database. A detailed sequence comparison of the 80 bp fragment

carrying theH2KP Hi-RARE with all studied MHC class | genes

Figure 6. Recombinant RARa/RXRa heterodimer binds to Hi-RARE and to js available from the authors (jforejt@biomed.cas.cz).
RAREB2 sequences. EMSA was performed us#Rylabeled Hi-RARE and

RARER2 oligonucleotide probes with His-tagged RIARXRa heterodimer

(15 ng). DNA binding specificities of the RAR/RXR heterodimer were D|ISCUSSION

determined by competitive binding reactions with the indicated oligonucleo-
tides. Competitor oligonucleotides were added at 100 molar excess (Hi

Hi-RARE: RB, RAREB2: M1-Md, mutated Hi-RARE see Fig. 4). In this report we identified and characterized a new putative

retinoid response element, referred to as Hi-RARE, in the second
intron of the mousaH2KP gene. High steady-state levels of

the RARI/RXRa were determined by competitive EMSA with transcription had been observed previously from‘teeBancer-

a set of mutated Hi-RARE oligonucleotides. As shown in Figurss H2KP gene transfected into the Ltk— cell line. A novel
6 (lanes 7-12), the external hexanucleotide motifs of Hi-RARENhancer-like activity responsible for this transcription was
spaced of by 8 nt are necessary and sufficient for binding thcalized in the second intron and its flanking sequeiésTo
6H-RAR0/RXRa. Also the nuclear proteins derived from analyze this activity further, we used nuclear extracts from the

9C-RA treated P19 cells required the external half-sites &fk— cells in methylation interference assay and found protected
Hi-RARE for successful binding (data not shown). Thus thguanines in the sequenceT&ACCCC GGGTCG G AGGT-

requirement for external motifs fir vitro binding is consistent CA-3at nucleotides +562 to +581. The sequence is composed of
with the results of cotransfection experiments (see above). three core hormone response consensus half sites, PUGGTCA
(17) indicating the presence of a response element to one or more
members of the family of nuclear hormone receptors, including
retinoid receptors RXRs and RARs, vitamin D3 receptor (VDR)
and thyroid receptor (TH). These three consensus elements are
If Hi-RARE plays a significant role in the regulation of the MHCarranged in a unique fashion as the outer motifs are in inverted
class | genes then its sequence should be more conserved dupgghdromic arrangement and the third, degenerate site forms a
evolution than adjacent, supposedly function-less intronispacer between them. The arrangement shows striking structural
sequences. To test this possibility we aligned an 81 bp sequestailarity toyF-RARE of theyF-crystallin gene34).

from the second intron of th#2KP gene that includes Hi-RARE  The B-flanking regions o2 class | genes harbor the sequence
plus 61 flanking nt, (+559 to +739) with the cognate intronidunctioning as RAR/RXR[ response elemeni@12,35) in
sequences of other mammalian MHC class | genes available frembryonic cells and embryonal carcinoma cells. The intronic
the GenBank database. The conservation of the Hi-RARE motifi-RARE also function as a retinoid response element as shown
especially of the outer everted repeats (TGACCC and AGGTere by several independent experiments.

CA), was quite striking. None out of 16 functional classical Retinoid hormones control gene expression by binding specific
mouse class H2K, -D, -L) andH2Q genes revealed a mutation nuclear receptors which then function as ligand-activated tran-
which would violate the canonical PuG(G/T)TCA sequence ddcription factors. These proteins binctci®acting RA response

the outer repeats. A corollary to this finding is the relaxedlements, RARESs, present in RA inducible genes. Two families
conservation of the same sequences found in the mouse clas$ $uch receptors, RARs, (3, y and RXRsa, {3, y and their

Hi-RARE sequence is highly conserved in MHC class |
genes of several mammalian species



700 Nucleic Acids Research, 1996, Vol. 24, No. 4

isoforms have been characterized in great d&t@B(). They s riared s Referances
bind as homodimers or heterodimers to RARE which consists ¢ Hisskes-arb FJACCCTIOTEATAIICH = T gk
two or more directly repeated hexanucleotide motifs wr-minEgr-crves TSI TITTAR CMATER F=E [34]
PuG(G/T)TCA. Binding of receptor homodimers follows, t0 @ .zure s AP . N | fida e
certain extent, the ‘5—4-3-1" rul@g-40) which requires a 5 nt : i e .
spacer (DR5) between two directly repeated RARE motifs foi ™ ROEELerE B W

binding the RARs, DR4 for thyroid receptors, DR3 for vitamin =~ #&/F3 TQACT TN TUAII, L
D3 receptor and DR1 for RXR homodimers. Thus, the interna

degenerate motif together with tHer®tif of the HI-RARE may ~ B_Baledmmes = = e " a0
function as binding sites for the RXR homodimers. However T "‘LM _ a
most of the receptors of the nuclear hormone superfamily forr ™ "rEE=s T AT R

heterodimers, in many instances with RXR as an auxiliary protein

(10,12,40,41). They generally require larger spacersiandtro _ , b ,
ézlgure 7.Sequence comparison of tHeK” Hi-RARE with hormone response

they bind well t.o syr)theng RARES mCIUdmg mverte_d repeat elements consisting of inverted palindromes or palindrog3He inverted

_(42): thus potentially fitting in with the structure of the Hi-RARES pajindromes were observedyiF-crystaliin geney(F-cryst), human medium

in the mouse and human MHC class | genes. chain acyl-coenzyme A dehydrogenase gene (MCAD) and in chicken
The capacity of Hi-RARE to mediate an RA response vidysozyme silencer (TRE/F2). All these genes, as well as MHC class | genes,
A srespond to RA inductionB] Palindromic thyroid response elements were

retinoid receptors WaS.SUQQeSted. by the fact that the respons“@znd in the long terminal repeat of the HIV virus, strain HXB2, and in the rat

ness to RA by the Hi-RARE driven reporter CAT gene WaSyrowth hormone promoter.

dramatically increased by cotransfection of RAR and RXR

expression vectors. The most potent heterodimers were those

involving RXRy and RARBZ or RARi1. RXR homodimers the rat, cat and rhesus macaque but not in the class | genes of
induced only a moderate response. This analysis strongibbit, dog and pig. All non-rodent MHC class | genes analyzed
suggests that the Hi-RARE belongs to the family of retinoiéh this study carried an insertion of tHe@-CNG-3 pentanu-
response elements. This is further supported by the resultscfotide in their Hi-RARES so that the consensus included the
electrophoretic mobility shift and supershift assays whiclpnger spacer’5sTGACCC(N11-13)AGGTCA-3 The internal,
revealed that RA treatment of P19 cells induces nuclear proteingrtially degenerate motif-&GGTCG-3is much less preserved
that bind to the Hi-RARE oligonucleotide and that these proteing evolution. Thus the comparison of the second introns clearly
are recognized by anti-RAR and -RXR antibodies. Moreover, thints to the external repeats as being the most conserved parts o
recombinant RAR/RXR heterodimer binds to the Hi-RARE withthe Hi-RARE. This conclusion fits nicely with the mutational
the affinity comparable with the RARE, its natural target in th@nalysis of the Hi-RARE which showed that the deletion of either
promoter of the RAR gene. of the external inverted palindromic repeats results in loss of

Taken together, the experimental data provide strong evidenggction of the mutated Hi-RARE.
that the Hi-RARE functions as a retinoid response elementSuch a consensus, including two inverted repeats and a long
defined by its ability to confer RA responsiveness to a heterinternal spacer is far from the classical structure of RARE with
logous promoter. However, this evidence is not sufficient foivo or more direct repeats and 1-5 bp long spagéydj. On
determining the physiological function of the Hi-RARE at itsthe other hand, it closely resembles the structure gFtRARE
autochthonous position in thé2KP gene. The superfamily of of theyF-crystallin gene34). Moreover, synthetic palindromic
nuclear receptors includes, besides RARs and RXRs, many othed inverted palindromic repeats are efficient transactivating
closely related proteins which can use each other’s responggponse elements for RARs, T3Rs and VDRs and require longer
elements rather promiscuously’). Also, there is a number of spacers (3—12 nt) for optimal functiot®).
orphan receptors, such as COUP, PPAR, MB67 {Setor Evidence is accumulating that genes other than MHC class |
review) for which the ligands are not known and which alone drave inverted palindromic or palindromic RA response elements.
with RXR as an auxiliary protein could contribute to #2KP  Inverted palindromic repeats were described in the RARE of the
gene regulation. promoter regions of the mougecrystallin gene34), the human

To attribute a functional role to a non-coding DNA sequencenedium chain acyl-coenzyme A dehydrogenase gehaiid as
its evolutionary conservation or diversification can be a criticad part of the chicken lysozyme silenc&s)((Fig. 7).
clue. Based on this criterion, the fact that none out of 15 examinedio conclude, it is conceivable that the Hi-RARE sequence in
mouse class | genes carried any mutation in ththe second intron of tHé2KP gene represents a new type of RA
5'-TGACCC(N8)AGGTCA-3 Hi-RARE motif uncovers the response element. The role of retinoid receptors in this regulation
functional importance of this sequence element. In addition, fivaay be further elucidated by determining steady-state levels of
out of seven mouse class | pseudogenes show mutations tHatclass | genes mRNA in mice with targeted loss-of-function
disrupted one or both inverted palindromic hexanucleotide motifautations in RAR and RXR genet5(47). The ultimate answer
which is another piece of evidence that conservation of thi@ncerning the physiological function of this newly identified
sequence is necessary for a function ofi2i€® gene and not, for RARE element will requira situmutagenesis of tHé2KP gene
example, for some unrelated structural feature of a particulat the critical Hi-RARE sites.
DNA domain. The computer assisted analysis revealed that a
Hi-RARE with the same inverted palindromic core motifs isnckNOWLEDGEMENTS
highly conserved also in human HLA genes, since the motifs are
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