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The human major histocompatibility complex contains approximately 20 class I genes, pseudogenes, and
gene fragments. These include the genes for the three major transplantation antigens, HLA-A, HLA-B, and
HLA-C, as well as a number of other genes or pseudogenes ofunknown biological significance. Most of the latter
have C+G-rich sequences in their 5' ends that are unmethylated in the B-lymphoblastoid cell line 3.1.0. We
investigated one of these genes, HLA-H, in more detail. The gene is, overall, strongly homologous in sequence
to HLA-A but differs in several potentially significant ways, including changes in conserved promoter
sequences, a single-base deletion producing a translation termination codon in exon 4, and a region of sequence
divergence downstream of the transcribed portion of the gene. Nevertheless, mouse L cells transfected with the
gene accumulated small amounts of apparently full-length polyadenylated RNA. A portion of this RNA begins
at the transcription site predicted by analogy to certain class I cDNA clones, while another portion appears to
begin shortly upstream. L cells transfected with a hybrid gene containing the first three exons of HLA-H and
the last five exons of HLA-B27 accumulated full-length HLA transcripts at the same level as cells transfected
with an HLA-B27 gene; both levels are at least 15- to 20-fold higher than that directed by HLA-H alone. In
addition, we isolated a cDNA clone for HLA-H that contains a portion of intron 3 attached to a normally spliced
sequence comprising exons 4 through 8. These results suggest that low levels of translatable mRNA for the
truncated class I heavy chain encoded by HLA-H are produced under physiologic circumstances and that
sequences 3' of intron 3 decrease the levels of stable transcripts.

The human major histocompatibility complex (MHC),
located on the short arm of chromosome 6, possesses a
diverse array of genes, some of which are intimately in-
volved in the immunological presentation of foreign antigen
to immunocytes (29). Those genes that encode proteins of
approximately 40 kilodaltons which are in noncovalent as-
sociation with ,2-microglobulin are termed human leukocyte
antigen (HLA) class I genes. In addition to encoding proteins
capable of binding P2-microglobulin, all class I genes share a
common organization consisting of eight exons. Exon 1
encodes the leader sequence; exons 2, 3, and 4 encode the
three external domains of each transplantation antigen; exon
5 encodes a membrane anchor domain; and exons 6 and 7
and a portion of exon 8 encode the regions of the protein
which interact with the membrane and cytoplasm (25).

In humans, there are approximately 20 class I genes,
pseudogenes, or gene fragments (27, 32, 69) contained within
nearly 2,000 kilobases (kb) of DNA (9, 44, 60, 61). The
best-studied ones are those termed HLA-A, HLA-B, and
HLA-C, which encode proteins expressed on virtually all
somatic cells. These proteins bind foreign peptides which,
upon reaching the cell surface, interact with syngeneic
cytotoxic T lymphocytes that initiate restrictive killing of
these infected targets. Aside from these three genes, which
are among the most polymorphic in the human genome, little
is known about the diverse, expressible members of this
family, such as HLA-RS5 (68); reexamination of the se-
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quence of the HLA-RS5 gene has revealed that it differs by
less than 2% from HLA-E and is therefore allelic to this gene
[J. Pan, J. Germino, M. Chorney, and S. Weissman, Proc.
Natl. Acad. Sci. USA 86:650, 1989]), HLA-E (34, 55), and
HLA-6.0 (22).
BALB/c and B10 mice have more class I genes than do

humans. These are found predominantly in the Qa and TL
regions (75, 77), both of which are telomeric to the classical
transplantation antigen genes contained within the H-2 re-
gion. The genes of the Qa region are characterized by
in-frame termination codons found within their exon 5 se-
quences. These lead to production of shortened proteins
lacking cytoplasmic tails (20, 74). Most of the proteins
encoded by Qa genes are bound to the surfaces of hepato-
cytes and other cells through an aspartate phosphatidylino-
sitol linkage (73). One Qa gene, QJO, encodes a 12-micro-
globulin-associated secretory class I protein whose function
is not known (38).
The possible presence of genes analogous to Qa genes

within the human MHC is currently under examination. The
recent sequencing of gene HLA-6.0 (22), which contains an
uncharacteristic termination in exon 6, supports the possi-
bility that analogous genes do exist. Like their possible
mouse counterparts, most nonclassical class I genes are
reported to map to the telomeric portion of the MHC (58).
One such gene, which we have provisionally termed HLA-
H, maps within a maximum of 150 kb of HLA-6.0, as
demonstrated by chromosomal hopping (M. J. Chorney, H.
Shukla, G. A. Gillespie, I. Sawada, G. Carle, F. Collins, and
S. M. Weissman, manuscript in preparation). This HLA
class I gene or pseudogene contains an in-frame termination
within exon 4 resulting from a single-nucleotide deletion. In
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this report, we present the complete nucleotide sequence
and molecular mapping of HLA-H; we also describe its
expression at the transcriptional level in transfected mouse
L cells and a human B-lymphoblastoid line.

MATERIALS AND METHODS
Cells. The MHC hemizygous B-lymphoblastoid cell line

3.1.0 (HLA-A2 HLA-B27HLA-CWI) (45), was maintained in
RPMI 1640 supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. Mouse L cells previously trans-
fected with human ,2-microglobulin and herpes simplex
virus thymidine kinase genes were maintained in Dulbecco
modified Eagle medium supplemented with 10% horse se-
rum-1% penicillin-streptomycin-hypoxanthine-aminopterin-
thymine. This cell line, known as J27, was kindly supplied by
Paula Kavathas (Yale University, New Haven, Conn.).
Mouse-6 (original designation, MCH 262A1/P6), which is a
hybrid cell line composed of human chromosome 6 on a
mouse background, was maintained in Dulbecco modified
Eagle medium-10% fetal bovine serum-1% penicillin-strep-
tomycin-G418 (600 g/ml). These cells were a kind gift of Eric
Stanbridge (University of California, Irvine). The human
lines Molt-4, Hut102, and KMOE were grown in RPMI
1640-10% horse serum-1% penicillin-streptomycin.

Transfections. Transfections were performed as described
by Wigler et al. (76), except that 25 ,ug of cosmid DNA and
2.5 ,ug of pSV2neo DNA were used per experiment. High-
molecular-weight carrier DNA was omitted. After selection
in G418 (300 ,ug/ml)-containing Dulbecco modified Eagle
medium-hypoxanthine-aminopterin-thymine, Neor J27 colo-
nies (which numbered greater than 1,000 per experiment)
were pooled for future analysis.

Libraries and gene isolations. The HLA-H class I gene was
originally isolated from the Charon 4a placenta library of
Maniatis et al. (48) as previously described (7). Its previous
designation was LNIIA. The 6.6-kb EcoRI fragment carry-
ing this gene was subsequently subcloned into pBR328 to
facilitate sequencing analysis. Multiple overlapping clones
containing HLA-H were also isolated from 3.1.0 cosmid
libraries by using HLA-B7 cDNA as a hybridization probe.
Two cosmid libraries were screened. One contained partially
Sau3A-digested, size-fractionated DNA ligated into the
BamHI site of cosmid vector pcos2EMBL; the other con-
tained partially EcoRI-digested, size-fractionated DNA li-
gated into the EcoRI site of cosmid vector pJB8. Production
of the cosmid libraries is described in reference 43. The
6.6-kb EcoRI fragment carrying HLA-H from 3.1.0 cosmid 6
(CosRS6) was subcloned into the Bluescript KS(-) plasmid
vector to facilitate further analysis and termed pHLA-H.
HLA-A2-containing cosmid 28 (CosRS28) from the 3.1.0
library was identified by using the 3' HLA-A2-specific probe
of Koller et al. (36). The HLA-B27 cosmid (CosRS39) was
identified by using the 544-base-pair PvuII fragment derived
from the HLA-B7 gene 3'-untranslated region (12) as a
probe. Further confirmation that the gene was HLA-B27 was
supplied by transfection. J27 cells transfected with CosRS39
reacted with HLA-B7, HLA-B27, and HLA-Bw22-specific
monoclonal antibody ME1 (17). The 6.6-kb EcoRI fragment
containing the HLA-B27 gene from CosRS39 was subcloned
into pUC19 and termed pB27.
The 3.1.0 cDNA library was produced from poly(A)+

RNA with a lambda ZAP vector system (Stratagene) by
standard methods (4, 49). Single-stranded cDNA contained
in the Bluescript plasmid vector was induced by using M13
helper bacteriophage R408 according to Stratagene instruc-
tions.

DNA sequencing. DNA fragments to be sequenced were
subcloned into M13 vectors mpl8 and mpl9 (57) for single-
stranded sequencing or plasmid vector Bluescript KS(-) for
double-stranded sequencing. Single-stranded DNA tem-
plates or denatured double-stranded DNA plasmid sub-
clones were sequenced by the dideoxynucleotide chain
termination method (64) with [35S]dATP and Sequenase
(United States Biochemical). In areas where compression
was observed, the sequencing reactions were performed
with either dITP or 7-deaza-dGTP nucleotides.
Cosmid mapping. 3.1.0 overlapping cosmid clones CosRS6

and CosRS42, which contain the HLA-H gene, and
CosRS28, which contains the HLA-A2 gene, were linearized
with either ClaI or Sail and subsequently partially digested
with EcoRI. The digests were then electrophoresed at room
temperature on a field inversion vertical gel (1% agarose,
0.5% TBE [0.089 M Tris borate, 0.089 M boric acid, 0.002 M
EDTA; pH 8.0]; 150 V) and blotted onto a Biotrans nylon
filter. Electrophoresis forward time was 0.5 s, and reverse
time was 0.25 s, as described in reference 8. The filters
containing partial digests of CosRS42 and CosRS28 were
probed consecutively with the left (a)- and right (p)-end
BamHI-EcoRI fragments derived from digestion of the
pcos2EMBL vector (0.4- and 1.8-kb fragments, respective-
ly). Filters containing complete SalI and partial EcoRI
digests of CosRS6 DNA were probed with both EcoRI-Sall
pJB8 vector fragments. To reuse the blots after autoradiog-
raphy, the bound probe was removed by boiling the filters in
distilled water for 5 min (Northern (RNA) blots were treated
the same way to remove the radioactive probe). High-
molecular-weight and 1-kb ladder DNA standards (Bethesda
Research Laboratories, Inc.) were run on all gels for deter-
mination of molecular size.

Pulsed-field gel electrophoresis. 3.1.0 DNA was cleaved in
agarose blocks as previously described (65). The restricted
fragments in agarose plugs were run on orthogonal field
alteration gel electrophoresis (OFAGE) gels with an LKB
Pulsaphor gel apparatus with a pulse time of 2 min as
described in reference 65. The electrophoresis run time was
40 h. After electrophoresis, the gels were treated with 0.2 N
HCI for 15 min, followed by denaturation and neutralization.
The gels were then blotted against 20x SSC (lx SSC is 0.15
M NaCl plus 0.015 M sodium citrate) onto a Hybond nylon
filter (Amersham Corp.), vacuum dried, and UV irradiated
for 2 min before prehybridization.
RNA isolation and RNase protection. Total cytoplasmic

RNA was isolated by the Nonidet P-40 lysis method of
Favaloro et al. (18). For Northern blotting, RNA was
electrophoresed on 1.1% agarose gels containing formalde-
hyde and blotted directly with 20x SSPE (3 M NaCl, 0.25 M
NaH2PO4. H20, 0.04 M EDTA [pH 7.4]) onto Biotrans
nylon filters.
RNase protection assays were performed as described by

Melton et al. (54). As a probe, the 1.2-kb EcoRI-PstI
fragment spanning exon 1 and containing the entire 5' end of
the HLA-H gene was subcloned into pBluescript KS(-).
Before labeled RNA probes were generated from this tem-
plate with T7 RNA polymerase, the subcloned DNA was
linearized with HindlIl. The labeled RNA probe of 838
nucleotides was purified on a 6% acrylamide-urea gel. For
each RNA sample to be analyzed, 105 cpm of the probe was
added to approximately 20 ,ug of total cytoplasmic RNA.
Hybridization was allowed to proceed overnight at 53°C.
After hybridization, the solutions were treated with RNase
A and RNase Ti, followed by electrophoresis on a 6%
acrylamide-urea gel.
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Hybrid gene construction. pHLA-H and pB27 were both
cleaved with KpnI. This enzyme digests both genes at their
exon 3-intron 3 splice junctions. In addition, KpnI cleaves
both plasmid sequences in the polycloning site located 3' of
each gene. Isolation of the 3' KpnI fragments and religation
to the opposite KpnI fragments containing the 5' ends of the
genes, as well as plasmid sequences, completed the recon-
struction of hybrid genes (see Fig. 7).

Nucleic acid blotting and hybridization. DNA blotting was

performed by the method of Southern (67), while filter
hybridization was performed by the method of Hanahan and
Meselson (23). The prehybridization and hybridization solu-
tions used, including those used for Northern blotting,
contained 0.3% nonfat dried milk, as described by Johnson
et al. (26). Blots of pulsed-field gels were hybridized by the
method of Church and Gilbert (11).

All probes used for hybridization were labeled by the
random-hexamer-priming method of Feinberg and Vo-
gelstein (19) to a specific activity of >108 cpm/,ug.
Computer analysis. All sequencing data were manipulated

with the software package supplied by the University of
Wisconsin Genetics Computer Group (14) on the Yale Uni-
versity School of Medicine Vax computer.

RESULTS

During our investigations into the possible expression of
3.1.0 MHC class I genes after transfection into mouse L
cells, we observed transcripts associated with the HLA-A2,
HLA-B27, and HLA-Cwl genes which encode the classical
transplantation antigens, as well as with certain other un-

characterized class I genes. One such line, transfected with
cosmid clone RS5, stimulated further study which ultimately
led to identification of a nonclassical but expressible HLA
class I gene (68). This gene has been termed HLA-E (2) and
has been reported to be expressed most abundantly in
resting T lymphocytes (34). Like RS5, the class I gene

contained in the overlapping 3.1.0 cosmid clones CosRS6
and CosRS42 also gave rise to RNA transcripts after trans-
fection into J27 cells at a level slightly but reproducibly
above the background (M. Chorney, H. Vasavada, and S.
Ganguly, unpublished data).
We therefore proceeded to further study the gene con-

tained within the 6.6-kb EcoRI fragment of CosRS6, as well
as to reinvestigate the nucleotide sequence of LNIIA, a

previously described class I gene derived from placental
DNA (7, 66). The latter was undertaken because the LNIJA
gene and the class I gene contained in CosRS6 yielded
identical double-digest patterns after cleavage with all of the
restriction endonucleases tested. Reexamination and com-

parison of the sequence of pLN11A with that of the gene

contained in CosRS6 showed that the sequences were virtu-
ally identical, differing by less than 0.1%. The base differ-
ences between these genes were found only in the noncoding
sequences. We present in Fig. 1 the complete nucleotide
sequence of the 6.6-kb EcoRI fragment; this sequence is
compared to the sequence of HLA-A2 derived from 3.1.0.
Because of the characteristics of these genes and the pulsed-
field mapping results presented below, we have retermed
LNJJA and its alleles HLA-H. This is in keeping with the
recent publication of HLA designations F and G for class I
genes HLA-5.4 and HLA-6.0, respectively (33).
The structure of HLA-H is similar to that of other class I

genes, consisting of eight exons homologous in sequence to
those of the classical transplantation antigen genes. The
sequence of exons 1, 2, and 3 of HLA-H could encode

protein domains whose structure is very similar to that of
known functional class I genes. However, exon 4 of both the
3.1.0 gene and the gene from the placental library showed on
repeated sequencing a frameshift resulting from a decrease
of 1 base in the length of this exon. Downstream of the
deletion is an in-frame termination codon (UGA). The con-
sequence of this frameshift and subsequent termination is
that an mRNA of HLA-H, if spliced in the same pattern as
that which occurs with other MHC class I genes, would
encode a protein that terminates just before the end of exon
4. This protein would lack transmembrane and cytoplasmic
segments and would have a molecular weight of approxi-
mately 30,000.
The promoter region of HLA-H showed several differ-

ences in regions where the sequence is conserved in other
class I genes. For example, the consensus H-2 sequence
TGGGGATTCCCCA within enhancer A (3, 28) is replaced
by TGGGGATTCaCCA at residues 997 through 1009 in
HLA-H, while the H-2 consensus sequence CATTGGGTG
GC within the enhancer B sequence is replaced by CACTAG
GTGTC (three nucleotide changes) at residues 1092 through
1102. HLA-A2 is identical to both of the consensus se-
quences, except for the same G-to-T change in the enhancer
B sequence as in HLA-H.

Overall, HLA-H is more homologous to HLA-A genes,
particularly HLA-A2, than to HLA-B genes. This similarity
is evident when both the 5'-flanking sequences and exons 8
are compared and extends to the 3' end of the 6.6-kb
fragment (90.8% homology); however, excluded from the
comparison are residues 5742 to 5824 3' of the HLA-H gene
and residues 5755 to 5966 3' of HLA-A2, where there is no
significant homology in the sequences (each insertion or
deletion, even when composed of multiple nucleotides, was
considered as a single change) (Fig. 1). When nucleotide
changes were compared only within the coding regions (up
to the TGA termination in exon 8 of HLA-A2; 1,092 positions
were considered), 91.0% homology was observed. Of the 98
nucleotide differences found within the coding regions,
37.8% were at position 3. The sequence of exon 8, which
contains untranslated nucleotides, is characteristic for each
group of allelic class I genes (39); in a comparison with
HLA-A2 and HLA-B27, the nucleotide homologies of exon 8
of HLA-H were approximately 93.2 and 84.2%, respectively.
The overall nucleotide homology of the HLA-H gene and its
flanking sequences compared with that of pseudogene HLA-
12.4 (47) was greater than to any other class I gene, approx-
imately 98% in the region where comparison was possible.
However, the HLA-12.4 gene does not possess a deleted
nucleotide in exon 4. This homology suggests either that
HLA-12.4 is an allele of HLA-H or that the genes arose as
the result of a very recent gene duplication.
The approximately 91% nucleotide sequence homology of

HLA-H to HLA-A2 extends through both the 5'- and 3'-
flanking regions (approximately 6.5 kb of the sequence was
included in the comparison). To determine whether this
homology extends into the surrounding DNA, we isolated
the HLA-A2-containing cosmid from a 3.1.0 cosmid library
by using the 6.6-kb EcoRI fragment carrying the HLA-H
gene as a probe. We confirmed that the gene in CosRS28 was
HLA-A2 by using the HLA-A2-specific probe of Koller et al.
(36). This probe strongly hybridized to a 6.7-kb EcoRI
fragment, even after extensive high-stringency washing. The
subclone of this fragment, after transfection into J27 cells,
directed the synthesis of a 40-kilodalton cell surface protein
reactive with HLA-A2-specific monoclonal antibody MA2.1
(53) (data not shown). The sequence of the gene presented in
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HLA-A2 ------------- -- - ------- ----C -- ------- ------- -- ----- --- -- -- -- -- -----T-----CA-------------- - --------- ---- 307 2
____ _ _ _ _ _ Q -_-_-_ - - - - - - - - - - K - - - - - -

exonS E P
HLA-H gg9g.tgggg8gtgtc9tgtcct9tBgg....gccgg.gcctctc9tgg.g.gc9 t tt.g.ggg .gggtccc tc.cctot9cccccttttt 991999AGCCA 3144
HLA-A2 ------c--------------tt-----g------a ------------..--c-----------------c--------------t--------------G 3169

S S Q P T I P I V G I V A G L V L L V A V V T G A V V A A V It W R
HLA-H TCTTCCCAGCCCACCATC CCCATCGTGGGCAI CGTTGCTGGCCTGGTTCTACTTGTAGCTGTGGTCACTGGAG(:TCTGGTCGCTGCTGTMATGTGGAGGA 32'4 4
HLA-A2 ---------------------------------A----------------CT---G-------A-------------------------C---------- 3269

- - - F G - -

K K S S
HLA-H AGAAGAGCTCAG,M..gg..ggggtg.gg.gtgtggtCt g.g.t t tc ttgtc tc.ctg.g.gt tCC..gCCrc.ggt.ga....gtg,ccctgcc Eggt tac 3 34 2
HLA-A2 G-------------gg------------a-g----.--------------------------g---------a-----------gt-----------c----- 3368

R - _ _
HLA-H tggg..gc.accatccacac tctgggcc ta,cccscc tsggccCtgtgtgccagcacrtt.c tc:t tEtgta..gcacc tgt t.c..tg.ggg.c.g.t tt.a 3442
HLA-A2 ------------c-----a--t-------------------------------------------------------------a------------------- 3468

HLA-H t c.cct tg.tg.c tgtggtg.tggg.cc tga.tcrc.gc.gtc..c..gt.c.gggg.aggtc:cccg.gg.c.g.cc tc.g..gggcggt tggtcc.gg.c 3542
HLA-A2 ----------t--a-c------------------------------------------------t----------t-----g-------------------- 3565

HLA-H cc.c.t ctgct t tcctca.tgt ttcc tg.tcc:cgccc tgggtc tgc.gt tgc.c.tt tctgg..ac ttc tctggggtcc..g.c ttgg.gFt tcc trct.gg 1642
HLA-A2 -----c--------t---------------------------------c -----------------------D--------------------------- 3665

HLA-H acct ta.tggc cc tggc ttc tttctggc.tc tc.c.agg.c.tt t t ct tcc.cATAGAAAGGAGGGAGCTACTCTCAGGCTGCAA.t aagt.atgBaaBB 3742
HLA-A2 -----a---a---------t------c--------t-------------- --------------------------------------------- 3765

HLA-H aggc tgatccc tgaaa.tcc t ttgg.t.t tgtgt ttggg.grec.tggggg.gc tc.cccacccc.c.at tc ttcc tctagcc.c.tct.c tgtgggatc t 3842
HLA-A2 --------g-----gg-----g--------------------------------------------------c----------------t----------- 3865

....7 S G N S A Q G S D V S L T A K
HLA-H g.cc.ggt cc tgt ttt ta.ttc t.c tccagGCGGCAACAGTGCCCAGGGCTCTGATGTGTCTCTCACGGC(M~GLtg.g.cct tggggggcctg.atgS 394
HLA-A2 --------t-------- g------c------A-TG -------------------------------A--T--T---------- g-c---a---------- 3965

- S D - - - - - - - - - - - C -

HLA-H tgtggggggtgt tggggggg.,ac.gtg.cac.gcttBtg C.tSsgg t tc Itttga t ttgatgtt ttga gcaItgcgatgggc tg ...ccagtgtcatcca. 4039
HLA-A2 ----tt---------- -------------- --------t------ cc---g-----a--- -- ---------ttt------ g c-c 4064

....8 V *
HLA-H t tactgggac.g.t.tg..t ttgtt c.tg..t.tt t t t t c ttTGTGAGACAGCTGCCTTGTGTGGGACTGAGAGGCAAGATTTGTT .CACACCTTC 413 7
HLA-A2 -c----t--------c-----------------------t--------------------------------------------G-----C-TGC----- 4164

HlA-H CCTTTGTGACTTGAAGAACCCTGAC .... TTTCTGCAAAGGCACCTGAATGTGTCTGTGT'TCCTGTAGGCATAATGTGTGGAGGAGGGGAGACCAACCCA 423 3
HLA-A2 -------------------------TTTG------------------C--------------G---------------A-----T----------C---- 4264

HLA-H CCCTCATGTCCACCATGACCCTCTTCCCCACGCTGATCTGTGTTCCCTCCCCAATCATCTTTCCTGTTCCAGAGAGGCGGGGCTGAGATGTCTCCATCTT 4 3
HLA-A2 ---C--------------------- .------------C- ----C------------------- --- ----- -------T---- -- ---GC-----------C 4 36 3

HLA- H TTTCTCAACTTTAT .GTGCACTGAGCTGTAACTT CTTACTTCCCTCTTAAAATTAGAATCTGAGTAMACATTTACTTTTTCAAATTCTTGCCATGAGAGG 443 2
HLA-A2 -G---------C--G----------------------C------- A------------C-------T-A---------C--------------------- 4463

TTGATCACTTAATTAAAAAGTTTTGA GAGACAA49160 tgg..ca.. tg.8cc9t9t9c90 g9 gtC9t8gt0t9t9t0C9t0gtg99tg9t9 t
-------G---------------____________________----------------------------------------c-----g----a------- -

tgt0t9099999999 9t99t9g9 tgtgcc t 9gtgggtgtc.ggrc. tgt. 99999t9t8t.tgtggt.tgtc9.90tg9g9t90 t9t9t8t9c0tcc0t9tc 46932
-----------------S9---------------c---ttc--t--c!-----c------R------------------t-------------------R-- - 4663

- H - - - - - H v - - - - - - - - - - T C - - - - - - - - - - - -

E T L Q R A
HLA-H AGACGCTGCAGCGCGCGGgt.c.ggggsc c.c.gggcgcc tc ccgg.tggc ctgt.g. tc t cggggc tggcc,cc.c.. ..acag ggg.g.c ... t ggga 22t61
HLA-A2 -------------- A-- ------------ ----------- t----c---2-----------c ------------------g-S---------t ----- 2273

- - - T
HLA-H cc..c.ct.t..t.tcgcc!ctcc!ctctggtcctsg.ggg.g..g..trrtcctgggttt .........................................--ccagasagtgactctgagggtccgccgtgc 2349
HLA-A2 --------- g---------------------------------g---------------- -g.Ecctgt --------------------t-------c--- 2373

HLA-H tct ttg.c.c..t t..ggg.tg.aatc tctgaggaa.tg..ggg..g.c.atc,cctgg..tac tgatgagtggt tcc ct t t S....acac tggc.gc.gc 244 5
010 9900 999 9900 999 999 8 999 999 09 9 24

FIG. 1. Complete nucleotide sequence of the 6.6-kb EcoRI frag-
ment carrying the HLA class I gene HLA-H; comparison to the
nucleotide sequence of the 6.7-kb EcoRI fragment containing the
HLA-A2 gene from the 3.1.0 cell line. Exons are displayed in
uppercase letters; introns and flanking sequences are displayed in
lowercase letters. Nucleotide matches in the HLA-A2 sequence are
indicated by minus signs. Sequence alignments were determined by
using the GAP program provided by the University of Wisconsin
Genetics Computer Group. The translation of nucleotides within
exons 1 through 8 for both HLA-H and HLA-A2 is in the uppercase
single-letter codes. The single-nucleotide deletions in exons 4 and 7
of HLA-H (see text) were ignored to maximize the amino acid
homology to HLA-A2. Both of these deletions and the two nucleo-
tides preceding them are marked by boxes. If one considers the exon
4 deletion, the shifted reading frame of exon 4 becomes (starting
with CAC) HTRSSWRPGLQGLQGMEPSRSGRLWWCLLER
SRDTPAMCSMRVCQSPSPTer. Underlined, starting from the top,
are the sequences for enhancer A and the interferon response
elemen, RNA polymerase II promoter sites (ccaat and tctaaa),
RNA splice acceptor sites (ag/gt), and the polyadenylation signal at
position 4479.

HLA-h ggL.tc..g.g.c t..t tttc.g.cc!tgtcca.gc [t tgsccctCctc.,Ccggg, tc ttrcctgg.ttgt.gt t ttc.tct tgt,:tCcaa.tcttttt ..tag 4832
HLA-A2 ------------------------------t--g-------t-------------t-------a-------t-------at--t------------------- 4863

HLA-H g.a,gcag.t tctgaaat.ttgc.gaggg.ggggt Crr.t.gt t tctc.tcat.gtga.ct t tctgt tgg.gctcc tc t tctgctc t CCt.c tc,t tCttcc 49 32
HLA-A2 ---c!------g---r---------------t--------------------- g.-t--------------a------g------c---------------- 4963

HLA-H agc Ctatttgatctgg g tcacaacttgat aa:C gactattt attCtgtg gdat tgtaC: 5032
HLA-A2 ---t----a-d--------------------------------------a ------ t----------- t------------------ 5063

HLA-H C.t..dgcct.gggt t.tcEt ttcctg..g.gaaaaa. t.tggt tgtgtgc tgc.gtg g 6 g,Fggt tggtgtggg.gg.ggt.ggga,ggg,ggg.gg.c a 5 13!2

t g a......t..- -.............t..---------- 515

HLA-H ctt.ad..ag..tg:t t.g..t.g.aaas ..gtg,c!ctc st.,.tgcacatastt, tst~tg.rtttttcgttttgsct t.ggg.ac ct tg ,tg,tttcttagsgtd 5 '332
HLA-A2 --t--- -- --------- S------------g --a--.--------------- ________--------------g: 5246

HLA-H t.....actd aag gaac at t tctsgggt tgtggtacatat gt tc tgatgct.gct tgt Cta.crcgKtacgrtlcgc.ggctg.aL 5432'
hLA-A2 -------------c----a-----------------------g---a-----B----c------------g-------c--------cg-----tg-----c-- 5446

HLA-H gtgglcccagg.ca.gtt tsg..tgEg.gg..gstt t t tg:ttt tctgtgg,:gg.r tsg.g.rtgg.gtgagtgz.,cc.cactctC .gg.Sacr.gg.gtg. 5531
HLA-A2 ---------------a---------------c t---------a --------t-a ------t -------~------ g----------~~5546*)4

HLA-H atgcrtta.gg.aaccctcctttgr.gc:
HLA-A2 --- ---- - --- --- ------ - t --- t-

HLA-H gttttSgga..gStt.Bt....gStaS
HLA-A2 g----g-----------g

HLA-H 9gg9gc9gg..9 cl0 tide 5741
HLA-A2 ---------a--nrl..tid, 5754

HLA-H Aucleotides 5742-5824 9g99t

HLA-A2 nucleotides 5755-5966 cttca
.tgrt

HLA-H ,c.gtgg^ggtt..gg.ggrr.gg...
HLA-A2 ---cr----------ca------- g--S~

HLA-H tccaca.tgc.t.at tggcct tgtgca
HLA-A2 --0t.gg---------------------

909t099999cgtc9999909009t9999999c9999 A9c99tgctt999t9tct9tg0t9gg990tg99 0g9ttg
--------------I-----------I-----a---t--------s-----------a-c---r-. tg------

2ct9999990999909t99c99cc99c9999c99t90ctgt9t9g990g9t99 99g9t0tc 9ttgt9ct999999
t---------- gt~~~~sg-----------------------a-c-------------------

HLA-H ggg9tr9tr9t99-9t9t9cc99c9tc99ag999g99goo tgcg99909g99 9ggtg.g999t9t-989gggt-9t0c9 gg9
HLA-A2 -------------------------------------------------- t-------------t---------------------

HLA-H actgccatt.g.g.gcOtg..gg.ggggggtggtgttggg.t tgcct.t9t.tctc,9.E.t..Etr.g99t9tgt9c9 tg..g..I
HLA-A2 ----------c ---c-----c----c------t.--------------g--------------c. ------a-----a-----c----

HLA-H 9g90t909tgg99tt0ct909g9cttg9cc99gt9gg0gtc99tg9ttgcg9tg99999 tg89t9g9t9999999ctg09ttg
HLA-A2 --------------------------------------------------------t---------------------c-a-

Fig. 1 was found to diverge no more than 0.1 to 0.2% from
the HLA-A2 gene sequenced by Koller and Orr (35) in the
regions sequenced by them.

Figure 2 shows the EcoRI restriction maps of CosRS28
and CosRS6. The structure of CosRS28 is broadly similar to
that of the HLA-A3 and HLA-Aw24 cosmids reported previ-
ously by N'Guyen et al. (56). All of the HLA-A cosmids
contain highly deteriorated pseudogenes approximately 10 to
15 kb 3' to their HLA-A genes. In CosRS28, the pseudogene
resides on a 5.7-kb EcoRI fragment separated from HLA-A2
by fragments of 6.5 and 0.5 kb. Like the HLA-A3 cosmid,

HLA-H 9 0ttt0tt09t9 9 9ttgc9t09gg9 9t9cttt98t99t999990ttct0t9099 t
HLA-A2 ---- ---------------a---------- -c------------------- -----

CosRS28 also contains a class I-hybridizing fragment up-
stream from HLA-A2; however, this 12-kb EcoRI fragment
contains two class I pseudogenes (unpublished data);
whether any of the pseudogenes in CosRS28 are expressed
as RNA is not known. CosRS6, like the placental lambda
clone, also contains a deteriorated pseudogene; this gene is
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HLA-H 11.12.rcc IC: c t ERRAR.t ECR-.Cc tccg,.Rt t t, t,: tt,: c... tcEC.C..rrtg,g.cgggt,:,ttttt,:,tgg.t.ct,:.gg.,.gcgg
HLA-A2 ---------t-----------------c----------------- t ccc ----C------- t-t---------C--------------C--C ----

862
1873

.g.:.&.Iccttgggs.clllcg.tg.ttggtt.cEtt t,.gg.g. Eg g.t..gt. t..r.t
tcccc.t,.

aggggtggc

g.tctggaca.a.at,:ga, c tccacga c c t
--c --a----------------c --a t --------
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FIG. 2. EcoRI restriction maps of the HLA-H and HLA-A2
cosmids. The shaded blocks represent EcoRI fragments which
hybridized to class I probes. The HLA-H gene carried on a 6.6-kb
EcoRI fragment in CosRS6 but fused to a vector sequence in
CosRS42 and the HLA-A2 gene carried on a 6.7-kb EcoRI fragment
in CosRS28 are marked. The numbers refer to the sizes of the
fragments in kilobases. a and l (in CosRS28 and CosRS42) refer to
the 0.4- and 1.8-kb EcoRI-BamHI pcos2EMBL vector fragments
which became ligated to partially Sau3A-digested genomic DNA,
thus forming end fusion fragments. CosRS6 was derived from a
cosmid library prepared from partially EcoRI-digested DNA ligated
into the EcoRI site of vector pJB8. The horizontal arrows show the
transcriptional orientation of the genes. The orientation of HLA-A2
within the cosmid was determined by digesting the clone with KpnI,
which cuts the gene at the end of exon 2, followed by consecutive
probing with pHLA-2a.1 and the 2.0-kb EcoRl fragment located 5'
of the HLA-A2 gene. pMC6.7 marks the fragment used as a
locus-specific probe on pulsed-field gels. This fragment was sub-
cloned into pUC19 for subsequent propagation.

carried on a 5.1-kb EcoRI fragment located immediately 3' of
HLA-H. Unlike with HLA-A2, we were unable to identify a
class I gene within almost 30 kb of DNA 5' of HLA-H.
The 2-kb EcoRI fragment immediately 5' to HLA-A2

hybridized to the 2.7-kb 5'-flanking fragment from CosRS6,
even after high-stringency washing (data not shown).
Whether homology extends into the adjacent large EcoRI
fragments of both cosmids was not determined. In any
event, the overall structure of the cosmids, as well as the
nucleotide sequences presented above, suggests that these
two genes, and perhaps others, arose as the result of either
a gene conversion covering more than 6 kb or, more proba-
bly, recent duplication of an ancestral gene and its immedi-
ately adjacent DNA segments. It is also possible that HLA-H
is more closely related to either one or both of the
pseudogenes carried on the large EcoRI fragment of
CosRS28 than it is to HLA-A2. This notion is supported by
the finding that an oligonucleotide probe derived from exon
8 of HLA-H (nucleotides 4374 to 4393) consistently hybrid-
ized more strongly to the 12-kb EcoRI fragment than to the
6.7-kb fragment containing HLA-A2.

Since the HLA-H and HLA-A genes may have arisen by
duplication of an ancestral class I gene, we mapped both
CosRS6 and CosRS28 by pulsed-field gel electrophoresis.
Using the nonrepetitive 0.7-kb EcoRI fragment located 5' of
HLA-H as a probe (pMC6.7), we observed its hybridization
to a 300-kb Sall fragment, a 500-kb BssHII fragment, and a
1,200-kb NruI fragment (Fig. 3A). It also .hybridized to a
very large MluI fragment (>1,200 kb) which ran in the
compression region at the top of the gel. The 0.7-kb band
was also found to hybridize to the 540-kb NotI fragment
(data not shown) which was earlier found to contain part of
the human MHC (44). The remainder of the class I region in
3.1.0 cells is composed of a smaller NotI fragment of 190 kb
carrying HLA-E (44, 68) and a larger 1,090-kb NotI fragment
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FIG. 3. Pulse-field gels (OFAGE) of digested 3.1.0 genomic
DNA blotted and probed with low-copy locus-specific probes. (A)
The HLA-H locus-specific probe consisted of a 0.7-kb EcoRI
fragment located approximately 21 kb 5' of the HLA-H gene (Fig. 2).
Enzymes used for digestion are marked at the bottom, and molec-
ular sizes in kilobases are to the left. Saccharomyces cerevisiae
chromosomes and lambda multimers served as size standards. (B) A
blot identical to that in panel A, stripped and probed with HLA-
A2-specific probe pHLA-2a.1.

carrying HLA-B, HLA-C (44), and the TNF genes (G.
Gillespie, unpublished data). With the HLA-A2-specific
probe, identical Sall, BssHII, NotI, and NruI fragments
were recognized (Fig. 3B). Therefore, both genes are located
within 300 kb of each other; however, the exact distance
separating them is not known and may be considerably less.
The 0.7-kb EcoRI probe from CosRS6 also hybridized to
DNA from the hybrid mouse-6 line but not to mouse DNA
(data not shown).
Regions rich in the unmethylated dinucleotide CpG are
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FIG. 4. Percentages of G and C and GpC and CpG dinucleotide
contents of the HLA-H gene. The upper graph represents the
percentage of total G and C nucleotides found within each 100
nucleotides of the sequence. The lower graphs represent the GpC
and CpG dinucleotide composition of HLA-H generated by the
Statplot program (14). The graphs of percent (G+C) and GpC and
CpG contents are aligned with respect to the nucleotide sequence
presented on the x axis of the percent G+C graph. The cutting sites
of restriction enzymes containing CpG in their recognition se-
quences are presented below and are also aligned with respect to the
graphs above.

termed HTF islands (5). Many of these islands are found in
association with functional genes, predominantly in the
promoter and 5' regions. Methylation-sensitive restriction
enzymes containing CpG as part of their recognition se-
quences have aided in the identification of HTF island-
containing functional genes (46, 62), including novel genes
within the H-2K region of the mouse MHC (1). HTF islands
have also recently been associated with expressed (as well as
uncharacterized) HLA class I genes (60). Figure 4 shows a
plot of the CpG dinucleotide concentration along the HLA-H
gene. The GpC content roughly parallels the percentage ofG
and C throughout the gene; however, the CpG content is
significantly depleted in the 3' area compared with the rest of
the sequence. The clustering of CpG dinucleotides in the 5'
end ofMHC genes (72) and functional a-globin genes (6) has
been previously noted. The extent of CpG dinucleotide
clustering in HLA-H is equivalent to that found within both
the HLA-A2 and HLA-0B27 genes (data not shown).
The CpG dinucleotides are not restricted to the promoter

area but are more abundant in the 5'-coding and intron
sequences of the gene. The elevated CpG content extends
into the beginning of intron 3, where it rapidly decreases.
Positions of some of the restriction sites for methylation-
sensitive CpG restriction endonucleases are presented below
the graph of the HLA-H gene in Fig. 4; SacII (CCGCGG)

FIG. 5. 3.1.0 genomic DNA restricted with EcoRI and EcoRI
plus rare CpG-recognizing restriction endonucleases. The enzymes
used for digestion are marked above the lanes. Molecular sizes (in
kilobases) are to the left. The final washing conditions of the filter
were 0.2x SSC at 65°C for 2 h. HLA-H was used as the probe.

and Narl (GGCGCC) sites are particularly abundant. Al-
though SacII sites are expected at a frequency of 2.5/105
nucleotides (based on data present by Lindsay and Bird
[46]), the HLA-H gene has 8 SacIl sites. All of the SacII sites
are clustered between positions 1135 (between the CCAAT
and TATAA boxes) and 2036 (exon 3) (Fig. 4).
We undertook double digestions of genomic DNA to

analyze whether the CpG-rich sites contained within the
HLA-H gene were methylated. EcoRI-SacII double digests
ofgenomic DNA removed the prominent hybridizing band of
6.6 kb after high-stringency washing (Fig. 5; probe-HLA-H).
The 6.6- to 6.7-kb EcoRI fragment includes not only HLA-H
but also the HLA-A2 and HLA-B27 genes. All three genes
contain unmethylated SacII sites at approximately equiva-
lent positions. After digestion, a new fragment of about 4.9
kb appeared which represents the 3' portion of HLA-H and
probably other digested class I genes, including HLA-A2 and
HLA-B27. Double digestion with EcoRI-NarI and EcoRI-
EagI also removed the prominent 6.6- to 6.7-kb band.
However, BssHII, which cuts HLA-H only once near the
end of exon 3, repeatedly failed to digest the EcoRI fragment
carrying this gene (data not shown).
To determine whether the HLA-H gene is transcribed in

human cells, we prepared a cDNA library from poly(A)+
RNA of 3.1.0 and examined the class I transcripts from this
library. Two cDNA clones were obtained that were derived
from HLA-H; the sequence of one is compared with that of
HLA-H in Fig. 6. Both clones started identically within
intron 3 of the gene (approximately 100 nucleotides 5' of
exon 4, at position 2691). The splices between exons 4 and 5,
5 and 6, 6 and 7, and 7 and 8 were all at exactly the locations
corresponding to those seen in HLA-A2 cDNA. Both clones
terminated approximately 40 nucleotides before the poly-
adenylation signal, at position 4442. One unexplained feature
of the cDNA sequences was that by dideoxy sequencing
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5' intron3
cDNAI start ggccacatgcgtgctggtggagtgtcccatgacagatgcaaaatgcctgaattttctgactcttcccgtcag
HLA-H -------------------- ----------------.-----------------------------t.-----

exon4
ACCCCCCCAAGACACATATGACCCACCACCCCATCTCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGG

GGAGACCAGGCCTCCAGGGGATGGAACCTTCCAGAAGTGGGCGGCTGTGGTGGTGCCTTCTGGAGAGGAGCA

GAGATACACCTGCCATGTGCAGCATGAGGGTCTGCCAGAGCCCCTCACCCTGAGATGGG

exon5
AGCCATCTTCCCAGCCCACCATCCCCATCGTGGGCATCGTTGCTGGCCTGGTTCTACTTGTAGCTGTGGTCA

722

144 6) V

216 C fA C
C
U

288 - 4_

347 -

N% -j cN
419 MI CL 0. co '

464

:
c

a,

- a

exon6
cDNAI ATAGAAAAGGAGGGAGCTACTCTCAGGCTGCAA
HLA-H ---------------------------------

exon7
cDNAI GCGGCAACAGTGCCCAGGGCTCTGATGTGTCTCTCACGGCGTGAAAG
HLA-H -----------------------------------------------

cDNA I
HLA-H
cDNAI
HLA-H
cDNAI
HLA-H
cDNA I
HLA-H

exon8
TGTGAGACAGCTGCCTTGTGTGGGACTGAGAGGCAAGATTTGTTCACACCTTCCCTTTGTGACTTGAAGAAC

CCTGACTTTCTGCAAAGGCACCTGAATGTGTCTGTGTTCCTGTAGGCATAATGTGTGGAGGAGGGGAGACCA

ACCCACCCTCATGTCCACCATGACCCTCTTCCCCACGCTGATCTGTGTTCCCTCCCCAATCATCTTTCCTGT

cDNAI TCCCTCTTAAAATTAGAATCTGAGTAAACATTTACTTTTTCAAATTCTTGCCATGAGAGGTTGATGACTT3' 902
end

FIG. 6. Nucleotide comparison of the 3.1.0 HLA-H cDNA clone
(cDNA1) and the HLA-H gene. The cDNA sequence began within
intron 3, at nucleotide position 2691 with respect to the HLA-H
sequence. All nucleotides within the exons were identical, including
the deletions within exons 4 and 7. The only difference, the T-to-C
transition within the intron 3 sequence of cDNA1 (position 2757 in
HLA-H), is marked by an asterisk.

both clones showed a C residue at position 2757, while the
corresponding residue in the genomic clones from the pla-
centa, 3.1.0 (CosRS6 and CosRS42), and JY (16) libraries
was a T. Although this demonstrates that the gene is
transcribed, albeit in an unconventional fashion, neither of
these cDNA clones could encode a class I-like gene product.
To further investigate transcription of HLA-H, we ana-

lyzed RNA transcripts in bulk cultures of mouse L cells
transfected with pHLA-H, pB27, and hybrid constructs
composed of both pHLA-H and pB27 (Fig. 7). Northern
blots of RNAs from pHLA-H transfectants probed with an
HLA-H genomic probe showed the presence of some full-
length transcripts (Fig. 8A). RNase protection studies with a

28S -
:616

688

*760 iBS -

FIG. 8. Northern blot of total cytoplasmic RNA from L cells
(J27) transfected with pHLA-H, pB27, and the hybrid clones pMC7
and pMC15. (A) The Northern blot probed with the labeled HLA-H
genomic fragment. Washing was with 2x SSC at room temperature
for 30 min, followed by 0.1x SSC at 65°C for 10 min. (B) The same
Northern blot as in panel A, stripped and reprobed with H-2Kk
cDNA. Washing was as for panel A. J27 and each transfectant are
marked above the lanes. 3.1.0 total cytoplasmic RNA in panel A
served as a positive control.

probe spanning exon 1 (73 nucleotides long) and continuing
5' of the gene (Fig. 9) showed that about half of the
transcripts initiated at the site predicted by analogy to
full-length H-2Kd (41) and HLA-A2 cDNA clones (M.J.C.,
unpublished data) (Fig. 10). This position is approximately
25 nucleotides upstream of the first ATG of exon 1; the size
of the expected protected fragment is therefore 73 + 25 = 98
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0 tor~
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pHLA-H 5. 3' 6.6kb

Cao 8
w

pB27 5. 3' 6.6 kb

pMC7 5'

pMC15 5' 3

FIG. 7. Construction of hybrid HLA-H genes. The boxes repre-
sent exons which are labeled at the top. The termination codon in
exon (Ex) 4 ofHLA-H is represented as a solid bar. The single KpnI
site at the end of exon 3 in both pHLA-H and pB27 is shown. The
hybrid clones pMC7, containing the 5' EcoRI-KpnI fragment of
pHLA-H joined to the 3' KpnI-EcoRI fragment of pB27, and
pMC15, containing the 5' EcoRI-KpnI fragment of pB27 joined to
the 3' KpnI-EcoRI fragment of pHLA-H, are shown.
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FIG. 9. Schematic representation of the RNase protection assay.
The 5' EcoRI-PstI fragment (1.2 kilobase pairs [kbp]) was subcloned
into pBluescript KS(-) and then linearized with Hindlll. T7 RNA
polymerase was used to synthesize transcripts of 838 nucleotides
(nt) containing exon (Ex) 1 (73 nucleotides) plus the 5' promoter and
flanking sequences. The size of the expected protected fragment was
approximately 100 nucleotides (73 plus approximately 25 nucleo-
tides 5' of the first ATG in exon 1; see text). kbp, Kilobase pair.
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FIG. 10. RNase protection assay. Cell lines and transfectants are
marked above the lanes. End-filled Hinfl-digested pBR322 served as

size markers. The approximate sizes of the major protected frag-
ments in the pHLA-H and pMC7 lanes were 90 to 100 nucleotides.
No bands were observed below this fragment on other gel runs.

MOLT-4, HutlO2, and KMOE are human cell lines. bp, Base pairs.

nucleotides. The other half of the transcripts initiated at a

somewhat upstream site (Fig. 10). The amount of the tran-
scripts accumulated was no more than 5% of the amount in
L cells transfected with the HLA-B27 gene alone.
Composite genes were constructed by cutting the HLA-H

and HLA-B27 genes at their unique and homologous KpnI
sites at the exon 3-intron 3 junction and joining the 5' end of
each gene to the 3' end of the other (Fig. 7). Cells transfected
with the composite gene with its 5' portion, including the
promoter derived from HLA-H(pMC7), accumulated as

much RNA as did cells transfected with the functional
HLA-B27 gene (Fig. 8A). Most of the RNA transcribed from
this hybrid gene initiated at the expected downstream site
(Fig. 10); however, several other minor bands of protected
RNA were also observed. In contrast, the cells transfected
with the composite gene derived from the 5' half of the
HLA-B27 gene and the 3' half of the HLA-H gene accumu-
lated no more full-length RNA than did cells transfected with
the native HLA-H gene (Fig. 8A), suggesting that the defect
in RNA accumulation in these cells was due not to promoter
sequences but rather to sequences downstream of exon 3. It
may be noted that in the pMC15 lane, the HLA-H probe
hybridized to a considerable smear of degraded RNA. No
such smear was evident when H-2Kk cDNA was used as a

probe on the same blot (Fig. 8B). Ethidium bromide staining
of the gel before blotting showed that the RNA was intact.
This suggests that the degradation was limited to the tran-
scripts derived from the hybrid gene-containing plasmid,
pMC15.

The HLA-H gene resembles previously sequenced class I
genes, except for a single deleted nucleotide in exon 4 that
creates a garbled amino acid sequence for much of exon 4
and an in-frame termination at the end of this exon. Prema-
ture termination codons are characteristic of mouse Qa class
I genes (38, 63, 70), as well as at least one recently described
human gene (22). In the human gene, however, the termina-
tion was found in exon 6 instead of exon 5, as in mouse Qa
genes.
Unmethylated CpG sequences that make up HTF islands

are found in association with many expressed genes (5).
Most genomic fragments that carry class I genes are cleaved
by methylation-sensitive CpG enzymes (reference 60; this
report). The indication that most class I genes that contain
CpG-rich islands are transcribed is supported by identifica-
tion of specific transcripts on Northern blots or isolation of
specific cDNA clones. In our own laboratory, we have
isolated cDNA clones for HLA-E (source, B-lymphoblastoid
line JY; H. Shukla, A. Swaroop, and S. Weissman, unpub-
lished data), HLA-6.0 (source, fetal eye library; A. Swaroop,
H. Shukla, R. Srivastava, and S. Weissman, unpublished
data), and HLA-H.
The HLA-H gene gives rise to low levels of transcripts in

transfected L cells and the human lymphoblastoid line 3.1.0.
The fact that the 6.6-kb EcoRI genomic fragment carrying
the gene was cleaved by SacII and Narl indicates that the
HLA-H gene contains an HTF island. The BssHII site
beginning at position 2172 was not cut in repeated experi-
ments and may lie beyond the 3' end of the island.
The characterized cDNA clones of HLA-H begin at a

position within intron 3 approximately 100 nucleotides up-
stream from exon 4 and are derived from a transcript,
because subsequent introns are spliced out in the pattern
predicted by mRNA for conventional class I genes. The
cDNA clones have a C at position 2755, while the HLA-H
gene has a T; the rest of the compared sequences are
identical. The simplest explanation is that the single-base
change is the result of a reverse transcriptase error or a
cloning artifact.
There are abundant reports that alternate splicing occurs

within both mouse and human class I gene transcripts (37,
40). Full-length cDNA clones containing either intact intron
1 or 2 have been reported for mouse TL class I genes (10, 51).
TL transcripts containing unspliced intron 3 sequences have
also been observed for transfected T3C and T13C TL genes
(M. J. Chorney, H. Mashimo, Y. Bushkin, and S. G. Na-
thenson, J. Immunol., in press), as well as for the T3b gene
expressed in a leukemia line (H. Mashimo, Ph.D. thesis,
Albert Einstein College of Medicine, New York, N.Y.,
1988).
The HLA-H cDNA clone may have derived from short-

ened transcripts which initiated within intron 3 of the HLA-
H gene. In support of this hypothesis is the finding that a
5'-truncated HLA-B7 gene directed the synthesis of short-
ened transcripts after transfection into L cells (78). Ganguly
et al. (21) have identified enhancer elements located in both
the 5' promoter region and the 5' and 3' ends of intron 3 of
the HLA-B7 gene. In addition to enhancer-binding sites,
secondary RNA polymerase II transcription initiation sites
may also reside within this region. If this is true of most class
I genes, including HLA-H, then the CpG-rich islands would
be flanked by the natural promoter at the 5' end (containing
enhancer A, IRS, TATA, and CCAAT sequences) and
enhancer elements located 3' within intron 3. Bird has
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suggested that CpG-rich DNA-binding factors could compet-
itively inhibit the binding of methylases to these regions,
thereby limiting CpG depletion by methylation and subse-
quent deamination (5). An alternative speculation is that the
promoter-binding factors themselves could potentially hin-
der the entrance of methylases and A-T-prone repair en-
zymes to the CpG-rich HTF islands located within the 5'
ends of the genes.
HLA-H gives rise to relatively small transcript amounts in

transfected L cells. The experiments involving transfection
of hybrid genes suggest that the promoter of HLA-H is
potentially as effective in these cells as is the promoter of the
functional HLA-B27 gene, despite the deviations in the
promoter sequence from conventional class I genes that
were noted above. An effect of sequences downstream of the
initiation site on the level of expression of the antigen
encoded by a composite murine Qa region gene has been
observed, but the mechanisms of that effect are not entirely
clear (71). Possible explanations for the effect ofdownstream
sequences ofHLA-H in diminishing the amount of transcript
would be a defective downstream enhancer or a polarity
effect due to a translation termination codon in an interior
exon. The latter is an attractive hypothesis, particularly
since downstream enhancers have not been described for
class I genes and premature translation termination has been
shown to be responsible for the instability of triosephosphate
isomerase (13) and P-globin transcripts (50). A number of
nonclassical class I genes of mice and humans have termi-
nation codons within internal exons, and an effect of these
termination codons in down modulating the levels of gene
transcripts in cells could be an important mechanism in
limiting the expression of these genes.
The sequence of HLA-H suggests that the gene is more

closely related to HLA-A2 than to any other known class I
gene. If one assumes that the evolutionary rate for silent
substitutions (V.) is 5.5 x 10' per site per year (24), the
time of divergence can be calculated by T = K}2VS, where
Ks is the average number of nucleotide differences per
potential site corrected for multiple substitutions. This equa-
tion produces a time of divergence of approximately 8.8
million years. This time precedes human-chimpanzee sepa-
ration, which is estimated to have occurred approximately 5
x 106 to 7 x 106 million years ago, but is concomitant with
the separation of many of the HLA-A and HLA-B alleles (42,
52). Because HLA-H has retained a functional promoter and
an abundance of CpG dinucleotides in its 5' end similar to
those of functional HLA class I genes, the deletion in exon
4 may have been a very recent event. In consideration of the
trans-species theory of gene diversification (30, 52), HLA-H
may be a pseudogene in humans but may still be functional
in other primate species and could thereby be a member of
the HLA-A-like allelic family.

It has been suggested that in mice, H-2K and Qa genes are
closely related, since flanking probes from H-2K clones
hybridize to Qa class I cosmids (74). In humans, we have
observed that both the 0.7-kb EcoRI fragment 3' and the
2.0-kb EcoRI fragment 5' of HLA-A2 hybridized after high-
stringency washing to several of our cosmids containing
divergent class I genes (M.J.C., unpublished data). One such
clone that hybridized to both probes is the cosmid containing
the HLA-6.O gene. This suggests that, like the H-2K gene in
mice, ancestral HLA-A genes may have been actively in-
volved in duplication events, giving rise to a putative human
Qa gene cluster composed in part of HLA-6.O and HLA-H.
CosRS6 did not hybridize to the 0.7-kb probe, although it
hybridized to the 2.0-kb EcoRI fragment. On the basis of the

maps, one can envision deletions postduplication occurring
independently in the HLA-H cosmid: one between the 6.6-kb
EcoRI fragment and the 5.1-kb fragment carrying the dete-
riorated pseudogene and the other 3' of the pseudogene
fragment itself.

In the 3.1.0 genome, low-copy probes from both the
HLA-A2 and HLA-H cosmids hybridized to identical large
DNA fragments. The result of these experiments show that
the HLA-A2 and HLA-H genes reside on common Sall,
BssHII, and NotI fragments and lie within at least 300 kb of
each other.
The question arises as to whether the gene directs the

synthesis of a protein product. Because of premature termi-
nation, the protein, if expressed, would be approximately 30
kilodaltons in size. It is unlikely that the HLA-H protein
would interact directly with the lipid bilayer; instead, it
would most probably be secreted. Reports of HLA class I
molecules in serum smaller in size than the typical 40-
kilodalton transmembrane proteins exist (15, 59); some of
these molecules may, however, arise as a result of deletion
of the exon 5 sequence (encoding the hydrophobic trans-
membrane domain) from otherwise normal class I transcripts
(37).
Some mouse Qa genes which contain premature termina-

tion codons are linked to the cell surface via a phosphatidyl-
inositol linkage. In Q7b, attachment is mediated by the
carboxyl group of an aspartic acid residue located at position
295 (73). HLA-H, if expressed, may possibly be linked by a
similar mechanism. After the frameshift in exon 4, the rest of
the sequence contains one aspartic and two glutamic acid
residues (Fig. 1, legend), any of which could supply a
carboxyl group for attachment to the membrane surface.

Like the translated sequence of HLA-12.4, that ofHLA-H
also predicts a phenylalanine at position 162 in place of a
conserved cysteine. As pointed out originally by Malissen et
al. (47), this substitution would result in destruction of the
alpha 2 domain intrachain disulfide bond found in all class I
proteins. As Klein and Figueroa have argued with respect to
mouse Qa and Tla genes (31), this novel human gene may
indeed be nothing more than a pseudogene which has
fortuitously retained a functional promoter but awaits ulti-
mate extinction from the human genome. Nonetheless, the
mechanism by which the abundance of stable transcripts of
HLA-H is decreased is of general interest. HLA-H provides
a favorable system for further analysis of this phenomenon,
since a marked effect can be seen in transfected cells.
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