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Cell type-specific enhancer element
associated with a mouse MHC gene, E,
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Class 1T molecules of the major histocompatibility complex
{MHC) are heterodimeric glycoproteins expressed on the surface
of antigen-presenting B lymphocytes and macrophages'. The genes
encoding the a- and f-chains of the class IT heterodimers, A A,
and E E,. have recently been characterized at the molecular
level™, and certain cloned genes were shown to be functionally
expressed after introduction into cells by DNA-mediated gene
transfer®”. One study’ found that a transfected E'; gene was
expressed in a macrophage cell only after treatment of cells with
y-interferon, DNA sequences associated with transfected Class I1
MHC genes may therefore have a regulatory role in their cell
type-specific expression. We report here the identification of a cell
type-specific transcriptional enhancer element associated with the
mouse EY gene.

We® and others™'"” have recently shown that the tissue-specific
expression of immunoglobulin heavy-chain genes is regulated
by an immunoglobulin heavy-chain gene-associated enhancer
element located between Jy and C,.. This enhancer functions
in cells which normally express heavy-chain genes but not in
cells derived from other tissues, for example, fibroblasts. The
possibility that an enhancer element might be associated with
the mouse E; gene was tested by subcloning restriction frag-
ments of the gene and its flanking regions into the EcoRI site
of plasmid pSER and testing the ability of the recombinant
plasmids to transform the B lymphoma line, A20-2] (ref. 11) to
the gpt™ phenotype (growth in the presence of mycophenolic
acid). This plasmid was derived from plasmid pSV2gpt (ref, 12)
by removing the simian virus 40 (SV40) enhancer sequence®, In
the absence of any E; gene fragments, plasmid pSER transfor-
med A20-2J cells to gpt™ at a frequency of <5 % 107" while the
transformation frequency obtained with the parental plasmid,
pSV2gpt (containing the SV40 enhancer) was —107°, We con-
clude from these data and similar results with the myeloma cell
line, J538L (ref. 8), that plasmid pSER is dependent on the

addition of enhancer sequences for efficient transformation.

Onmly one region out of 28 kilobases (kb) of E, coding and
flanking sequences (Fig. 1) was found to be positive in this
assay—a 4.1-kb HindllI-EcoRI fragment containing the first
exon and approximately 2.7 kb of upstream sequence (see Table
la). As the site of insertion of this fragment in plasmid pSER
is some distance (2.5 kb) away from the SV40 promoter, and
the 4.1-kb fragment worked equally well in both orientations
(see below), we tentatively conclude that an enhancer ¢lement
is located in this region of the E; gene.

The subfragments shown in Fig. 1 were then tested for their
ability to substitute for the SV40 enhancer. These fragments
included three which extend from the 5° end of the 4.1-kb
fragment ( Hind 111 site) but differ at their 3' ends. As seen in
Takle | b, fragments extending either to the BsrXI site near the

- Eg gene promoter (HX fragment) or to the BamHI site at about
—600 base pairs (bp) (HB fragment) were shown to contain full
enhancing activity. The BstX1to EcoRI fragment (XR), contain-
ing the first E; gene exon and a portion of the first intron, had
no detectable activity. We have previously reported that two
short sequences present upstream of the £; gene promoter are
conserved in the ¢corresponding regions of the murine E, and
DR, gvanvas.5 (see Fig. 3). As the HB and HX fragments worked
equally well in the enhancer assay, even though these sequences
were not contained in the HB fragment, we conclude that these
elements are not necessary for enhancing activity.

Subfragments of the 2.0-kb HB fragment were negative in the
pSER assay (Table 1). These include the fragments produced
by cleavage with Peull (HP and PB) and a fragment spanning
the Poull site (AA). Thus it seems that the sequences required
for enhancer activity are scattered over the 2.0-kb HB frag-
ment.

Next we tested the recombinant plasmids that gave positive
results in A20-2J cells for enbhancing activity in other muring
cell types (Table 1). No activity was detected when the 4.1-kb
or HB fragment recombinants were used to transfect fibroblasts
(L cells), indicating that this enhancing activity is tissue-specific,
These same plasmid constructs also gave negative results in a
myeloma J538L, a tumour of plasma cells which are terminally
differentiated B-lineage cells not expressing class 1 antigens.
In  contrast, the pSER recombinant containing the
immunoglobulin heavy-chain enhancer® was positive in both
the B-lymphoma (A20-2J) and myeloma lines. We conclude that
the cell type-specific expression of the E; gene is due, at least
in part, to the functionality of its associated enhancer element,
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Fig. 2 Enhancement of ¥2b heavy-chain mRMA transcription in
JE5EL myeloma and A20-2J lvmphoma cells, a, Diagram of plasmid
pEY-y2bAX.,, (ref. 8] and the site of insertion of the 2.0-kb HB
fragment from the 5 lanking region of the EE gene, This plasmid
contains a functionally rearranged $2b heavy-chain immuno-
globulin gene but the heavv-chain enhancer has been removed (see
Gillies er al.® for details). The HB fragment was inserted in both
orientations — 1.4 kb upstream of the ¥2b promoter. b, Diagram
of the 8, nuclease protection assay used to measure ¥2h mRENA
levels. A single-stranded HindIIl to BstNT fragment {140 nucleo-
tides, nt) was hybridized to total cell RNA (20 pg) from transfected
and control cells. The 4l-nucleotide major protected fragment is
indicated. ¢, Electrophoretic analysis of fragments protected by
ENMA from cellz transfected with plasmid pSV-+2bAX. ; (lanes ]
and 5) and recombinants containing the heavy-chain enhancer
(lanes 2 and 6) ar the £% HB fragment in the normal {lanes 3 and
7) or reversed orientations (lanes 4 and 8). An arrow indicates the
HM-nucleotide major protected fragment.

In order to prove more directly that the E, gene carries an
associated enhancer element, we inserted the HB fragment into
plasmid pSV.y2bAX, ; and analysed the levels of ¥2b mRNA
in stably transformed A20-2J or J558L cells (pools of several
independent colonies.) Plasmid pSV-y2bAX,,, contains the
coding sequences and transcriptional promoter for the +2b
immunoglobulin heavy chain but lacks the heavy-chain enhan-
cer”. High-level expression of the ¥2b gene in cells transformed
with pSV-y2bAX; ., was shown previously to be dependent on
the addition of a functional enhancer®'?,

The levels of y2b mRNA, determined by 5, nuclease protec-
tion, were compared in A20-2J and J558L cells transfected with
plasmid pSV-y2bAX.,. containing either no inserted DNA,
fragment X;,; (heavy-chain enhancer), or the E; HB fragment
in gither orientation (Fig. 2). The results show that J538L cells
transfected with the construct containing the heavy-chain enhan-
cer contained high levels of ¥2h mRNA (lane 2 of Fig. 2c),
confirming the results of our previous report®, In contrast, no

¥2b mRNA could be detected in J558L cells transfected with
the constructs containing the E; HB fragment in either orienta-
tion (lanes 3 and 4), even with much longer exposures of the
autoradiogram (not shown). A lower level of y2b mRNA (rela-
tive to J558L cells) was detected in A20-2] cells transfected with
the plasmid construct containing the heavy-chain enhancer frag-
ment {lane 6). In contrast to the results with J358L cells, A20-2]
cells transfected with the E; HB fragment constructs contained
levels of ¥2b mRNA that were comparable to that seen in the
same host cell (A20-2]) with the heavy-chain enhancer (lanes
7 and &).

Transfected cell lines were analysed further by Southern blot-
ting to determine the plasmid copy numbers {data not shown).
Except for the J558L line, obtained by transfection with the
heavy-chain enhancer-containing plasmid (one or two copies
per cell), all of the lines of both A20-2] and J558L contained a
high copy number (about 40 copies per cell). This dramatic
effect of the heavy-chain enhancer on the plasmid copy number
in J338L transfectants, obtained by gpt selection, was described
previously®, When the level of ¥2b mRNA (determined by 5,
nuclease protection: Fig. 2) is normalized to the number of gene

Table 1 Relative transformation frequencies of pSV2gpt and derivative
plasmids
Transfected cells
Plasmid A20-2] J556L L
a
pSV2gm 1.0
PSER =01
pSER-13+pSER—13 R (.55
pSER—-0.7+pSER-0.T R <0.1
pSER—-19+pSER-19 R <01
pSER-12+pSER-12 R =01
pSER-846+pSER-36 R 0.05
pSER—4.1 +pSER—-4.1 R I:1
b
peVIgpt 1.0 1.0 1.0
pSER <0035 - 002 .05
pSER —X.,; (heavy chain) 1.9 1.5 0.05
pSER-41 R 1.6 <0.02 0.04
pSER—4.1 1.6
PSER-HX R 19
pSER—-HX 1.9
PSER-BX R 0.17
pSER-BP R <0.05
pSER-HE R 0 =0.02 0.05
pSER-HE 0
pSER-PB R <0,05
pSER-HP R =0.05
pSER-AA R <{1.05
pSER—-XR R <0.05

Cells were transfected by protoplast fusion as described® and plated
at 2= 10¥ cells per well (A20-2J), 10° cells per well {J338L) or 10° and
107 cells per 100 mm dish (L cells). Selective medium contained myeo-
phenolic acid at 1 pgm1™" {A20.2]), 6 pgml’ (J358L) or 25 pgml~' (L
cellz). The transformation frequencies were normalized to a value of
1.0 which was assigned to the frequency obtained with plasmid pSV2gpt
(107 for A20-2], 4= 107" for J358L and 22107 for L cells). a, Four
EcoRl fragments (13, 0.7, 1.9 and 12 kb loag) covering ~28 kb of the
E; gene and its flanking regions (sec Fig. 1) were cloned in both
orientations into the EeoRI site of plasmid pSER. Bacterial cultures
containing plasmids with the same fragment in both orientations were
mixed before protoplast preparation. The positive 13-kb EeoRI fragment
was subdivided into an £.6-kb HindIll fragment and a 4.1-kb HindII1-
EcoRI fragment. These fragments were cloned by blunt-end ligation
inte the EcoRI site of plasmid pSER and tested for transformation
efficiency against A20-2]. b, The 4.1-kb Hindll1-EcoRI fragment was
further subdivided as described in the text. Each plasmid was tested at
least three times using constructs containing the test DNA fragment in
both orientations. For most ragments, only the reverse orientation with
respect to gpt transcription is shown. Plasmid nomenclature: see Fig, |
for the restriction fragments inserted into the EcoRI site of plasmid
pSER. The letter R refers 1o the reverse orientation used for the trans-
formation data shown,



Hind
_IE_.&CCMATCTCTCTCT LT TCTCTCTCTETETETCTCTCTCTCTCTETCTCTCTCTETETETRTET GTETETGTETGTGTGTGTGLGCAGETETE

TETRTGTGTETaTGTRTGTGTATROACECGCECAGETGTETET GTETGT Gy BTGT BT GOaC G aCAGET GTRTGTGTETETGTGTETGTTETETATELGE

BCGCETGCGCGTETGLAGRTGTETATGTGTGLAGATTACARAL CTETETETRCAGATGTAT TAATAAGT GTGCCTGTATGCAC GTGRAGGELAGAGGTCA

BCATCTGRTGTCTTTCTCAGT TG TATTAGCCTCLTTATTTTRARATAGGGTCTATCACAGAGAL ETAMMHWMECTGECMGECAETMGECTTE

T
GRGACCTGTCTGTCTCAGCCACTCCAGAGT TRTGACTAGAN E.ﬁ.E.ﬂ.hcN:‘I.ﬂ.I:G'I'r'I'I"I'[T'TTT'I'I'TJ’-hTGTGEE‘TP.EP.GTETGCECEMCTTAElI;ET
CATCCTTGTTTGGCATACACCTTACCAATTGAGTCATTTEL I:-ﬂ.ECEﬂCM-GTG.GTCl'lﬁET'CTﬁ-Cﬁ-GTGTTl'.'AEATHTHTECRATTA.CTGETE&TGMG

T"FGGTEM.l’uTﬁ.ﬁﬁﬁuﬂ-MTCﬁ.GATTHMETMTCTTECMATﬂECTGETMILQ EQETTF{ CAGGTARAAGCTGETTTTTTTTTTITTITTITTGLCAAA

GTCTATGATCTRAGCAAGT TCGRATGT TAAGGLAGRAGGATCACATGTTCAAGGCTAACCTAGGCAATTAATGAGTCCTRCCTRARAGEAGAGAGAAAGE
GAMG-I!IMmGﬁG.ﬁEAG'.GﬁEﬁEHEAEﬂ.GAEAGAG.hEAEﬁ.EAI.‘-ﬂ.l.‘:ﬂuMEHTETEGE»CETI.‘.ThEﬁTCAETEEMEECETFTEEECAGEATGETﬁJjﬁ
Mﬂ'ﬂM{‘.CCCTAET.ﬁCTTTATT'I:TGEEEAETETTAETTTAMETFFMEEAEGTEMT ECTTFGCCATEGEWCAEMMTCTAMTG

GRGAANGAAC T TAAACTCTTCCCATATACGATACTAATCTT TAGGET TRT GAGAAGT CTABTTCCCTCCCTBAGAATCCACAGTAATTTTAGATCTRACL
TCAGCCTGTTETGC T AR GATAGAT GANCACATCTCTCAAGE TGECCCACCAAGT CAGAGAACTGLTTCAGTCLTGAT CCAGCTCAGCBATECTCTCCA
CACTCCCCAGTCTCTCTCTCTCTCTCTCTCTCTCTC T CTCTCTCTCTCCTCTCTCAACACT TCAACTGARCCABACCCTCATCTCCCTAGRATGLCCA
EEE"I'ETGI:TI:TG.MT'BTC.TCCETFGA-GGF!ETGGG'I'ITTAlﬁ.ﬁTMWﬂﬂﬁfﬁi&tﬂTETETECHETMTCMTMEAETTCAEEEET CAAGCTG
EG.M.EATCEE'I'I'ATGTCA.Eﬁﬂ.ﬂTRTAl:ﬁTEﬁET.H.EETTMTTTFCEMTAEETTGHAMHTETEECTMCTEMEMGTGCAGAET CCACTGTCLCAR

TCAABAGGCTAAATTCTGCTTCETCATTAGTTACTAGGGAAGETTRCTCCTCTAGGCETCCACAGRRGCACABCCTTCAGTTCTAGAGTAGGTGECAALT
TTCC T R AAA A CACACTTCAGT CACTTTTAACACC GACACTACTGAGCTGAAGT GCAGTARGCGC TAGGC TAARGETGCTTEECTRACAGTCTCTTC

CTTCACCTTTRATCTCACACAACT TCAAACACACACCAGCCTTATT TAGGAAACACTCCCCCASTACTCAAACTGAGT AARAGACTRAC CATCCCAGAGT
Bam¥T
TBECCCAGCTCTRTGECCTGAT TARAGTGT TTCAGT TGCAACTGEATCCAGCAT TTAAAAAAAGAARATARATTGATCCT TTARAARATAATATATAATT

TATACCCAGAAGAAGTTATATGTGTATACAATGTATTT TRAGCCTATCCACCACCCACTACCTCCTTCCAGCTTCTTTTRBAACCTTCCARTAATETTTE
CCTTCCCAAATTCATTTCCTCT TTAAACAACAACAACAACAACAACAACAACAACARACCARARACACACACACARARARAACARACARACAAACARACA
MEMMMECEMHG{IMMECETTCTETECTTﬂGTTTET TTRETTTTTRTTRTTRTTTATTTGTTTGT TAATTAGAGACAGARTCTTACTATETAGA

D\

ECHEGETG#ECTTTETATETEAEM&TATCQAGET GCCTCTRCCTCCTRARTGCTEGEATATRAGGCATEEGCCAGCAGCCCAGACTGAGTATCCATGTA

ATGAAGAGAACTGCAAGT TTCAGAAGGBGACCTECAAACTGAAT CTC TAACTABLARCTGAT BR TGCTGRACTCL T TTRATEETGATTGAL TCLCAGCAC
BetXi

TGGCCTTAGCCARTICCAGTGECAAAGCAGTGAATGTCCTRTCTCTIATI AT T TAGCAATGAGT ARAGAGAAT TARGT TACAGTCTGAAGTTTGCCTTCC
-26 -20 -10
MET Val Tro Leu Fro Arg Val Pro Cys Vel Ale Ala Val Iie Leu Lew Leu

CCTCTGACTCCTGTGTCTCCTCTCCTGEAGE ATG BTG TBG CTC CCC AGA GTT CCC TET GTG GCA GCT GT6 ATC CTG TTG CTG
=T

4

Thr Val Leu Ser Fro Pro Val Ala Lew Val Arg Asp

ACA GTG CTG AGC CCT CCA GTG GCT TTG GTC AGA GAC ACC AGA C C GTAAGTGLACACCTCAGRTGLTGGEATGCTTGEGET CEGGEE

Thwr Arng F

100

500

1000

1500

2000

2300

Fig. 3 Sequence of the 3" flanking region and exon | of the mouse EY gene. The sequencing strategy is shown in Fig. 1 and was performed

by standard procedures’

* Exon 1 is underlined with a thick line. Boxed sequences include two conserved sequence blocks shared with E,

and the human DR, genes® (nucleotides 2,551 and 2,583), the “CCAAT box at 2,610 and the ‘TATA" box at 2,646, Shor sequences resembling

enhancer “core” elements are underlined and their orientations with respect to E, transcription are indicated with arrows. Three long stretches

of purine=pyrimidine asvmmetry are also underlined and begin at nucleotides 13, [,001 and 1,411, Stretches of aherna[mg purines and
pyrimidings are indicated with a dotted line,

copies, it seems that the strength of the heavy-chain enhancer
in J358L as opposed to A20-2] is even greater than the differences
seen in the intensity of the 5;-protected bands (Fig. 2, lanes 2
and 6). Note, however, that factors such as mRNA biab]hty or
differential promoter strength may also affect the steady-state
levels of ¥2b mBNA in the two cell types. Nonetheless, these
results are in agreement with the data obtained from the pSER
transformation assay (Table 1) and demonstrate that the heavy-
chain sequences function as an eénhancer in both B cells and
plasma cells, albeit with different strength, while the E, HB

fragment functions as an enhancerin the B lymphoma expressing
class I antigens but not in the myeloma not expressing these
antigens. Thus, functioning of this enhancer correlates with the
expression of the Ey gene in the terminal stages of B lymphoid
cell differentiation.

DNA sequence analysis of the 5° fanking regions of the E%
gene revealed no significant similarity to the heavy-chain enhan-
cer (Fig, 3}, The enhancer ‘core’ sequence, SGTGGAAG 3" (ref,
14), common to most known viral and cellular enhancers, occurs
once in this region around nucleotide 2,150 and is oriented in



the direction opposite that of £, transcription. Three ‘core-like’
sequences, each containing a C residue between the third and
fourth G residues of the core consensus sequence, are located
between nucleotides 551 and 767. These sequences are spaced
approximately 100 bp apart and each successive repeat contains
an additional A or T between the third and fourth G residue
than the one before it. A fourth ‘core-like’ sequence containing
five A or T residues is located around nucleotide 1,100, All four
‘core-like” sequences are contained within the Hind [11=Poull
(HP} and Avall-Avall (AA) fragments which by themselves
have no enhancer activity (Table 1).

The most striking feature of the sequence in this region is the
dinucleotide repeats beginning with 24 TC repeats near the
Hindlll site. This is followed by a track of alternating purine-
pyrimidines which extends for approximately 170 bp with only
five single base pair interruptions. Shorter stretches are also
found around nucleotides 250 and 800. Such sequences are
known to have the potential of forming left-handed Z-DNA",
however this property is not by itself sufficient for the enhancing
activity of the E; enhancer as these sequences are located within
the inactive HP fragment.

There are two additional tracks of purine—pyrimidine asym-
metry—a GA repeat between nucleotides 1,001 and 1,054 and
a TC repeat between nucleotides 1,411 and 1,450, It is not vet
known whether such sequences have a role in E, enhancer
function. It should be noted, however, that the [ TC )~ GA)sm
{TC), tracts are all contained in the HE fragment (the smallest
fragment with full enhancing activity) whereas the inactive HP,
PB and AA fragments contain only one or two. Clearly, the
individual contributions of the elements described above as well
as those involved in the strict cell-type specificity of this enhancer
will require much more refined analyses.

The results presented above provide another example of a
cell type-specific cellular enhancer element which is likely to
play an important part in the regulated expression of the associ-
ated gene. It will be interesting to determine to what extent the
expression of other eukarvotic genes is controlled by enhancers
or similar cis-acting elements such as the upstream activation
sequences (LJASs)™ of yeast and the ‘modulator’ sequences of
the sea wurchin histone'’, human insulin and chymotrypsin
genes'®,
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