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CpG methylation of an endogenous retroviral enhancer 
inhibits transcription factor binding and activity
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The endogenous retrovirus, intracisternal A-particle (IAP), is expressed at unique stages during 
murine embryogenesis and is also activated during the in vitro differentiation of F9 cells. We have 
examined the DNA elements and protein factors that control IAP expression during F9 differen
tiation. In the present study an IAP upstream enhancer (IUE) is identified by transient transfection 
assays and found to be active in both undifferentiated and differentiated cells. Further analyses 
reveal that a ubiquitous 65 kDa protein factor, the IUE binding protein (IUEB), binds with the 
IUE. Site-specific methylation within the IUEB binding site strongly inhibits both IUEB binding 
and IUE transcriptional activity, suggesting that methylation may regulate IUE function and IAP 
expression.

Intracisternal A-particles (IAP) are endogenous 
retroviruses found in the endoplasmic retic

ulum of early mouse embryos and many mouse 
tumors (reviewed in Kuff and Lueders, 1988). 
Present in about 1000 copies per haploid ge
nome in Mus musculus, IAP genes contain many 
features characteristic o f retroviruses, includ
ing long terminal repeats (LTR) that control tran
scription, and are uniquely regulated during 
early mouse development. IAP expression is 
turned on at the four- to eight-cell stage of 
mouse development and remains high until the 
mid- to late-blastocyst stage, when expression 
drops to basal levels. Thereafter, expression lev
els remain low in the developing embryo and 
for most of the adult life o f the mouse. IAP are, 
however, expressed in extraembryonic tissues 
which contain significant amounts o f parietal 
endoderm, most notably, parietal yolk sac (C. C. 
Howe, unpublished data).

This in vivo regulation is closely mimicked 
by the in vitro regulation seen during the differ
entiation of the nullipotent embryonal carci
noma cell line, F9. F9 cells resemble early em
bryonic cells and, upon treatment with retinoic 
acid (RA) and dibutyryl cyclic AMP (dbcAMP), 
differentiate into cells that resemble parietal 
endoderm (Strickland et al., 1980). IAP expres
sion is restricted in F9 cells, but activated in 
the parietal endoderm-like RA/dbcAMP-treated 
F9 and teratocarcinoma-derived PYS-2 cells. This 
activation is exerted for the most part at the 
level of transcription (Howe and Overton, 1986). 
Many other genes are similarly regulated, in
cluding type IV collagen and other basement 
membrane components (Howe et al., 1988; 
Killen et al., 1988; Ogawa et al., 1988; Nomura 
et al., 1989), the papovaviruses, SV40 and poly- 
omavirus (Herbomel et al., 1984; Gorman et al., 
1985; Sleigh and Lockett, 1985), the retrovirus
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Moloney murine leukemia virus (Gorman et al.,
1985), and the class I major histocompatibility 
genes (Miyazaki et al., 1986). Although some 
of these genes are regulated by the modulation 
of enhancer activity by stage-specific transcrip
tion factors (Flamant et al., 1987; Shirayoshi et 
al., 1987; Wasylyk et al., 1988; Tsukiyama et al., 
1989), studies on Moloney murine leukemia 
virus and type IV collagen suggest stage-specific 
methylation may also alter enhancer activity 
and thus direct differential gene expression 
(Stewart et al., 1982; Burbelo et al., 1990). In 
the present study, we analyze the mechanisms 
by which the IAP gene, a member of the co
ordinately regulated group of genes, is transcrip
tionally regulated during differentiation. We 
report that stage-specific transcriptional reg
ulation of IAP gene expression is mediated in 
part by an upstream enhancer element that is 
active in both undifferentiated and differen
tiated cells, but whose activity is inhibited by 
site-specific methylation within a ubiquitous 
transcription factor binding site. We propose 
that changes in the methylation state o f the up
stream enhancer contribute to the stage-specific 
regulation of IAP gene expression.

Materials and methods 

Plasmid constructs
IAP LTR 5' deletion mutants were generated 
by digesting the plasmid pIAP.l (Howe and Over
ton, 1986) with novel restriction enzymes (-307/ 
Rsal, -  157/DdeI, -134/FspI, and -73/HaeIII; 
see Fig. 1), followed by subcloning the fragments 
generated into the H indlll site o f pSVO chlo
ramphenicol acetyl transferase (CAT) —a pro
moterless CAT expression vector in a pBR322 
background (Gorman et al., 1982) —by filling 
the overhangs (if any) with the Klenow frag
ment o f DNA polymerase I, and ligating to 
H indlll linkers. The -67 /+ 78  5' deletion mu
tant was constructed by releasing this fragment 
from pIAP.l by digestion with PstI, and cloning 
into the PstI site o f pGEM3Z (Promega), followed 
by release of the fragment with Hindlll and clon
ing into the H indlll site o f pSVOCAT.

The -3 0 7 /-1 5 7  fragment was cloned up
stream of the herpes simplex virus thymidine 
kinase (TK) promoter by digesting pIAP.l with 
Rsal and Ddel, adding BamHI linkers, and clon
ing into the BamHI site of pBLCAT2 (a construct

with the TK promoter from -1 0 5  to +51 driv
ing CAT expression in a pUC18 background; 
Luckow andSchutz, 1987). The -2 1 3 /-1 6 7  and 
-1 8 7 /-1 6 7  oligonuleotides and the PyFlOl en
hancer (generously provided by Dr. Elwood 
Linney, Duke University; Linney and Donerly,
1983), all o f which contain BamHI or Bglll 
ends, were also cloned into the BamHI site of 
pBLCAT2. Both pBLCAT2 and pBLCAT3 (a pro
moterless CAT expression vector in a pUC18 
background [Luckow and Schutz, 1987]) were 
gifts o f Dr. David Hall (Thomas Jefferson Uni
versity). Copy number and orientation of the 
TK constructs were determined either by restric
tion enzyme analysis (-3 0 7 /-1 5 7  constructs) 
or by nucleotide sequence analysis (-213 /-167 , 
-186 /-167 , and PyFlOl constructs) using the 
dideoxy-chain termination method (Sequenase, 
United States Biochemical).

Cell culture, transfections, and growth hormone 
and CAT assays

F9, PYS-2, and HeLa cells were maintained in 
Dulbecco’s modified Eagle’s medium contain
ing 10% fetal bovine serum. In vitro differen
tiation of F9 cells was induced with RA (10'6 M) 
and dbcAMP (10~3 M) as described (Howe and 
Overton, 1986). Differentiation was monitored 
by the disappearance of SSEA-1 (Sober and 
Knowles, 1978) on the cell surface in a fluores
cence-activated cell sorter assay. For transfection 
of F9 and RA/dbcAMP-treated F9 cells and for 
the preparation of F9 nuclear extracts, tissue 
culture plates were first coated with 0.1 % gela
tin. Transfections were performed by the stan
dard calcium phosphate precipitation technique 
essentially as described (Maniatis et al., 1989, 
pp. 16.33-16.36). Cells (4-7 x 106) in 10-cm 
dishes were cotransfected with 20 gg of CAT 
plasmid DNA, 8 gg of pTKGH control plasmid (a 
construct with the TK promoter driving growth 
hormone expression; Nichols Institute Diag
nostics), and 2 gg o f pUC18. For RA/dbcAMP- 
treated F9 cells, transfections were carried out 
on days 6-8  after addition of RA/dbcAMP. The 
calcium phosphate precipitate was added direct
ly to cells on plates drained of medium and 
gently rocked at room temperature. Fresh medi
um was added after 20 minutes and again after 
16-20 hours in an incubator. Forty-eight hours 
after the transfections, the medium was isolated 
for the growth hormone assay, and cells were 
harvested for the CAT assay.
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The growth hormone assay was carried out 
according to the supplier’s instructions (Nichols 
Institute Diagnostics), and the levels o f growth 
hormone were used to determine relative trans
fection efficiency within a cell type and to ad
just the amount of cell extract used for the in
dividual CAT assays. CAT activity was assayed 
by thin-layer chromatography as described 
(Maniatis etal., 1989, pp. 16.60-16.62). Harvested 
cells were lysed on ice by sonication with two 
10-second bursts (sonicator model W375, Heat 
Systems Ultrasonics). Incubation times for the 
CAT assay varied from 1.5 to 6 hours, depend
ing upon cell type and growth hormone levels, 
and a fresh aliquot of acetyl CoA was added 
every 90 minutes o f incubation. CAT activity 
was quantitated by placing the chromatography 
plates directly onto a computer-driven radio
analytic imaging system. To normalize between 
cell types, cells were transfected with pBLCAT2, 
and for background controls, cells were trans
fected with either pSVOCAT or pBLCAT3. Rela
tive CAT activity was calculated by first subtract
ing the activity of the background controls and 
then normalizing to pBLCAT2 activity.

Nuclear extracts

Nuclear extracts were prepared as described 
by Shapiro et al. (1988). The protease inhibitors 
phenylmethylsulfonyl fluoride (0.5 mM), leu- 
peptin (0.5 ng/ml), and pepstatin (0.7 (tg/ml) 
were added at all steps o f extract preparation 
(Boehringer Mannheim). Protein concentra
tions were determined by a dye-binding assay 
(Bio-Rad).

Band shift, DNAse I footprinting, methylation 
interference, and UV crosslinking assays

Band-shift assays were performed as described 
(Caceres et al., 1990) by incubating mixtures 
containing 6 ng o f nuclear extract, 2 ng of 
double-stranded poly(dl-dC) (Pharmacia), and
50,000 cpm of probe (approximately 0.2 ng). 
DNA-protein complexes were resolved on 5% 
polyacrylamide gels, run at 120 V for 120 min
utes. The probe, -2 1 3 /-1 6 7  oligonucleotide, 
was end-labeled before annealing using T4 poly
nucleotide kinase (Boehringer/Mannheim) and 
[y-32P]ATP by conventional procedures (Mani
atis et al., 1989, pp. 11.31-11.33). The Spl oligo
nucleotide (a gift from Dr. Roberto Weinmann, 
The Wistar Institute) contains the sequence 5'- 
TCCCGCCCCTAACTCCGCCCAT-3' from the

human metallothionein-IlA promoter. DNAse 
I footprinting was carried out by end-labeling 
the -3 0 7 /-6 7  restriction fragment from piAP.l 
by filling recessed 3' termini as described (Mani
atis et al., 1989, pp. 10.50-10.52). The probe and 
extracts were incubated as in the band-shift 
assays and digested with DNAse I (20 ng/ml; 
Boehringer Mannheim) for 30 seconds. The 
products were run on a 6% sequencing gel, and 
the position o f the footprint was determined 
by running the A + G Maxam-Gilbert sequenc
ing reaction (Maniatis et al., 1989, pp. 13.78
13.94) in parallel lanes. Methylation interference 
was carried out as described (Ausubel et al., 1990, 
pp. 12.3.1-12.3.6) with modifications. End- 
labeled -2 1 3 /-1 6 7  oligonucleotide was treated 
with dimethyl sulfate for 3 minutes at 20°C 
using 1 ng o f non-specific plasmid DNA instead 
of tRNA. Binding reactions were scaled up 20-to 
30-fold, and after gel electrophoresis, free and 
bound probes were isolated by electroelution 
into dialysis tubing, cleaved by piperidine, and 
run on a 12% sequencing gel.

The UV crosslinking protocol is a modifica
tion o f that described by Ausubel et al. (1990, 
pp. 12.5.1-12.5.8). The -2 1 3 /-1 6 7  oligonucleo
tide was nick-translated in the presence of 
[a-32P]dATP and 5'-bromo-2'-deoxyuridine tri
phosphate (Sigma) by incubating with pan
creatic DNase I and Escherichia coli DNA poly
merase I (Boehringer Mannheim). Binding 
reactions were scaled up 20- to 30-fold, UV cross- 
linked (305 nm) for 90 minutes (inverted UV 
transilluminator 4.5 cm from sample), and then 
electrophoresed. Bound probe was electroeluted 
into dialysis tubing and precipitated with 10 
Hg of tRNA and 2.5 volumes of ethanol. Un
protected DNA was digested with micrococcal 
nuclease (Pharmacia) and DNAse I in the pre
sence o f 10 mM CaCb for 30 minutes at 37°C. 
An equal volume of sample buffer (with SDS) 
was added, boiled for 10 minutes, and run on 
a 5% protein gel.

In vitro Hhal methylation

End-labeled oligonucleotide or plasmid was in
cubated with Hhal methylase according to the 
manufacturer’s instructions (New England Bio
labs), followed by heat-inactivation at 68°C for 
10 minutes, phenol-chloroform extraction, and 
precipitation. Unmethylated samples were run 
in parallel. To test for completeness o f methyla
tion, oligonucleotides or plasmids were digested
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with Hhal restriction enzyme for 60 minutes 
at 37°C in the prescribed buffer (New England 
Biolabs), and electrophoresed on a 12% se
quencing gel or 1 % agarose gel, respectively.

Results

IAP LTR deletion analysis

We constructed a series o f 5' deletion mutants 
to analyze the DNA sequences within the IAP 
LTR important for transcription in undifferen
tiated (F9) and differentiated (RA/dbcAMP- 
treated F9 or PYS-2) cells. Figure 1 shows the 
nucleotide sequence o f the IAP LTR. The mu
tants, covering the sequences from -  307 to + 78 
(Fig. 2), were placed in front o f the CAT reporter 
gene and transfected into F9, RA/dbcAMP-treated 
F9, PYS-2, and HeLa cells. The results shown 
are for F9 and PYS-2 cells only, as transfection 
of RA/dbcAMP-treated F9 and HeLa cells gave 
results similar to those using PYS-2 cells (data 
not shown), and subsequent experiments in this 
paper utilize PYS-2 cells as the differentiated 
parietal endoderm-like cell type.

In both undifferentiated (F9) and differen
tiated (PYS-2) cells, transcriptional activity de
creased in a stepwise manner with successive 
deletions from the 5' end (Fig. 2). Deletion from 
-3 0 7  to -1 5 7  resulted in a reduction of tran
scriptional activity in both cell types to 50% 
of the full-length construct. On the other hand, 
a further deletion from -1 5 7  to -1 3 4  only 
slightly decreased transcriptional activity to 40% 
of full-length activity. Deletion from -1 3 4  to 
-7 3  drastically reduced transcriptional activ
ity to 5% of full-length activity, while deletion 
from -7 3  to -6 7  decreased transcriptional ac
tivity only slightly. These results suggest that, 
similar to the regulatory regions o f other genes, 
the IAP LTR contains multiple transcriptional 
elements that direct different levels o f transcrip
tion. In addition, the transcriptional activity 
of all deletion constructs was 7- to 8-fold lower 
in F9 than in PYS-2 cells, suggesting the presence 
of differentiation-specific elements within some 
o f the transcriptional domains.

Definition of an IAP upstream enhancer

To begin to characterize individual transcrip
tional elements within the IAP LTR, we exam
ined the furthermost upstream region (-307/ 
-157). We tested the ability o f this region to

-307/RSAI -243/HAEIIIi i
A CA TCCT'CTrA C CTA CA CTCG C G C nTG A C CTCTCA ICTCA CICTC A TrA A TA TG CC TO G CC TA illG clC I

-2 13/U3 201/HHAI -175/HHAI
TATTAAAAGAAAAAGCCGAGTGTTGGGAdCCGCTCdCACATICCCCCTTACAACATGCCCCTOACATCCT

ST1
•157/DDEI_____________ 134/HHA1+FSPI_____________

<trGTTcltu|G7GGTAAACAAAlf4ATCl^CGCATGTCCCAAGGGTATCnt4TGACTAC1TC7CC1ClGOCT

COUP 23*0#
-73/HAEIII 67/l’STI

TCCCC(fiG A C CTCA ^CTCGGCCC>jrC G C roC A C O C A A hclG C C A C T C ^CACGTCCGACCCGAA|3 A C ^ ro C

ckf/att Wi/crT/amr ‘Bfm Txm

■ 78 /H IN D II1__ I
CTCTCTTTTCCTGAAGATGTAAGAATAA

Figure 1. N ucleotide sequence o f the IAP LTR from the 
pIAP.l sequence (Howe and Overton, 1986). Shown above 
the sequence are various restriction enzymes sites, the 
beginning o f the LTR (-213), and the transcriptional 
start site (+1). Boxed with abbreviations below the se
quence are transcriptional elements, most o f which were 
identified on the basis o f homology to known transcrip
tional elements, including: an Spl binding site (Spl) 
(Briggs et al., 1986); a glucocorticoid response element 
(Scheidereit and Beato, 1984); an SV40 core enhancer 
sequence (Weiher et al., 1983); a cAMP response ele
ment or the homologous ATF binding site (CRE/ATF) 
(Montminy et al., 1986; Lin and Green, 1988); a nuclear 
factor 1 or the homologous CCAAT transcription fac
tor binding site (NF1/CTF/CAAT) (Jones et al., 1987); 
an E4TF1 binding site (E4TF1) (Watanabe et al., 1988); 
and a non-consensus TATA box. Also boxed is an en
hancer element identified on the basis o f function that 
binds protein factor EBP80 (Falzon and Kuff, 1990). The 
underlined sequence represents the DNAse I footprinted 
region from -210  to -168  (see Fig. 4).

drive the developmentally neutral TK promoter 
by cloning this region upstream of the TK pro
moter in different orientations and copy num
bers. Transfection assays showed an 8-fold stim
ulation of transcription in both F9 and PYS-2 
cells (Fig. 3A and C). These results suggest that 
the -3 0 7 /-1 5 7  region contains an enhancer 
element(s) active in both cell types and that the 
differentiation-specific element(s) lies somewhere 
downstream from this element.

DNAse I footprinting assays revealed a foot
print, from -210  to -1 6 8  on both the non
coding and coding strands, made by proteins 
from both F9 and PYS-2 cells (Fig. 4A and B, 
respectively), indicating the presence o f a pro- 
tein(s) binding within this region. Transfection 
assays with plasmids containing a synthetic oli
gonucleotide (-2 1 3 /-  167) that covered the foot- 
printed region cloned in different orientations
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Figure 2. Transcriptional activity o f IAP LTR 5' dele
tion mutants. The various 5' deletion constructs (sche
matically represented below) were transfected into either 
PYS-2 (hatched box) or F9 (stippled box) cells. CAT ac
tivity is expressed relative to the full-length -307/+78  
deletion construct in PYS-2 cells set to 100% activity. 
The number o f independent transfection experiments 
with each construct is shown in parentheses, with the 
standard deviation shown as error bars. Transfection 
o f RA/dbcAMP-treated F9 (F9/RA) and HeLa cells gave 
results similar to PYS-2 cells ( + /-10% ). Features o f the 
schematic diagram o f the IAP LTR are described in 
Figure 1.

Figure 3. Transcriptional activity o f the IAP LTR up
stream elements. CAT constructs containing either the 
IAP -3 0 7 /-1 5 7  fragment (A) or the —213/—167 oligo
nucleotide covering the footprinted region (B) cloned 
upstream o f the TK promoter in different orientations 
and copy number (arrows indicate orientation o f  the 
elements) were transfected into F9 and PYS-2 cells. CAT 
activity is expressed relative to the activity o f the TK 
promoter driving CAT expression (pBLCAT2), with each 
plus sign representing either 2- (A) or 3-fold (B) activa
tion above pBLCAT2 activity. The number o f indepen
dent transfection experiments with each construct is 
shown in parentheses. The relative error between in
dependent experiments varied from 2 to 15%. C. Sche
matic representation o f the IAP upstream elements 
tested for transcriptional activity with the features of 
the IAP LTR described in Figure 1.

and copy numbers upstream of the TK promoter 
revealed a stimulation o f transcription inde
pendent o f orientation and with greater activity 
upon multimerization in both F9 and PYS-2 cells 
(Fig. 3B and C) and in HeLa cells (data not 
shown). Thus, the IAP footprinted sequence 
-2 1 3 /-1 6 7  acts as a strong enhancer in all the 
cell types tested, suggesting that a common pro
tein factor(s) shared by these cell types binds 
to this element and stimulates transcription.

Characterization of protein factors binding 
within -213/-167

Band-shift assays revealed binding of the end- 
labeled -213 /-167  oligonucleotide to a protein 
factor(s) present in both PYS-2 and F9 nuclear 
extracts (Fig. 5A), as well as in HeLa (data not

shown), to form a major, slowly migrating com
plex and two other minor complexes. Unlabeled 
-2 1 3 /-1 6 7  oligonucleotide effectively com
peted for binding (Fig. 5A, lanes 3-5), while an
other IAP oligonucleotide (-50 /+ 1; Fig. 5A, 
lanes 6-8) and an oligonucleotide containing 
an Spl binding site (Fig. 5A, lanes 9-11) did not 
compete, demonstrating the specificity o f bind
ing and suggesting that Spl is not the predomi
nant factor binding within -213 /-167 . The 
major DNA-protein complex was further char
acterized for the bound protein and the bind
ing site.

UV crosslinking experiments, consisting o f  
crosslinking 32P-labeled bromodeoxyuridine- 
substituted -2 1 3 /-1 6 7  oligonucleotide to nu
clear proteins from F9 or PYS-2 cells and iso-
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Figure 4. DNAse I fo o tp rin t analysis o f  th e  IAP LTR u pstream  reg ion . An IAP fragm en t from  -3 0 7  to  - 6 7  was 
end-labeled  e ith e r  on  th e  non-coding  s tran d  (A) o r cod ing  s trand  (B), in cubated  w ith 0, 6, 17, and  42 ng o f  nu c lea r 
ex trac t from  PYS-2 (A, an d  B, lanes 1-4) and  F9 (A and  B, lanes 5 -8) cells, and  d igested  w ith DNAse I. Position  
of the fo o tp rin t ( -2 1 0  to -1 6 8 ) is ind icated .

lating the m ajor com plex from  a band-shift assay 
(labeled as B in Fig. 5A), indicated that the m ajor 
p o lypep tide  b ind ing  w ith in  -2 1 3 /-1 6 7  has a 
m olecu lar weight o f  65 kDa in bo th  cell types 
(Fig. 5B). T his m ajor po lypep tide  was no t d e 
tectable when the corresponding  region was iso
lated  from  an experim ent included with specific 
com petito r. T he m in o r bands p robably  re p re 
sent background  non-specific com plexes b e
cause the  bands varied from  experim en t to ex
perim ent. T he exact b ind ing  site o f the factor(s) 
was th en  d e te rm in ed  by m ethylation  in te rfe r
ence. T his assay determ ines the  base-specific 
contacts o f  DNA-binding protein factors through 
in terference o f  b ind ing  to m ethylated  guanine 
(G) residues. Analysis o f the isolated m ajor com 
plex showed th a t m ethylation  o f fou r G resi
dues on  the non-cod ing  strand  and  two G

residues on the coding strand was found  to in ter
fere with b in d in g  in b o th  PYS-2 an d  F9 extracts 
(Fig. 6A and B, respectively). These results define 
the b in d in g  site o f  the factor as GATGGCGC 
(Fig. 7), from  -1 8 0  to -173 , and  ru le  ou t S p l 
as the p redom inan t factor b ind ing  w ith in  -  213/ 
-167 .

Transfection assays w ith a p lasm id  co n ta in 
ing fo u r copies o f the  o ligonucleo tide encom 
passing the  p ro te in  b ind ing  site ( -1 8 6 /-1 6 7 )  
cloned upstream  o f the  TK p ro m o ter d riv ing  
th e  CAT gene revealed the stim ulation  o f ex
pression  from  the TK p ro m o ter in b o th  F9 and  
PYS-2 cells (Fig. 8). Thus, the p ro te in  factor b in d 
ing site we identified  contains a functional e n 
h an cer elem ent. T he en h an cer elem ent (-1 8 6 / 
-1 6 7 )  is designated h erein  as the  IUE, and  the 
p ro te in  factor th a t binds the IUE as the  IUEB.
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Figure 5. A. B and-shift analysis o f  th e  IAP u pstream  
-2 1 3  to - 167 elem ent. U p p e r panel: 32P-labeled -2 1 3 / 
- 167 o ligonucleo tide  was incubated  w ith e ith e r  no ex
trac t (lane 1), 6 ng o f  PYS-2 (lanes 2-11), o r  6 |xg o f  F9 
(lane 12) nuclea r extracts. C om petition  analysis was p e r
fo rm ed  w ith a 5-, 20- and  80-fold m o lar excess o f  u n 
labeled  -2 1 3 /-1 6 7  (lanes 3-5), IAP -5 0 /+  1 (lanes 6-8), 
and  S p l o ligonucleo tide  (lanes 9-11). T he  free (F) and  
bound  (B) form s o f  the probe are indicated. Lower panel: 
32P-labeled o ligonucleo tide  was incubated  w ith e ith e r 
no ex trac t (lane 1), 6 ng o f  F9 (lanes 2-11), o r  6 ng o f 
PYS-2 (lane 12) n uc lea r extracts, w ith com p e titio n  as 
d escribed  in the  u p p e r  panel. B. UV crosslink ing  o f  
n u c lea r p ro te in s to th e  IAP -2 1 3  to -  167 elem ent. N u
clear p ro te in s from  PYS-2 (lane 1) o r F9 (lane 2) cells 
were UV crosslinked  to 32P-labeled brom odeoxyuri- 
d ine-substitu ted  -2 1 3 /-1 6 7  o ligonucleo tide. P ro tein  
m olecu la r w eight m arkers are show n on  th e  left and  
th e  size o f  th e  m ajo r p o lypep tide  species (65 kDa) is 
ind icated .

M ethylation o f Hhal site inh ib its IUEB binding 
and IUE activ ity

In  m am m alian  DNA, cytosine residues o f CpG 
dinucleotides are the preferential sites for m eth 
ylation. T he IUEB b ind ing  site con tains a 
m ethylation-sensitive H h a l re s tric tio n  enzym e 
site (GCGC; see Fig. 7). To exam ine the  effect 
o f  cytosine m ethylation  o f the  CpG d in u cleo 
tide w ith in  the  H h a  site on  IUEB binding, the 
-2 1 3 /—167 o ligonucleo tide was trea ted  with 
H h a l m ethylase. As a control, u n trea ted  -2 1 3 / 
-1 6 7  o ligonucleo tide was ru n  in  parallel. D i
gestion o f  the  m ethylated  and  unm ethy lated  
o ligonucleo tides w ith H ha l re s tric tio n  enzyme 
followed by analysis on a sequencing gel revealed 
the  expected  14 b p  fragm ent fo r the  u n m eth y l
a ted  o ligonucleo tide b u t only a full-length 53 
b p  fragm ent for the m ethylated oligonucleotide 
(Fig. 9A), confirm ing  th a t m ethylation  at the 
H h a l site was v irtually  com plete. B and-shift as
says revealed th a t the  unm ethy lated  -  213 /-167  
oligonucleotide b o u n d  to IUEB, while the m e th 
ylated o ligonucleotide dem onstra ted  alm ost no 
binding to IUEB (Fig. 9A) in F9 o r PYS-2 extracts. 
T hus, IUEB b ind ing  is strongly in h ib ited  by 
m ethylation  w ith in  the  IUEB b ind ing  site.

Transfection assays in PYS-2 cells w ith H h a l 
m ethylated  plasm id  con ta in ing  fou r copies o f 
the  IUE (-1 8 6 /-1 6 7 )  d riv ing  the  TK p ro m o ter 
(see Fig. 8A) revealed a strong repression o f tran 
scrip tio n  relative to an  u n m ethy lated  control 
(com pare lanes 4 and  5 o f Fig. 9B). However, 
the inh ib ition  was no t com plete, ind icating  tha t 
partia l dem ethylation had  occurred, in contrast 
to an ea rlie r re p o rt th a t dem ethy lation  does 
n o t occu r betw een 24 to 48 hours post-transfec
tion  (Paroush e t al., 1990). In  a contro l ex p er
im ent, H h a l m ethy lation  o f a p lasm id  w ith a 
m u tan t polyom a en h an cer (PyFlOl; L inney and 
Donerly, 1983) d riv ing  the  TK p ro m o te r had  
little effect on  transcrip tiona l activity (com pare 
lanes 2 and  3 o f Fig. 9B), ind icating  th a t thp 
tran scrip tio n a l rep ression  by m ethylation  is 
specific fo r the  IUEB b ind ing  site. Thus, IUEB 
b in d in g  is essential in vivo for tran sc rip tio n  d i
rected  by the IUE, and  is in h ib ited  by site- 
specific m ethylation.

D iscu ssio n

We have dem onstra ted  by transien t transfection 
assays the  p resence o f  m ultip le  tran scrip tio n a l 
dom ains w ith in  the  IAP LTR th a t d irec t d istinct
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Figure 6. M ethylation  in terfe rence  analysis o f  th e  IAP u pstream  -2 1 3  to -1 6 7  elem en t w ith PYS-2 (A) and  F9 (B) 
nu c lea r extracts. T h e  p a tte rn s  fo r b o th  non-coding  (lanes 1-3) an d  cod ing  (lanes 4 -6 ) strands and  th e  p ip e rid in e  
cleavage p a tte rn s  fo r th e  p ro b e  not incubated  w ith ex tract (G, lanes 1 and  4), and  th e  free (F, lanes 2 and  5) and  
b o u n d  (B, lanes 3 and  6) form s o f  p ro b e  are  show n. T he IAP sequences su rro u n d in g  th e  in te rfe red  regions, from  
-1 8 0  to -171 , are  show n w ith the G residues th a t d im in ish  b ind ing  w hen m ethylated  (deno ted  by dashes).

levels o f  expression. O ne o f these, IUE, a novel 
en h an ce r elem ent located betw een -1 8 6  and  
-  167 o f  the  IAP LTR, is functional in b o th  u n 
d iffe ren tia ted  (F9) and  d iffe ren tiated  (PYS-2) 
cells. D eletion o f the IUE by rem oval o f the first 
56 b p  o f  the  LTR, from  —213 to -1 5 7 , resu lted  
in a 50% loss o f  transcrip tiona l activity in the 
u n d iffe ren tia ted  and  d iffe ren tia ted  cells ana
lyzed. We also identified  a 65 kDa tran sc rip 
tion  factor, IUEB, th a t b inds to the  sequence 
GATGGCGC w ithin  the  IUE and  is p resen t in 
F9 and  PYS-2 cells. M ethylation o f the IUE blocks 
IUEB b ind ing  and  elim inates the  ability o f  IUE 
to activate tran sc rip tio n  o f a recep to r gene in 
vivo.

Specific m ethylation  o f cytosine residues at 
CpG sites in m am m alian DNA is though t to play 
a role in tissue- and  developm ental-specific gene 
expression (reviewed in Adams, 1990, and  C edar 
and  Razin, 1990). Thus, even th ough  the  IUE

elicits sim ilar transcriptional activity in undiffer
en tia ted  and  d iffe ren tiated  cell types in a tra n 
sient transfection assay and  binds to the u b iq u i
tous IUEB in vitro, the fact th a t the  IUE is 
sensitive to cytosine m ethylation  at the CpG 
site w ith in  the IUEB b ind ing  site has led us to 
hypothesize th a t changes in the m ethylation 
state  o f  the  IUE co n trib u te  to the stage-specific 
regu la tion  o f IAP expression d u rin g  d iffe ren
tia tion . T his view is consisten t w ith several p re 
vious observations: (1) IAP are expressed at high 
levels in oocytes, cleavage stage em bryos, and  
certain  extraem bryonic tissues, all o f which con
ta in  relatively hypom ethylated  DNA, while IAP 
are n o t expressed in  sperm  and  la te r stage em 
bryos, w hich con ta in  hyperm ethylated  DNA 
(Kuff and  Lueders, 1988; Sanford  et al., 1987; 
M onk et al., 1987); (2) like o th er genes activated 
d u rin g  F9 d iffe ren tia tion  (Stewart e t al., 1982; 
Young and Tilghm an, 1984; Burbelo e t al., 1990),
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Figure 7. N ucleo tide sequence o f  th e  IUEB and  re la ted  
b ind ing  sites: th e  IUEB b ind ing  site w ith in  the IAP LTR; 
the  E l e lem en t o f  th e  im m unog lobu lin  heavy chain  en-

IAP are generally hyperm ethy la ted  in und iffe r
en tia ted  and  hypom ethylated  in d iffe ren tiated  
F9 cells (M organ and  H uang, 1987); (3) IAP are 
activated by trea tm en t w ith the po ten t in h ib i
to r o f  m ethylation, 5-azacytidine (Davis et al., 
1989); and  (4) m ost significantly, the th ree  H hal 
sites w ith in  the  IAP LTR (see Fig. 1) are gen-

han cer (E phrussi et ah, 1985; W einberger e t ah, 1986); 
the N ir box in th e  in su lin  e n h an ce r (Moss e t ah, 1988); 
the dow nstream  (D) an d  u pstream  (U) b ind ing  sites in 
the tyrosine am ino transferase  (TAT) regu la to ry  region; 
and  th e  b ind ing  sites fo r tran sc rip tio n  factors BF-H in 
the polyom avirus enhancer and  LBP in the Moloney m u
rine  leukem ia virus enhancer. M ethylation o f  G residues 
th a t in te fe red  w ith p ro te in  b ind ing  by in v itro  m e th 
ylation  in terfe rence  o r  G residues th a t w ere p ro tec ted  
by p ro te in  b in d in g  by in vivo m ethy la tion  p ro tec tion  
are  in d ica ted  by asterisks, while G residues th a t a re  e n 
hanced  by in vivo m ethylation  p ro tec tio n  are  ind ica ted  
by ovals. A sterisks and  ovals u n d e rn e a th  C residues in 
the nucleo tides sequences co rresp o n d  to G residues in 
the com plem entary  strand  o f  DNA. Dashes in sequences 
rep resen t nucleotides not p resen t in the respective b in d 
ing sites. T he m ethylation-sensitive H h a l res tric tio n  e n 
zyme site w ith in  th e  IUEB b ind ing  site is also ind icated .
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Figure 8. T ranscrip tional activity o f  th e  IAP u pstream  -1 8 6  to -1 6 7  elem ent. A. Schem atic rep re sen ta tio n  o f 
CAT constructs w ith th e  TK p ro m o te r alone, o r  w ith fo u r copies o f  th e  - 186/-167  o ligonucleo tide  c loned  upstream  
o f  the  TK p ro m o te r (arrows ind ica te  o rien ta tio n  o f  o ligonucleo tide). B. CAT assay o f  constructs 1 and  2 shown 
in A transfected  in to  e ith e r  F9 (lanes 1 and  2, respectively) o r  PYS-2 (lanes 3 an d  4, respectively) cells. T he  n u m b e r 
o f  in d ep en d e n t transfec tion  experim en ts w ith each construc t th a t y ielded  sim ilar results is show n in paren theses 
in A. C. Schem atic rep re sen ta tio n  o f  the IAP -1 8 6  to -1 6 7  reg ion , w ith fea tu res  o f  th e  IAP LTR as described  
in F igure 1. T he  boxed IUE sequence rep resen ts  the  IUE as d escribed  in th e  text.
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Figure 9. A. Left panel: effect o f  H h a l m ethy la tion  on 
IUEB binding. Sequence gel analysis o f  end-labeled  
-2 1 3 /-1 6 7  o ligonucleo tide  th a t was e ith e r  m ethylated  
(M, lane 3) o r  unm eth y la ted  (U, lane 2) by H hal methyl- 
ase and  cu t w ith H h a l res tric tio n  enzyme. As a contro l 
(C, lane 1), - 2 1 3 / -  167 o ligonucleo tide  was analyzed in 
paralle l. T he  size o f  the  full-length (53 bp) and  H hal 
cleaved (14 bp) o ligonucleotide is indicated. Right panel: 
band-shift analysis o f  unm ethy la ted  (U) an d  m ethylated  
(M) end-labeled  -2 1 3 /-1 6 7  o ligonucleo tide  w ith e ith e r 
PYS-2 (lanes 1 and  2, respectively) o r  F9 (lanes 3 and  
4. respectively) n uc lea r extracts. T he free (F) and  bo u n d  
(B) form s o f  the p ro b e  are  ind ica ted . B. Effect o f  H hal 
m ethy la tion  on  IUE tran scrip tio n a l activity. CAT activ
ity o f  constructs co n ta in in g  e ith e r  th e  TK p ro m o te r 
alone (lane 1), th e  PyFlOl en h an ce r c loned u pstream  
o f  th e  TK p ro m o te r  m ethylated  (M, lane 2) o r  u n m e th 
ylated (U, lane 3) by H hal m ethylase, and  fo u r copies 
o f  th e  -1 8 6 /-1 6 7  o ligonucleo tide  c loned  upstream  o f 
th e  TK p ro m o te r m ethy la ted  (M, lane 4) o r  u n m e th 
ylated (U, lane 5) by H h a l m ethylase, and  transfected  
into PYS-2 cells. T h ree  in d e p e n d e n t transfec tion  ex p e r
im ents y ielded sim ilar results.

erally hypom ethylated in IAP-expressing myelo
mas, neuroblastom as, and  plasm acytom as, and  
hyperm ethylated  in non-expressing adu lt liver 
cells (M organ and  Huang, 1984; Feenstra et al.,
1986) , and in vitro m ethylation o f all th ree H hal 
sites reduces IAP transcrip tional activity in bo th  
COS7 and 293 cells (Feenstra et al., 1986; Falzon 
and  Ruff, 1989). Falzon and  Kuff (1991) found  
th a t this regu la tion  is in p a r t due to the m eth 
ylation o f the H hal site w ithin a transcrip tiona l 
e lem ent term ed  ENH2 (Fig. 1), which prevents 
the  80 kDa tran scrip tio n  factor EBP80 from  
binding, and  in p a r t to m ethylation o f an ill- 
defined H h a l upstream  site. We have now 
defined this H h a l as lying w ith in  the IUE and 
the  m ethylation  o f w hich prevents the 65 kDa 
IUEB p ro te in  from  binding.

Like IUEB, site-specific m ethylation w ithin 
several tran sc rip tio n  factor b in d in g  sites has 
been  shown to directly in te rru p t th e ir b in d in g  
an d  activity. For example, CpG m ethylation in 
hibits the b in d in g  o f ce rta in  ub iqu itous factors 
to the IUEB-like sequences in the tyrosine am ino
transferase p ro m o ter (see Fig. 7; Becker et al.,
1987) ; the DNA b in d in g  an d  tran sc rip tio n a l ac
tivity o f tran sc rip tio n  factors E2F, CREB, and  
USF (Kovesdi et al., 1987; Watt and  Molloy, 1988; 
Iguchi-Ariga and  Schaffner, 1989; Molloy and  
Watt, 1990); and  the b in d in g  o f myc/myn tra n 
scrip tion factor dim ers (Prendergast et al., 1991). 
In contrast, o th er tran scrip tio n  factors, such as 
S p l, are unaffected by m ethylation (H arring ton  
et al., 1988; H o ller e t al., 1988). As m ost o f  these 
studies exam ined the im pact o f m ethylation on 
DNA b in d in g  and  transcrip tiona l activity in 
vitro, analysis o f the m ethylation states o f e n 
dogenous genes, includ ing  the IAP gene, will 
be need ed  to d eterm ine the role o f m ethylation 
in con tro lling  gene expression in vivo.

Despite substantial sequence variation am ong 
d iffe ren t IAP cDNA and  genom ic clones that 
have been  described  (Christy et al., 1985), the 
IUEB b in d in g  site is 100% conserved. In ad d i
tion, deletion o f this region resulted in a greater 
than  50% loss o f transcrip tiona l activity in sev
eral d iffe ren t cell types (Christy and  H uang, 
1988; Falzon and  Kuff, 1989). These results sug
gest tha t the IUE is critical for IAP expression. 
T he IUEB b inding site resembles a series o f tran 
scrip tio n  factor b in d in g  sites term ed  E boxes, 
as shown in F igure 7. E boxes were orig inally  
defined  as a series o f p ro te in  factor b in d in g
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sites in the immunoglobulin heavy chain and 
k light chain enhancers, and similar sequences 
have since been identified in the regulatory re
gions of other tissue- and differentiation-specific 
genes, including the insulin I and many muscle- 
specific genes (reviewed in Olson, 1990). The 
IUEB binding site most closely resembles the 
El element of the immunoglobulin heavy chain 
enhancer, and in fact, an oligonucleotide con
taining the El site competed for IUEB binding, 
while an oligonucleotide containing the heavy 
chain E2 site did not (data not shown). The IUEB 
binding site also highly resembles the BF-H and 
LBP transcription factor binding sites in the 
polyoma and Moloney murine leukemia virus 
regulatory regions, respectively (see Fig. 7), and 
similar to IUEB, BF-H and LBP are transcrip
tional activators present in both undifferenti
ated F9 cells and differentiated cells (Tsukiyama 
et al., 1989; Hirano and Iwakura, 1990). Deter
mination of the structural and functional rela
tion of these factors to IUEB must await the clon
ing o f these genes.
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