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ABSTRACT
Analysis of nuclease hypersensitivity of regions flanking the estrogen-

dependent, chicken apoVLDLII gene has revealed an hepatic, DNaseI hyper-
sensitive site whose sensitivity is influenced by both the developmental
stage and sex of the bird. The site is located 3.0kb upstream from the gene,
in a block of middle repetitive elements. Contact hybridization studies
indicate that the block consists of contiguous copies of two elements with
reiteration frequencies of 500-1000 and 10000-30000 copies per haploid
genome. Sequencing of 1.8kb spanning the repeats has revealed that the
higher frequency element is a member of the CR1 family. The adjacent lower
frequency repeat can also be found next to another member of the CR1 family
located in the 3' flanking region of the vitellogenin gene. The hypersen-
sitive site has been mapped to one of the two most highly conserved regions
of the CR1 element. This region displays homology with a silencer sequence
recently identified in a CR1 element flanking the chicken lysozyme gene.

INTRODUCTION
The avian very low density apolipoprotein II (apoVLDLII) gene specifies a

small phospholipid binding protein that constitutes one of two major protein
components of the very low density fraction hen serum (1,2). Normally, the
gene is expressed only in hen liver at the onset of vitellogenesis, but it can
be activated prematurely in birds of either sex by administration of estrogen
(3). This can be accomplished in ovo by injection of hormone as early as
day 7 of embryogenesis, which results in detectable levels of mature apoVLDLII
mRNA by day 9 (4). Expression of the apoVLDLII gene in estrogen treated em-
bryos provides the earliest, currently available indication of the competence
of the liver to activate dormant yolk protein genes in response to the hormone.

A region of approximately 25kb that spans the gene and extends 14kb
upstream has been cloned and partially characterized, both in terms of primary
sequence and the overall transcriptional response of the region to stimulation
with estradiol (5-7). Within this region, stimulation with the hormone
results in initiation of transcription from the major start sites of the
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apoVDLII gene and lower but significant initiation at sites 1105 and 1530

nucleotides upstream (7,8). The limits of the estrogen responsive domain in

which the apoVLDLII gene resides have not yet been defined.

In the studies described here, we have used DNase I hypersensitivity as a

probe to locate developmentally programmed alterations in chromatin structure

in the 5' flanking region of the gene and to investigate the range over which

activation of the gene influences this structure. The studies have revealed

hypersensitive sites that are influenced both by the developmental stage and

sex of the bird, extending as far as 3kb upstream, the most distal of these

sites being located in a block of moderately repetitive DNA elements.

The gene itself does not contain repeated sequences but is bracketed by

clusters of such elements, several of which are located in the 5' flanking
region. With the exception of one block (between -4.6 and -2.8kb) these

sequences fall in a region that exhibits extensive haplotypic variation and

whose structure is consequently unlikely to play a critical role in determin-

ing the regulatory characteristics of the gene (5,6). We have determined the

sequence of the repeated cluster between -4.6 and -2.8kb and demonstrated that

the hypersensitive site at -3.0kb falls within a member of the CR1 family (9).
Members of this family have been found flanking several other avian genes (9).

They display a number of unusual properties, including: 1) a predominantly
conserved orientation relative to the direction of transcription of the

bracketed structural gene, 2) location in areas of transition between nuclease

sensitive and resistant regions of chromatin, and 3) the presence of a binding

site for a nuclear, non-histone protein (10). Although the origin of the CR1

family has not yet been ascertained, it has been proposed on the basis of

their overall structural organization, that dispersion through a reverse tran-

scription mediated mechanism may have contributed to the current interspersed

pattern and that the sequences may have originated from the long terminal

repeats of a retrovirus (11).
In this manuscript we demonstrate that the block of repetitive elements

between -4.6kb and -2.8kb upstream from the apoVLDLII gene in fact consists

of two families with reiteration frequences of approximately 1000 and 20000

copies per haploid genome; the more prevalent element being one of the two

longest CR1 repeats currently identified. Comparison of the sequence of this

region with that of a region bracketing a CR1 element recently identified

approximately 2.2kb downstream from the chicken vitellogenin gene (12), has

revealed that a portion of the lower frequency repeat is also adjacent to

the CR1 element at this second location. A striking feature of the element
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upstream from the apoVLDLII gene is that it is marked in the developing embryo

by a prominant DNase I hypersensitive site. This site is barely detectable

in the adult rooster in which the apoVLDLII gene is dormant, but is enhanced

in hen liver where the gene is chronically expressed. It is located in one

of the two highly conserved portions of the CR1 element. In day 7 embryos,

this DNase I hypersensitive site, or an electrophoretically indistinguish-

able one, is also detectable in control birds. The hypersensitivity of the

region does not appear to be attributable simply to supercoiling dependent

alterations in DNA topology, since it displays no preferential sensitivity

to Si nuclease digestion when present in supercoiled, naked DNA.

MATERIALS AND METHODS

Hormone Treatment

Experiments were carried out with White Leghorn embryos, 3-6 month-old

cockerels, roosters and hens. Embryos received a single injection of 1.25 mg

of 178-Estradiol in 50l dimethylsulfoxide on day 5 of embryogenesis. Forty-

eight hours later the livers were isolated, frozen in liquid nitrogen and

pooled. A typical experiment utilized between 5 and 15 dozen livers. Birds

of various ages were given intramuscular injections of 178-Estradiol in the

thigh (20 mg/ml, in propylene glycol, at a dose of 20 mg/kg body weight).

DNase I Digestion of Nuclei

Nuclei were prepared by a modification of the technique of Mirkovitch

et al. (13). All steps were performed at 0-4C. unless otherwise indicated.

Fresh adult tissue was passed through a strainer and red blood cells removed

by flotation in IS buffer (10 mM Tris HCl, 0.5 mM spermine, 0.125 mM spermi-

dine, 1% thiodyglycol, 10 mM EDTA, 20 mM KCl, 0.5 mM phenylmethylsulfonyl

fluoride, 1 mM benzamidine pH 7.2). Tissue was resuspended in IS buffer con-

taining 50% glycerol (v/v) and 1% Nonidet P-40, and was homogenized by 10

strokes of a tight fitting teflon pestle in a Potter-Elvehjem homogenizer.

Frozen embryonic tissue was homogenized directly in IS plus 50% glycerol and

Nonidet P-40. Nuclei were pelleted at 5000 g for 10 min, then washed once

with IS plus glycerol and Nonidet P-40; and twice in IS plus glycerol alone.

Purified nuclei were resuspended in a small volume of RS buffer (20 mM Tris-

HCl, 100 mM NaCl, 1% thiodyglycol, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM

benzamidine, pH 7.2), then diluted to a DNA concentration of 1 mg/ml in diges-

tion buffer (20 mM TrisHCl, 100 mM NaCl, 10 mM MgCl , 0.1 mM CaCl , 0.5 mM

phenylmethylsulfonyl fluoride, 1 mM benzamidine pH 7.4) and digested with

stated amounts of DNase I for 10 min at 37°C. Digested nuclei were lysed with

99



Nucleic Acids Research

0.5% sodium dodecyl sulfate (SOS), 0.5 M NaCl, 10 mM EDTA and treated with

proteinase K at 371C overnight. DNA was purified by phenol extraction and

ethanol precipitation. Hypersensitive sites were visualized by the indirect

end labeling technique of Wu (14), from Southern blots of restricted DNA

transferred from 1-1.5% agarose gels following electrophoresis in Tris-acetate

buffer, (40 mM Tris, 20 mM NaAc, 2 mM Na2EDTA, pH 7.2) onto Zeta-Probe nylon
membranes (Bio Rad) by direct alkaline transfer (15).

Contact Hybridization
A 1.8kb EcoRI-PstI DNA restriction fragment containing the block of

repetitive DNA elements of interest was isolated by agarose gel electro-

phoresis. This fragment was subjected to further digestion with restriction

enzymes and the fragments generated were end labeled with y 32P ATP using
polynucleotide kinase (16). The restriction ladders were visualized by

electrophoresis of the labeled fragments through 2% 1.5 mm thick vertical

agarose gels in tris-borate buffer (100 mM Tris, 100 mM borate, 2 mM Na 2EDTA,
pH 8.3). Hybridization was performed to sheared denatured rooster liver DNA,

fixed to Zeta-Probe, essentially as described by Zasloff and Santos (17).
DNA Sequencing

Sequencing of the 1.8kb EcoRI-PstI DNA fragment was accomplished by
subcloning exonuclease Bal3l generated, deletion mutants into M13 and sequenc-

ing via the chain termination procedure of Sanger et al. (18), as modified

by Anderson (19). Additional dideoxy sequencing was performed on individual

restriction fragments subcloned into M13 mp8, mp9 or mpl9. All sequencing
reactions were primed with a 14 mer sequencing primer developed by Lau et al.

(20). Any ambiguities in the sequence were resolved by chemical sequencing,

as described by Maxam and Gilbert (21), on selected DNA restriction fragments

labeled either by polynucleotide kinase or by fill-in synthesis with the

Klenow fragment of DNA polymerase I. DNA sequences were visualized by

electrophoresis of the sequencing reactions on 8 and 6% polyacrylaimide gels
containing 7M urea, followed by autoradiography.

SI Analysis of Supercoiled Plasmids
Supercoiled 1.8pBR322 was prepared by isolating the plasmid from E. coli

HBlOl using an alkaline lysis procedure (22), followed by banding the DNA at

least twice on CsCl gradients until the plasmid was greater than 80% super-
coiled. Supercoiled 1.8pBR322 was treated with S1 nuclease as described by

McKeon et al. (23). The S1 treated DNA was subjected to either direct
restriction enzyme digestion and was electrophoresed on 1.5% agarose gels in

Tris-acetate buffer; or was labeled at the S1 cleavage sites using poly-
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nucleotide kinase and y 32P ATP prior to restriction enzyme digestion and

electrophoresis on DNA sequencing gels.

DNA Hybridizations
Hybridizations were carried out at 42% for 24-48 hr in 50% formamide,

5X SSC, 4 x Denhardt's solution (0.08% bovine serum albumin, 0.08% polyvinyl

pyrrolidone, 0.08% Ficol) 0.2% SDS, 10% dextran sulfate, 200 ug/ml yeast RNA

and 200 ug/ml sheared, denatured herring-testes DNA. Blots were washed at

52%C in 0.1X SSC, 0.1% SDS over a one and one-half hour period with at least

four changes of buffer.

Computer Analysis
Computer analysis of DNA sequence data was performed using the MicroGenie

software package from Beckman Instruments. In addition, open reading frames

in the 1.8kb EcoRI-PstI fragment were compared to the Dayhoff protein library
for homologous proteins.

RESULTS AND DISCUSSION
The 5' flanking repeated region contains an estrogen inducible DNase I
hypersensitive site

A previous report by Kok et al. (24) examined the pattern of DNase I

hypersensitive sites in the vicinity of the 5' end of the apoVLDLII gene in

adult birds. They were able to demonstrate that upon activation of transcrip-
tion of the apoVLDLII gene in response to the administration of a bollus of

estrogen, two new DNase I hypersensitive sites appeared at the 5' end of the

gene in the liver, but not in non-expressing tissues.
In Figure 1, we have extended the analysis by examining the region

upstream from -2.5kb and by analysing the profile of sites present at early

stages of embryogenesis. Panel B illustrates the profile of sites present in
a region extending from -4.6 to +0.8kb in nuclei isolated from rooster liver,

hen liver and oviduct. In agreement with the results of Kok et al. (24), we

observe a major constitutive site in rooster liver located at -1.8kb.

However, we find that the dominant constitutive site present at -1.8 kb is

is not detectable in either oviduct or in hen liver. In experiments that

will be described elsewhere, we have detected specific protein binding at
3 sites between -1.8 and -2.4kb. One of these sites maps within the hyper-
sensitive region centered at -1.8. Loss of the site at -1.8kb appears to take

place gradually over a period of several days following activation of the gene

in rooster liver suggesting that the decreased sensitivity of this site may be
a consequence of prolonged stimulation of the tissue with estrogen rather than
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Figure 1: DNase I hypersensitivity of the 5' flanking region of the
apoVLDLII gene.
A) A partial restriction map covering the regions examined for hyper-
sensitive sites. The map extends from an EcoRI site at +0.8kb to a BamHl
site at -5.3kb. The position of the leader exon of the gene is indicated
(1). Restriction fragments used to map hypersensitive sites by indirect
end-labeling are shown below the map. Probes 1 and 2 abut the BglII site
at -2.5kb and the EcoRI site at +0.8kb, respectively. Sites are shown for
the following enzymes: BamHI(B), BglII(Bg), EcoRI(E), MspI(M), PstI(P),
and Sadl(S).
B) Hypersensitive sites between +0.8kb and -4.6kb were analysed in adult
birds by preparing nuclei from rooster and hen liver and oviduct according
to the protocol described in Materials and Methods. Nuclei were incubated
with various concentrations of DNase I at 370, DNA was then extracted,
digested to completion with EcoRI and analysed by Southern blotting using
probe 2. The positions of cleavage sites relative to the 5' end of the
apoVLDLII gene are indicated at the left hand side of each panel and were
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determined by comparison with DNA size markers included in the gels. The
intense band at -4.6kb represents the intact fragment produced by EcoRI
digestion and is not a hypersensitive site. Lanes 1, DNA from nuclei that
were digested with EcoRI immediately after isolation; Lanes 2-5, DNA from
nuclei incubated for 10 min with 0, 1, 5, and 1OU of DNase I/ml, respectively.
Cleavage at some hypersensitive sites was detectable in nuclei without incu-
bation (Lane 1). This cleavage is not observed in DNA prepared by rapid
extraction procedures and appears to be attributable to the action of endogen-
ous nucleases during isolation of nuclei. Asterisks indicate fragments pro-
duced by cleavage at sites whose sensitivity is enhanced in hen liver.
C) Hypersensitive sites in repeated DNA sequences were analysed as in B)
except that the DNA was digested with BglII and hybridized with probe 1.
Rooster and hen liver: Lanes 1-4, DNA from nuclei incubated with 0, 1, 5
and 1OU DNase I/ml at 37' for 10 min. Oviduct: Lanes 1-3, DNA from nuclei
incubated with 0, 5, and 1OU DNase I/ml.
D) The hypersensitivity profile in day 7 embryos was analysed in nuclei
prepared from normal controls as well as eggs that had been treated with
178-estradiol on day 5, as described in Materials and Methods. Following
treatment with DNase I DNA was extracted and digested with EcoRI followed
by Southern blotting with probe 2. Control: Lanes 1 and 2, DNA from nuclei
incubated at 370 for 10 min with 0 or 5U DNase I/ml. Estradiol: Lanes 1-3
nuclei incubated with 0, 1 and 5U DNase I/ml.

activation of the gene per se (Hache' and Deeley, unpublished, 24). In rooster
liver, oviduct and hen liver, we detect a constitutive hypersensitive site lo-
cated at -1.5kb. In hen liver, where the gene is being expressed, the hyper-
sensitivity profile differs from both oviduct and rooster liver in that there
is the typical site located at or very close to the 5' end of the gene also
detected by Kok et al. (24) and a site at -3.0kb that is barely detectable in
the other two tissues is markedly enhanced. This is shown more clearly in
panel C. The end labeled probe used in these experiments was slightly less
than 300 nucleotides long and was chosen because it extended from -2.5kb, es-

sentially to the boundary of the repeated region beginning at -2.8kb. Thus we
were able to map this hypersensitive site with considerable accuracy to 225-
275 nucleotides from the 3' end of the repeated region. Since the site lies
within a highly conserved 3'proximal region of a moderately repeated element
(see data presented below), the use of additional probes to further improve
resolution was precluded. Two other DNase I hypersensitive sites are also
apparent in Figure 1C. They map to -5.7 and -6.9kb and are present in all of
the tissues examined. The upstream site maps within the region of haplotypic
variation and hence may or may not appear in different strains of birds.

During embryogenesis, expression of the apoVLDLII gene in response to
exogenously administered estrogen cannot be detected before day 9 of develop-
ment (4), whereas activation of the vitellogenin gene cannot be detected
before day 11. Burch and Weintraub have demonstrated that constitutive hyper-
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Figure 2: A) Contact hybridization analysis of repeated elements between

-2.8 and -4.6kb. The 1.8kb EcoRI-PstI fragment was cleaved with various

restriction enzymes and the fragments end-labeled with gamma 21P ATP using

polynucleotide kinase. Each digest was electrophoresed through a 2% agarose

gel, and transferred by passive diffusion under hybridization conditions to

Zeta probe nylon membrane that had been presaturated with denatured rooster

liver DNA, as described in Materials and Methods. Following washing the blot

was subjected to autoradiography. Lanes 1-3, fragments generated by digestion
of the 1.8kb fragments with SfaNI/XbaI, AluI or Hinfl, respectively. Panel I)
Autorad iograph of the gel prior to transfer illustrating the relative effici-
encies of labeling sub-fragments. Panel II) Overnight exposure of the contact

blot. Panel III) Over-exposure of the blot to reveal poorly labeled frag-
ments of low reiteration frequency. The relative repetition frequencies of

each fragment were determined by densitometry of the autoradiograph of the

gel prior to transfer and the autoradiographs of the blot.

B) Schematic representation of repeated elements with two different

reiteration frequencies. Locations of the lower (A) and higher (B)
frequency elements are indicated by stippled hatched boxes, respectively.
Si hypersensitive sites are indicated by arrows. Restriction enzyme sites

shown: AluI(A), EcoRL(E), HinfI(H), and PstI(P).

sensitive sites around the vitellogenin gene that are present in rooster

liver are already detectable in embryos at day 13 (44). However, no analyses

were carried out at a stage of development at which the vitellogenin gene
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will not respond to estrogen. We have analysed the hypersensitivity profile

flanking the apoVLDLII gene as early as day 7 of embryogenesis in both control
embryos and embryos that were stimulated with estrogen at day 5. Panel D of

Figure 1 profiles the pattern of DNase I hypersensitive sites in the first
4.6kb of apoVLDLII flanking sequence at day 7 of embryogenesis. At this stage

of development, the flanking region of the gene is already marked by two of
the constitutive sites detected in rooster liver. These are located at -0.2

and -1.5kb. In addition, the pattern of sites in the embryo differs from the
pattern in the adult in two respects: 1) The prominent site present at -1.8kb
in control rooster liver is not detectable and 2) A site at -3.0kb is very

evident in both control and estrogen treated embryos. The location of this
site is indistinguishable from one that is enhanced in hen liver but difficult

to detect in control rooster liver and oviduct. Consistent with the inability
to activate the gene at this stage of development, no alterations were

observed upon treatment with estrogen.
It appears likely that nuclease hypersensitive sites in chromatin reflect

localized perturbations of the normal nucleosomal array resulting from either

alterations in DNA topology and/or interactions with specific DNA binding pro-

teins (25-29). In a number of cases, evidence has been presented that super-

coiling dependent, non-B form DNA structures may be involved in the formation
of such sites (30-36). It has also been demonstrated that these structures

can be generated in naked, supercoiled DNA and detected by digestion with
single strand specific nucleases such as Si (23,34,35,37,41). In experiments
that will not be described in detail, we examined the possible contribution of
supercoiling dependent alterations in DNA secondary structure in formation of
the DNase I hypersensitive site at -3.0kb, by subjecting a supercoiled recom-

binant plasmid that contained the 1.8kb EcoRI-PstI restriction fragment span-

ning the repeated sequence region to digestion with the single strand specific
nuclease Si. Two Si senstive, supercoiling dependent sites were detected in

the repeated sequence region, the locations of which were determined by analy-
sis on DNA sequencing gels. Cleavage at one site occurred over a 23 nucleo-
tide region centered at nucleotide 360 (see Figure 3) of the insert, and at
the second site over a 20 bp region centered around position 1230 (Figure 3).
Thus neither site is coincident with the DNase I hypersensitive site at -3.0kb
which we estimate lies between nucleotides 1560 and 1620. In the first site

a short region of inverted repetition occurs, while a short poly G/poly C
stretch of 4 nucleotides occurs at the second. The reason for preferential
cleavage occurring at the latter site is not obvious, since there are several
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other runs of 4-5 C's or G's in the vicinity of the site that are not cleaved

and, based on the complete sequence shown in Figure 3, there are no other

features of primary sequence adjacent to the site that would be expected to

facilitate cleavage. Conversely, the lack of cleavage at -3.Okb in naked DNA

suggests that in this instance the hypersensitivity apparent in chromatin is

not dependent solely on DNA sequence but may also involve specific DNA protein
interactions. Si digestions were also carried out with isolated nuclei from

adult birds to determine if the sites detectable in supercoiled plasmids were

present in chromatin. These experiments did reveal specific Si sensitive

sites in the 5' flanking region of the gene but not within the repetitive
region, suggesting that the secondary structures recognized by Si nuclease

in supercoiled plasmids either are not present in chromatin, or are not

accessible to the enzyme.

Organization of the repetitive element block

The presence in middle repetitive DNA of a DNase I hypersensitive site

whose sensitivity is influenced by the developmental stage of the bird and the

state of activity of the apoVLDLII gene in the adult prompted a more detailed

analysis of the organization and sequence of the repeated elements between

-2.8 and -4.6 kb. The number of elements present, and their relative reiter-

ation frequency was investigated by contact hybridization (42). The results

of a typical experiment are displayed in Figure 2A. End labeled restriction

fragments of the 1.8kb EcoRI-PstI region containing the repetitive DNA were

electrophoresed through an agarose gel (Panel I) and transferred under

hybridization conditions to a filter saturated with bound, sheared, denatured

genomic DNA. The radioactive blot obtained was washed to remove non-specific

hybridization and, then subjected to autoradiography (Panels II and III).
Under the conditions used the extent of hybridization is proportional to the

relative reiteration frequencies of sequences present in the various restric-

tion fragments, estimates of which were obtained by densitometric analysis of

the autoradiograph. These experiments revealed the presence of two regions,
located in the 3' 1,100 nucleotides of the 1.8kb fragment, that differed in

copy number by a factor of 20-30, the 3' proximal element being the more
highly reiterated. The hybridization pattern observed suggests that the two

elements are contiguous, since fragments from the different repetition fre-

qencies had common ends in the HinfI and SfaNI/XbaI digests. On the basis

of these experiments, the estrogen inducible DNase I hypersensitive site at

-3.0kb was centered approximately 250 nucleotides from the 3' end of the

higher frequency repeat (element B, Figure 2B).
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A o.1kb

A AAA A44 A A PA
*I II II111

A H H H H H H S H

B
GAATTCCAGG GTTAGAAGGA TCTACAAGCC TTACT^AAGG CTCACTGCAA TCTGCAATT GCCAGCTTAT 70
CTGCCGTGTA CTGACT?AAA CACCCT?CTC TATATTACGC TTAGACCTTA 1TACCTAAGA AGATGCTTGT 140
TCTAGCCTT AACACAGACT TOAATTATT TG;TAAATGTC ATGAGCTGAA TTACCAAAG CTTGGTCATC 210
CCCACAGGA CTGAGCATGG.0ATGACTACT ATCTCTCOTA CTGTAGACCA GACTTCCTTT GACTCTAGGA 280
AGCATAACTT GAT0GATGTA TATTTCCTOG GCT?TATACT CATTTTATGT TCTCCCTTTG CTCTCTCTAC 350
CAT?TATTAT ATACATOOOG TGGGATAAAG GCTCTGAAG AGGCCTACCA ATTTrTACTA TOTGCCTCTT 420
GATCTTTACC CTGACACAAA TCAATTCTGA AGCACATGOT ?TATCTGATC TACCTAGATG GTOGGGTITT 490
CTTGTCTCTT ACCTTGCAAC TTGAATGCAGAATTTCTAGA ATOCCATOAA ACTACCTGCA AA4GAGAAAA 560
ACTTGCCATT TTCCTTGAT GTGAtTCATC CATCCACTGT TATCATTAA AATGTACTGG AAAACtTGAT 630
CTTCTGTGGG TGCTATAGTT ACATGCTAGA TGCATCCACA OGAAACT0AT TTACCAAAaA CATTCTTAAA 700
TTAAAGAAAC TCAGTCATTG GCAGGGAGCT TTAGAAGCAT CTTGtGAATT ATGTTTAAC TCAGAGGCAT 770
TAGAGACTGG CCAATOTCAG TTACTGTACT GTCCAGCTA TTCCCAOCC AGTGCCAtAG CTOAATCCCA 840
AGATCGTAGC ATGG40 41GT ATTGCTTC CTTtCATGTT CCAATACATG TACAGCCAGT TTCCCCAAGA 910
GTGGGACTC TCTCAGACAG CAAGAAACT GTGCATAACA GCAGCAOCAG TTOTACCATG A 9S0
Awo10D. CRI8. 8' fla ki. sequ8s
Vitell..g.1 CR1 8fla.ki.g sequamme
GCATGTCATC CTTGTGAACCTTATGAGG TCAAACAG1046
1111 1111 1111 111111 1I111111111 1111 11 11111111 111111 111111 111111
GCATTCAT AGGGACCTTGACAGACTGATOCCGTACCTAGAGGTTGAAACGCAG 1000

TGCAAGG TTGTT OGCAGGTAATCCCAGATAT GTATACAAACTGGGGAACTTGAGAATAGCC 1122
1111 I1I1111 III 11 11 11 11 11111 11111111 1111 11 I I lIlillI III
TGCAlTrrTGCACTTGG0CCGllGGGMCCCCAGGCATC ATACAGGCTGGAGCAGCAGTClrGA"GCAGCT 1076

CTCCTAAAAACTA C AC CC CCCA 1198
1111 11 111 11111 III 1 11111 111111 Illlill 11111111 11111111 1
CTGCAGAGAACCCTGGlGl GTI GTATG2A4CTTAACATN CCACAGAtC/GCA7TCAG7 1152

AGGCAACGGTATCCTOGGC 1217
11 ll ll ll ll ll ll Length - 249 Matches/length - 77 %
AGCAAATGGTATCCTGGG 1171

113a141CRIVldl
Cnlvlt
CGATTGTCCCCTTATACTCTACCCTCGTGAGGCCCCAGCTGGAGTTGTGCAT CAAGTCTGGGGCCCCCAGCACAG 1295
11111111III1111111 1111111111 1111111 II 1 1111 III I11111 III
CGATTGTCCCTCTCTACTCT0C?CTTCGTAGGCCTCATCTGGAGTACTGTGTCCAGGTATGGAGGCCCCAGTACAA 1284

*-20 *1
TTGGATT0G0TCCAGAAGA0GGCCACGARA0NGATSAGRGGGCTG?NAGYACCTYCCCTR 40

111 11111111 11111 1ii I~I11 11:11::1 11:11111:
GAAAGATGAWGAGCTrrTOOAOOOGGTCCAGTGG AGGACTATGA AGATGA?rCAGGGACTGGAGCACCT?crCTA 1370
111111 I1III 1 1111111 1111111III 111lllil 111111111III 11 III
TAAAGACAOAITOCTGCTOGAGAGGGTCCAOArGAOAACCAC4G AGATGATCAAGOOGCTGGAGCACTTCCCCTA 1359

YGARGAYAOOCTGlARU CT?000CTTCAGCCT GRRAAGAOAAGACTGYGGiNGTRACCTCAJ?YRGCC7r 115

TGIAATAAOCT?AA0OAACTGGGCTTITTCAGCCTGGAAGAGAIOOGCTGT?GGGAGACCTCATTATGGCCTTC 1446
11111 1111111 II 11111111 111111111 11111111111 11 11 11111 11111
TGAG0ACAGGCTOAGOOGA GGCATTCAICCTOOAGAAOGAAGOCTGCGCOOTGATCCCATTGCAGCCTTT 1435

CAGTTAYYThAAGAYT ATAAACUGGO GAGTCAACYCTCTRAAAGGGTAGTAATRGCAGGACAGGGGGA 190
11111::1:111111:1 111111: 11:11 111I11: 1 i1111: 11111 1111111
CAGTATAAAAGGATTCATAAACGTGAAGGAAATCAACTTTACACAGCTAGACAGTGTAGGAC AGGGGGA 1521
11II 1 11 1 111111 11111 11111 11I 1 1111 11111 11111 1
CA TCCCTGAA8G0AGCCTATAACA00AAA00AATAAACTCTTTGAGAGAGATAACAGCAGGGGCA 1511

AGG GAYATCATO AAO?rCTTACTATGAGAGTGGTGAOGTG 266
111 111 11 1:1111111 11111:11I11~11 111 11111 11111 11111111
ATGATrT?AAACTAAAGGAIGATAGAT70AGAT?GAC0TGAAGGGAAAGT7TTTTAC TGAGAGTGGTGAGGTG 1595
I1I 111111 1 111111 11111111 11 11i11l11111111 11111 Illlllli
ACOTTTAAG?A A GAAGATTTA01??00T1AGOGGA1??CTTTACCAGGAGAGTOG TGA?GT? 1585

CT0GAACAG0CTGCCCAGAGAGGTTGT0GATGCCGTCCATCCCTGGAGGTGTTCAARRCCAGGYTGGTGGGGCCC 342
1111111 1 111111 1111111 11111111111111111 11: 1111 11111

CTGG7 CAGGTTICGCAGAOA GGATGCC CCATCCCTGGAOG7TfAAOAGCAGGATG TATAsGACTC 1163
1111111 1 111111 111111 11111111111111 111 1111 11111

CTGGAACAGGCTGCCCAAGAGOGTOTGTGGATCT CTGTCCCTGGAGGGTTCACGGCCAGGTTGGATGGGGCCC 1661

TOOGCAOCCTRRTCTA0TAYT?T0T0GAAGYTGATGGCCCT?CCYATAGCAGGGGGOOGGGTTG0 GCTTGGTGA 418
1111111111::1111111:1 ~ ~ li11 1: 111 11 1 111111111 1111 1

T?GOCAGCCT?TCTAITACT TGATCTA GCAGCTGOCAAT CCTGTCTGTG?CAGG00 ?GTTGGAATTGATAA 1736
111111 111 1111111 11 1 1111 1111 11111111111111 11:
TOGOCAACCTOGTCCAGTAAA T7GGGAT GTrTOTGGC CCTGCC CAGCAGGGGGGTTGGAGATTCGTGA 1729

CRI consensus/CRIVLDL Mtches/Length 809
TCTCTGAGGTCCCTTCCAACCCAG0CCATTCTATGATTCTA TGATCTATGC ACCT TGG?GATTCA-484
11 I1liIIIIIII II 11111111 11111111 I 11111 I1 11 11
TCCTTGAGG0CCCTFCCAACCCAAGCCATTCTGTG?TTCTA CAAT TCATGCTA4CTCAGAGGTT?CA-1804
1111 111111111111111111 I111111111111111 11 111
TCCTCGAGGTCCCTTCCAACCCAGGCCATTCTGTGArTCTGTCATr TCTGTC-1781

CRlvldl/CRIvit Matches/Length 74%

CTA?T? GATCTAMATCACATGAAGGA GCTCTCCATC CTTATTCATT ACTGTGGTTC CCATAACTGA GTC 1873

Figure 3. A) Restriction map and sequencing strategy for the region extend-
ing from -2.7 to -4.6kb. Arrows above the map indicate sequences derived
from Bal3l deletions generated as described in Materials and Methods. Arrows
below the map indicate sequences derived from dideoxy sequencing of individual
restriction fragments. C indicates regions confirmed by chemical sequencing.
Enzyme sites shown: AluI(A), EcoRI(E), HinfI(H), PstI(P) and SacI(S).
B) DNA sequence of the 5' flanking region of the apoVLDLII gene from
the EcoRI site at -4.6kb to the SacI site at -2.7kb. The sequence of the
upper strand is shown and is numbered 5' to 3' from the EcoRI site. The
degree of similarity between the CR1VLDL and CRlvit flanking, low-frequency,
repeated regions is shown as a pairwise comparison on the left side of the
figure. On the right hand side of the figure is shown a pairwise comparison
of CR1VLDL with the CR1 consensus sequence (11) and the CRlvit sequence.
The start of the CR1 consensus sequence is marked by *1 and the 5' flanking
sequence extending to *-20 is taken from the sequence of a CR1 element,
CR1 CMb, found downstream from the chicken calmodulin gene. Numbering of
the apoVLDLII sequence indicates distance from the EcoRI site at -4.6 kb.
In order to facilitate comparison of the VLDL and vitellogenin repeated
sequences, the vitellogenin sequence has been numbered by aligning the 3'
ends of the CR1 VLDL and CRlvit elements.

Sequence of the repetitive elements
The 1.8kb EcoRI-PstI fragment was digested with Bal 31 to generate a

series of truncated templates in M13 vectors for sequencing by the dideoxy
procedure according to the strategy shown in Figure 3A. The sequence obtained
is shown in Figure 3B. Comparison of this sequence with other chicken repeat-
ed DNA elements identified the higher frequency repeat (element B in Figure

107



Nucleic Acids Research

2B) as a member of the avian CR1 family (9). The reiteration frequency of

this family has been estimated to be between 10-30,000 per haploid genome.

Using the convention adopted for this element the copy in the apoVLDLII flank-

ing region "points" 5' to 3' towards the gene. This conserved orientation

relative to proximal structural genes has been observed for 7 out of 8 other

members of this family including those flanking the ovalbumin, calmodulin, and

Ul RNA genes (9,11,43). The exception being the most recently characterized

element prior to this study, CRlVtg, which is located downstream from the

chicken vitellogenin gene (12). Since the copy number of the higher frequency
CR1 repeat was known, we were able to assign a reiteration frequency of 500 to

1000 copies per haploid genome to repeat A.

Figure 3B shows that the CR1 family member flanking the apoVLDLII gene,

displays an overall similarity of 80% to the consensus sequence for the CR1

family compiled by Stumph et al. (11). A comparison of CR1VLDL with indivi-

dual family members indicated that the match extended at least 20 nucleotides

ibeyond the 5' end of the consensus sequence to include the 5' terminal region

of the element CR1 CMb which occurs downstream from the chicken calmodulin

gene. Because of a lack of available sequence data for CR1 CMb, neither its

5' end nor that of CR1VLDL can be precisely identified from this comparison.
However, contact hybridization (Figure 2) placed the 5' transition between

CR1VLDL (repeat B) and the lower frequency repeat, between positions 1230 and

1280, or approximately 40 to 90 nucleotides further upstream than could be

identified by direct comparison of the two sequences. That the CR1 sequence

extends to this location is supported by comparison with the 3' flanking

region of the vitellogenin gene containing CRlVtg (Figure 3B). The match

between CR1VLDL and CRlVtg extends from position 1221 of the apoVLDLII flank-

ing sequence to 1789 with an overall similarity of 74%. This is approximately
120 nucleotides larger than the current CR1 consensus sequence and places one

of the Si sensitive sites detected in plasmids containing this region within

less than 10 nucleotides of the junction between low and high frequency

repeats. Alignment of the two sequences can be maintained into the region
covered by the lower frequency repeat provided that a compensatory shift is

made to accommodate two deletions of 16 and 18 nucleotides that appear to

have occurred in the apoVLDLII sequence between 1217/1218 and 1220/1221,

respectively. The similarity between the sequences extends at the level of

77% from position 1217 to 971, a total length of 818 nucleotides. At the

moment, these are the only two CR1 elements that have been found to share
these homologous lower frequency flanking sequences. Whether or not their

108



Nucleic Acids Research

presence is of functional significance in the coordinate regulation of
apoVLDLII and vitellogenin genes, or is related to the evolution of the CR1
family from a more extensive ancestral sequence, remains to be determined.

Examination of the sequence in Figure 3B for open reading frames (ORFs)
revealed several extensive open blocks encoding stretches of at least 80 amino
acids. All extended open reading frames occur within the repeated DNA ele-
ments. Those obtained by direct translation of the sequence shown are organ-
ized such that there are 3 overlapping frames extending from nucleotide
679-1533. The introduction of two frame shifts would generate a region
capable of coding for a polypeptide in excess of 30000 daltons. However, the
sequence displays no significant similarity to ORFs in mammalian LINE families
and scanning of the Dayhoff and GenBank data bases has not revealed any
significant similarity to any other known polypeptides. Additional computer
analysis of the repetitive sequences flanking the apoVLDLII gene failed to
reveal any putative promoter sequences for either RNA polymerase II and III,
nor have we been able to detect any transcript specific to this locus.
Origin and function of CR1 elements

The origin of the avian CR1 family, its mechanism of dispersion and
possible function are currently a matter of speculation. The sequence
appears to be restricted to birds and to be located in areas of transitional
nuclease sensitivity. The sequence downstream from the vitellogenin gene is
located in a region marked by three hypersensitive sites specific to the
liver but which are present before the gene is activated (12,44). The pre-
cise location of these sites relative to the CR1 element has not been deter-
mined. In the case of CR1VLDL, we have mapped a hypersensitive site to one

of the two most highly conserved regions of the element between nucleotides
1560-1620 (similarity 90% across family members). However, this site is

approximately 200 nucleotides downstream from the other highly conserved
region, to which specific protein binding has been detected (10).

The presence of nuclease hypersensitive sites within middle repetitive
DNA elements flanking structural genes has not been widely reported. Some
examples include constitutive hypersensitive sites in a middle repetitive
element flanking the mouse prolactin gene and in a repetitive element within

the chicken alpha globin gene cluster (45,46). In only a few instances has
the presence of DNase I hypersensitive sites within middle repetitive DNA

elements been observed to be influenced by the state of activity of the
neighboring gene. Perhaps the most comparable to that described here is a

DNase I hypersensitive site mapping within a middle repetitive element 3'
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to the chicken lysozyme gene which is only apparent after the gene becomes

expressed in the oviduct (47). The middle repetitive element in which this

site resides has not been characterized, but it has been shown to map within

the region of intermediate DNase I sensitivity 3' to the lysozyme gene.

The most recent hypothesis proposed to explain the origin of the CR1

family is that these elements are the remnants of retroviral long terminal

repeats (LTR). This is based on certain structural features of the elements

rather than overall sequence similarity, which is low (the maximum overall

similarity we have detected with retroviral sequences is approximately 40%).
One feature which is displayed by a subset of CR1 elements is a polypurine

tract 'AGGGGGAA', occurring at approximately the same location in all cases,

which matches the primer binding site preceding the 3' LTR of the avian retro-

virus, Rous associated virus O(RAV-O). The repeated region 1.8VLDL has this

sequence located at position 1514-1521 which aligns with position 184-191 of

the CR1 consensus (Figure 5B). However, there is no additional similarity to

the remaining RAV-O LTR sequence.

The fact that many CR1 elements have heterogeneous 5' ends while

retaining a well defined 3' terminus is consistent with the suggestion that

the remainder of the original viral sequence may have been lost as a conse-

quence of recombination. In the majority of cases, this appears to have

left only the putative LTR sequence itself and up to 200 nucleotides of 5'

flanking sequence. The fact that the homology between elements flanking the

apoVLDLII and vitellogenin genes extends more than 300 nucleotides beyond the

postulated 5' end of the CR1 consensus and spans a transition between reiter-

ation frequencies suggests that, in a minor population (5-10%), recombination

may have left larger segments of the ancestral flanking sequence. It is

possible that the Si hypersensitivity of the boundary between high and low

frequency segments of the repeat may have contributed to the loss of these

sequences flanking most CR1 elements. The presence of 3 extended open read-

ing frames covering approximately 850 nucleotides immediately upstream from

the putative primer binding site of CR1VLDL is also consistent with the

possibility of a viral origin for these sequences.

At present, all of the CR1 elements described have been found flanking
rather than within genes. However, if these elements are remnants of retro-

viral insertion events or have amplified perhaps by retroposition as proposed
for mammalian Alu sequences, it might be anticipated that they could be pres-
ent within introns or untranslated regions, providing that their presence did

not deleteriously affect expression of the gene involved. Screening of all
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avian sequences on file at GenBank revealed evidence for one instance where

this may have occurred, involving a sequence within the large intron of the
chicken embryonic epsilon globin gene. Sequence similarity was detected at

the level of 77% over a stretch of 51 nucleotides between positions 1740 and
1789 of 1.8 VLDL and nucleotides 908 and 957 of the epsilon globin gene. Com-

parison of the intron sequence with other CR1 elements revealed more extensive
matches with elements designated CCM1 (75% match over 68 nucleotides) and CR1

sequence D (70.4% match over 81 nucleotides), supporting the suggestion these
sequences may not necessarily be restricted to locations in flanking regions.

At the moment, it is not known whether the hypersensitive site in
CR1VLDL is functionally significant as far as expression of the apoVLDLII gene

is concerned. The fact that it, like the protein binding site identified
previously occurs in a highly conserved region of the element suggests that it

may be. Certain rat long interspersed repeats have recently been shown to act

as transcriptional "silencers" (48). Very recently, a CR1 element located

approximately 1.0kb upstream from the chicken lysozyme gene has been found to

contain 'silencer' like elements (49). These are located within a block of

277 bp corresponding to the central region of the CR1 element. This region
displays a similarity of 73% to nucleotides 1403-1683 of 1.8VLDL (Figure 3B)
and spans the DNase I hypersensitive site we have detected that is located
between nucleotides 1560 and 1620. Within the 277 bp region, Baniahmad et al.

have identified three elements of 9-10 nucleotides that share a high degree of
similarity with other silencer sequences, one of which falls at a position

corresponding to the hypersensitive region of 1.8VLDL (49). However, small

deletions or insertions have occurred at all sites in 1.8VLDL that correspond
to the silencer consensus sequences. Whether or not 1.8VLDL has retained
silencer activity despite these alterations is currently under investigation.
If CR1 elements evolved from retroviral LTRs they may have, or at least had,
the potential to act as enhancers. Thus, it is possible that the 'silencer'
activity of some of these elements could be attributable to their ability to
form non-functional, enhancer like structures.
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