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The location of regions that regulate transcription of
the murine Emilinl gene was investigated in a DNA
fragment of 16.8 kb, including the entire gene and about
8.7 and 0.6 kb of 5'- and 3’-flanking sequences, respec-
tively. The 8.7-kb segment contains the 5'-end of the
putative 2310015E02Rik gene and the sequence that sep-
arates it from Emilinl, whereas the 0.6-kb fragment cov-
ers the region between Emilinl and Ketohexokinase
genes. Sequence comparison between species identified
several conserved regions in the 5'-flanking sequence.
Most of them contained chromatin DNase I-hypersensi-
tive sites, which were located at about —950 (HS1),
—3100 (HS2), —4750 (HS3), and —5150 (HS4) in cells ex-
pressing Emilin1 mRNA. Emilinl transcription initiates
at multiple sites, the major of which correspond to two
Initiator sequences. Promoter assays suggest that core
promoter activity was mainly dependent on Initiatorl
and on Spl-binding sites close to the Initiators. More-
over, one important regulatory region was contained
between —1 and —169 bp and a second one between —630
bp and —1.1 kb. The latter harbors a putative binding
site for transcription factor AP1 matching the location
of HS1. The function of different regions was studied by
expressing lacZ constructs in transgenic mice. The re-
sults show that the 16.8-kb segment contains regulatory
sequences driving high level transcription in all the
tissues where Emilinl is expressed. Moreover, the
data suggest that transcription in different tissues is
achieved through combinatorial cooperation between
various regions, rather than being dependent on a sin-
gle cis-activating region specific for each tissue.

An important feature of the ECM! is the extreme variability
of its composition and architecture, endowing tissues with spe-
cific mechanical and biological properties. A major factor con-
tributing to this complexity is the tissue-specific transcription
of different genes. In the past, several studies have investi-
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gated the regulatory sequences responsible for tissue-specific
expression of ECM genes (1-6). The overall picture coming
from these studies is a modular arrangement of regulatory
regions (mostly enhancers), meaning that each region is a
distinct and independent regulator of transcription in a specific
tissue or in a set of tissues. Although some reports have indi-
cated the importance of the interaction of distinct regulatory
regions for high level tissue-specific transcription (7) and have
shown that different basal promoters may influence expression
driven by tissue-specific enhancers (8), the concept of modular-
ity of regulatory regions is the key motif in most studies.

For several years the authors have been studying Emilinl, a
protein of elastic fibers that is preferentially detected by electron
microscopy between the amorphous core and the coat of microfibrils
(the name is an acronym from Elastin microfibrils interface located
protein) (9). The primary sequence shows that Emilin1l comprises
five domains (10). A Clg-like domain similar to those of type VIII
and type X collagens is located at the carboxyl-terminal end. A
short collagenous domain separates the C1q domain from a long
region with a high probability of coiled-coil conformation. Finally,
two domains are found at the amino terminus: a signal peptide and
a new type of domain called the EMI domain (11). The latter, a
cysteine-rich sequence of about 75 amino acids, is shared by a
number of genes (seven in mammals) that have been grouped into
the Emilin gene family (www.gene.ucl.ac.uk/nomenclature/gene-
family/emilin. html#HGNC_table2). Gene targeting experiments
suggest that the protein has a role in the assembly of elastic fibers,
particularly in blood vessels; in its absence, elastic lamellae of aorta
are interrupted and their outline is irregular (12). A function of
Emilinl in elastogenesis is also indicated by the finding that the
protein binds to other components of elastic fibers such as Elastin
and Fibulin-5 (12). However, analysis of the distribution of Emilin1
mRNA during mouse development induces us to suggest additional
functions of Emilin1 not related to elastic fibers; in fact, early after
implantation, Emilin1 mRNA is detected not only in the cardiovas-
cular system but also in extra-embryonic tissues (extra-embryonic
visceral endoderm, ectoplacental cone, and spongiotrophoblast), ep-
ithelial tissues that do not produce elastic fibers (13). During orga-
nogenesis high level expression is found in interstitial connective
tissue, perichondrium, and mesenchymal condensations, sites con-
taining elastic fibers. This brief description of Emilinl expression
during development testifies to a complex gene regulatory setup.
Nevertheless, the Emilin1 gene and flanking sequences are a com-
pact unit; the gene, consisting of 8 exons, is about 8 kb long and is
separated by the nearby 2310015E02Rik and Khk genes by about
6.3 kb at the 5’-end and 0.7 kb at the 3’-end, respectively (14) (see
Fig. 3C). This feature makes the Emilinl gene a good candidate for
analysis of the mechanisms of tissue-specific transcriptional
regulation.

In this report we describe the identification of cis-acting
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regulatory regions of the Emilinl gene, including the core
promoter and sequences involved in tissue-specific expression.
The main conclusion coming from our results is that high level
transcription in diverse tissues is the result of the differential
contribution of several regulatory regions that act mostly in a
combinatorial way.

MATERIALS AND METHODS

Plasmid Constructs—A 16.8-kb HindIII fragment, containing the
entire Emilinl gene and 5’- and 3'-flanking sequences, was subcloned
from a 135-kb BAC clone (12) into pBluescript vector (Stratagene, La
Jolla, CA).

A fragment spanning positions —402 (corresponding to a BamHI
restriction site) to —1 from the first codon was generated from the
16.8-kb fragment by PCR with the reverse primer comprising mu-
tagenized bases that change the sequence corresponding to the trans-
lation start site ATGGCC to a Pstl restriction site. After digestion with
BamHI and PstlI, the amplified 407-bp fragment and an 8249-bp Hin-
dIII/BamHI fragment extending from —403 to —8651 bp were ligated
into the promoterless vector pPBLCAT®6 (15) to give plasmid p8.7-CAT.
5'-End deletions extending to about —6.0, —5.1, —4.0, —3.0, and —1.1
kb and to —630 bp were generated by exonuclease III treatment (“Erase
a Base” kit, Promega) of the 8.7-kb fragment using the procedures
recommended by the manufacturer.

The 630-bp deletion was inserted into pBLCAT®6 to give p630-CAT.
Deletions of p630-CAT from 5'- and 3’-ends were developed by Bal31
digestion following established protocols (16). p(630—470)-CAT and
p(630—441)-CAT were generated from the 16.8-kb fragment by PCR
with appropriate primer oligonucleotides.

For site-directed mutagenesis of Initiatorl and Initiator2 sequences
(Fig. 1), the mutated p630-CAT constructs were obtained by ligation of
a HindIII/Ncol fragment carrying sequences from —630 to —459 bp, an
Ncol/Xbal fragment extending from —458 to —1, and the promoterless
vector pPBLCATS6. For p630Inr2-CAT, the mutant fragment was gener-
ated by PCR with a forward primer comprising mutagenized bases that
change the native sequence of Initiator2 (—453/—447) TCACTCT to
Tgtggtt (where lowercase letters indicate mutated bases) and a reverse
primer comprising mutagenized bases that change the sequence corre-
sponding to the translation start site ATGGCC to an Xbal restriction
site TCTAGA. To derive the mutant fragment of p630Inrl-CAT, the
Initiatorl sequence CCAGACA (—517/—511) was replaced with Cgtggtt
(17) following a two-step PCR-based site-directed mutagenesis proce-
dure (16) using the following primers: F1 (—-630/—612), 5'-GAAGCT-
TCACATTTCTCTGTTTTTCC-3', forward (HindIII site underlined);
M1 (-522/-502), 5'-CCTTCCCCCaaccacGCTGGC-3', reverse; M2
(—524/-504), CCGCCAGCgtggttGGGGGAA-3', forward; R2 (—458/
—441), 5'-GGGATCCGGCACAAGAGTGACCATG-3’, reverse (BamHI
site underlined).

The transgenes p8.7-lacZ, p3.0-lacZ, pl.1-lacZ, and p0.6-lacZ were
synthesized by insertion of the corresponding exonuclease III dele-
tions (8.7, 3.0, and 1.1 kb and 630 bp) into the promoterless plasmid
pNSlacZ in which the lacZ sequence of Escherichia coli is fused with
the nuclear localization signal of SV40 (18). In the transgene p8.7A-
lacZ, the 407-bp BamHI/Pstl fragment was replaced with a 238-bp
fragment extending from —402 to —170 generated by PCR with
appropriate primer oligonucleotides.

To derive the transgene construct p8.7-lacZ-intron, the third intron
of Emilinl gene was synthesized by PCR from the 16.8-kb fragment as
DNA template and inserted downstream from the lacZ gene into the
p8.7-lacZ plasmid.

To obtain the transgene construct p0.6-lacZ gene, the 8.0-kb frag-
ment that contains the coding region of Emilinl from +78 in the first
exon to the intergenic region between Emilinl and Khk genes (Fig. 3C)
was generated by digestion of the 16.8-kb fragment with Xhol and
HindIII and cloned into the Smal site of pBluescript vector. The trans-
gene 0.6-lacZ was excised with HindIII and NotI and inserted upstream
of the Xhol/HindIII fragment of the above plasmid.

To derive the construct p8.7-lacZ-gene, the BamHI fragment of the
p0.6-lacZ plasmid, including 402 bp of proximal promoter region and
the lacZ gene, was cloned into the same site of pBluescript after re-
moval of the HindIII site. The XhoI/HindIII fragment spanning posi-
tions +78 to +8111 was then inserted downstream the lacZ sequence.
Finally, the BamHI fragment from —402 to +1299 of the 16.8-kb frag-
ment was replaced with the BamHI fragment of the above plasmid
containing 402 bp of the proximal promoter region, the lacZ gene, and
the coding region from +78 to +1299. All constructs were sequenced in
both directions to verify correct cloning.

Transcriptional Regulation of Murine Emilinl

Cells—The following cell lines were used: NITH3T3 fibroblasts, C2C12
myoblasts, EL4 lymphocytes (8), MC615 chondrocytes (19), BC3H1
smooth muscle cells (ATCC, Manassas, VA), and H.end (20) and cEnd
(21) murine endothelial cell lines. The cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum, with
the exception of EL4 cells, which were maintained in RPMI 1640, 10%
fetal calf serum, 4 mMm glutamine, and 20 mM 2-mercaptoethanol.

5'-RACE Analysis—To determine the transcription start sites of the
Emilinl gene, 5'-RACE was performed using the “5’-RACE system for
rapid amplification of cDNA ends” (Invitrogen) and total RNA from
E14.5 mouse embryos. First strand cDNA was synthesized from 1 ug of
total RNA using Superscript™ II reverse transcriptase (Invitrogen)
and an antisense primer (RACE1, 5'-GCCGTGGTGAGTTCTGGG-3',
which corresponds to nucleotides 137-154) at 37 °C for 1 h. After
(dC)-tailing with terminal dideoxynucleotide transferase at 37 °C for 10
min, the cDNA was PCR-amplified with internal antisense primers
(RACE2, 5'-GCTTCCGTGGCTATGGTCAG-3’, which corresponds to
nucleotides 43-62; RACE3, 5'-GCAGACAGCAGAGATAGCA-3', which
corresponds to nucleotides 25-43) and a 5’-anchor oligo(dG) primer
provided with the kit. PCR products were resolved in a 2% agarose gel,
isolated, and subcloned into pGEMT-Easy vector (Promega), and 40
clones were sequenced.

RNase Protection Assay—Four different partially overlapping DNA
sequences were used to generate the riboprobes. Probe 1 was derived by
subcloning a blunted 891-bp Stul/Xhol fragment extending from —814
to +77 into the Smal site of pGEMS3 vector (Promega). Probe 2 was
similarly obtained from a 681-bp Stul/Pstl fragment extending from
—814 to —133. To generate probe 3 and probe 4, a 561-bp fragment from
—815 to —254 and a 470-bp fragment from —815 to —345, respectively,
were PCR-amplified and subcloned into pGEMT-Easy vector (Pro-
mega). Linear DNA templates were prepared by Xbal (probe 1), HindIII
(probe 2), and Sall (probe 3 and probe 4) digestion. *?P-Labeled RNA
probes were transcribed using 40 units of T7 polymerase (Ambion, Inc.)
in the presence of 1 ug of linearized plasmid, 10 ul of [a-*2P]UTP (400
Ci/mmol; Amersham Biosciences), ATP, GTP, and CTP (400 um each),
10 mM dithiothreitol, and 40 units of RNasin (Promega) in a total
volume of 20 ul. The hybridization of the probe with total RNA (10 ug
from E14.5 mouse embryos) was carried out at 42 °C overnight accord-
ing to the standard procedure of RPAII RNase protection assay kit
(Ambion Inc.). RNase digestion was performed using an RNase
A/RNase T, mixture in RNase digestion buffer (Ambion Inc.), and
protected fragments were separated on a 6% nondenaturing polyacryl-
amide gel.

Transfections and Promoter Assays—NIH3T3 and C2C12 cells were
grown as described above; 3 X 10° cells were plated into 10-cm Petri
dishes and transfected the following day with the CAT constructs and
the control plasmid pRSV-luciferase (15 and 1.2 ug, respectively) using
the calcium phosphate method (22). All subsequent manipulations and
assays were performed as described (23).

Generation and Analysis of Transgenic Mice—Fertilized B6D2F1 X
B6D2F1 mouse oocytes were microinjected with lacZ constructs and
implanted in the uterus of CD1 pseudopregnant mothers using stand-
ard procedures (24). Transgenic mice were identified by PCR analysis
on genomic DNA from yolk sac or tail biopsies using primers derived
from the lacZ sequence (forward, 5'-CGGTGATGGTGCTGCGTTGGA-
3’; reverse, 5'-ACCACCGCACGATAGAGAGATTC-3') and reaction
conditions as described (25). Whole mount and histological examina-
tions of B-galactosidase expression were carried out exactly as described
(18).

Other Assays—Northern blotting and analysis of chromatin DNase
I-hypersensitive sites were performed as described previously (8, 23).

RESULTS

Structural Features of the 5'- and 3'-Flanking Regions of
Emilinl Gene—The murine Emilinl gene is localized on chro-
mosome 5 band B1 between markers D5Mit389 and Slc30a3,
syntenic to human chromosome region 2p23.3 (14). The nearest
gene in the 5’ position is 2310016E02Rik, homologous to the
human hypothetical protein FLJ21839 (Fig. 3C). The two genes
are in a head-to-head orientation, with the two translation
start sites 6380 bp apart. At the 3’-end, about 650 bp separate
the polyadenylation signal of Emilinl from the first codon of
the Khk gene (Fig. 3C).

In order to analyze the elements that control the transcrip-
tional regulation of Emilin1, a 16,762-bp HindIII fragment (for
brevity identified in this study as the 16.8-kb fragment) encom-
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Fic. 1. Analysis of the 5'-flanking TAGGACCCAATGGTCC
region. A, determination of transcription
initiation sites of Emilinl. The figure
shows the proximal 1110 nucleotides.
Numbers above the sequence mark the
5'-end of RACE clones and indicate the
number of clones with the same end. As-
terisks below the sequence denote the po-
sition of the 5’-end of bands produced by
RNase protection; small and large aster-
isks denote faint and strong bands, re-
spectively. The sequences of putative
transcription factor binding sites are
boxed: boxes with continuous lines refer to
binding sites conserved in the three spe-
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boxes with dashed line delimit binding el- C T” ‘GT_,C
ements detected only in the mouse se-
quence. Numbered flags define the posi-
tion of the 5'-end (right flag) or 3'-end (left
flag) of deletion constructs defined in Fig.
2. Arrowhead marks the 5’-end of the ex-
onuclease deletion identified in this paper
as the 1.1-kb fragment. B, percent iden- %
tity plot of the 5'-flanking region of mu-
rine Emilinl gene with the corresponding
rat and human Emilinl genomic se-
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passing the entire gene was subcloned from a BAC construct
(12). In addition to the Emilinl gene, which spans 7479 bp and
includes eight exons, the fragment contains 8651 bp of 5'-
flanking sequence and 632 bp of the intergenic region between
Emilinl and Khk (Fig. 3C). The characterization of the regu-
latory sequences contained in the 16.8-kb fragment started
with the identification of transcription start sites and promoter
assays in cell cultures using appropriate deletions.
Determination of the Transcription Start Sites—To map the
transcription start site(s) of the Emilinl gene, 5'-RACE and
RNase protection assays were employed. 40 clones obtained
with 5'-RACE were sequenced. Although variable, the 5’-end of
the clones was frequently found within two regions as follows:
one is a broad region between —90 and —160 bp from the start
codon, and the other corresponds to the short sequence of
putative Initiator2 (Fig. 1). RNase protection analysis showed

LR 3 LR 2 IR 1

more than 60 different protection products falling between
position —515 and the first codon. Three major transcription
start sites were identified at —40, —101, and —123 bp; they
were embedded in a region between —38 and —152 bp contain-
ing more than half of the transcription start sites determined
by RACE (Fig. 1). A group of protected bands coincided with a
major clustering of RACE products at putative Initiator2 (Fig.
1). A single protected band was located at position —515, cor-
responding to putative Initiatorl. These results strongly sug-
gest that multiple transcription start sites are utilized for
mouse Emilinl transcription. They also indicate that tran-
scription begins preferentially at putative Initiator2 but also at
the other upstream putative Initiatorl.

Functional Analysis of the 5'-Flanking Region—To charac-
terize the functional role of Emilin1 regulatory regions, differ-
ent cell lines were transfected with CAT constructs, including
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Fic. 2. Functional promoter analysis of the 5'-flanking region
of Emilinl. A, representation of the sequence in different CAT con-
structs. The numbers indicate the limits of sequence present in the
construct as nucleotides upstream of the first codon (see Fig. 1). Stars
indicate the position of mutated Initiator sequences. The indication of
base —1 in the 5’ deletions has been omitted. B, CAT promoter assays
obtained with the constructs depicted in A.

various portions of the 5’-flanking sequence. Our initial anal-
ysis was focused on the proximal 630-bp fragment, from which
several CAT chimeric constructs were synthesized carrying 5’
and 3’ deletions (Fig. 2A). The constructs were used for tran-
sient promoter assays in NIH3T3 cells, and the results are
reported in Fig. 2B. Expression of the reporter gene was halved
when the sequence upstream of —537 was cut out (compare
constructs p630-CAT and p537-CAT). Further deletion of the
region from —537 to —503 determined a considerable decrease
of CAT activity (compare constructs p537-CAT and p503-CAT).
Additional removal of 5'-sequences from —503 to —480 lowered
gene reporter expression to background levels. This analysis
indicates the presence of a core promoter region between —480
and —630. This sequence includes putative Initiatorl and sev-
eral potential binding sites for transcription factor Sp1 (Fig. 1).
The importance of the Initiatorl sequence was confirmed by
the observation that mutation of the site significantly de-
creased CAT activity (Fig. 2, construct p630Inri-CAT). On the
contrary, the Initiator2 sequence did not contribute apprecia-
bly to core promoter function, as shown by the analysis of 5’
deletions (compare constructs p480-CAT and p438-CAT in Fig.
2) and the lack of reduction of promoter activity when the site
was mutagenized (Fig. 2, p630Inr2-CAT).

To dissect more accurately the functional promoter elements,
3’ deletions of the 630-bp fragment were also analyzed. Re-
moval of 169 bp from the 3’-end resulted in a 7-fold increase of
reporter gene expression (Fig. 2, compare construct p630-CAT
and construct p(630-170)-CAT). This high activity was not
changed upon removal of an additional 300 bp (Fig. 2, con-
structs p(630-350)-CAT, p(630-441)-CAT, and p(630-470)-
CAT). On the contrary, activity was strongly reduced (more
than 10-fold) with further deletion of 34 bp (Fig. 2, construct
p(630-504)-CAT, which contains Initiator2 and some Sp1-bind-

Transcriptional Regulation of Murine Emilinl

ing sites). Finally, removal of sequences from —504 to —537,
which include Initiatorl, lowered CAT activity to background
levels (data not shown). These results confirm the role of se-
quences comprising the two Initiators and Sp1-binding sites; in
addition, they imply the presence of important regulatory ele-
ments within 169 bp upstream of the first codon.

We then investigated CAT constructs containing larger por-
tions of 5’-flanking sequences (1.1, 3.0, 4.0, 6.0, and 8.7 kb). The
plasmid carrying the 1.1-kb fragment exhibited 2-fold CAT
expression compared with p630-CAT, indicating the presence
of activating elements between —0.63 and —1.1 kb. On the
other hand, no difference was detected between 1.1 kb and the
longer constructs (data not shown). Because of this limitation,
alternative methods were used to highlight regions potentially
relevant for transcription, including the determination of chro-
matin DNase I-hypersensitive sites, sequence analysis using
computer programs, and expression of promoter constructs in
transgenic mice. These data are presented below.

Analysis of Chromatin DNase I-hypersensitive Sites—DNase
I-hypersensitive sites in chromatin are structural landmarks
indicative of control regions involved in constitutive and tissue-
and/or stage-specific transcription (26, 27). For several ECM
genes, DNase I-hypersensitive sites have been found associated
with regions that control transcriptional regulation, particu-
larly in a tissue-specific manner (7, 8, 28, 29).

DNase I-hypersensitive sites were analyzed within the
16.8-kb fragment using cell lines of different origin, including
NIH3T3 fibroblasts, C2C12 myoblasts, MC615 chondrocytes,
BC3H1 smooth muscle cells, EL4 lymphocytes, and endothelial
cell lines cEnd and H.end. Northern blotting analysis revealed
that all cell lines expressed Emilinl mRNA with the exception
of H.end (Fig. 3A). In addition to the uncleaved 16.8-kb frag-
ment, the probe hybridized to six species (11.6, 7.7, 5.5, 3.9, 3.5,
and 2.5 kb) in DNA samples of NIH3T3 nuclei treated with
DNase I (Fig. 3B). These species corresponded to hypersensi-
tive sites at approximately +3000 (HSi), —950 (HS1), —3100
(HS2), —4750 (HS3), —5150 (HS4), and —6150 (HS5) from the
first codon (Fig. 3C). Sites HSi and HS5 were present in all the
cell lines analyzed with similar intensity, including the nonex-
pressing cell H.end, and are to be considered constitutive (i.e.
present in chromatin independently from Emilin1 gene expres-
sion) hypersensitive sites. Remarkable differences depending
on the cell type could be noted for the other four sites. HS1 was
present in all cell lines expressing Emilin] mRNA and ap-
peared very strong in NTH3T3 and MC615 cells, less evident in
C2C12 myoblasts, and very faint in BC3H1, cEnd, and EL4
cells. It was lacking in nonexpressing H.end cells. The band
corresponding to hypersensitive site HS2 was very weak in
NIH3T3, C2C12, and BC3H1, stronger in MC615, and absent
in the other lines. HS3 was faint in all cell lines. HS4 was
present only in NIH3T3, C2C12, and MC615 cells, being
strongest in the last one. The presence of hypersensitive sites
exclusively in EmilinI-expressing cells and the variable inten-
sity of each band depending on the cell type suggest that the
sites may correspond to regulatory regions involved in tissue-
specific transcriptional regulation of the Emilinl gene.

Sequence Comparisons—The 5'-flanking region was compared
with the corresponding rat and human sequences using the Mul-
tiPipMaker (bio.cse.psu.edw/) (30) (Fig. 1B) and Blast softwares
(data not shown). Three regions of low similarity (<50%) divided
the sequence into four regions of high similarity (Fig. 1B). More-
over, two of the high similarity regions could be further subdi-
vided into subregions by the presence of peaks of very high
similarity; as a consequence, the sequence comparison distin-
guished 14 sequences in the 5'-flanking region as summarized in
Fig. 1B and in Table I. One important result was apparent from
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this analysis: three out of four chromatin DNase I-hypersensitive
sites mapping in the 5'-flanking region (HS1, HS3, and HS4)
coincided with peaks of higher similarity (Fig. 1B and Table I).

We next analyzed the sequences of the three species for the
presence of conserved transcription factor binding sites using
MatInspector (www.genomatix.de/cgi-bin/matinspector_prot-
.mat_fam.pl) and TRANSFAC (www.biobase.de/cgi-bin/bio-
base/transfac/7.2/match/bin/match.cgi) search programs. Sev-
eral conserved sites could be detected with both programs
(Table I and Fig. 1A), and the data can be summarized as
follows. 1) No conserved putative sites could be detected in the
low similarity regions. On the contrary, each high similarity
region contained at least two sites. 2) The sequence —156 to
—679, representing the longest stretch of very high similarity,
contained several sites, including the two Initiator sequences.
As EmilinI lacks canonical TATA and CAAT boxes, it is possi-
ble that the two Initiators contribute to the localization of the
transcription initiation sites in different species. 3) The peaks
of very high similarity coincident with chromatin-hypersensi-
tive sites HS1, HS3, and HS4 enclosed at least one putative
binding element (Table I). In particular, an AP1 recognition
sequence (Fig. 1A) was found in the 144-bp-long peak where
HS1 was mapped; a cluster of five binding elements were
located in the 132-bp fragment that overlapped HS3; one SRF
binding sequence was found in the 240-bp peak where HS4 was

located. 4) Outside the very high similarity peaks, conserved
sites could be detected in some, but not all, subregions.
Analysis of Regulatory Regions Using Transgenic Mice—To
locate transcriptionally significant regions, we also exploited
expression of promoter-reporter gene constructs in vivo. The
series of constructs tested is depicted in Fig. 4. One group of
constructs included 5’-flanking sequences extending for differ-
ent lengths upstream of the first codon (constructs 0.6-lacZ,
1.1-lacZ, 3.0-lacZ, and 8.7-lacZ). Deletion of the proximal 169
bp from 8.7-lacZ produced construct 8.7A-lacZ that was derived
in order to investigate the role of the small sequence that
showed a dramatic influence on promoter-CAT construct activ-
ities in vitro (see Fig. 2). Finally, a group of constructs included
sequences downstream of the first codon. The third intron was
included in one construct (8.7-lacZ-intron) because of a rela-
tively higher density of putative transcription factor binding
sites detected in the mouse in this intron compared with the
other introns (data not shown). Two additional constructs (0.6-
lacZ-gene and 8.7-lacZ-gene) contained the entire region of the
Emilinl gene (excepting for the first 77 coding bases included
in the first exon) and most of the intergenic sequence between
Emilinl and Khk genes. Expression of promoter-lacZ con-
structs was studied mainly on founder embryos at E14.5.
Mouse lines were derived with some of the constructs for anal-
ysis of transgene expression at different developmental stages,
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Organization of the 5'-flanking sequence of Emilinl revealed by sequence comparison among species
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TaBLE 1

Regions” Sub-regions Transcription factor | Localization of | Similarity®
(length in bp)® binding site (pusiliun)"' chromatin  DNasel
hypersensitive sites’
HR1: [ -11-155(155) | Noconserved sites None_ 55
from -1 to - | -156 to -679 (524) Elkl (-243) None 83
1055 AP4 (-359)
Initiator (-453)
MAZ (-481)
MAZ (-485)
MAZ (-489)
Initiator (-517)
-680 to -911 (232) CP2 (-761) None 55
=912 10 -1055 (144) | AP1(-978) Contains HS1 64
LR 1 -1056 to - 1339 | No conserved sites None <50
(284)
HR 2 -1340 to -1847 (508) | GATAS (-1699) None 60
LR 2 -1848 to -2703 (856) | No conserved sites None <50
HR 3: from | -2704 to -3619 (916) | STAT (-2792) Contains HS2 50
-2704 to - Ets-1(-2794)
3619
LR 3 -3620 to -3893 (274) | No conserved sites None =50
HR 4: from | -3894 10 -4684 (791) | ER (-4370) None 56
-3894 to - CP2 (-4414)
6379 -4685 to -4816 (132) | Nkx3.2 (-4758) Contains HS3 78
Myogenin/NF1 (-4779)
FoxJ (-4808)
~4817 to -5115 | C/EBP (-4945) None 61
(299) STAT (-4960)
-5116 to -5355 | SRF (-5340) Contains HS4 84
(240}
-5356 to -637 No conserved sites None 64
(1024)

“ Interspecies (mouse, rat, and human) sequence comparison was performed with the MultiPipMaker program (Fig. 1B). The analysis has
identified three low similarity regions (LR) and four high similarity regions (HR) and several subregions within some HR regions (see Fig. 1B).

® The list of putative transcription factor-binding sites is limited to those identified with both programs used (MatInspector and TRANSFAC).
The position of the site is indicated by the 5'-nucleotide of the consensus sequence.

¢ Chromatin DNase I-hypersensitive sites are indicated as defined in Fig. 1.

< Average of percentage of similarity of mouse versus human sequences within the indicated region is shown.

W Seiis2 HS1  Hsi
i "
Hindill 4% + ¥ h Hindll

i s '
- —H—— O

—|E“—“ 8.7-lacZ-gene
- lacz —————— 0.6-lacZ-gene
8.7MMacz

— 1 lacZ = 8.7-lacZ-intron

— { lacz_| 8.7-lacZ

— lacZ 3.0-lacz

—{ lacz_| 1.1-lacz

lacZ 0.6-lacZ

FiG. 4. Constructs tested for promoter activity in transgenic
mice. The reporter gene lacZ, coding for the p-galactosidase gene of
E. coli, is fused to the indicated sequences derived from the 16.8-kb
fragment. The intron sequence of construct 8.7-lacZ-intron corresponds
to intron 3.

considering that expression of Emilin1 mRNA begins soon af-
ter implantation (13).

The results obtained with different constructs at E14.5 are
summarized in Table II, which reports the frequency of expres-
sion in a specific tissue over the total number of expressing
mouse lines for each construct. The tissues considered in Table
IT are those that exhibited positive staining by in situ hybrid-
ization (13) and immunohistochemistry.? The following fea-
tures of transgene expression are deduced from Table II.

1) The frequency of expression of the largest construct (8.7-

2 A. D'Urso, P. Braghetta, and G. M. Bressan, unpublished data.

lacZ-gene) was 100% in every tissue. Moreover, expression at
positive sites was strong, as most cells were labeled (see some
examples in Fig. 5), and staining became evident very quickly
during incubation in the X-gal solution (usually 10—20 min).
This suggests that the 16.8-kb fragment analyzed contains all
or at least the major regulatory sequences responsible for tis-
sue-specific transcription of Emilinl.

2) The absence of ectopic expression with the 8.7-lacZ and
8.7-lacZ-intron indicates that the 5’-flanking region contains
sequences limiting transcription in tissues where Emilinl is
not produced, like embryonic epithelia and central nervous
system (13). One of these sequences is likely located within the
proximal 169 bp, as deletion of this stretch from the 8.7-kb
fragment (construct 8.7A-lacZ) gives rise to ectopic expression
of the transgene at high frequency. However, this is not the
only sequence involved, because the shorter constructs (0.6-
lacZ, 1.1-lacZ, and 3.0-lacZ) also exhibit frequent ectopic ex-
pression. Therefore, it can be hypothesized that sequences lim-
iting ectopic expression are located in the proximal 169 bp and
between —3.0 and —8.7 kb. Paradoxically, ectopic expression
was present in 50% of lines generated with the largest con-
struct, 8.7-lacZ-gene (see “Discussion”).

3) Only in tendons and ligaments was a single region (the
proximal 630 bp) sufficient to produce maximal expression
frequency, although the staining was weak. The same region
was frequently active in connective tissue associated with mus-
cle (Fig. 5D). Additional sequences, however, were necessary to
increase staining intensity in these tissues.

4) Expression of the lacZ transgene in all other tissues re-
quires more than one region. Applying the same reasoning used
above for ectopic expression, the regions necessary to achieve
maximal frequency of expression in different tissues can be
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TaBLE II
Frequency of expression of Emilinl promoter-lacZ constructs in different tissues
Constructs are defined in Fig. 4. Mouse embryos were analyzed at E14.5. After whole mount X-gal staining, the embryos were observed in toto
and then processed for histological analysis. Staining was examined in tissues where Emilinl mRNA was observed to be expressed at the same

age (13).
06lacZ  1ldacZ  30dacZ  8Tdacz  Sleck T 06lecz 8Tlack

Skin and annexes

Subepidermal mesenchyme 2/6 3/7 3/7 8/8 13/13 5/6 1/6 4/4

Vibrissae mesenchyme 1/6 5/7 4/7 8/8 12/13 6/6 1/6 4/4
Cornea and sclera mesenchyme 1/6 3/7 3/7 8/8 13/13 6/6 1/6 4/4
Skeletal system

Perichondrium 0/6 5/7 4/7 8/8 11/13 6/6 0/6 4/4

Cartilage 2/6 6/7 4/7 8/8 12/13 6/6 2/6 4/4

Tendons/ligaments 6/6 6/7 6/7 8/8 13/13 6/6 5/6 4/4

Intervertebral disks 0/6 4/7 4/7 8/8 11/13 6/6 0/6 4/4

Limb bud mesenchyme 1/6 6/7 6/7 8/8 13/13 6/6 0/6 4/4
Muscle (fasciae and interstitial tissue) 3/6 6/7 4/7 6/8 8/13 5/6 4/6 4/4
Circulatory system:

Endocardium 0/6 0/7 1/7 3/8 8/13 0/6 0/6 4/4

Myocardium 0/6 0/7 0/7 2/8 3/13 0/6 1/6 4/4

Pericardium (visceral) 0/6 0/7 1/7 3/8 5/13 0/6 1/6 4/4

Endocardial cushions/valves 0/6 0/7 2/7 3/8 1/13 2/6 1/6 4/4

EC“ of embryonic blood vessels 2/6 4/7 3/7 8/8 13/13 5/6 1/6 4/4

Media of medium/large vessels 0/6 1/7 2/7 7/8 11/13 5/6 1/6 4/4
Digestive system

Mesenchyme and SMC of mucosae® 0/6 5/7 2/7 8/8 13/13 6/6 1/6 4/4

Large cells in liver® 0/6 0/7 0/7 0/8 2/13 0/6 1/6 4/4
Lung mesenchyme 0/6 1/7 0/7 3/8 8/13 0/6 2/6 4/4
Kidney mesenchyme 0/6 0/7 0/7 2/8 4/13 0/6 1/6 4/4
Submaxillary gland and pancreas 0/6 0/7 0/7 0/8 0/13 0/6 2/6 4/4

mesenchyme
Mesenchyme at other locations

Perineural mesenchyme 0/6 3/6 3/7 8/8 13/13 5/6 1/6 4/4

Mesenchymal condensations? 2/6 6/7 6/7 8/8 13/13 6/6 4/6 4/4

Organ capsules 1/6 3/7 3/7 8/8 9/13 6/6 0/6 4/4
Extra-embryonic tissues

Fetal blood vessels of placenta 0/6 0/7 0/7 8/8 12/13 0/6 1/6 4/4

Umbilical cord mesenchyme 0/6 3/7 2/7 8/8 13/13 6/6 1/6 4/4

Spongiotrophoblast 0/6 0/7 0/7 0/8 0/13 0/6 2/6 4/4
Ectopic expression® 6/6 5/7 5/7 0/8 0/13 5/6 5/6 2/4

“The abbreviations used are as follows: EC, endothelial cells; CNS, central nervous system; SMC, smooth muscle cells.

® More frequently the intestine.
¢ These cells likely represent fetal megakaryocytes (38).

@ Positive locations include mesenchyme of branchial arches, frontal region, pinnae of ear, and nasal folds.
¢ Emilinl mRNA is not expressed in all embryonic epithelia and in cells of the nervous tissue (13,38).

identified. This allows tentative assignment of various tissues
to groups differing from the regions involved in tissue-specific
regulation, as shown in Table III.

5) The region included between —1.1 and —3.0 kb does con-
tribute significantly to tissue-specific transcription only in en-
docardial cushions, where expression frequency raises from 0%
for 1.1-lacZ to 28% for 3.0-lacZ. In all other tissues, the expres-
sion frequency was essentially the same for 1.1-lacZ and 3.0-
lacZ constructs, indicating a marginal effect for the region —1.1
to —3.0 kb.

6) For some tissues, expression is critically dependent on the
presence of the proximal 169 bp of the 5’-flanking region. Notable
examples are the heart (Fig. 5, A-C), kidney, and lung mesen-
chyme (data not shown). Deletion of the 169 bp from the 8.7-kb
promoter region abolished completely transgene activity (com-
pare expression frequency of 8.7-lacZ with that of 8.7A-lacZ in
Table II). Of interest, the sharp margins of staining obtained
with the nuclear lacZ marker gene revealed a previously unrec-
ognized feature of Emilinl expression in the heart, whereas
endocardial cells of both left and right ventricle are equally active
in transcription, only the myocardium of the right ventricle ex-
presses the gene at high levels (Fig. 5, B and C).

7) One striking feature has been observed for some cell types

that require different regulatory regions for maximal expres-
sion, depending on the particular anatomical district. One ex-
ample is interstitial mesenchyme associated with organs such
as skin, glands, and lung. In the skin, the presence of the entire
5'-flanking region was sufficient for high frequency and high
level expression (Table II and data not shown). On the con-
trary, expression in lung required the simultaneous involve-
ment of the 5'-flanking and the gene region, as apparent in Fig.
5; individually, the two regions activate only scattered cells
(Fig. 5, E and F) in a limited number of transgenic lines; in the
presence of both regions, all mesenchymal cells of lung are
intensely stained (Fig. 5G) in each mouse line. A second exam-
ple is provided by endothelial cells, which fall into two groups
(Table II). Endothelial cells of blood vessels within the embryo
apparently require regions enclosed between —0.17 and —1.1
and between —3.0 and —8.7 kb, with the region —0.17 and —1.1
making a significant contribution (Fig. 5H and Table II). On
the other hand, endothelial cells of fetal blood vessels of laby-
rinthine placenta depend on the simultaneous contribution of
the proximal 170-bp sequence and the —3.0 to —8.7 region; the
0.17 to —1.1 region apparently was ineffective (Fig. 5, J-L and
Table ID).

8) In three tissues, expression was strongly dependent on
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Fic. 5. Expression of lacZ fusion constructs in E14.5 mouse
embryos. Embryos were incubated with X-gal to reveal lacZ expression
(blue color), sectioned, and stained with hematoxylin and eosin. The
promoter construct used to generate the transgenic mice is indicated in
each panel. A, section of heart showing staining of pulmonary and aortic
valves, ventricular endocardium, and pericardium. Bar = 250 um. B
and C, expression of 8.7-lacZ-gene construct in left (B) and right (C)
ventricle. Staining is found in endocardium of both ventricles, whereas
only myocardium of right ventricle is positive. Bars = 50 um. D, ex-
pression in cells of tendons, ligaments, and fasciae of the shortest
construct 0.6-lacZ. Bar = 1 mm. E-G, X-gal staining of lung from
transgenic mice carrying the indicated transgene; high expression in
mesenchymal cells is achieved only with the construct that includes the
complete 5'-flanking and the gene region. Bars = 50 um. H, intense
staining of endothelial cells of blood vessels of spinal cord (sc) and
perineural mesenchyme (pnm). drg, dorsal root ganglion. Bar = 100
wpm. I, group of cells with X-gal-positive large nuclei in liver. Bar = 50
um. J-L, whole mount preparations of placenta comparing expression
of different transgenes. The organ has been cut in two parts, and the
section surface is shown in each panel. The 5’-flanking region upstream
of 3.0 kb is necessary for transgene expression in blood vessels of
labyrinthine region of placenta (Ip). Staining in spongiotrophoblast cell
clusters (arrows) is seen only when both the —3.0 to —8.7 and the gene
region are present (L). de, decidua. M, histological section of placenta of
L showing high level expression in spongiotrophoblast (s¢) and endo-
thelial cells of blood vessels in the labyrinthine region of placenta (Ip).
Bar = 100 pm.

regulatory regions contained within the Emilinl gene; no
transgene activity was found in the absence of sequences of the
gene region, even when the entire 5'-flanking sequence was
present. These tissues include large cells in liver, likely fetal
megakaryocytes (Fig. 5I), mesenchyme associated with some
glands (data not shown), and spongiotrophoblast (Fig. 5, L and
M). The regulatory regions enclosed in the gene sequence are
likely not the same for the three tissues. Indeed, some activat-
ing elements for megakaryocytes are contained in the third
intron, as suggested by X-gal staining of the cells in some
mouse lines derived with construct 8.7-lacZ-intron. On the
contrary, spongiotrophoblast and gland mesenchyme express
the transgene only when the entire Emilinl gene sequence is

Transcriptional Regulation of Murine Emilinl

present (construct 8.7-lacZ-gene).

Role of Regulatory Regions during Development—Emilinl
expression during mouse development exhibits a complex
stage-specific and tissue-specific regulation (13). Therefore, ex-
periments were carried out to define the role of different reg-
ulatory regions in the transcriptional activation of Emilinl at
different stages of development, with the following results.

1) Emilin1 mRNA expression begins soon after implantation
at E£6.5-7.5 in the ectoplacental cone and extra-embryonic vis-
ceral endoderm. These tissues exhibited high frequency X-gal
staining with the 8.7-lacZ-gene construct (3 out of 3 lines) (Fig.
6A), no staining in all five 8.7-lacZ (Fig. 6B) and two 0.6-lacZ-
gene mouse lines, and low frequency (1/7) labeling in 8.7-lacZ-
intron mouse lines (data not shown). During further develop-
ment, the two tissues give rise to spongiotrophoblast and yolk
sac epithelium, respectively. The simultaneous contribution of
the two regions (5'-flanking and gene) to high level expression
in these tissues was also evident at E8.5; the yolk sac epithe-
lium was positive in all 8.7-lacZ-genes (Fig. 6C) but not in
8.7-lacZ (Fig. 6D) or 0.6-lacZ-gene transgenics and at low fre-
quency (1/7) in the 0.6-lacZ-gene (data not shown). A similar
condition was detected at E12.5 (data not shown). These results
suggest that the simultaneous presence of the 5'-flanking re-
gion and the gene region is necessary for high frequency early
transcription in ectoplacental cone and extra-embryonic vis-
ceral endoderm and derived tissues. At E7.5, transgene expres-
sion was found also in cells of embryonic and extra-embryonic
mesoderms (Fig. 6A). However, activation in these tissues,
which was particularly strong in allantoid, depended solely on
the presence of the entire 5'-flanking sequence (Fig. 6B).

2) Soon after beginning of gastrulation, Emilin] mRNA is
intensely produced in the cardiovascular system, where ex-
pression persists at high levels during further development.
At that stage, 8.7-lacZ and 8.7-lacZ-gene transgenes were
strongly activated in endothelial cells of blood islands (Fig. 6,
D and C) and of blood vessels, and in all cells of the endocar-
dium (Fig. 6E) at high frequency (5/5 and 3/3 lines respec-
tively). Myocardial cells were stained with local differences;
the most intense reaction was detected in the bulbous arte-
riosus, whereas cells of the common ventricle and atrium
were weakly or not labeled (Fig. 6E). Moreover, staining of
the truncus arteriosus wall was very strong (Fig. 6E). No
significant differences could be noted on the expression pat-
tern of the 8.7-lacZ and 8.7-lacZ-gene constructs at E8.5 in
heart tissues. At later stages (E11.5, E12.5, and E14.5), how-
ever, the frequency of expression of the latter construct re-
mained maximal, although it decreased significantly for the
former, becoming 50-60% in endo-myocardium and cardiac
cushions at E11.5 and E12.5 and about 37% at E14.5 (see
Table II). The behavior of the shorter constructs was also
examined (0.6-lacZ, 1.1-lacZ, and 3.0-lacZ). The transgene
0.6-lacZ-gene was not expressed in early cardiovascular sys-
tems (data not shown). At later stages expression was never
detected in the heart and appeared at low frequency at £14.5
in blood vessels. The results were different for expression of
transgenes 1.1-lacZ and 3.0-lacZ in the heart. At variance
with what was observed at E14.5, when frequency of expres-
sion in the endocardium was 0% (see Table II), expression
was seen in scattered cells of the endocardium and cardiac
cushions at E12.5 (2/2 and 3/3 lines for the two constructs
respectively), although no transgene activity was detected in
the myocardium of these mouse lines. Similarly, whereas the
sequence —1 to —169 bp from the first codon was indispen-
sable for expression in heart tissues at E14.5 (Table II, com-
pare construct 8.7-lacZ and 8.7A-lacZ), removal of this region
decreased intensity (less cells and fainter staining) but did
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TasLE III
Contributions of regulatory regions to tissue-specific transcription of the Emilinl gene®
from from from from from | 3rd intron
ATG | -169to0 | -0.6t0 | -1.1to | -3.0to and/or
to -0.6kb | -1.1kb | -3.0 |-8.7kb other

-169 sequences

i S bp in gene

Tendons/ligaments s

Perichondrium, intervertebral disks,

perineural M", SMC of media of blood

: . L ES £

vessels, digestive system M, umbilical

cord M

Cartilage, limb bud M, subepidermal

M, mesenchymal condensations, ® #* £

capsules, cornea, embryonic EC

Fetal blood vessels of labirinthine

placenta, suppression of ectopic # £

expression

Muscle M o) % +

Endocardium, myocardium,

pericardium, lung M, kidney M i * %

Endocardial cushions s s

Large cells in liver, glands M, % T

spongiotrophoblast®

“ The scheme has been deduced from data of Table II considering the frequency of expression of different constructs in the indicated tissues and
the minimal set of regulatory regions necessary to reach the maximal (~100%) frequency. An asterisk marks the suggested contribution of the

regulatory region to transcription in the indicated tissues.

® The abbreviations used are as follows: EC, endothelial cells; SMC, smooth muscle cells; M, mesenchyme.

¢ The role of 5'-flanking sequences in these tissues is inferred from our data but is not directly proven. When examined singularly, these
sequences have always given 0% expression frequency (see Table II). On the other hand, the gene region linked to the proximal 5'-flanking
sequence (construct 0.6-lacZ-gene) has produced only limited expression (frequency = 33%). As expression frequency from the construct including
both the entire 5’'-flanking and the gene region is maximal, it must be assumed that the 5'-flanking region increases the transcriptional activity

of the gene region.

not abolish expression of the transgene in endocardium and
cardiac cushions at E12.5 (2/3 embryos scored positive); how-
ever, no staining was present in the myocardium (data not
shown). These results suggest that timely transcriptional
activation of Emilinl in the heart during development does
not require the proximal 169 bp of the 5'-flanking sequence
and the gene region. Nevertheless, both regions are neces-
sary for sustained transcription at later stages.

3) A second tissue of early Emilinl expression is mesen-
chyme at almost any localization. Also for this type of cells,
initial gene transcription was strongly dependent on the pres-
ence of the full set of 5'-flanking sequences (Fig. 6E), although
it became more and more differentially regulated by various
sets of regions during organogenesis (see Table II).

DISCUSSION

Transcription of genes such as Emilinl, whose expression is
restricted to a given set of tissues and modulated during de-
velopment, depends on several types of cis-regulatory ele-
ments. These include the following: the core promoter, which
recruits the transcription machinery and directs accurate ini-
tiation of transcription; enhancer or silencer sequences, which
activate or inhibit transcription in different tissues; locus con-
trol regions, originally functionally defined as dominant acti-
vating sequences that confer position-independent and copy
number-dependent expression on a linked transgene in trans-
genic mice (31); and insulators/boundary regions, proposed to
be required at the borders of a regulatory domain of a gene to
counteract inappropriate effects of nearby heterochromatin
and/or distal enhancers (32, 33).

Our report describes the first characterization of the regula-
tory setup of mouse Emilinl. The DNA fragment investigated
comprised the gene and the 5'- and 3’-flanking sequences sep-
arating it from adjacent 2310016E02Rik and Khk genes. The
major transcription start sites were located in association with

two Initiator consensus sequences identified as Initiatorl
(=517 to —511) and Initiator2 (—453 to —447). Besides Initia-
torl, promoter assays in cell cultures have assigned important
functional roles to sequences just upstream of it and between
Initiatorl and Initiator2. These sequences contain putative
binding sites for transcription factor Sp1 (nucleotides —551 to
—540 and —489 to —479). Spl-binding sites are often located
close to the transcription initiation site in TATA-less promoters
and contribute to transcriptional initiation (34). On the basis of
these results, a reasonable suggestion is that the core promoter
of the EmilinI gene is located between nucleotides 551 and 447
upstream of the first codon.

In addition to providing information on the core promoter
region, assays in cultured cells using CAT deletion constructs
have identified the proximal 169 bp as an important regulatory
fragment. In vitro the activity of the fragment is repressive; in
vivo its function is more complex, as it stimulates transgene
expression in some tissues (mainly the heart) and, at the same
time, it lowers the frequency of ectopic expression. It is likely
that the fragment contains both stimulatory and inhibitory
elements and that its overall function depends on the cellular
context. This conclusion is also suggested by the presence of
matches for transcription factors Ets-1 and Runx1, the latter of
which is often involved in transcriptional repression (35).
These sites are not conserved in rat and human, and the entire
167-bp sequence also exhibits species variations. Hence, the
fragment may have a relevant function only in the mouse.

Promoter assays in vitro have also located an activating
region between about —0.6 and —1.1 kb from the first codon.
This region contains a conserved putative binding site for tran-
scription factor AP1. The actual function of this element has
not been investigated. However, the close matching of its se-
quence with the position of DNase I-hypersensitive site HS1
suggests that the AP1 recognition motif may be functional in
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Fic. 6. Expression of lacZ fusion constructs in mouse embryos
at early post-implantation developmental stages. The transgenic
line analyzed is indicated in each panel. The embryonic age of some
preparations is also reported. A, whole mount staining of E7.5 embryo
of one 8.7-lacZ-gene line. X-gal-positive tissues include the ectoplacen-
tal cone (epc) and groups of cells at the embryonic-extra-embryonic
border (square bracket). Histological analysis of this embryo revealed
that the latter positive region includes cells of embryonic and extra-
embryonic mesoderm and extra-embryonic visceral endoderm (data not
shown). B, section of E8.5 embryo of one 8.7-lacZ line. Ectoplacental
cone (epc) is not stained. The allantois (al) is strongly labeled, whereas
the chorionic plate (cp) is not. At this age the two tissues contact and
adhere to each other starting the formation of the chorio-allantoic
placenta. a, atrium; de, decidua; Am, head mesenchyme; ys, yolk sac.
Bar = 250 pm. C and D, section of yolk sac from E8.5 embryos. The yolk
sac epithelium (e) is stained in 8.7-lacZ-gene (C) but not in the 8.7-lacZ
(D) line, whereas endothelial cells of blood islands (arrows) are positive
in both lines. Bars = 50 um. E, sagittal section of E9.0 embryo. Strong
lacZ staining is found in endothelial cells of blood vessels (da, dorsal
aorta; acv, anterior cardinal vein; arrowheads, intersegmental arteries)
and endocardium (red arrow). The myocardial layer of heart is also
positive (black arrow). Intense expression is found in mesenchyme (hm,
head mesenchyme). No expression is detectable in epithelial cells, like
those of gut (fg, foregut; hg, hindgut) and in the central nervous system
(fb, forebrain; mb, midbrain; sc, spinal cord). a, atrium; bc, bulbous
cordis; ta, truncus arteriosus. Bar = 250 um.

the regulation of Emilinl. The —0.6 to —1.1 region is also
important for expression in mesenchymal and endothelial cells
at several locations in vivo (Table II).

Unfortunately, in vitro promoter assays were not informa-
tive for the sequence upstream of —1.1 kb. Nevertheless, a
combination of different methods, namely mapping of chroma-
tin DNase I-hypersensitive sites, sequence comparisons, and
expression of lacZ promoter constructs in transgenic mice, has
succeeded in outlining the functional and structural features of
this region. Overall, the three methods have given concurrent
results that are also in agreement with the data obtained for
the proximal 1.1-kb fragment using promoter assays. Se-
quences hypersensitive to DNase I are believed to reflect a local
rearrangement of nucleosomes and possibly a local distortion in
DNA topology due to binding of a large number of transcription
factors (36). This suggestion was matched for hypersensitive
sites of the Emilinl 5'-flanking region, which mostly map in
small fragments with very high sequence conservation and are
enriched for transcription factor DNA-binding motifs.

Sequence comparisons between species (mouse, rat, and hu-
man) have revealed four regions with higher similarity in the
5’-flanking sequence (Fig. 1B and Table I). These regions could

Transcriptional Regulation of Murine Emilinl

be further subdivided into subregions because of the presence
of short peaks of very high similarity (Table I). The region
proximal to the first codon is 1055 nucleotides long and corre-
sponds largely to the sequence that we have characterized
more thoroughly using promoter assays in vitro (see above).
The transcription start sites and two conserved Initiator ele-
ments, as well as putative binding sites for other transcription
factors, are located within —156 to —679, a subregion of high
interspecies similarity. The segment further upstream, which
stimulates CAT activity by 2-fold in promoter assays, harbors
the conserved AP1 recognition site mapping very close to
DNase I-hypersensitive site HS1. The function of the second
and third high similarity regions (nucleotides —1340 to —1847
and —2704 to —3619, respectively) were not well established in
our analysis because of the fact that constructs were not de-
rived in which the two regions were separated. In fact, the
information from these regions comes from the comparison of
the expression pattern of 3.0-lacZ (that contains the entire
region two and part of regions three) with 1.1-lacZ and 8.7-lacZ
(that lack and include both regions respectively. Nevertheless,
the observation that construct 3.0-lacZ was expressed at
slightly increased frequency in endocardial cushions compared
with 1.1-lacZ suggests that either region may contribute to
transcription levels in this tissue. The fourth region (from
—3894 to —6379) is of key importance for expression in several
tissues, particularly the circulatory system, and for achieve-
ment of high transcription levels in transgenic mice. Two hy-
persensitive sites (HS3 and HS4) are enclosed in this region.
Most strikingly, both map within short sequences (132 and 241
bp, respectively), exhibiting very high similarity between spe-
cies (about 80%) and containing conserved consensus se-
quences for a few transcription factors binding sites. The func-
tion of each individual hypersensitive site has not been
investigated here. As a consequence, it is not known whether
they contribute to regulation in specific tissues or act just to
boost transcription levels.

The examination in transgenic mice has also shown that
relevant activating regions lie within the gene sequence. How-
ever, no DNase I-hypersensitive sites related with expression
of the gene have been identified within the gene sequence. The
explanation may be due to either the complete absence of such
sites within the gene or to the fact that hypersensitive sites are
detectable only in tissues that are strongly dependent on the
gene region for expression, and these tissues have not been
examined here.

It is clear from our data that none of the different regulatory
regions have the peculiar property necessary and sufficient for
transcription at high frequency and intensity in a given tissue.
The exception of the proximal 0.6-kb 5’-flanking region, which
drives production of the transgene in tendons and ligaments
with maximal frequency (see Table II), is only apparent, as
staining in 0.6-lacZ lines was usually limited to a portion of
potentially expressing cells and was of variable intensity. In-
stead, more than one region was required for high level expres-
sion in different tissues, and the same region could cooperate
with other region(s) to activate transcription in a set of distinct
tissues.

If regulatory regions act in such a combinatorial way, how is
tissue specificity achieved? The best explanation comes from a
model derived from studies on the hemoglobin genes (27). This
hypothesis proposes that the key feature to establish an inde-
pendent expression profile is the ability of the core promoter for
a specific gene to communicate with strongly activating cis-
regulatory elements in a particular tissue. In the model, inter-
vening chromatin stretches are supposed to loop out even when
they contain important regulatory sites for other nearby genes,
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the reason being that these regions cannot positively interact
with the promoter of the specific gene. The spatial unit of
activating regulatory DNA regions for a specific gene is re-
ferred to as an active chromatin hub (ACH). Productive ACH
formation underlies the correct gene expression, requiring the
presence of protein factors with the appropriate affinities for
each other bound to their cognate DNA sequences. The data
reported here can be explained by suggesting that different
regulatory sequences participate in the formation of an ACH,
depending on the set of protein factors produced in each tissue
where Emilinl is expressed.

An interesting aspect of our study is that the DNA segment
analyzed contains information for transcription in every tissue
where Emilinl products have been detected. This may suggest
that the fragment harbors the complete set of regulatory re-
gions necessary for appropriate Emilinl transcription. To es-
tablish whether this is the case, additional studies must be
carried out for investigating the quantitative aspects of tran-
scription stimulated by the 16.8-kb fragment as part of a suit-
able transgene. Such transgenes should exhibit position-inde-
pendent and copy number-dependent expression, as expected
for a locus control region. In the ACH model the locus control
region is viewed as a part of ACH itself, contributing combina-
tions of cis-regulatory elements that can establish position-
independent gene expression. These studies are underway in
our laboratory.

One feature of the ACH model is that stable formation of
ACH is the critical event buffering against position effects in
transgenic experiments and that stable enhancer-promoter in-
teractions, rather than the presence of insulating borders, de-
termine appropriate gene expression. This proposition explains
an unexpected finding in our study concerning ectopic expres-
sion. Constructs comprising short stretches (less than 3 kb) of
the 5'-flanking region were incorrectly transcribed at high fre-
quency (more than 70% of transgenic mouse lines). This can be
attributed to interaction of activating sequences unable to form
an ACH with nearby promoters. The frequency dropped to zero
with longer constructs, including 8.7 kb of 5'-flanking se-
quence, likely due to the fact that regulatory regions of the
transgene were involved in an ACH and were therefore not
available for interactions with promoters at the insertion site.
Deleting the 5’ proximal 169 bp causes destabilization of the
ACH and reappearance of ectopic expression. Most unexpect-
edly, the addition of the gene region (construct 8.7-lacZ-gene)
reactivated ectopic expression in some lines (50% frequency).
This paradox can be accounted for by observing that the ex-
tremities of the investigated 16.8-kb fragment contain possible
regulatory regions for the two genes contiguous to Emilinl,
2310015E02Rik, at the 5'-end and Khk (a housekeeping gene)
at the 3’-end. In the above model, these sequences are assumed
not to interact with the ACH, as they belong to a different
functional transcription unit and can consequently synergize
with local promoters. Consistent with this suggestion, unpub-
lished work® has shown that the short intergenic region be-
tween Emilinl and Khk contains an activating sequence for
Khk that is located within the 16.8-kb fragment studied here.

During development, the set of regulatory regions that in-
duces maximal levels of Emilinl expression in some tissues
may change. This conclusion is suggested by the analysis of
transgenic embryos at different stages. One example is heart,
where transgene production at early organ formation is driven
mainly by the 5'-flanking region, whereas it becomes depend-
ent on the gene region at mid-advanced organogenesis. A sec-

3 P. de Gemmis, C. Fabbro, D. Volpin, P. Bonaldo, and G. M. Bressan,
manuscript in preparation.
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ond example is mesenchyme, where initial activation relies
mainly on the 5’-flanking region, whereas different arrays of
regulatory regions direct expression in the various organs at
later stages. These observations are also consistent with the
ACH model, where the key event is a productive assembly of
regulatory regions rather than the presence of a cis-acting
module responsible for tissue specificity.

The analysis of transgenic mice has also revealed details of
Emilinl expression that were not fully appreciated by using in
situ hybridization (13). A significant one concerned myocar-
dium, where expression was particularly high in the bulbous
cordis and in the right ventricle, which largely derives from it
(37). The functional meaning of this finding remains unknown,
considering that the heart is normal in Emilin1-deficient mice
(12). Nevertheless, it is tempting to speculate that Emilin1 may
be involved in the acquisition of local differences of the right
ventricle.

In addition to suggesting that transcription of Emilinl in
different tissues is achieved through combinatorial cooperation
between various regions, rather than being dependent on a
single cis-activating region specific for each (or a small group
of) tissue(s), the results reported here are relevant as they
define a strong and compact regulatory region that can be
exploited for expression of genes in tissues overlapping with
Emilinl expression domains. Examples of such tissues are the
ectoplacental cone, extra-embryonic visceral endoderm,
megakaryocytes, and endothelial and mesenchymal cells dur-
ing development. Further characterization of the various reg-
ulatory regions identified in this study will allow the design of
more detailed sets of regulatory sequences for better tissue-
and stage-specific gene expression.
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