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ABSTRACT: Recently, we reported that a 315 bp enhancer, located over 55 kilobases (kb) upstream of the
transcriptional start site of the human apolipoprotein B (apoB) gene, was sufficient to direct high-level
expression of human apoB transgenes in mice. In this report, we expand our analysis of the distant apoB
intestinal control region (ICR), by examining the function of segments in the vicinity of the 315 bp intestinal
enhancer (315 IE). DNasel hypersensitivity (DH) studies of a 4.8 kb segment from the ICR revealed
three new DH sites, in addition to the previously described DH1 region present within the 315 IE. DH2
mapped to a 485 bp segment (485 IE) immediately upstream of the 315 IE that exhibited strong intestinal
enhancer activity in transient transfection experiments with intestine-derived CaCo-2 cells. Within the
DH2 region, an HNF-4/ARP-1 binding site was demonstrated by gel retardation experiments. A 1.8 kb
segment incorporating the 485 IE was capable of driving expression of human apoB transgenes in the
intestines of mice. Additionally, a third component of the apoB ICR was found about 1.2 kb downstream
of the 315 IE, within a 1031 bp segment (1031 IE) that also harbored two DH sites, DH3 and DH4. This
segment did not display enhancer activity but was capable of driving transgene expression in the intestine.
The three components of the ICR displayed a similar pattern of apoB mRNA expression along the horizontal
axis of the intestine. The previously characterized in vivo liver-specific elements of the apoB gene, namely,
the second intron enhancer and theipstream liver enhancer, did not play a role in intestinal expression

of apoB transgenes in mice.

Recently, we demonstrated that co-microinjection of a 315 human apoB transgenes in the liver required the promoter
bp intestinal enhancer (315 FEith p158, a PAC clone  (nucleotides—898 to 121) and a 443 bp enhancer (nucle-
encompassing the human apolipoprotein B (apoB) structural otides 621-1064) from the second intron of the gene as well
gene and containing an additional 19 kb ¢f Upstream as the segment from nucleotid€399 to—5262 of the gene.
sequence and 33 kb of 8ownstream sequence, generated DNA sequences located ®f nucleotide —5262 are not
transgenic mice expressing human apoB mRNA at high required for liver expression of the human transgenes.
levels both in the liver and in the intestin&)( The PAC Without the second intron enhancer, no liver expression is
insert alone was only expressed in the livd). (Thus, observed ). Most of the enhancer activity is due to three
whereas the apoB hepatic control elements are locatedliver-enriched transcription factors, namely, HNé; T/EBRy,
relatively close to the transcriptional start site, the intestinal and a yet unidentified factor named protein 3),(binding
control region (ICR) is localized more than 53 kb upstream to a 98 bp footprint within this enhancer and synergystically
of it. enhancing liver expression from the apoB promo&rThe

In previous studies witlf-galactosidasestgal) reporter segment from nucleotide-898 to —5262 contains two
constructs, we demonstrated that high-level expression ofnuclear matrix attachment regions (MARS)),( and is
required for maximal liver expression of the human trans-
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intestinal control region (ICR) that are capable of indepen- DNasel, DNA samples were digested wigglll or Hindlll.
dently conferring intestinal expression to human transgenesThe digestion products were separated by electrophoresis on
in mice. The first is a 485 bp segment located immediately 1.2% agarose gels, followed by Southern blot analyaidi]
upstream of the 315 bp IE and the second a 1031 bp segmenblots were hybridized with a 215 bp probe corresponding to
situated 1.2 kb ‘3of the 315 bp IE. nucleotides 469684 of the 4.8 IE that was amplified from
Additionally, we assessed whether the DNA sequence 4.8 IE template DNA using oligonucleotides DHF and DHR
elements required for liver expression are also required for as primers. The probe in thdindlll blots was a 591 bp
intestinal expression of the human apoB transgenes in mice Hindlll =Sty fragment located at the’ ®nd of the 2.7 kb
Our results indicate that the key liver elements, namely, the segment.
second intron enhancer and tHaipstream region extending Ribonuclease Protection Analysis for Transgenic ApoB
from nucleotide—899 to—5262, that are required for hepatic EXxpression Tissue samples from duodenum, jejunum, and
expression in vivo are not required for expression of the ileum were collected. Preparation of RNA from mouse
human transgenes in the intestine. Similarly, the intestinal tissues and RNase protection assays have been recently
control region is not required for hepatic expression of apoB. described ). Quantification of expression levels was
Therefore, hepatic and intestinal expression of the humanperformed using a Phosphorimager and ImageQuant soft-
apoB gene is controlled by two separate and distinct sets ofware.

regulatory regions. Sequence Alignment and Search for Potential Transcrip-
tion Factor Binding SitesThe sequences of the human apoB
EXPERIMENTAL PROCEDURES ICR (GenBank accession number AC010872) and that of

) ) ) ) the mouse apoB intestinal enhancer (GenBank accession

Generation of Transgenic MicePlasmid §-gal5.2EM  nymber AF187728) were aligned using GeneWorks software.
(5.2EM) has been previously describéd), (and contains a  gequence search analysis for putative binding sites for
1020 bpPuull fragment representing the apoB promoter jntestine-specific transcription factors was performed using
upstream of thes-gal gene. Additionally, a 704 bPst the online TRANSFAC algorithm with the version 3.5
fragment containing the apoB second intron enhancer is database8).
inserted immediately upstream of the apoB promoter, and  Ge| Retardation Experiments and Transfection Assags
upstream of the enhancer is the segment from nucleotideretardation experiments were carried out as described previ-
—899 to —5262 of the apoB gene, which includes the 5 qysly (1). Antibodies to human HNF-4 and ARP-1 were
distal and the Sproximal MARs @); 3 of the3-gal geneis  pyrchased from Santa Cruz Biotechnology. Transfections
the 3 MAR, a 1.2 kbXba fragment spanning nucleotides  jth caCo-2 cells were performed at least twice and in
43104-44329 of the human apoB gend)(The 315 IE  qyplicate, including as an internal control plasmid RgV-
represents a 315 pccRI—Hindlll fragment situated 55 kb gaj, to account for differences in transfection efficiencies
upstream of the transcriptional start of the human apoB genepetween different plasmids and between experiments. The
(1). Plasmid -gal5.2M (5.2M) is identical to-gal5.2EM  gata were expressed as relative CAT activities, that is, as
(5.2EM) except that the second intron enhancer has beenpne value of CAT activity of the test plasmid divided by the
removed. The 4.8 IE is the segment from the human apoB g.qa| activity of the internal control plasmid. Plasmid
gene extending from-54 to —58.8 kb 3 of the transcrip-  _g5CAT has been previously described and contains the
tional start site. Plasmid /pgalEP3 (EP3) is similar to  segment from nucleotide-85 to 121 of the human apoB
5.2EM, but it lacks the segment from nucleotie®99 to  promoter fused to the CAT gene. Plasmid 485CAT incor-
—5262. The 2.1 IE is the segment from the apoB gene porates a 485 bcaR| fragment corresponding to thé-3
extending from—56.7 to —58.8 kb it contains the 1.8 IE  most segment of the 1.8 IE, upstream of the apoB promoter.
and the 315 IE. The 1.8 IE is a 1.8 HedRlI fragment located  The 2.7 CAT reporter constructs were made by ligation of
immediately upstream of the 315 IE. the 2.7 kbHindlll fragment into theHindlll site of —85CAT

The inserts from plasmids 5.2EM, 5.2M, and EP3 were followed by screening for the forward and reverse orienta-
each co-microinjected with either the 315 IE, the 4.8 IE, or tions. Subclones of the 2.7 kb IE were made by digestion of
the 2.1 IE, into FVB/N fertilized mouse eggs to generate the 2.7 kbHindlll fragment with combinations of restriction
transgenic mice. Additionally, 5.2EM was co-microinjected enzymes. Thus, to make the 906MimdIll —Bglll fragment,
with either the 1.8 IE, the 2.7 IE, the 1031 IE, or the 356 the 2.7 IE was digested witBglll. The 271CAT construct
IE. The DNA fragments were microinjected in equimolar contains the proximal 271 Hpglil —Styl fragment. The 1031
concentrations according to standard protoca)s (rans- bp fragment is &5ty —Sty segment just 3of the 271 IE.
genic mice were first identified by PCR using oligonucle- The next 3 fragment is a 356 bisty—Ssp segment, and
otides B1 and B2 as primers to detect the human apoB genethe last piece is a 165 bp fragment which was made using
Cointegrant founder mice were then identified by Southern restriction digestion of the 2.7 IE witBsp andHindlll. All
blot analysis offad- or EcaRlI-digested genomic DNA and  fragments were gel-purified, filled in using Klenow DNA
hybridized with a 5MAR probe or with the second intron  polymerase with 1 mM dNTPs, ligated into the filled-in
enhancer as a probe. All mice were weaned at 21 days,Hindlll site of —85CAT, and then screened for orientation
housed in a barrier facility with a 12 h light/dark cycle, and using digestions with various restriction enzymes.
fed a chow diet containing 4.5% fat (Ralston Purina, St.  Oligonucleotideswere as follows: HNF-4 consensus,
Louis, MO). CTACACAAATATGAACCTTGCC; ARP-1 consensus,

DNasel Hypersensitity Analysis DNasel hypersensitivity = TGAGCCCTTGACCCCT; 485 HNF-4/ARP-1 oligonucle-
studies with nuclei from CaCo-2 cells were performed as otide, GGTTATGATCTTTCCACTTATACC; B1, GAA-
described previously 1( 7). Following digestions with ~ GAACTTCCGGAGAGTTGCAAT; B2, CTCTTAGCCC-
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Ficure 1: Transcriptional activities of transgenic mice co-injected wijfagal5.2EM and 315 IE DNA. Panel A displays a Southern blot

of transgenic mice DNA co-injected with the two DNA inserts indicated above the blot and with the name of each mouse shown at the top
of each lane. The numbers on the left reflect the mobilities of DNA size markers run in parallel in the same gel. The three different
chromosomal integration events that are observed are illustrated on the right side of the blot. The sizes of the fragments analyzed and the
location of the probe used in the blots are indicated below the map of each construct. Panel B shows the results of RNase protection assays,
with the human transgene apoB RNA shown at the top and the mouse apoB RNA shown at the bottom. Each mouse designation is the same
as that in the Southern blot.

CATTCAGCTCTGAC; DHF, GGAATACTAATTCAGCA- Co-microinjections of 5.2EM and the 315 IE generated

GAC; and DHR, CAGAGCACAGTTGACATAGC. several founder mice; four representative examples are
depicted in Figure 1. Three major types of integration events

RESULTS were evident and are displayed on the Southern blot in Figure

1A. The main integration product corresponded to the

The 315 bp IE Confers Intestinal Expression upon Human intestinal enhancer (315 IE-F) upstream of the 5.2EM region
ApoBp-Galactosidase Fusion Transgenétaving recently in the fqrwarq orientation. Mice D2 and F5 also cc_mtamgd
established that the 315 bp IE conferred intestinal expressioniNSerts in which the 315 |E was in the reverse orientation
upon p158, a human apoB transgene extending fretd (315 IE-R) upstream of 5.2EM. Tandem arrays of 5.2EM
kb 5 of the transcriptional start site to 33 kbd the poly- ~ Were also evident.

(A) addition site, we tested whether this intestinal element RNA was prepared from liver and intestine of each of these
would function with pBgal5.2EM, a reporter construct mice, and RNase protection assays were carried out using a
containing the apoB promoter (P) fused to fhigalactosidase = mouse probe and a human probe to detect the endogenous
(B-gal) gene and containing the DNA sequence elementsmouse apoB mMRNA and the human transgene RNA, respec-
required for high-level liver expression of the apoB gene, tively. All four lines of mice expressed the human transgene
namely, the second intron enhancer (E), the segment fromRNA in both the liver and the intestine (Figure 1B). These
nucleotide—899 to—5262 (LE), and the apoB B1AR (M) data demonstrate that the 315 bp IE confers intestinal
(nucleotides 4310444329) (for a map, see Figure 1A). expression uponfjgal5.2EM and, therefore, that the segment
Plasmid pgal5.2EM includes only 5 kb of upstream from —19 to —5 kb upstream of the promoter and the
sequence and 2 kb of downstream sequence, thus allowingsegment from 2 to 33 kb downstream of the apoB gene are
us to ask whether the additionaldhd 3 sequences contained not required for intestinal expression of human apoB
within p158 are required for intestinal expression. transgenes.
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Ficure 2: DNasel hypersensitivity of the human 4.8 kb intestinal control region (ICR). The top portion shows a partial restriction map of
the 4.8 kb ICR with the location of the 315 IE shown in a white box. The positions of four DH sites are indicated above the map and are
derived from the data displayed below. The locations of the probes used in the analyses are shown below the map with the fragments of
interest. The amounts of DNasel that are used are indicated above the autoradiograms in the lower panel, and the posigtis(@féhe

kb) or theHindlll (2.7 kb) parental fragments, as well as those of the DH sites generated from CaCo-2 nuclei, are indicated at either side
of the autoradiograms.

DNasel Hypersensite Sites within the 4.8 |E in CaCo-2 titation of Southern blot signals was 5 copies/cell for the
Cells. To search for additional regulatory elements in the 4.8 IE cointegrants,-510 copies/cell for the 1.8 IE cointe-
regions flanking the 315 bp IE, we performed DNasel grants, 16-20 copies/cell for the 315 IE cointegrants,-15
hypersensitive (DH) assays using intestine-derived CaCo-230 copies/cell for the 2.7 IE cointegrants,-2Z6 copies/
cell nuclei by examining two segments within a 4.8 kb region cell for the 1031 IE cointegrants, and-105 copies/cell for
(Figure 2). The first segment is a 2.6 Bylll fragment the 356 IE cointegrants.
containing the 315 bp IE and an additional 1.6 kb of upstream RNase protection analysis of intestinal and liver tissues
sequence and 0.7 kb of downstream sequence, and the secorfdom 1.8EM transgenic mice (Figure 3) revealed that the 1.8
segment is a 2.7 kb fragment situated immediately down- IE, located just upstream of the 315 IE, does confer intestinal
stream of the 315 bp IE. Three separate DNasel experimentexpression upon the human transgenes. Similarly, the 2.7
were performed, and representative results are illustrated inlE also conferred intestinal expression (Figure 3). These
Figure 2. Within the 2.6 kiBglll fragment, two DH sites  results demonstrate the presence of additional intestine-
were evident: DH1, corresponding to the previously identi- specific regulatory elements in the 1.8 IE and the 2.7 IE,
fied DH region within the 315 bp IE1), and the second, which are functional in transgenic mice.
less prominent DH site (DH2), residing approximately 200  To further localize the intestinal elements within the 2.7

bp upstream of DH1, within a 1.8 kEcdRl fragment. IE, two separate fragments from this region were used in
DNasel hypersensitivity analysis of the 2.7 Khindlll co-microinjection experiments. Transgenic mice carrying the
segment revealed two additional DH sites, both residing 1031 bp Sty—Sty subfragment (1031 IE) expressed the

within a 1031 bpStyl—Sty fragment. transgenes in the intestine at levels similar to those exhibited

Transgenic Mice Studies Real Additional Intestinal by the 2.7 IE mice. On the other hand, a 35631y —Ssp
Regulatory Regions within the 4.8 [0 assess whether the fragment (356 IE) located just’ f the 1031 IE did not
additional DH sites identified in CaCo-2 cells represented confer intestinal expression (Figure 3). These experiments
in vivo intestinal regulatory elements, transgenic mice were further localized in vivo intestinal elements to a 1031 bp
generated with figal5.2EM in combination with the 1.8 IE Sty segment within the 2.7 IE.
or the 2.7 IE (Figure 3). Additionally, two smaller subfrag- Further Analysis of the 1.8 IBNe have recently found
ments within the 2.7 IE, namely, a 1031 bp fragment (1031 that a CTCF-bhinding site exhibiting functional properties of
IE) and a 356 bp fragment (356 IE), were also tested in co- an insulator resides within thé-Bost 485 bp of the 1.8 IE
microinjections with pgal5.2EM (Figure 3). The copy (see ref9). This insulator blocks the activity of the 315 bp
number of the cointegrant transgenes determined by quandE when placed between this enhancer and the apoB
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Ficure 3: Intestinal and hepatic apoB expression levels of mice co-microinjected with fragments from the human 4.8 kb IR and p
gal5.2EM. The top left shows a map of the 4.8 kb ICR, and below it are depictions of the fragments used in co-microinjections. ApoB
expression levels in intestine (I) and liver (L) are shown to the right of each cointegrant transgene.

promoter, and its physiological role may be to prevent the known HNF-4 oligonucleotide probe to CaCo-2 nuclear
apoB intestinal elements from acting upon genes located 5 proteins, with competitions for binding by unlabeled HNF-4
of this regulatory region9). This implies that the most likely  and apoB probes displayed in lanes 2 and 3 and supershifting
location of the intestinal elements within the 1.8 kb fragment py an HNF-4 antibody shown in lane 4. Lane 5 in panel C
is 3 of the insulator. On the basis of this supposition, we shows that the apoB probe formed a complex identical to
asked whether the 485 IifcoR| segment corresponding to  that of the consensus probe with the HNF-4 protein from a
the 3 portion of the 1.8 IE would enhance transcription from  caCo-2 extract, which was competed with an excess of the
the apoB promoter in intestine-derived CaCo-2 cells. To this 4p0B probe, by the ARP-1 probe, and by the HNF-4 probe
end, the 485 bp IE was cloned upstream of the apoB (janes 6-8, respectively). The retarded complex formed by
promoter-reporter gene construet85CAT (1), and trans- the apoB IE probe was also supershifted by the HNF-4

fections with CaCo-2 cells were performed. The results, oniinaqy (lane 9) and by the ARP-1 antibody (lane 10). These
depicted in Figure 4A, demonstrate that the 485 bp segment

- data demonstrate binding of the apoB IE probe to HNF-4
enhan_ced transcription of the apoB promoter by 15-fold, thus and ARP-1 present in CaCo-2 extracts. Additional controls
revealing the presence of a robust enhancer.

are shown in lanes H13. Thus, in lane 11 are shown the

To localize intestine-enriched transcription factor binding complexes formed by the ARP-1 consensus probe and

sites yvithin the 485 !E, we first fpcused on the area around -5c0-2 nuclear proteins; competitions by the ARP-1 and
DH site 2 because in past studies DH sites have revealed

the locations of important regulatory elements 10, 11) apoB oligonucleotides are shown in lanes 12 and 13,
Comparison of thepDNA seq%ence);n the vicisnity’ of bHZ respectivgly, whereas_sgpershifting by the ARP'l antibody
between the human and mouse apoB genes revealed a hig s shown_m lane 14. Similarly, in panel D of Figure 4, lanes
degree of sequence similarity (63%) (Figure 4B), and —3 depict the complexes fo_rmed_by the HNF-4 consensus
sequence analysis of this region using TRANSFA ( probe and COS.extracts enriched in ARP-1 (Iaqe 1), HNF-4
revealed a potential binding site for the tissue-restricted (lane 2), or a mixture of bo_th (lane 3); lanes @ illustrate
transcription factors HNF-41Q) and ARP-1 13). Outside that the apoB oligonucleotide probe bound to ARP-1 and
of the DH2 region are putative binding sites for transcription HNF-4, and lanes 79 revealed complexes between the
factors GATA4, -5, and -614) and NFY (L5). ARP-1 consensus probe and the two proteins.

Hepatocyte nuclear factor-4 (HNF-4) and ARP-1 are  The combined results presented in Figure 4 indicate that
members of the orphan receptor family of transcription @ Strong intestine-specific enhancer resides in a 485 bp
factors and recognize the same DNA sequerk®. (To segment positioned immediately upstream of the 315 bp IE.
determine whether these proteins bind to the 485 bp IE, gel Within the 485 bp region there is a segment that exhibits
retardation experiments were performed with CaCo-2 nuclearhypersensitivity to DNasel (DH2), whose DNA sequence
extracts (Figure 4C), and with extracts from COS cells that exhibits similarities between the human and mouse apoB
had been transfected with expression vectors for HNF-4 or genes. This conserved segment harbors a binding site for
ARP-1 (Figure 4D). Lane 1 of panel C shows binding of a transcription factors HNF-4 and ARP-1.
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FiGurE 4: Intestinal enhancer within the 1.8 IE. The top of panel A shows a map of the 1.8 IE, indicating the locations of the 485 IE and
DH2. Below the map are the constructs used in transfection experiments with CaCo-2 cells and the results of the transfections in histogram
form. Panel B displays a sequence alignment of a portion of the 485 IE harboring DH2, and of a fragment from the analogous region from
the mouse apoB gene. Nucleotides which are identical between the human and mouse apoB genes are shaded, and homologous segment
are boxed. The location of DH2 is indicated by arrows. The locations of transcription factor binding sites are indicated by a black bar above
the sequence. Panels C and D display data from gel shift experiments. The reagents added in each lane are indicated above the gel, and the
retarded complexes are indicated on the left side of the gels.

Further Analysis of the 2.7 IEResults from transgenic 2.7 IE revealed that the'finost 906 bp segment as well as
mice experiments in Figure 3 indicated that the 2.7 IE also the downstream 271 bp segment (constructs 906CAT and
conferred intestinal expression upon the human ap®B 271CAT) did not contain an enhancer. Surprisingly, the 1031
gal fusion transgenes. Furthermore, DNasel hypersensitivity IE that functioned well in transgenic mice (Figure 3) did
studies (Figure 2) revealed two DH sites in this region, within not display an enhancer activity, suggesting that this segment
a 1031 bpSty segment. These observations prompted us to may contain neighboring or overlapping positive and negative
search for an enhancer activity, in transient transfection elements whose activities neutralize one another in our cell
experiments with CaCo-2 cells. To this end, the entire 2.7 culture assay, but function properly when the transgenes are
IE, as well as various fragments derived from it, was cloned integrated into the mouse genome in a chromatin context.
upstream of apoB promoter CAT plasmitB5CAT, and Indeed, this is exactly what occurs with the apoB liver
transfections were performed. A map of the 2.7 IE region is element located in the region from nucleoti€899 to—5262
shown at the top of Figure 5. The transcriptional activity of of the human gene. This segment is required for high-level
the promoter alone was set at 1.0. As previously observedhepatic expression of apoB transgenes in mice; however, in
(2), the 2.7 IE did not elevate the level of transcription but transient transfection experiments with liver-derived HepG2
rather decreased it by a factor of 2, a result consistent with cells, it causes a 2-fold decrease in transcriptional activity,
the notion that the 2.7 IE may contain both positive and similar to that of the 2.7 IEZ, 6, 16). A 2-fold enhancer
negative elements. Further analysis of the components of theactivity was observed with the 356 IE, but this segment did
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Ficure 5: Transfection experiments with segments from the 2.7 IE region. A map of the 2.7 IE is shown at the top of the figure, with
relevant restriction sites indicated as well as the sizes of the internal segments that are analyzed. Below the map are shown the various
constructs used in the transfection experiments with CaCo-2 cells, and the results of the transfections are displayed on the right, expressed
as relative CAT activities- the standard deviations, with the number of independent transfections performed shown in parentheses. Forward
and reverse refer to the orientation of the test fragments situated upstream of the promoter.

not confer intestinal expression upon transgenic mice (Figure 1.0+52EMPAG  315+5.2EMAF5  1031+5.2EMPE1

3). Finally, the 3most 165 bp segment reduced promoter £ . E . § .
activity by 10-fold (Figure 5), suggesting that it harbors g 2 ¢ § 2 ¢ § 2 ¢
negative regulatory elements. Essentially identical results g 2 ER ] 2 T 8
were observed when the various IE segments were cloned

upstream of the SV40 promoter (data not shown). Human apoB = | - - '.. p——

Transgenic ApoB Expression along the Longitudinal Axis
of the IntestineBoth the mouse and the human apoB genes
are expressed at high levels in the three portions of the small Mouse apoB == o9»
intestine: the duodenum, the jejunum, and the ileum. Having
uncovered three separate sets of elements capable of drivin(%

intestinal expression of human apoB transgenes, we aske ointegrant transgenes. Autoradiograms representing RNase protec-
whether these three separate elements, namely, the 1.8 IBjon assays of RNA from mice harboring the human cointegrant
the 315 IE, and the 1031 IE, participate to different extents transgene construct #&.2EM, 315+-5.2EM, or 1031#5.2EM are

in the expression of the transgenes in the three segments oghown. The cointegrant DNA fragments used in each case, as well
the intestine. To this end, we prepared RNA from duodenal, as the _mouse designation numbers, are indicated above the
jejunal, and ileal tissues from mice containing either is;t;ttoradlograms. The RNase protection products are labeled on the
1.8+5.2EM, 315+5.2EM, or 103%5.2EM cointegrant trans-
genes and analyzed mRNA levels using RNase protection Are the Two Key Hepatic Regulatory Elements of the
assays (Figure 6). Transgene expression was detected in alHuman ApoB Gene Also Required for Intestinal Expression
three tissues for all three co-microinjected fragments, of Human ApoB Transgene#® previously mentioned, the
although some variations in expression levels were observedsecond intron enhancer is absolutely required for liver
as determined by the ratio of the amount of human RNA to expression of apoB transgene&d.(To determine whether
the amount of mouse RNA, corrected for differences in the the second intron enhancer is also required for intestinal
specific activities of the two probes, with the highest levels expression, we co-microinjected plasmid 5.2M, which is
of transgene mRNA detected in the duodenum, followed by similar to 5.2EM but lacks the second intron enhancer, with
the ileum and the jejunum. 4.8 IE, a larger segment from the human apoB intestinal

IGURE 6: Duodenal, jejunal, and ileal expression analysis of
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Ficure 7: RNase protection assays of mice co-microinjected with 4.8 IE and 5.2M DNA or 2.1 IE and EP3 DNA. The structure of the
cointegrant DNA segments is shown above the autoradiograms, with the RPA results below. The positions of the human and mouse apoB
RNase protection products are shown on the left side of the autoradiograms. The source of tissue RNA and the transgenic mouse designations
are at the top of each lane. In panel B, two control-823%2EM mice are also included.

control region that includes the three regions of the IE —899 to—5262 of the human apoB gene, with the 2.1 IE, a
described above. Two lines of mice, named B10 and M2, segment from the ICR that includes both the 315 IE and the
were generated (Figure 7A). As predicted, the human 1.8 IE. Previously, we determined that EP3, when injected
transgenes lacking the second intron enhancer were notalone, yields only low-level liver expression of the transgenes
expressed in the livers of these mice, in agreement with ourbut no intestinal expression (B. Levy-Wilson, unpublished
earlier work @). Nevertheless, both mice expressed the data). Three lines of mice harboring cointegrant transgenes
transgenes in the intestine, at levels comparable to thosewere selected and analyzed for expression in liver and
exhibited by the endogenous mouse apoB mRNA, thus intestine (Figure 7B). As predicted, the three lines expressed
demonstrating that the second intron enhancer is not requirecthe transgenes in the liver at low levels compared to the level
for intestinal expression of the human apoB gene in trans- exhibited by a control mouse (F1) carrying 31%2EM
genic mice. transgenes. However, the intestinal expression levels seen
Next, we asked whether the segment from nuclectié@9 with these mice lacking the upstream hepatic enhancer were
to —5262, which confers high-level liver expression upon similar to the levels observed with the control mice carrying
human apoB transgene®)(also played a role in intestinal  315+5.2EM transgenes. Furthermore, the ratio of intestine
expression. To this end, we co-microinjected EP3, a plasmidto liver expression of the 2.1IEP3 transgenes was higher than
similar to 5.2EM but lacking the segment from nucleotide that exhibited by the 3155.2EM transgenes, thus demon-
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LE Intron 2 segments of the ICR capable of independently driving apoB

. L pr Enh expression in the intestines of transgenic mice. Thus, the

Hepatic 5262 -899 |_> e apoB ICR is composed of three separate sets of regulatory

Elements a ¢ ’:I—I—l-—// elements, each capable of functioning independently in
vy S el 12 3 transgenic mice.

The first of these elements is represented by the 315 IE.
The second intestinal element resides within a 485 bp
segment (485 IE) located immediately upstream of the 315
IE, and the third intestinal element resides in a 1031 bp

Promoter
Intestinal 2% IcR 54kb  _ggg l-> segment situated 1.2 kb downstream of the 315 IE. There
Elements I-:m:m:l-/ A are similarities and differences among these three compo-
) nents of the ICR. All three coincide with DH sites, suggesting
| st 3:5I'E 103118 the chromatin in these segments is open and that nucleosomes
1.81E 271E within these segments may be absent or unfolded to allow

Ficure 8: Summary of the human apoB gene intestinal and hepatic b'nd'.ng of transcrlptl_on fagtors. Th.e. 485 IE and t.he 315.|E
regulatory elements. The top panel shows a schematic illustration function as powerful intestine-specific enhancers in transient
of the 3 end of the apoB gene, from nucleotigd&262 to intron 3. transfection assays. The 1031 IE does not, suggesting that it
The locations of the promoter (white box), the second intron may contain both positive and negative elements that
enhancer, and the in vivd BE as well as the two MARs (black  naytralize one another in our assays or that the 1031 IE may

triangles) are indicated. The arrow represents the transcriptional . . . L. .
startgsite). The first three exons are sri)mwn as black boxeg. TheCONtain a chromatin opening activity that remodels chromatin,

bottom pane| shows the segment frerB9 to—54 kb of the human thus faCIIItatlng transcription. This situation is reminiscent
apoB gene containing the ICR, with its various components of earlier results with the segment of the liver element from
indicated below the bar. Also shown is the promoter region. nucleotide—899 to—5262, demonstrating that this segment

lacks an enhancer, even though it is required for high-level
strating that the upstream liver enhancer segment extendingjyer expression of apoB transgenes in mi2ed). However,
from nuc_:leotide—899 to—5262 is not required for intestina_l this upstream liver regulatory region requires the second
expression of the human apoB transgenes. The combinedntron enhancer to confer hepatic expression to the trans-
data in Figure 7 show that the human apoB hepatic and genes, whereas the 1031 IE fragment can confer intestinal
intestinal regulatory elements are separate and distinct fromexpression on its own. Given that CaCo-2 cells are poorly
one another, sharing only the promoter. _ differentiated, one may suggest that the 1031 IE may play a
~ A schematic summary of the key in vivo hepatic and ygje in developmental regulation of intestinal expression,
intestinal control elements of the human apoB gene is Shownperhaps repressing expression early in development and
in Figure 8. The key in vivo liver-specific elements are stimulating expression in the adult.

located close to the transcriptional start site and include, in  pnA sequence comparisons among the three intestinal
addition to the promoter, the second intron enhancer and theég|ements revealed some similarities; for example, there is a

segment from nucleotide-899 to —5262. In contrast, the 5094 gverall similarity between the-Enost 180 bp of the
intestinal con_trol elemer_1ts are situated more than 50'kb 5 315 |E and the 3portion of the 485 IE, with the similarity
of the start site and reside in three separate fragments thato\yard the end of the DH2 region. However, there is a
are in apposition, namely, a central 315 bp element (315 gjightly less than 50% DNA sequence identity between the
IE), a second upstream element, within a 485 bp IE, and ajmportant HNF-® and C/EBB binding sites of the 315 IE
third element within a 1031 bp region located 1.2 KinB8 and the corresponding segment from the 485 |E, suggesting
the 315 IE. that if these elements arose via a gene duplication event,
there has been significant drift. Comparison of the DNA
DISCUSSION sequences from the 315 IE and the 1031 IE also revealed
The human apolipoprotein B gene is expressed predomi-some 50% sequence homology with a segment of the 1031
nantly in human liver and intestine. Whereas the liver- |E located between DH sites 3 and 4. Other duplicated LCRs
specific enhancers responsible for in vivo expression of this include hepatic control regions (HCRs) 1 and 2, as well as
gene are relatively close to the promoter region (for a review, the macrophage/adipocyte LCRs of the human apolipoprotein
see refl7), the intestinal control elements are located more E (apoE) gene19—-21), although in these examples, the
than 53 kb upstream of the promotdi8|. The main goals =~ DNA sequence homology is over 80%.
in this study were to identify all of the individual components A key participant in the enhancer activity of the 485 IE
of the human apoB gene distant intestinal control region appears to be the conserved HNF-4/ARP-1 binding site
(ICR) and to determine whether the key in vivo liver-specific shown in Figure 4. HNF-4 appears to play a pivotal role in
elements of this gene also participate in intestinal expression.the expression of many intestine-specific genes, particularly
Recently, we identified a 315 bp fragment (315 IE) that of other apolipoprotein genes. Thus, an HNF-4 binding site
exhibits enhancer activity in transient transfection experi- localized between positions780 and—520 of the human
ments with intestinal cells and confers intestinal expression apolipoprotein CIII gene plays a key role in the intestinal
to the human apoB gene in transgenic mite If this report, expression of apoClll in transgenic mic22). Similarly,
we show that the 315 IE is capable of conferring intestinal HNF-4 controls transcription of the apoAlV gene via an
expression upon a human apep-gal fusion transgene interaction with the proximal promoter regio®3), and that
construct that is otherwise expressed at high levels only in of the apoAl gene, by binding to its intestinal enhan@) (
the liver (Figure 1). Furthermore, we identified two additional Additionally, HNF-4 when bound to the human apoB 315
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bp IE interacts synergistically with HNF53and C/EBIB to Finally, we have demonstrated that the two elements that
enhance apoB gene transcription in CaCo-2 cells5. are required for expression of human apoB transgenes in the
Examination of the sequence of the DH3 region revealed livers of mice, namely, the second intron enhancer and the
strong similarities with the binding sites for intestine-enriched segment from nucleotide 899 to—5262 of the apoB gene,
transcription factors C/EBP(two sites) and GATA-4 (three  do not participate in intestinal expression. Similarly, the
sites). Similarly, the DH4 region contained two potential intestinal control elements described above are not required
binding sites for C/EBP , with a GATA-4 site between  for liver expression of apoB. Therefore, two very different
them. mechanisms of transcriptional control that include different

The existence of three independent sets of intestinal controlS€tS Of regulatory elements in separate spatial locations
elements, each capable of driving apoB gene expression inCPerate to control expression of the human apoB gene in its
transgenic mice, raises the question of whether these element&V0 Major sites of expression, the liver and the intestine.
may play slightly different roles in apoB intestinal expression.
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