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The hepatic nuclear factor 3 (Hnf3g) is a member of
the winged helix gene family of transcription factors
and is thought to be involved in anterior—posterior
regionalization of the primitive gut. In this study, cis-
regulatory elements essential for the expression of
Hnf3g in vivo have been characterized. To this end, a
170 kb yeast artificial chromosome (YAC) carrying the
entire Hnf3g locus was isolated and modified with a
lacZ reporter gene. The two mouse lines carrying the
unfragmented Hnf3g—-acZ YAC showed tissue-specific,
copy number-dependent and position-independent
expression, proving that 170 kb of theHnf3g locus
contain all elements important in the regulation of
Hnf3g. Cis-regulatory elements necessary for expres-
sion of Hnf3g were identified in a three-step procedure.
First, DNase | hypersensitive site mapping was used
to delineate important chromatin regions around the
gene required for tissue-specific activation ofHnf3g.
Second, plasmid-derived transgenes and gene targeting
of the endogenousHnf3g gene locus were used to
demonstrate that the 3-flanking region of the gene
is necessary and sufficient to direct reporter gene
expression in liver, pancreas, stomach and small intest-
ine. Third, a binding site for HNF-1a and B, factors
expressed in organs derived from the endoderm such
as liver, gut and pancreas, was identified in this
3’-enhancer and shown to be crucial for enhancer
function in vitro. Based on its expression pattern we
inferred that HNF-1 is a likely candidate for directly
activating Hnf3g gene expression during development.
Keywords DNase | hypersensitivity/gene expression/
HNF-1/HNF-3/YAC-transgenic mice

Introduction

Analysis of the regulation of liver-specific gene expression
has led to the purification and cloning of several liver-
enriched (but not liver-restricted) transcription factors.
These factors include the following gene families (recently
reviewed in Cereghini, 1996): the homeodomain-con-
taining HNF-1 (hepatocyte nuclear factor 1) family, the
winged helix domain-containing HNF-3 proteins, the
orphan nuclear receptor family HNF-4, the C/EBP
(CCAAT/enhancer binding proteins) basic leucine zipper
proteins and the DBP family. Since all of these genes
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show a restricted expression pattern, the question arose
as to how these transcription factors themselves are
regulated. The first evidence for the existence of transcrip-
tional cascades came from the study of differentiated and
dedifferentiated hepatoma cell lines. A binding site for
HNF-4 in theHnfla promoter has been shown to have a
decisive role in the activation ¢infla pointing to HNF-4

as a major activator ofinfla (Tian and Schibler, 1991;
Kuo et al, 1992). Since the dedifferentiated cells used
still contained HNF- and the HNF-3 proteins, it was
suggested that they might be predetermined to the hepatic
differentiation programme by these factors (see Cereghini,
1996). In fact, theHnf3 genes are the transcription factors
expressed earliest during definitive endoderm development
(Ang et al, 1993; Monagharet al., 1993; Sasaki and
Hogan, 1993) and therefore might be involved in sub-
sequent activation of other hepatic transcription factors.
It was proposed that the HNF-3 proteins exert their
regulatory role by remodelling the chromatin structure of
the target genes in a way that makes it competent for
subsequent activation events (McPhersgnal, 1993;
Gualdi et al, 1996; reviewed in Zaret, 1996). Gene
targeting experiments aimed at elucidating putative roles
of liver-enriched transcription factors (HNM3and
HNF-4) in definitive endoderm formation failed to give
conclusive answers because of early embryonic lethality
(Ang and Rossant, 1994; Weinsteat al, 1994; Chen

et al, 1994). In addition, the transcription factor HN&-1
was shown to be dispensible for early liver development
through analysis of the mutant phenotypé-infla’- mice
(Pontoglio et al, 1996). Thus, although expression of
transcription factors at early stages of endoderm-derived
organ formation is well documented, little is known about
how these factors are activated and how they contribute
to endoderm differentiation.

In order to better understand endoderm development
we decided to studyinf3g gene regulation in transgenic
mice. We chose thelnf3ggene for the following reasons.
HNF-3y is one of the transcription factors known to be
expressed early during gut and liver formation and was
suggested to play a role in regionalization of the gut
(Monagharet al, 1993). In contrast to the two othkinf3
genes, Hnf3g is not expressed in the notochord and
floor plate, therefore, we reasoned that tieregulatory
elements governing its expression in the endoderm might
be more accessible to analysis.

Inthe present study we show thatldnf3gyeast artificial
chromosome (YAC) targeted witlflagalactosidase reporter
can faithfully recapitulate the endogenous expression pat-
tern of Hnf3g Guided by a DNase | hypersensitivity
analysis of the gene locus, we were able to identify
enhancers responsible for the expression pattern of the
Hnf3g YAC. An enhancer of theHnf3g gene driving

expression in the posterior foregut and midgut endoderm
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Fig. 1. Targeting of a 170 kb YAC carrying thienf3g gene by insertion of §-galactosidase reporter gend\) (Structure of the unmodified y6

YAC. Restriction sites foNotl are shown. Thédnf3g exons are represented by filled boxes and numbered. YAC vector arms are schematized with
arrows (telomeres), open rectangles (yeast selective markers) and a crossed circle (autonomously replicating sequence and centromere).

(B) Targeting scheme for replacement of exon 2 sequenceslagthusing a two-step procedure in yeast. TaeZ targeting construct is shown

below theHnf3glocus of the YAC harbouring the desired exorld@:Z fusion (21acZ) and aURA3yeast selectable marker. The Bluescript vector
backbone is indicated by a dashed line. A crossed line marks the recombination point of the pop in step between the YAC and the linearized
targeting construct. Counter-selection against the presend®ABin the pop out step gives rise to the desired alteration of the gene locus.

(C) PFGE with subsequent Southern blot hybridizations demonstrating the presence3ajdlaetosidase gene in the/5Z YAC. A control

hybridization with an intronic probe fardnf3g marks the positions of the parentaly®j and the targeted YAC (¥6Z). The increase in size ofy8Z

is due to the size difference between fhgalactosidase gene and the deleted portion of exdn @oncatemeres of DNA (48.5 kb).

was shown to contain an HNF-1 binding site, which is YAC with the bacterial gene enc@dgajactosidase
essential for enhancer function in hepatoma cells, thus using a pop in/pop out strategy (Figure 1B; for details see
defining for the first time an HNF-1-HNFy3ranscrip- Materials and methods). The correct structure of the
tional cascade. obtained YAC (Y5Z) was verified by several methods.
Figure 1C shows pulsed field gel electrophoresis (PFGE)
of Yy5Z along with the parental 6 YAC. Hybridizations

Results to various probes demonstrate the correct integration of
Cloning of an Hnf3g-lacZ yeast artificial lacZ into the YAC.
chromosome

Two Hnf3g YACs were isolated from a mouse YAC library  Expression analysis of the Hnf3g-lacZ YAC in

and characterized (see Materials and methods). Briefly, transgenic mice

hybridization patterns obtained with probes spanning the DNA from YAB2¥vas purified by PFGE as described
entire previously cloned mouseEnf3g locus (Kaestner  previously (Schedkt al, 1993) and microinjected into

et al, 1994) revealed that the YACs contained unre- FVB/N oocytes. Seven independent transgenic founders
arranged inserts (data not shown). Restriction site mappingwere obtained, five of which transmitted the transgene to
was used to locate the position of both exons ofHimé3g their offspring. Three lines carried fragmented YACs
gene within the YACs. A genomic map of the/% YAC, judged by the absence of hybridization signals with probes
which was used for further manipulation, is shown in for one or both vector arms (data not shown). The
Figure 1A. In this YAC theHnf3g gene is flanked by remaining lines carried two (line 5489) and four (line
~100 kb upstream and 60 kb downstream sequences. The 5520) intact copies respectively and were analysed for
YAC does not seem to have chimeric portions, since Hnf3glacZ expression of the YAC transgene. Results of
both insert ends were shown to stem from the same whole mBugatiactosidase staining of line 5520 are
chromosomal origin (see Materials and methods). As we shown in Figure 2A and B, demonstrating transgene
wanted to use théinf3g YAC for the analysis ofcis- expression in the embryonic liver.

regulatory elements in transgenic mice, we needed to tag For a detailed analysis, embryos (E14.5) were sectioned

the YAC in order to differentiate its expression from that and stained. As shown in FiglaZZxpression exactly

of the endogenousinf3g locus. We decided to tag the reproduced the endogenous expression patteridnddg
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Fig. 2. Embryoch galact05|dase expression of tHaf3g-dacZ YAC. Whole mount stamlng of E10. W) and E12.5B) embryos (line 5520)
showing liver expressionG—H) Cryosections of E14.5 embryos (line 5520) revealing expression in (C) liver, (D) pancreas, (E) small intestine,
(F) colon (Co), (G) ribs (Ri) and (H) epiphyseal cartilage (Ep) and actively proliferating cartilage of long bones (arrowhead). Bl, bladder. Bar
corresponds to 0.5 mm in (A), 0.8 mm in (B), ®5n in (C) and (D) and 10@m in (E)—(H).

(Monagharet al, 1993). Figure 2C and D shows transgene obtaineth Isjtu hybridization (Monaghaet al, 1993)
expression in liver and pancreas respectively. The patchyand probably reflects absence of HN{#3 blood islands.
staining pattern in liver is very reminiscent of the results In the pancreas, staining is detected in cells that will form
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the acini (arrowhead in Figure 2D). The YAC transgene A
shows a distinct pattern of expression along the antero-
posterior axis of the developing gastrointestinal tract.
Highest expression is seen in the mucosa of the stomach
(data not shown) and developing colon (Co in Figure 2F).
Weaker expression can be detected in the small intestine
(Figure 2E), while no expression is found anterior to the
stomach. In all parts of the digestive tract transgene
expression is strictly restricted to the epithelial layer. Non-
transgenic embryos did not show any background signals,
thus verifying the specificity of the staining procedure
(data not shown). Analysis of the YAC expression pattern —
allowed a more precise definition 6fnf3g expression in
the developing bones than previously described. The
transgene was expressed in ribs (Ri in Figure 2G), verte-
brae (data not shown) and long bones. Figure 2H shows
a parasagittal section through the humerus at the beginning
of enchondral ossification. Strongest transgene expressior
was found in layers of actively proliferating cartilage
(arrowhead), whereas no expression could be found in B
hypertrophic cartilage around the ossification centre. Stain-
ing in the epiphyseal cartilage is clearly visible (Ep in Tissue Line 5489 (two  Line 5520 (four ~ Ratio 5520/
Figure 2H). There was no ectopic expression of the YAC YAC copies) YAC copies) 5489
transgene found in any of the embryos analysed. The
staining pattern of line 5489 was qualitatively indistin- Liver 0.65 10 15
guishable from that of the above described line 5520 (data g?onnﬁ;if 11; 23 12_'5
not shown). Jejunum 18 2.8 16
In order to obtain a quantitative measure of the expres- Colon 1.9 4.0 2.1
sion levels of the two YAC transgenic lines, we isolated Testis 0.72 2.0 2.8
total RNA from a variety of adult organs. RNase protection
assays were performed with probes that enabled us toFig. 3. Correct expression of thenf3gdacZ YAC in adult transgenic
directly compare transgene expression with the endo- mice. &) RNase protection assay showing lines 5489 (two copies) and
genousHnf3g mRNA level (Figure 3A). Strongest YAC 5520 (four copies) expressing the transgene at levels comparable with
. - . the endogenoukinf3g gene in all adult organs analysed. Signals for
expressm_n was found in StomaCh' colon and liver, WhereaSHnt (endogenous)inf3gHacZ (YAC) and TBP as loading control
weaker signals were obtained from pancreas, jejunum are marked by arrows on the right. Yeast tRNA served as negative
and testis, very similar to the embryonic pattern. Signal control. The first two lanes show size markers (1 kb ladder from BRL
intensities were quantified using a phosphorimager andand undigested probes respectively).
calculated as YAC expression relative to one endogenous
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Hnf3g allele (Figure 3B). In all organs expression from summary of all HS found irHihi8g locus is given in
the modifiedHnf3g locus of the YAC was comparable Figure 4B according to their position in the genomic
with wild-type levels ranging from about one-quarter context (Kaesthed.,, 1994).

(liver) to almost exactly the same amount of RNA (colon).
Interestingly, the four copy line 5520 produced roughly 3’-Flanking sequences control expression of Hnf3g
twice as muchHnf3g—lacZ mRNA as the two copy  Having established thatthe 170 kb aroutitf3gcontained

line 5489. in YY5Z is sufficient to reproduce expression of the
endogenous gene in both embryos and adult animals, we

DNase | hypersensitive site analysis of the Hnf3g were interested to dissect the releveaistelements. Guided

locus by the DNase | HS identified above, we constructed

To identify importantcis-regulatory elements, we charac- a series of plasmid-derived transgenes comprising the

terized theHnf3gchromatin structure by comparing DNase promoter and 8 kb-fikBking sequences together with

| hypersensitivity in nuclei prepared from liver, where either intronic or 3-flanking sequences (Figure 5A). A

Hnf3gis expressed, and kidney, a non-expressing control summary of the embryonic expression pattern of the

tissue. Using a probe from the faf-B2gion of Hnf3g a transgenic lines obtained Wy-galactosidase staining of

set of DNase | hypersensitive sites (HS) were found to both whole mount embryos and cryosections is given in

be specific for liver {12 kb HS) or detected in both liver  Figure 5B. Transgenics harbouring only the upstream
and kidney (-16 kb HS; Figure 4A). At the position of regiony@Z) or these sequences together with the intron
the promoter (P), a liver-specific HS was detected flanked (py81Z) did not showHnf3grelated expression. In contrast,
by a non-specific HS close by. Another non-specific HS transgenics derived from pla@agi¢(which addition-
was found further upstream at —0.8 kb (data not shown). ally contains sequences spanning th&2 kb HS), while

An additional liver-specific HS was identified in the intron showing extensive ectopic expression in all lines, exhibit
(at +7.5 kb; not shown). The outermost HS found in both the expected staining in developing bone in three out of
upstream and downstream regions Hiif3g are organ- five lines. When adding the sequence corresponding to

non-specific, flanking the inner liver-specific sites. A the +16 kb HS (thus generatingy@Z4.9) we were able
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Fig. 5. Hnf3g plasmids with g3-galactosidase reporter gene used for
transgenesis A) The different fragments containing the reporter gene
Kidney II I |” alongside their genomic context and the HS found in liver are shown.
lacz, B-galactosidase gene and SV40 intron and poly(A3, BanHl;
E, EcaRl; H, Hindlll.
Fig. 4. DNase | hypersensitive site (HS) mapping of thef3g gene in
liver and kidney. A) HS mapping reveals a liver-specific site-a12

kb and clustered non-specific HS 416 kb. 8) Summary of all enhancer element for the expressiofaf3gin endoderm-
identified HS in liver and kidney in thelnf3g gene locus as derived tissues

determined using probes from different locations. The sites are drawn
with respect to a restriction map of the locus. P, promoteB&yHI; i } i
E, EccRI; H, HindlIl. Deletion of sequences including the + 12 kb and

+ 16 kb HS abolishes expression of Hnf3g in liver,

pancreas, stomach and small intestine
to reproduce the YAC expression pattern in plasmid- In the targeted mutation dfinf3g which deletes most of
derived transgenic mice. Four out of five lines produced exon 2 plus 5.5 KbrmfrBtranslated sequence (Kaestner
B-galactosidase staining in liver and gut; only one line et al, unpublished results), the coding region was fused
was influenced by position effects. Figure 6 demonstrates in-frame l@czA reporter gene. Surprisingly, nf-
the embryonic expression pattern from one line derived galactosidase expression was found in liver, pancreas,
from py824.9 showing high expression in liver (Figure stomach, small intestine and developing bone (data not
6A, and Li in Figure 6B and C). Interestingly, this line shown). Figure 7A shows a RNase protection assay with
(as well as the others; data not shown) shows a sharp a probe that spaim3fdacZ fusion and can thus be
anterior boundary of expression in the stomach (St) at used to detect transcripts arising from the wild-type and
the junction of the squamous and glandular epithelium mutant allele simultanddof®g is expressed at ~50%
(arrowhead in Figure 6B), as was also observed for the of the wild-type levels in the samples obtained from the
Yy5Z YAC pattern (data not shown). Furthermore, plasmid heterozygotes in all tissues examined. The corresponding
expression has been detected in small intestine (Sl inreciprocal increase in the amount of tHef3g-acZ fusion
Figure 6C), with lower levels in the umbilical hernia, in mRNA is, however, only seen in colon and weakly in
the colon (not shown) and developing pancreatic acini (P testis, but not in liver, pancreas and stomach. This confirms
in Figure 6B). Moreover, YAC and plasmid expression that the lacB-ghlactosidase staining observed in the
followed the endogenous$inf3g pattern in the nasal liver and small intestine of the E14.5 embryos (Kaestner
epithelium (Kaestneet al, unpublished results). Figure et al, unpublished results) is in fact caused by a lack of
6D presents evidence fdi-galactosidase expression in transcription from theHnf3g-acZ allele.

ribs (Ri); staining in vertebrae and long bones is not Since irHhiBg-lacZ allele the promoter and intron
shown. Ectopic expression in one out of five lines is seen sequences are unchanged, but 5.5 kb of th#aBking

in the epithelum of the lung (Figure 6D). In conclusion, region, including the HS1&tand+16 kb, were deleted,

~13 kb of Hnf3g comprising §824.9 contains theis- we surmised that this deletion might be the cause for
regulatory elements necessary for Bihf3g expression inactivation of thelnf3gdacZ allele in liver, pancreas,
domains (liver, gut, pancreas, bone and nasal epithelium).stomach and small intestine. Therefore, we proceeded to
Moreover, lack of expression iry®Z3.6 transgenics points investigate the chromatin structure of the mutated gene

to the additional sequence inyg¥4.9 as an important by DNase | hypersensitivity mapping. Liver nuclei from
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Fig. 6. Embryonic3-galactosidase pattern of the plasmid transge/@24.9 mimics expression of they8Z YAC. (A) Strong liver expression at
E12.5 as revealed by whole mount staining. (B—-D) Cryosections of E14.5 embryB$ lofe(r (Li), pancreas (P) and stomach (S¢)(liver and
small intestine (SI) and) ribs (Ri). The arrowhead in (B) points to the junction of squamous and glandular epithelium in the stomach. (D) Ectopic

expression in the lung (Lu). Bar corresponds to 0.6 mm in (A), @260in (B) and 100um in (C)—(D).
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Fig. 7. The Hnf3g-acZ allele is transcriptionally silent in liver, pancreas and stomagh.RNase protection analysis of 2@ total RNA isolated
from the tissues indicated from adult wild-type /(+), heterozygous-/-) and homozygous mutant (—/—) mice was performed with a probe which
allows simultaneous detection binf3g and Hnf3g-acZ (labelled LacZ) mRNAs. The weak band observed in the —/— laneklfé8g is non-

specific, as it appears in the tRNA lane as wel) The chromatin structure of the entitnf3glocus is altered in livers ofinf3g”™ mice. DNase |
hypersensitive site analysis was performed with liver nuclei isolated from wild-type X or homozygous mutant (—/—) mice as described in
Materials and methods. The locations of the HS near the promoter and at —0.8 kb are indicated.
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wild-type and mutant litter mates were obtained and

Gene regulation of Hnf3g

to possess high binding affinity for HNF-1 (Tronche

analysed as described in Materials and methods. As showret al, 1994). It remains to be tested whether HNF-1 can

in Figure 7B, the HS site near the promoter of the gene

transactivate I6ekb enhancer. The HNF-1 family of

is no longer present in the mutant samples, consistenthomeodomain proteins consists of HN&-and HNF-3

with the inactive state of the gene in liver. Likewise, the
HS site within the intron (at+-7.5 kb) is lost in the —/—
mice (data not shown). In contrast, the HS at —0.8 kb,
which is present both in kidney and liver, was still present
in the mutant animals. In summary, the DNase | HS
pattern of theHnf3g™~ livers resembles that of wild-type
kidney, a tissue where HNFy3s not expressed (compare
Figure 4B). As indicated by DNase | hypersensitivity,
deletion of the 3flanking region ofHnf3g has affected
the chromatin structure-10 kb away, explaining the lack
of expression of théHdnf3g-dacZ allele in liver and, by

(for a review see Tromthal, 1994). C33 human
cervical carcinoma cells thus were transiently transfected
with increasing amounts of HNF-1 expression plasmid
(HNF-1a and HNF-3, driven by a RSV promoter, kindly
provided by F.Tronche; Chetardl990; Rey Campos
et al, 1991), together with either the 425 bp wild-type
enhancer or the enhancer with the mutated HNF-1 binding
site (Figure 9C). The upper panel shows that HNFid
able to stimulate the wild-type enhancer but not the mutated
form. HNF-13 displays a very similar transactivating
potential, as demonstrated in the lower part of Figure 9C.

extension, in stomach, pancreas and small intestine. ThisC33 cells do not show a decreased basal level of reporter

finding identifies the deleted sequencésoB the HNF-

gene activity upon mutation of the HNF-1 binding site,

3y coding region as harbouring a dominant enhancer(s) as shown above for FTO-2B cells, which can be explained

directing expression in the posterior foregut and midgut
endoderm.

Identification of a strong enhancer activity in the
3'-flanking region of Hnf3g
In order to define this posterior foregut and midgut

by the absence of HNF-1 proteins in the cervical carcinoma
cell line.

Discussion
A 170 kb YAC with an Hnf3g-lacZ fusion gives

endoderm enhancer activity in more detail, we cloned the correct cell-specific and developmental expression

relevant region in seven partially overlapping fragments
in front of aTk promoterCatreporter (b BLCAT5; Boshart
et al, 1992) and transfected the plasmids into FTO-2B

Studies in cell cultures have provided the basis for the
understanding of cell type-specific regulation of gene
expression in mammals. In many instances, however, the

hepatoma cells, a cell line that had been shown previously relevance of the postulated mechanisms for gene activity

to express high levels ofinf3g protein (Nitschet al,
1993). As shown in Figure 8A, a strong enhancer activity
was detected in a 1.3 KBanH| fragment that corresponds
to the +16 kb HS. Control transfections into Ltk
fibroblasts, which do not express HNK;3evealed the

in the intact organism has not yet been demonstrated. In

order to define theis-elements required fardnf3g gene
expressionvivo we decided to start with YACs as a

vector system that ensures accurate gene expression in
transgenic mice (for a review see Lamb and Gearhart,

cell specificity of the detected enhancer. A second fragment1995). In addition to their high cloning capacity, YACs

with minor activating potential was found within a 1.0 kb
EcaRrl-Xba fragment including the sequences indicated
by the +12 kb HS. In order to define the minimal
sequences of the 16 kb enhancer, we transfected deletion
derivatives of the 1.3 kb BamHI fragment into FTO-2B
cells. After narrowing down the enhancer activity to a
700 bpDpnl fragment (data not shown), another deletion
series of this fragment defined a 397 Ajul fragment as
necessary and sufficient for full activity (Figure 8B). The
sequence is given in Figure 8C, together with putative
transcription factor binding sites as determined by a
computer search using binding site matrices (kindly per-
formed by F.Tronche; Tronchet al, 1997). Among
ubiquitous factors, a binding site for another liver-enriched
transcription factor, HNF-1, was found in thel6 kb
enhancer oHnf3g

HNF-1 is a potent transactivator of the + 16 kb
enhancer

In order to test the functional significance of the HNF-1
site in the+16 kb enhancer, we mutated the motif in the
context of a 425 bp enhancer fragment in pBLCATS
(Figure 9A) and transiently transfected this construct into

can be modified by homologous recombination in yeast.
Transgenic mice carrying an intact YAC with the entire
Hnf3glocus consistently showed an expression pattern in
embryonic and adult tissues indistinguishable from that
of the endogentnf8g gene. This is not self-evident,
since the heterologous sequences cloned intoHhig
locf@sgédlactosidase coding region and SV40 intron/
poly(A)*] might have exerted an effect on transcript
processing or mRNA stability. More lines will be needed
to further substantiate the observed correct expression
from the YAC transgene. This is the first report on position-
independent and copy number-dependent expression of
a YAC transgene modified with a heterologous reporter
gene, which is especially interesting in the light of findings
from the humar-globin locus. A locus control region
(LCR) located upstream of the gene cluster confers high
levels of position-independent, copy number-dependent
expression onto linked globin transgenes (for a review see
Dillon and Grosveld, 1993). However, when the same
LCR was used to drive @#-galactosidase reporter, the
LCR lost this property (Robemsoal, 1995; Guy
et al, 1996).

FTO-2B hepatoma cells. Figure 9B demonstrates that Identification and characterization of sequences

mutation of the HNF-1 binding site results in a dramatic
reduction in the+16 kb enhancer activity. The 15 bp

for tissue-specific expression of Hnf3g
Using the expression data frorHiifiég YAC as refer-

motif labelled in Figure 9 has independently been used ence, we wanted to identify the sequence elements that

by others in band shifts with liver extracts and was shown

are sufficient to produce this pattern. We therefore deter-
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Deletion in Hnf3g mutants
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AGCTCTTTACTGTAGACCTTAGGCAAACCCTCTGCCACT@AGTCACACACTCAGGCCTTC 60
Alul Bsu36|

61 ACTGGCCCTCTAGGCCAGGGTTCTATCACTGAGCCCCACTCCCAGCCCTCACCAACTGGC 120

121 CACTTGCTCCTCTCTTCCCTACTTCTGCGGTTTCCCACATTTTTCAGGACATCTTGCAG 180
Pstl

181 CATATTCCTTAGTCTTTCTGCCTACTCTCTGGTCCCCAAATCCTTCCACCCTAACCCCAC 240

241 TTGGGCACTGGGGGAAGGGGAACTGACCCATTCCCCCCCCCAACACCCACACAGGTCAGG 300
HNF1

301 CTGTCTGTTCTGTTAATAGTTAACCCAACCTCTATCTAAAATACACAGCAGCCAGGCTGG 360

SP1
361 GGGTGACTCCCCTGCCCCCCGCCCCCACCTACCAGCT 397
Alul

Fig. 8. Transient transfections identify a strong enhancer in thtaBking region of theHnf3g gene. A) A 1.3 kb fragment located at 16 kb
displays strong activity in FTO-2B hepatoma cells but not in~litkroblasts when cloned in front of Bk promoter driving aCat reporter gene.
Fragments are aligned with their genomic context (above). For comparison, the deletion introduced in the kimigatatlele (Kaestneet al,
submitted for publication) is indicated by a brackd) Definition of a minimal 397 bpAlul fragment possessing full enhancer activity in FTO-2B
hepatoma cells. ThBarrHI sites in (B) refer to the 1.3 kBarHI fragment in (A).Cat activities in (A) and (B) were measured relative to
pBLCAT5 (Boshartet al,, 1992), which was arbitrarily set to 1. Bars represent the mes@E from three independent experiments) Sequence of
the minimal 397 bp enhancer fragment from (B) with putative binding sites for transcription factors, shown in bold. Restriction sites for a few
enzymes are indicated. Alul; B, BanHl; Bs, Bsu36l; D, Dpnl; H, Hindlll; N, Nhd; P, Pst; X, Xbd; Xh, Xhd.
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mined the location of HS in théinf3g locus. We tested
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expression in liver, pancreas, gut and bone. We were able

the functional significance of these sequences by theirto dissect the region into two distinct enhancer activities.

ability to drive ap-galactosidase reporter gene in trans-
genic mice. Only constructBz4.9, containing 3flanking
sequences (corresponding to the HS+AR and+16 kb),
recapitulated many aspects of tHaf3gpattern, including

A

425bp WT- Cat

HNF1
.GTCTGTTGQTGTTAATAGTTAACCCAACCTCT..
mut

425bp mut- Cat .GTCTGTTGTTCACGCTCGACTGTCAACCTCT..

pBLCAT5 = —
425bp WT-Cat +———=___]
425bp mut- Cat +Y——=___]

0 20 40 60 80
Cat

100 120

relative activity

C 100 -
80
>
z
g 60 1
L]
8
g 40
":i
2
20 4
0 _%% Z
RSV- Hnf1a 01 03 1 3 01 03 1 3
RSV-O (- - - 8 - - - - - 3
Reporter lemt| 425bp WT- Cat 425bp mut- Cat
1004
80
>
z
g 601
«
&
g 40
.g
e
20 - V’
0
o
o A
RSV- Hnf1b 01 03 1 3
RSV-O0 (- - - 38 . .- - . . 3
Reporter lec;rl 425bp WT- Cat l 425bp mut- Cat

Constry@®Zp.6, lacking the+16 kb HS sequence,
retained only expression in bone but entirely lost endo-
dermalB-galactosidase expression. Interestingly, this was
accompanied by appearance of strong ectopic expression
in all transgenic lines, which was not observed in the
py8Z4.9 construct containing additionally the enhancer
active in liver, gut and pancreas. This indicates that the
+16 kb region is capable of suppressing position effects,
possibly by preventing promoter interactions with neigh-
bouring sequences from the genomic integration site. It
has already been described for other genes that deletion
or mutation of essential regulatory elements leads to
variable transgene expression (Adogital., 1993; Bonifer
et al, 1994; Esset al, 1995; Millonig et al,, 1995).

The importance of the'&lanking region for expression
of the Hnf3g gene has been unambiguously demonstrated
by examination of the expression of a mutated allele
(Hnf3g) created by homologous recombination in ES
cells (Kaestneret al, unpublished results). A deletion
encompassing exon 2 and thel2 and +16 kb HS
sequences led to silencing of the targeted allele in liver,
pancreas, stomach and small intestine. An interesting
guestion arising from this result is whether thief3g-
lacZ allele is inactivatedn cis or in trans in other words,
is the lack of transcription from theinf3glacZ allele in
these tissues due to lack of the HNi{-frotein itself.
This question can be answered by examining the results
obtained from the heterozygous animals (Figure 7A). The
bands obtained fdrnf3garising from the wild-type allele
in the heterozygous animals are approximately half as
strong as the bands in the wild-type controls, indicating
that the reduced level of HNFy3rotein in the hetero-
zygotes does not impair transcription from the wild-type
allele. However, in the same samples, no transcripts
originating from theHnf3g-HacZ allele can be found.
Therefore, we conclude that the inactivity of the mutated
allele is caused by deletion ofs-regulatory sequences in
the 3-flanking region. Since colon and nasal epithelium
staining is observed in both the mutated alletnf3q)
and in pMBZ4.9 transgenics, we could not yet assign
enhancers governingnf3g expression in these tissues.

With the results presented above we can ascribe the
enhancer activity for expression in liver, pancreas, stomach
and small intestine to the-16 kb region, which thus
behaves as a posterior foregut and midgut endoderm
enhancer ofHnf3g whereas the+12 kb enhancer is
crucial for bone expression.

Fig. 9. Identification of HNF-1 as a strong transactivator of the

+16 kb enhancer ofinf3g A mutation of the HNF-1 binding site in
the context of a 425 bp enhancer construct (in front dkgromoter/
Cat reporter) A) causes a dramatic reduction in enhancer activity in
transient transfections into FTO-2B hepatoma ceéls The HNF-1
mutation is indicated by crossed line€)(Both HNF-1o (upper) and
HNF-13 (lower) activate the 425 bp fragment of thel6 kb enhancer
(1 ug 425 bp WTEai) but do not show any effect on the fragment
with the mutated HNF-1 binding site (g 425 bp mut€at) in C33
cervical carcinoma cells. A construct without insert (RSV-O) served as
negative controlCat activities in (B) and (C) were measured relative
to pBLCAT5 (Boshartet al, 1992), which was arbitrarily set to 1.
Bars represent the mean SE from three independent experiments.
Numbers in (C) represent amounts (ig) of the indicated constructs
transfected.
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Control of Hnf3g expression by HNF-1 constitutes fused in-frame to théacZ coding region followed by SV40 intron and

: PP poly(A)* signal (pZsvAPCR, kindly provided by Dr L.Montoliu), to
Z?e"_’;:g ;:;tant component of a transcriptional obtain plZ. A 2.6 kb Ncd—Xba fragment spanning the’ dintranslated

‘ . . . region and flanking sequencestifif3g served as 3flanking homology.
To define the relevant sequences for the identified posteriorthus, exon 2 sequences Binf3g (position 505-1326 of the cDNA;
foregut and midgut endoderm enhancer activity-46 kb Kaestneret al, 1994) will be deleted upon homologous recombination
we have used transfection assays. A minimal 397 bp With the targeting constiuct. Far transformation, the targeting plasmid
fragment conferring .fu" ‘?r.‘hancer actiyit_y in FTO_.ZB \r,\éag?orre‘ligﬁzfor?nait:n\llsgremgrowrS\I ?)nmseleectiv_ean?(;g%m%ﬁ?agg,y
h_epa_\tomg cells was identified as containing a funCt!Ona| Lys") and analysed by PFGE, Southern blotting and PCR for the correct
binding site for HNF-1. We have shown that HNF-1 is a targeting event (pop in step in Figure 1B; data not shown). The resulting
potent upstream activator of the16 kb enhancer of intermediate YAC harbours duplications of the homology regions that
anSg Since this enhancer is absolutely crucial for ea”y thems_elves fa_(:lhtate excision of the intervening sequences yvhen applying
b . . afinf3a in the posterior forequt se!ectlon against _the presence loRA3_ (po_p out step in Flgqre 1B)
em ry(_)n'c expression g p g using 5-fluoroorotic acid (Sigma). This yields either reversion to the
and midgut endoderm (see above), we wanted to Know wild-type locus or replacement of exon 2 by the desired exdacZ-
whether HNF-1 could be involved in activation of the fusion. The resultant cloney8Z was verified to have a correbinf3g-
Hnf3g gene. We compared the early expression pattemslacz fusion without any detectable rearrangements (data not shown).
of the three genes byn situ hybridizations of'whole Generation of transgenic mice
mount and sectioned embryos. In support of earlier reports, yac DNA was purified for microinjection from preparative PFGE
we could not detect anpinfla expression at the onset of  according to Schedit al. (1993) with the following modifications. High
liver formation. Thus, this gene might only have a function concentration agarose blocks were prepared as described in Habdey
in later development, possibly in sustainidgf3gexpres- ~ (1991). PFGE conditions were 1% agarose,0-BBE, 14°C, 6 Vicm,
. The Hnf . . d i using a time ramp with; = 15 s andt, = 20 s and a 20 h running
tsr:on' H fg n 1{3h genet, mdc%ntrast, '3 fle_xpress_e ((ajar I8 time (BioRad CHEF-DRIII system).
an Anfsg In the gut enaoaerm ana liver primordium Plasmid inserts were excised from the vector backbone and purified
(Ottet al, 1991; Monagharet al, 1993; data not shown)  as described (Hogaet al, 1994). Microinjection into pronuclei of
and Would, therefore' be a Ilkely candidate for a direct fe'rtlllzedHOOCytetS ?leg\gi/N mice was performed using standard tech-
activator ofHnf3g Thus, we would like to extend previous ~"dues (Hogaret al, 1994).
models for transcriptional hierarchies in mammalian liver gya analysis
and gut formation (Anget al, 1993; recently reviewed in  Total RNA from adult tissues was isolated after guanidinium isothio-
Cereghini, 1996; Zaret, 1996). In this model, HNg-#&nd cyanate extraction as described (Chomczynski and Sacchi, 198A)
HNF-3u are at the top of the cascade and are activated atconcentration was deterr_mneq by measuring absorbance at 260 nm.
L . RNase protection analysis with 50g total RNA was according to
the onset of definitive eanderm formation. Subseqqently, Kaestneret al. (1994). The probe used fdinf3g detection has been
HNF-4 and HNF-B are induced at the onset of liver described previously (Kaestnat al, 1994). Probes folacZ were
differentiation (Ottet al, 1991; Duncanet al, 1994; generated as follows. A fragment containing the fusion betwe/en the
Taraviraset al, 1994).Hnf3g s then activated by HNF-  Hnf3g a"_d'a‘iﬁ genes was amp"‘lle‘g?m%\& ﬁgg‘?‘#&%@?{c
1B (and possibly other factors). These expression datfi?géTlgler]chA)e and IacgrgggréSCA'?TgG?éCATTCAGGCTGC) and sub-
suggest that a hierarchial relationship exists, howeve_r, It cloned into theSma site of Bluescript Il (Stratagene). Hybridization of
cannot be excluded that the cross-regulatory mechanismsan antisense probe derived from this plasmid yields protected fragments
described for liver-specific gene expression in adults (for of 326 nt from the mutated allele and 65 nt from the wild-type allele.
3 rewe\év se? Cereg[hlnl, 1996) come into play very early p-Galactosidase detection
uring aevelopment. Embryos were dissected in ice-cold phosphate-buffered saline (PBS)
and fixed in 0.2% glutaraldehyde, 2 mM MgCb mM EGTA, 0.02%
NP40 in PBS for 1 (E10.5) or 4 h (E12.5) respectively. Embryos were

Materials and methods genotyped by PCR from extra-embryonic membranes with primers
detecting thdacZ trangene. After fixation, embryos were washed three

Isolation, characterization and modification of an Hnf3g YAC times for 10 min in PBS and incubated for 1-2 days in staining solution

A 250 kb YAC library from C57BI/6J mouse DNA (kindly provided by [5 mMace(CN))Y, 5 mM Ky(Fe(CN)), 2 mM MgCl, 0.02% NP40,

Dr S.Tilghman; Rossét al, 1992) was screened by a polymerase chain  0.01% sodium deoxycholate, 1 mg/ml Bluo-Gal (Gibco BRL) in PBS].

reaction (PCR) approach using primers specific Himf3g exon 2:y1, Subsequently, embryos were washed three times for 10 min in PBS and

5'-TTCCCAAGCTTGGGCACTGGTGGCA-3and y3, 5-GTGGCA- post-fixed in 4% paraformaldehyde, pH 7.2, overnight at 4°C. Embryos

GCTGTAGTGGTGGCA-3. This resulted in isolation of three independ- were washed in PBS, dehydrated and photogfagtadactosidase

ent Hnf3g clones, two of which (designatedy¥ and Yy5) had YAC detection on cryostat-sectioned embryos (E14.5) was performed as

inserts of 170 kb and were characterized in detail. PFGE of several described in Katsthéunpublished results).

colonies from both clones indicated that they contained stable YACs. In
order to verify that the YAC does not contain chimeric sequences, the DNase I hypersensitivity analysis

insert ends were cloned using the ‘vectorette’ PCR method (Riley, Adult mice were perfused with ice-cold PBS and nuclei from liver and
1990) and sequenced. Primer pairs derived from both ends were kidney prepared according toeBatk@m84) and Jantzemet al.
used as sequence tagged sites (STS) to determine their underlying(1987). Aliquots of 1.510° nuclei were digested with increasing
chromosomal origin. Both STS mapped to mouse chromosome 7 (data amounts of DNase | as describece{Jant2867). Purified DNA
not shown), wheréinf3ghad been localized previously (Avrahanal, was digested wittHindlll, separated on an agarose gel, transferred to a
1992). As a first step towards its modification, the YAG/ASYwas nylon filter and hybridized with a 0.45 Rtbad-Hindlll fragment that
transferred from the library’s host strain AB1380 to YPH925 by Kar- indirectly end-labelled a 10.5 kblindlll fragment in the 3-flanking
cross (Hugeragt al,, 1994; Spenceet al., 1994), so as to have a broader regiorHoff3g Endogenouxba, Xhd, BanH| and EcaRl restriction

set of selectable markers. The resulting clone was transformed with the sites from the 3flanking region were used to map the identified HS to
integrating plasmid pRV1 (Srivastava and Schlessinger, 1991) to destroy regions of ~0.5-1.0 kb (not shown). For analysis of the promoter region,
the URA3gene in the right YAC vector arm and replace it with éS2 genomic DNA was digested witBarrHI. A 15 kb BanH| fragment was
selection cassette. TherefotdRA3could be used for selection of correct indirectly end-labelled from’isri@l located in the intron with a 0.3 kb
lacZ targeting to theHnf3glocus by a two-step transplacement strategy Xhd-BarnH| fragment. HS positions were mapped by comparison with
(Winston et al, 1983). In thelacZ targeting construct a 6.0 kNcd endogenous fragment lengths generatediimdlll/BarHI, Bglll/BanHI

genomicHNf3g fragment comprising intron and exon 2 sequences was andNotl/BanHI digestions to regions of ~0.3 kb (not shown).
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Plasmid transgenes

A 8.5 kb EcaRI fragment was patrtially digested wiBsu36! and cloned
as an 8 kb promoter fragment fused at positib83 bp (relative to the
transcription start site; Kaestnet al, 1994) into theSma site of
pZsvA©™ (Montoliu et al, 1995) to obtain y8Z. For p/8Z3.6, a 3.6 kb
EcaRl-BanH| fragment from the 3flanking region of Hnf3g was
inserted into Asp718 of y8Z. Subsequent introduction of a 1.3 kb
BamH| fragment extended the cloned-flanking region to 4.9 kb
(py8Z4.9). Cloning of an 8.5 kkEcdRl fragment comprising 8 kb
promoter, exon 1 and intronic sequences into ktedlll site of pylZ
(see above) resulted in/@lZ.

Cell culture and transfections

Rat hepatoma FTO-2B cells (Killary and Fournier, 1984; Killatyal.,
1984) were grown in a 1:1 (v/v) dilution of Dulbecco’s modified Eagle’s
medium (DMEM) and Ham F12 medium. Ltkmouse fibroblasts
(obtained from ATTC) and C33 human cervical carcinoma cells (ATCC)
were cultured in DMEM. Media were supplemented with 10% fetal calf
serum, 100 U/ml penicillin, 10Qug/ml streptomycin, 10 mM HEPES,
pH 7.4, and 2 mM glutamine. Prior to electroporation, cells were
resuspended to 2:2107 cells/ml and mixed with 1Qug plasmid DNA.

A Rous sarcoma virus luciferase construct served as internal control.
Electroporations were performed as described (Bosé@dl, 1990).

C33 cells were transfected using the protocol of Chen and Okayama
(1987). Cells were harvested after 48 h addt and luciferase assays
were performed from prepared extracts as outlined in Neunarad.
(1987) and Boshartt al. (1990), respectively.

Accession number

The novel nucleic acid sequence data referred to in this work have been
deposited in the DDBJ/EMBL/GenBank Data library under the accession
number Y12559.
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