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The rat HNF-3 (hepatocyte nuclear factor 3) gene
family encodes three transcription factors known to be
important in the regulation of gene expression in liver
and lung. We have cloned and characterized the mouse
genes and cDNAs for HNF-3a, 8, and v and analyzed
their expression patterns in various adult tissues and
mouse embryonic stages. The HNF-3 proteins are
highly conserved between mouse and rat, with the ex-
ception of the amino terminus of HNF-3v, which in
mouse is more similar to those of HNF-3a and S than to
the amino termini of the rat HNF-3y protein. The
mouse HNF-3 genes are small and contain only two or
three (HNF-38) exons with conserved intron—exon
boundaries. The proximal promoter of the mouse HNF-
38 gene is remarkably similar to that of the previously
cloned rat HNF-38 gene, but is different from the pro-
moters of the HNF-3a and v genes. The mRNA distribu-
tion of the mouse HNF-3 genes was analyzed by quanti-
tative RNase protection with gene-specific probes.
While HNF-3a and § are restricted mainly to endo-
derm-derived tissues (lung, liver, stomach, and small
intestine), HNF-3v is more extensively expressed, be-
ing present additionally in ovary, testis, heart, and adi-
pose tissue, but missing from lung. Transcripts for
HNF-38 and a are detected most abundantly in midges-
tation embryos (Day 9.5), while HNF-3vy expression
peaks around Day 15.5 of gestation. @ 1994 Academic

Press, Inc.

INTRODUCTION

Much progress has been made toward understanding
liver-specific gene expression through biochemical anal-
ysis of the promoters and enhancers of genes such as
those encoding albumin or transthyretin and the subse-
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quent isolation of the transcription factors important in
their regulation (for review see Lai and Darnell, 1991;
Sladek and Darnell, 1992; De Simone and Cortese,
1991).

The major liver-enriched transcription factors identi-
fied so far include HNF-1, a POU-homeodomain pro-
tein; C/EBP« and 8, which are bZip proteins; HNF-4, a
member of the thyroid-steroid hormone receptor super-
family; and HNF-3, a representative of the HNF-3/fork-
head class of DNA-binding proteins (Lai and Darnell,
1991; Sladek and Darnell, 1992; De Simone and Cortese,
1991, and references therein). The HNF-3 proteins were
first identified by their ability to bind to important pro-
moter elements in the a,-antitrypsin and transthyretin
genes (Costa et al., 1989). Other target sites for HNF-3
have been described in the a-fetoprotein, albumin, tyro-
sine aminotransferase, phosphoenolpyruvate kinase,
transferrin, and HNF-1a and HNF-38 genes (Costa et
al., 1989; Herbst et al. 1991; Nitsch et al., 1993; Ip et al.,
1990; Auge-Gouillou et al., 1993; Kuo et al., 1992; Pani et
al., 1992b) as well as the lung-specific gene CC10
(Sawaya et al., 1993). From comparison of the observed
HNF-3 binding sites, a consensus element, TATTGA®/
+T'T*/+G, has been derived (Costa et al., 1989), although
deviations from this consensus sequence have been
identified (Nitsch et al, 1993; Pani et al., 1992b). The
HNF-3 DNA-binding activities were purified from rat
liver extracts and the rat cDNAs subsequently cloned
and sequenced (Lai et al., 1990, 1991). The three binding
activities observed in gel retardation assays were found
to correspond to three proteins encoded by independent
genes, which were termed HNF-3«, 8, and v (Lai et al.,
1991). Deletion analysis of HNF-3« demonstrated that
the region between amino acids 124 and 288 is essential
for DNA binding (Lai et al., 1990). Subsequent sequence
comparison revealed striking similarities between HNF-
3 and the Drosophila melanogaster gene forkhead within
the DNA binding domain (Lai et al., 1991; Weigel and
Jackle, 1990), for which 100 of 110 amino acids are iden-
tical between HNF-38 and forkhead. The Drosophila
gene forkhead has been described as a region-specific
homeotic gene and is required for the proper formation
of the terminal structures of the Drosophila embryo

377

(0888-7543/94 $6.00
Copyright @ 1994 by Academic Press, Inc.
All rights of reproduction in any form reserved.



378

121

241

17

361
51

481
97

&0l
137

721
177

B43
211

961
257

1041
297

1201
337

1321
77

1441
417

15861
457

1e81

121

241

14

del
a4

481
i24

201
164

721
204

841
244

961
284

1081
324

1201
364

1321
404

1441
444

15861

1681

18¢1

1921

2041

KAESTNER ET AL.
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CCGCCCUGAGCAGCECACCCGCCCG TUGL TCC LU A AGGE T TGGA TG T TG I G TCGG L CGGGC TGEC TCCAGGATGTTAGGGACTG TGAAGATGCGAAGGGCATGAGAGCAACGAC TGGAA
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CAGCTACTACGUGGACACGL AGEAGGCCTAC TCC T C TG TCCC TG TCAGCAACATGAACTCCGGLCTGGGC TCTATGAACTCCATGAACACCTACATGACCATGAACACCATGACCACGAG
s ¥ ¥ A DT Q E A ¥ 5 5 Vv P V 5 N M N S5 G L G S M NS5 M AN T Y M TMMNTMTTS

CGGCAATATGACCCCGECTTCCT TCAACATGTCCTACGCCARCACGGGC TTAGGGGCCGGUC TGAGTCCCGG TGC TG TGGCTGOCATGOCAGGGGCCTC TGCAGGCGCCATGAACAGCAT
Z ¥N M T P A 5 F N M 58 ¥ A N T G L G A G L 5 P G A V A G M P G A S A G A M N 5 M

GACTGCGGUGGGCGTCACGGLCATGGGTACGL UG TGAGCCCGGGAGGCATGGGCTCCATGOGCGCGCAGCCCGTCACCTCCATGAACGGCC TEGETCCC TACGOCGLCGCCATGAACTC
T A A G VT A M &6 T A L S F 6 G M G 5 M G A Q P VT 58 MHMNG IL G P ¥ A A A MNP

GIGCATGAGTICCCATGGUGTACGLGCUGTCCARLCTGGGLCGUAGLUGCGUGOLGEGLGECGECGALGLCAAGACATTC AAGCGUAGC TACCC TCAD GCCARGCCGLCTTACTCC TACAT
¢ M S P M A Y AP 8 NL GRS R AG G G GG D A K_TF K R 5 ¥ p H A K B P ¥ 5 ¥ T

CTCGCTCATCACGATGGCTCATCCAGCAGGCGCCCAGCAAGATGC TCACGC TGAGCGAGATC TACCAGTGGATCATGGACC TCTTCCCCTAT TACCGCCAGAACCAGCAGCGCTGGCAGAR
— L1 I MW A 1 O C A B S K M L T L 3 Z A (X O # 2 ¥ 0 L F B Y I RO N O O R W O R

CTCCATCCGCCACTCGCTGTCCTICAACGAT TS TTTCGTCAAGG TGGCACGATCCCCAGACAAGCCAGGCARGGEC TCCTACTGGACGCTGCACCCGGAC TCCGGCAACATGTTCGAGAA
1 B H &5 L G5 F N D C F ¥V K ¥V A R S5 P D K P G K G S5 ¥ W T L. H_ P D S5 G N M F F N

CGGCTGCTACTTGCGCCGCCARAAGCGCTTCAAGTGTGAGAAGCAGCCGGGLGCUGGAGGTGLGAG TEGGGLECGECGGCTCCARAGGGGECCCAGARAGTCGCAAGGACCCCTCAGGCCT
- c X L R E O K R _F K C E K Q P & A G 6 6 5 6 G ¢ &6 5 K G G P E 5 R KD P S5 & P

GGEEGRACCCCAGCCCCEAGTCACCCCTTCATTORGETGTGCRCGGARASGCT AGCCAGCTAGAGGGLGCEUCGECCCCCEGGLCCGUCECCAGUCCCCACACTCTEGRCCACAGLGEGGT
G ¥ P 5§ A E 5 P L. E W G V E G K AMS QL EGAUPBAUZPG?P A ASP QT L DU B S G A

CACGGCGACAGGGGGLGCTTCGGAGT TGAAGTC TCCAGCGTCTTCATC TGCGCCCCCCATAAGC TCCGGGCCAGGGLECGETGGCATCTGTACCCCCCTCTCACCCGGCTCACGGCCTGGT
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CGAGCAGGL G TGCAGTACTCTCCTTATGGCGO TACC TTGCCCGCCAGTCTGCCCCT T GOGCAGCGCC TCACGTGGCCACGAGGAGCCCCATCGAGCCCTCAGECCTGGAGUCAGCCTACTA
E ¢ A L @ Y 5 p ¥ 56 A TULUPAOS L P L G S A 5 VYV ATWRUGS P I E P 5 A L EP A Y Y

CCAAGGTGIGTAT TCCAGACCOG TGL TAAATACT TCCTAGC TCCCAGAAC TGAGGS T TTTGTCTGCATGGCCAACCTGG TAGCAGGAGAGARAAACCARCAGCARACAAACAAMACCACA
0 6 vV ¥ 5 R P ¥V L N T & ¢*

CACACACACACACAGACACACACACACCAAACCAACCACATAATARRATTCCAAATAGTTTTATTTTTCACGCACAAARARAAAARL 1766

CTGACGACCAGGGCGGCCAGACCACGCGAGTCCTACGCSCCTCCTGAGGCCGCCCCGGOGAC TTAACTCTAACGGGGAGGGGCCTCCGGAGCAGCGGLCAGCGAGTTARMGTATGC TGGGA
M L &

GCCGTGAAGATCGAAGGGCTCGAGCCATCCCGAC TGGAGCAGCTAC TACGLGGAGCCCGAGGGCTACTC T TUCGTGAGCAACATGAACGCCGGCCTGGGGATCAATGGCATGAACACATAL
A VvV K M E ¢ L E P S D W § 5 Y Y A E P E G Y B &5 V¥V 8 NM NAMOG L G M NG MMWNT Y

ATGAGCATGTCCGCGLCTGCCATGGGCGGLGGT TCCGGCAACATGAGC GCGGGCTCCATGAACATGTCATCCTATGTGGGCGC TGGAATGAGCCCETCGC TAGCTGGCATGTCCCCLGED
M 5 M § A A A M G G G 5 G N M 5 A G 535 M N M s 5 ¥ v 6 A G M § P S L A G M S P G
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CTTGCCCCCTACGCCAACATGAAC TCGATGAGCCCCATGTACGGGCAGGLCOGLCCTGAGCCGCGU TCGEEGACCCCAAGACATACCGACGCAGCTACACACALGCCARACC TCCCTACTCE
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Y 1 5 L I T M A T O O 5 P N K M L T L 5 E T ¥ O W T M D L F P F ¥ R O N O O RHW

CAGAACTCCATCCGCCACTCTCTCTCCTTCAACGACTGCTTTCTCAAGGTGCCCCGCTCGCCAGACAAGECTGOCAAGGGU TCCTTCTGGACCC TGCACCCAGACTCGGGCAACATGTTE
o 8 o T P B S L o F N 0 C 2 L K YV P R S P 0 K P Qg K G & F H T L H P D S ¢ H M F
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PCTCAGGCTCAGCTCGEGGAGGCCGEGGGCTCGECCTCCCAGACTCCGGLCGGCACCGAGTCCCCCCAT TCCAGCGCT TCTCCGTGTCAGGAGCACAAGCGAGGTGGCCTAAGCGAGCTA
S @ A Q L G E A AG S A S ETPMSGTE S P H &5 5 A 5 P COQEUHKURGGUL S E L

AAGGGAGCACCTGCCTCTGCGC TGAGTCC TCCCHAGCCGGUGCCCTCGCCTGGETAGCAGCAGCAGGC TGUAGCCCACCTGCTGEGLCCACCTCACCACCCAGGCCTGCCACCAGAGGCT
K G A P A 5 AL 55 P P E P AP SIS P G Q Q 0 O A A AHULULOG?®? P HHB P G L P P E A

CACCTGAAGCCCGAGCACCATTACGCCTTCAACCACCCCTITCTCTATCAACAACCTCATGTCGTCCGAGUCAGCARCATCACCACAGCCACCACCACCATCAGCCCCACAMAMATGGACCTC
H L K P E H BR ¥ A F N H P F 5§ I BN N L M &§ 5 E €@ ¢ H H H# s H H H d# 0 P B K M D L

ARGGCCTACGARCAGGTCATGCACTACCCAGGGEGCTATGG T TCCCCCATGCCAGGLAGC TTGGCCATGGGCCCAGTUACGARAACAAAGCGEGCCTGGATGCCTCGCCCCTGGCTGCAGAC
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ACTTCCTACTACCAAGGAGTGTACTCCAGGCCTATTATGAACTCATCC TAAGAAGATGGCTTTCAGGCUCCTGUTAGL TCTGGTCACTGEGLAT AAGG GAAATCAGAGGCTGAGTGGAGAC
T § Y Y 0 G VvV Y 5 R P I M N 5 5 *
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C 1 GCGGGACTCCCGGGCTGTGTGCC TCAGETCGGARCTCGEGECTAGTGCCTGTAGAGAGACCGARGCAC TCGGTTCCCCCAGGGGGCCTCAGCCTGOGTGTGTGGEGECGCAGGCCGEGGA 120
1 M
121 TCCTGGGCTCAGTIGAAGATGGAGGL TCATGACCTGGCCEAGTGGAGCTAC TACCTGGAGCOGGEGCGAGGTCTATTCTCCAGTGAATCCTGTECCCACCATCGCCCCTCTCAACTCCTACA 240
2 L 6 8 V K ¥ EAHEDULAETUW®WTSTYJYZPEH BAWDLGTETVSYTZYSPVNZPVPTMAEPPTILWNINSTYMHM 11
241 TGACCTTGAACCCACTCAGCTCTCCCTACCT TCCOGERAGGECTTCAGGLCTCCCCACTGCCTACAGGACCCCTGGCACCCCCAGECCECACTECGCCCTTCRGGCCCACCTTCCCAAGCT 360
42 T L N » L S 5 P Y P P ¢ ¢ L QA SUPTILU P TGP L APPAPTH AZPTLTGT EPTT FO®PS L g1
361 TGGGCACTGGTGGCAGCACCGEAGECAGTGCTTCCGGGTATGTAGCCCCAGEGCCCGGGETTGTACATGGAAARGAGATGGCAAAGGGGTACCGGCGGCCACTGGCCCACGCCARACCAC 480
82 G T GG S T GG S A S 6 Y VAUPGT POGULV HOGEKEMAEGY R BR® L A B A K P P 121
481 CATATTCCTACATCTCTCTCATAACCATGGCTAT TCAGCAGGCTCCAGGCARGATGCTGACCC TGAGTGAAATCTACCAATGGATCATGGACCTCTTCCCGTACTACCGGGAGAACCAGS 600
122 Y S Y I S L I T M A I ¢ Q AP G K MLTTLEETIJY oW I MDILF©PY Y RENTGC 16l
601 AACGTTGGCAGAACTCCATCCGGCATTCGCTGTCCTTCAATGACTGCTTCGTCAAGGTEGCACGCTCCCCAGACAAGCCAGGCARAGGCTCCTACTGGGCCTTGCATCCCAGCTCTGGGA 720
162 E_W_Oo N 5 1 B _H & L S F N D C F v K ¥ A R S P o K. B G K G S X W A L H P = o5 G N 201
721 ACATGTTTGAGAACGCATGCTATCTCCGCCGOCAGARGCGCTTCAAGC TGGAGGAGAACGCAAAGAMAGGAAACAGCGCCACATCGGCCAGCAGGAATGGTACTGCGGGGTCAGCCACCT 840
202 M F FE N ¢ ¢ Y L R R O K R F K LF T K AT KIEKGMHNSA ATS5ASUERUNTEGTAGSAT S 241
941 CTGCCACCACTACAGCTGCCACTGCAGTCACCTCCCCGECTCAGCCCCAGCCTACGCCATCTGAGCCCGAGGCCCAGAGTGGGGATCATGTGCGGGGTCTGGACTGCGCCTCACCTCCTT 960
242 AT T T A A TAUV T S5 P A OQPOQEPTUPSET PEA AT GQSGDT DUV GEGGELDCAST PP 5 281
961 CGTCCACACCTTATTTCAGCGECCTGGAGCTCCCGGGEGAACTAAAGTTGGATGCCCCCTATAACTTCAACCACCCTTTCTCTATCAACAACCTGATGTCAGAACAGACATCGACACCTT 1080
282 $ TP Y F $ 6 LETILTPGTETULTEKTLODA AP YU KT FNU HEPEPTFSTIN MNTILMMSES® GQTSTP S 321
10B1 CCAAACTGGATGTGEGGTTTGGGGGCTACGEGECTGAGAGTGEGEAGCCTGGAGTC TACTACCAGAGCC TCTATTCCCGCTCTCTGCTTAATGCATCCTAGCAGCGCARTTGGGARCGCS 1200
322 K L. b vVGFGGJYGATESOGTET®POGVYVY ¥ Y Q05 1L Y S RS L LUNASTGS * 354
1201 ATGATGGGCGTGGGCTGCAACGTICTTGGGCTCTGATCT T TCTGGTTACACT T TGC T TG TCCCATTAATTAACATC T TATTTGGTCTATTACTGTGATATGACCCATTAGCTACTGTGET 1320
1321 AACTGCCATGGACTCTTTGGTAGGCCTAGGE TTGGGGTATTAGGAAGGCAGATGCGT T TGGAAGTGCTGCGARGGTGGTCATGTTGGACATATTGTGAAGGCAGTTAGACTGGTGTACTA 1440
1441 TGAAAGCTAGCCATATTAAGTGAAGCCATTGGGTGATTGATCCACTEGETGCCTGATGGTCGTGATETTGGATSACACATGTCTCGTCCTTTGGATGATGTGTTGGCAATCTTGATTGAC 1560
1561 CTGTGTTGGACATCTTGATTGACCTTTTGAGTATGTGACAGAACACATCTTCTTTGECTCAT TTTATCCTGGGATCGCCTCTTITTTTTCCTCTTCTTITICTITTICTITTTITICTTIT 1680
1681 CCITTTTTCTITCTTITITCTTTT ITGGCAGACTTCTTGGTTCAGCAGATGCCAAATTGGCCACCATATCACATGGTCTCTTTTTTGACATTCTGGATGCATGCARGCTCACTGTATTGG 1800
1801 CAAGGTGACATCTCAGCATGCTGCTATGCACCAAGATAGATGGTTACCACAGGCCTGCCATCTECTTCGTCEAGGTTGGETGAGAGGAAGAGGTGAGCAGACCTATCGASTTITICTCTG 1920
1821 AAGCCCATCCCCACCCTGTCTGTGAGAAAGGGCTAGTGTGGETCTCGGGAGTICCTACTGAGGTCAAGTTCTIGTCTGGGGCTTGGGAATACTGCCTGTGTTTGGCCATTARRMAAGGCAT 2040

2041 CATCTCCATARAAAAAARAAPAAMAAAA 2067

FIG. 1.

Nucleotide and translated amino acid sequences of the mouse HNF-3q, 8, and v cDINAs. Shown is the sequence of the sense strand

of composite cDNAs and the corresponding amino acid sequence of the longest open reading frame for HNF-3a (A), HNF-33 (B), and HNF-3~
(C). The boldface sequences in A and C indicate potential polyadenylation signals. The sequences of the 110-amino-acid forkhead DNA binding

domains are underlined.

(Jurgens and Weigel, 1988; Weigel et al., 1989). The
forkhead gene is expressed in ectodermal as well as en-
dodermal portions of the gut, the volk nuclei, the sali-
vary glands, and certain cells of the nervous system.
Subsequently, sequences closely related to the HNF-3/
forkhead DNA binding domain have been found in spe-
cies ranging from yeast to man (Oliver et al, 1992;
Knoéchel et al., 1992; Dirksen and Jamrich, 1992; Ruiz i
Altaba and Jessell, 1992; Hicker et al., 1992: Tao and
Lai, 1992; La et al, 1991, 1992; Li and Vogt, 1993;
Kaestner et al,, 1993; Clevidence et al., 1993). In mice, six
HNF-3/forkhead homologues that have at least 57%
amino acid identity within the DNA binding domain
with forkhead have been described (Kaestner et al,
1993).

The rat HNF-3 genes have been shown to be ex-
pressed, in addition to liver, in stomach, intestine, and
lung (Lai et al., 1990, 1991), which are all tissues derived,
at least in part, from embryonic endoderm. This fact,
combined with the high degree of similarity to the Dro-
sophila gene forkhead, has led to the proposal that the
HNF-3 genes are important in early endoderm and liver
development in addition to their role in adult liver tran-
scription (Lai and Darnell, 1991). This notion is sup-
ported by recent in situ hybridization studies on early

postimplantation and midgestation mouse embryos (Sa-
saki and Hogan, 1993; Monaghan et al., 1993). The
HNF-3 family members were found to be sequentially
transcribed in the developing definite endoderm, HNF-
308 being the first gene to be activated, followed by HNF-
3a and finally v. Interestingly, HNF-38 and « mRNAs
were also found in cells of the notochord and ventral
neural epithelium, suggesting additional functions for
these genes In mesoderm and neural axis formation
(Monaghan et al., 1993). Recent experiments suggest
that the very early expression of the HNF-3 proteins in
the liver primordium is responsible for the reorganiza-
tion of the chromatin structure, as the HNF-3 proteins
are involved in the precise positioning of nucleosomes
over the albumin enhancer only in those tissues where
the enhancer is active (McPherson et al., 1993). As a
prerequisite to further our understanding of the impor-
tance of the HNF-3 gene family in mouse development,
through promoter analysis in transgenic mice and gener-
ation of null alleles via homologous recombination in
embryonic stem cells, we have cloned and characterized
cDNAs and genomic fragments encoding the mouse
HNF-3 genes, In addition, we have quantitatively ana-
lyzed their expression pattern in adult mouse tissues and
whole mouse embryos from midgestation to term.
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FIG. 2. Restriction map of the mouse HNF-3a, 8, and ¥ genes. The restriction map of each gene together with the extent of the lambda
phage ciones from which it was derived is shown. The exons of the three genes are shown as black boxes, and the forkhead DNA binding domains

are indicated as white boxes.

MATERIALS AND METHODS

Library construction and ¢cDNA and genomic cloning. A 300-nt
probe corresponding to the forkhead domain of the mouse HNF-3«
gene originally obtained by PCR (Kaestner et al, 1993) was used to
screen two mouse liver cDNA libraries (Ruppert et al., 1990; B.
Luckow et al., 1994) using high-stringency hybridization and washing
conditions {Church and Gilbert, 1984), Fourteen hybridizing lamhda

phages were purified and the cDNAs were subcioned into Bluescript
(Stratagene} and classified by dideoxy sequencing (Sanger et al.,
1977). The complete coding as well as part of the untranslated regions
of the mouse HNF-3«, 8, and v cDNAs were sequenced after generat-
ing nested deletions of the cDNAs with exonuclease III (Henikoff,
1984).

(Genomic clones containing the HNF-3a and 8 genes were obtained
through screening of an amplified mouse 129/0la library in A\GEM-12

TABLE 1

Intron-Exon Boundaries of the HNF-3 Genes in Mice

HNF-3a
Exon 1 Eixon 2
AACGCAGGAGELZABagECERE - -« vvrrerrrtrncecnnannns Z.0-ED INtIOon ...cvissvasis sewuvasiosa tctecgetecagGCCTACTCCT
T Q9 ]EZ2 4 Agy 5Y S
HNF-38
Exon 1 Exon 2
CCGAGTTAAAgELttEECctaaat ..vvvennerniinrcnnannns 15-kbintron .............coceiinn.... cteggettecagTATGCTGGGA
T T M. LG
H
Exon 2 Exon 3
GGAGCCCGAGELA8BCTCEERC cuuusnrenrrccnnnsaranass O0.5-kbintron .......coooivineiininnnn. ctetgtecgeagCGGCTACTCTT
i B E23 GZ {}Y B
HNF-3v
Exon 1 Exon 2
GGLGGGLGAGE L L gt CCECEE v vt i riecian nnnns BoMB IREROTE . oo oo smipvaw i siseisy ctetecetetagGTGTATTCTC
A G Ey, TV, Y B

Note. The intron-exon boundaries were obtained by comparison of cDNA and genomic sequences. The consensus dinucleotides gt and ag at

the intron borders are underlined.
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FIG. 3. Mapping of the transcription initiation sites of the mouse
HNF-3a, 8, and v genes. Synthetic oligonucleotide primers comple-
mentary to the sense strand of the cDNAs were end-labeled with **P to
a specific activity of 10® cpm/ug. Primer extension analysis was
carried out with 5 ug of poly(A™) RNA from stomach or 5 ug tRNA.
Marker lanes contain the dideoxy nucleotide sequencing reactions of
the first exon of each gene using the same primers. Arrows indicate the
major start sites of transcription,

(Promega) kindly provided by Anton Berns (Amsterdam) using the
probe and hybridization conditions as used for the cDNA library
screen. An additional genomic library was constructed from murine
embryonic stem cells. Genomic DNA was isolated from the murine

381

embryonic stem cell [ine E14TG2a (Hooper et al., 1987), partially di-
gested with the restriction endonuclease SaudAl, size fractionated (16
to 23 kb fragments), and ligated into ADash II (Stratagene) according
to Frischauf (1987). Two million primary phages of this library were
screened with various portions of the mouse HNF-3y ¢cDNA to assem-
ble the complete HNF-3v contig. The genomic lambda phages were
mapped, and exon-containing fragments subcloned and sequenced to
obtain the intron-exon boundaries.

Primer extension analysis. Primer extension analysis was carried
out as described previously (Kaestner et al., 1989) using synthetic oli-
gonucleotides and 5 gg tRNA or poly(A™) RNA purified from stomach
using oligo(dT) Dynabeads (Dynal). The primers used were comple-
mentary to nucleotides 64 to 85 of the HNF-3a cDNA, nucleotides 61
to 83 of the HNF-38 ¢cDNA, and nucleotides 61 to 83 of the HNF-3«
¢DNA (see Fig. 1). To map the endpoint of the primer-extended prod-
uct, dideoxy sequencing (Sanger et al, 1977) of genomic subclones
containing the first exon of each gene was performed using the corre-
sponding oligonucleotide as a primer.

RNA isolation and ENase protection analysis. Total RNA from a
variety of mouse tissues or whole mouse embryos was isolated by cen-
trifugation through a CsCl cushion after homogenization in guanidin-
ium thiocyanate (Chirgwin et al.,, 1979). The quality of the RNA prepa-
rations was controlled by ethidium bromide staining of the 18S and
28S rRNAs after electrophoretic separation of the RNA in denaturing
agarose gels. RNase protection analysis was performed as described
previously (Kaestner et al., 1989) using [a — **P|UTP-labeled anti-
sense RNA probes derived from Bluescript {(Stratagene) subclones
containing 191 bp (HNF-3«, position 1185 to 1355}, 221 bp (HNF-38,
position 1162 to 1389), or 338 bp (HNF-3~, position 993 to 1330) of
the mouse HNF-3 ¢cDNAs. The probes chosen were from regions out-
side the conserved domains of the HNF-3 family to avoid the possibil-
ity of cross-hybridization. The antisense probes were hybridized
against 50 pg (adult tissues) or 20 ug (embryonic samples) total RNA

A
ACGATCCTTG CGCTGTAGCT CTGATGCCAC CACCCAGGTC CTTCTCCCGC AGCACAGCTC TTTGGGTCCA GAGCCCTGGC CTGTCCTCCA -396
SP1
AGGCACCGCC TATTTTTCCT TTTCTTCTTT TTTTTCCTTT TCTTTTCTTT CTCTTTTTTT CCTTTTCCAA AGGGGGTCAC ACACACACCC -306
CCAAT-BOX
GCCCTATTTT CCTCTTTCCC TAGCCGCGAG GCTTAAACCA ATTATACTGC TTTGTAAACA AAGTGAGGGC CAGGTTTGGG GGAGGGGATE -216
SP1 SpP1 sp1
GCGGGAGGGG CGCGGGGRGL GCGCAGGCGLC TGGCGCGGCG GGGCGGGAGG CGCGGCGGCT GGACTGGCGG GCGGCCGCCT CACAGGTGCA -126
CCTCGGGCTT TGTAGGTGCG AGCGTCTTTG TGCGGCGGAC AAATGGGGAG AGGACGAGGA GGTGGGCACT CCGGCGACGT AAGATCCACA -~36
SP1 +1
TCAGCTCAAC TGCACTCGCT TCGCACAGGC CGCCLGCTCA CTTCCCGLGG AGGCGCTGCC GGGCGCCGGC TCCGCGGCCG CCTCCTGTCC +56
CCGGCGCTGLC CCCCTCCecge cgeogeey
B HNF-3
CCTAGTCTCG GTCTTGGTAG CTAACAATAT AAATGACATA CTCTGTTGTT TTCATGTTTG TTITTIGTTTGG GGCAGACAAG GTTTCTCTCT -365
GTAGCCGGAT GTCTTGAAAC TCACTCTATA GACTAGGTCA GCCTAGACTT CTCTGAGATC CTCCTGCCTC TGCCTCAAAG GCAGAAGACA -275
ACACTTCAAA TGACACTTTT TAACACCTAG AAGCTAAAGA GAARAAGAAAC TGAAATTTTC AATTTTTATA AGACAGTCCT GGTCTCTGCA -1B5
UF1-H3p HNF=-3
GGCAGAGAAC ACAGATCCTC CTGAAGTCAT CCCACAAGGC CCATTATTGA TTTTTTCTCC TGCCCTACCC CCCACCTACT GCCCTGITTG  -95
LF-H3p UF2-R3p
ITTTAGTTAC GARATGCTTT GGGCACCTTG GATTTAACTG ARAAGTAACC TTGAAACACC GAGGCCCTCA TGCCAGAGGC AAATCGCTGC =5
+1
CTCCCGGGTA TTGGCTGCAG CTAAACGGGT CTCTCCAGGC CGACTGAGGT GGGTAGCCAG ARAGAGGACT GAGGTAActg acga
C
TCTAGAGTTT CCCTCCTTTA GCTGGAGATG ATGAAACACT TAGAGGCAGA AAGATTCCCC GGCTCCCGCT CTGTTGCTCT AGGGCTTITG —-230
GGATCAGCAG GGTGTGGCTC TCTACCCACG CCTTGTAGTC CCCGACTCTT CATCCATCGC AAGCTTCCAG GTGCCAGGAC CGAGGCTCCC =140
SP1
AGTGCCTGAG GTCTCTCTTC TTGCGATCCC GCAGGGGGCG CCCCAATCCG AGGGCGCCGC GCTCGGGGAG GCGCGCGGGG AGCCCGGGEGT —50
TFIID +1

GGGCCCGGGA GGGGGTGTCC CGGCTIATAAA AAGTGGLCTGC CTCCCAAGGC GCCTGGGCCA gcgggactcc caggcetgtgt goctcaggt

FIG. 4. Nucleotide sequence of the § flanking regions of the mouse HNF-3« (A), 8 (B), and v (C) genes. The transcription initiation sites

determined by primer extension analysis (Fig. 3) are shown in boldface, and the 5 most were designated as +1. Potential binding sites for known
transcription factors are underlined. The sequences present in the cDNAs are shown in lower case letters.
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(1) HNF-3p
(") HNF3a

1
5

fmole RNA / mg tissue RNA

FIG. 5. Quantitative analysis of the tissue distribution of the mouse HNF-3a, 3, and ¥y mRNAs. (A) Fifty micrograms of total RNA from
the tissues indicated was hybridized to a cocktail of excess *P-labeled antisense RNA probes specific for HNF-3a, 8, and %, and the level of the
mRNAs for all three genes was determined by RNase protection analysis as described under Materials and Methods. The lane marked ‘‘Probes”
contains 1000 dpm each of the three probes used and served to standardize the values obtained in the quantitation (see below). The arrows
indicate the positions of the probes (¢, £, and y) and the protected fragments (HNF-3¢, 8, and v). (B) The signals obtained in A were quantified
using a phosphoimager and converted to fmol-specific mRNA per milligram total tissue RNA. The signals were corrected for the specific
activity of the different probes and reflect the true ratios of the three mRNAs.

at 54°C in 80% formamide overnight. Excess probes were removed by RESULTS AND DISCUSSION
digestion with RNases A and T1 and, the protected probe fragments
analyzed on denaturing 6% polyacrylamide gels. The signals obtained Using a 300-nt probe spanning the forkhead DNA

were quantified on a Molecular Dynamics phosphoimager and con- . ;
verted to fmol RNA/mg total RNA assuming 100% hybridization of binding domain of the mouse HNF-3« gene (Kaestner et

the target RNAs and normalizing the signals for the number of UMP al., 1993), we screened two mouse liver cDNA libraries. A
residues incorporated in the hybridizing portion of each probe. total of 15 phages (10 for HNF-3«, 1 for HNF-33, and 4
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FIG. 6. Temporal expression of the HNF-3¢a, 3, and ¥y mRNAs
during mouse embryogenesis. T'wenty micrograms of total RNA from
the developmental stages indicated {in days post coitum) were ana-
Ivzed by RNase protection as described in the legend to Fig. 5. The
antisense probes and protected fragments are indicated by arrows.

for HNF-3v) were purified from 1.3 million phages
under high-stringency conditions. The phage inserts
ranged from 1 to 2.1 kb and contained the complete cod-
ing regions of all three genes. As demonstrated by se-
quence analysis and transcriptional start site mapping,
the cDNA lack less than 50 bp at the 5’ end. The cDNAs
for HNF-38 and v are almost full length, as the corre-
sponding mRNAs were shown to be 2.3 and 2.1 kb in size
(data not shown). The cDNAs for HNF-3« are lacking
1.6 kb of untranslated sequence at the 3’ end, as its
mRNA was found to be 3.4 kb in length (data not
shown). The sequence of the mouse HNF-3 cDNAs was
determined and is shown in Fig. 1 along with the amino
acid sequence for the longest open reading frame. The
cDNAs encode proteins of 468 (HNF-3«¢), 459 (HNF-
383), and 353 (HNF-3v) amino acids with calculated mo-
lecular weights of 48.9, 48.5, and 34.6 kDa, respectively.
As expected, sequence comparison demonstrated that
the mouse and rat sequences (Lai et al., 1990, 1991) are
highly conserved, with amino acid similarity ranging
from 93% {for HNF-3v) to 99% (for HNF-33). A note-
worthy exception is the amino terminus of the HNF-3 «
gene, at which the mouse sequence is more similar to the
mouse HNF-3« and 8 genes (16 of the first 55 amino
acids are conserved} than to its rat counterpart (6 of 55
conserved amino acids). This is especially interesting in
light of the finding that the amino-terminal 52 amino
acids of the HNF-38 protein were shown to be important
in transcriptional activation through testing of deletion
mutants in transfection assays (region 1V; Pani et al.,
1992a). This domain 1s rich in serine and tyrosine resi-
dues and contains two putative casein kinase 1 phos-
phorylation sites. Therefore, 1t seems likely that the
amino terminus of the mouse HNF-3+ gene can function
in transcriptional activation as well. This region of the
mouse HNF-3vy sequence was also confirmed by se-
quencing the corresponding genomic region (see below).

Using the mouse cDNA probes for HNF-3«, 3, and #,
we screened two mouse genomic phage libraries to ob-
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tain genomic fragments containing all three genes. The
resulting phages were mapped and the exon-containing
regions identified by Southern blotting and subcloning.
The restriction patterns of the cloned regions were com-
pared to those obtained in mouse genomic Southern
blots to exclude possible rearrangements of the lambda
phages (data not shown). The resulting gene structures
for HNF-3«, 3, and v are shown in Fig. 2. All three genes
span less than 10 kb and contain two (HNF-3« and v) or
three exons (HNF-38). The intron-exon boundaries
were determined by comparing the cDNA and genomic
sequences and are summarized in Table 1. Interestingly,
the intron within the coding region 1s at the same rela-
tive position in all three genes, that is, at —1 with respect
to a conserved YS dipeptide, indicating a common an-
cestor gene. In addition, the above-mentioned diver-
gence of the amino terminus of the mouse HNF-3+y gene
from 1ts rat counterpart cannot be explained by alter-
nate exon usage, as this region covers the first 55 amino
acids, while the intron is located at position 24. In addi-
tion, no evidence for alternate splice variants of HNF-3~
was found in RNase protection experiments using
probes covering the first 452 nucleotides of the HNF-3y
cDNA (data not shown). The intron-exon boundaries of
the rat HNF-33 gene, the only other HNF-3 gene ana-
lyzed so far (Pani et al., 1992b), are identical to the ones
for the mouse gene described here. To determine the
start site of transcription for HNF-3a, 8, and v, we per-
formed primer extension experiments with gene-specific
primers. The results of these experiments wusing
poly(A") RNA from stomach (where the HNF-3 gene
family is expressed most strongly, see below) or tRNA as
negative control are shown in Fig. 3 alongside a sequenc-
ing ladder using the same primer. In all three cases, mul-
tiple, but closely spaced, start sites are apparent. The
most & of these transcription initiation sites was desig-
nated as position +1 (see Fig. 4). The transcriptional
start site of the rat HNF-38 gene (Pani et al.,, 1992b) has
been mapped to within 5 nt of the one observed in
mouse, again underscoring the close relationship be-
tween the two genes.

As an initial step toward the understanding of the reg-
ulatory elements governing the expression of the HNF-3
gene family, we subcloned and sequenced the proximal
promoters of the three mouse genes and searched them
for potential binding sites of known transcription fac-
tors (Fig. 4). Despite the relatedness of the three cDNAs
and the similarity of the mRNA distribution of the three
genes, the promoters are dissimilar. The promoters of
HNF-3a and v have in common only binding sites for
the general transcription factor Spl (Fig. 4), while only
HNF-3v contains a canonical TATA-box at the appro-
priate position relative to the start site of transcription.
The proximal promoters of the rat and mouse HNF-33
genes are remarkably well conserved, with 116 of the
first 120 nucleotides being identical. Especially impor-
tant is the fact that the two binding sites for a liver-spe-
cific protein, termed LF-H383, and a binding site for
HNF-3 itself are conserved in sequence as well as spac-



384

ing (Fig. 4; and Pani et al., 1992b). Pani et al. (1992b)
have shown through transfection of rat HNF-38 pro-
moter mutants i1n HepG2 cells that both binding sites
are important for strong expression of chimeric HNF-
38/reporter gene constructs. They proposed a mode! for
cell-specific transcription of the HNF-3 gene in liver
cells involving activation by the cell-specific LF-H38
protein and maintenance of this expression through posi-
tive autoregulation by HNF-38. Interestingly, a second
HNF-3 binding site of identical sequence is found far-
ther upstream (position —400 to —390) in the mouse
HNF-38 promoter, which might also take part in this
proposed autoregulation. A second possibility is the regu-
lation of the HNF-38 promoter by HNF¥F-3a and vy, which
are also present in liver and have similar DNA binding
properties (Lai et al., 1991). Most likely, similar regula-
tory pathways are operative in the regulation of the
mouse and rat HNF-38 genes. This notion 1s supported
by the finding that the proximal mouse HNF-38 pro-
moter confers cell-type-specific expression on a §-galac-
tosidase reporter gene (data not shown). A detailed pro-
moter analysis of the divergent HNF-3a and v genes
through transfection as well as transgenic mouse experi-
ments is in progress to understand which regulatory
pathways control these genes, as their proximal pro-
moters lack binding sites for HNF-3 and LF-H33.

As a first step toward understanding the full potential
of the HNF-3 gene family as transcription factors in
mice, we studied the expression patterns of its three
members through quantitative RNase protection using
gene-specific probes (see Materials and Methods for de-
tails), allowing for a first direct comparison of the ex-
pression levels of the three genes. The results of our sur-
vey of adult mouse tissues are shown in Fig. 5. While
HNF-3« is expressed strongly in large intestine and
stomach, and weaker in liver, lung, and small intestine,
HNF-38 mRNA is present in the same tissues at more
balanced levels. HNF-3+ is expressed strongly in large
and small intestine, stomach, and liver, but 1s absent
from lung. This is consistent with the observation of
Monaghan et al. (1993) that HNF-3vy expression in mid-
gestation mouse embryos 1s restricted to derivatives of
the endoderm posterior to the liver. The expression of
HNF-3«a and § in the adult mouse 1s restricted to deriva-
tives of the embryonic endoderm, while HNF-3y mRNA
was also found in heart, adipose tissue, ovary, and testis
as well as embryonic stem cells. The tissue distribution
of the HNF-3 mRNAs in mice is qualitatively similar to
that observed in the rat (Sladek and Darnell, 1992; 1.ai e¢
al., 1991). The expression of HNF-3v in heart, adipose
tissue and embryonic stem cells has not been observed
before. We extended our analysis of the expression of the
HNF-3 gene family to RNAs obtained from mouse em-
bryos from Day 9.5 post coitum onward using the same
gene-specific probes (Fig. 6). HNF-38 is expressed
strongly on Days 9.5 and 10.5, weakly detected during
the next 2 days, and returns to an intermediate level of
expression on Day 15.5. HNF-3a follows a similar pat-
tern as HNF-38, but 1s expressed at lower levels. The
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transient dip in the mRNA levels of HNF-3«a and 8
corresponds to the disappearance of the two mRINAs
from the embryonic liver as revealed by in situ hybridiza-
tion (Monaghan et al., 1993). HNF-3v, while hardly de-
tectable on Day 9.5, 1s being activated on Day 12.5 and
peaks on Days 15.5 and 16.5. This peak in mRNA levels
coincides with the increased expression of HNF-3+v in
endoderm-derived structures such as the liver, stomach,
intestine, and pancreas ochserved by in situ hybridization
(Monaghan et al., 1993).

As an initial step toward understanding the role of the
HNF-3 gene family of transcription factors, we have
cloned and characterized the ¢cDNAs and genes of its
three members. The information obtained will allow
identification of important regulatory elements in the
promoters of HNF-3a, 8, and v through transfection of
chimeric promoter/reporter gene constructs into tissue
culture cells and by analysis of these constructs in trans-
genic mice. Furthermore, gene targeting experiments in
mouse embryonic stem cells that will allow us to deter-
mine the precise role of these genes in mouse embryonic
development and tissue-specific transcriptional regula-
tion in the adult are in progress.
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