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second (Colberg-Poley etal. 19856), fourth (Duboule
etal. 1986; Rubin etal. 1986) and fifth (McGinnis etal.
1984) homeoboxes has been described. Using gen-
omic probes their expression profile in embryos, adult
tissue and differentiating teratocarcinoma cells has
been established. These data suggest functional simi-
larities between murine and Drosophila homeobox-
containing genes in the course of pattern formation
during embryogenesis (Manley & Levine, 1985).

Here we report the isolation of a cDNA of the
Antp homologous region Hox 1.3 (m2), the third
homeobox of the Hox 1 cluster. We predict the
primary structure of the Hox 1.3 protein by deduction
from an open reading frame containing the homeo-
box. Furthermore, the expression of Hox 1.3-specific
sequences during murine embryogenesis and in the
course of F9 EC cell differentiation into parietal
endoderm is described. In addition, expression
analyses of the Hox 1.3 gene in untransformed and
transformed NIH3T3 mouse fibroblasts are pre-
sented. In the two different experimental systems
used, teratocarcinoma differentiation and cell trans-
formation, we observe a reverse correlation between
Hox 1.3 expression and the transformed phenotype.

Materials and methods

Cell culture and embryos
F9 cells (Bernstine et al. 1973) were cultured in Dulbecco's
modified Eagle's medium supplemented with 10 % fetal calf
serum (DMEM+) on gelatinized tissue culture dishes. The
cells were induced to differentiate into parietal endoderm
cells by addition of 5xlCT7M-retinoic acid (RA) and
10"3M-dibutyryl c-AMP (cAMP) to the medium (Strick-
land, 1981). All other cell lines were grown to subcon-
fluence in DMEM+. Transformed derivatives of NIH3T3
cells were cells transformed by retroviruses containing src
or fos-b gene (obtained from U. Riither and E. Wagner)
and SV40 virus-transformed NIH3T3 cells. The 34i cell line
is derived from an MMTV-induced mouse mammary carci-
noma (obtained from G. Hager). MB66 MCA ACL6 is a
C3H10T 1/2 derived cell line chemically transformed by 3-
methylcholanthrene (Shih et al. 1979). LTK- cells were
originally generated from C3H fibroblasts treated with the
same carcinogen (Earle et al. 1943). Embryos were pre-
pared from ICR mice as described previously (Colberg-
Poley et al. 1985b), dissected from extraembryonal tissues
and homogenized in buffer containing guanidinium thiocya-
nate.

Isolation of RNA and Northern hybridization analysis
RNA was prepared using the guanidinium thiocyanate
method (Chirgwin et al. 1979) and purified by centrifugation
through a CsCl cushion as described previously (Colberg-
Poley et al. 1985a). Poly(A)+ RNAs were selected by
retention on oligo(dT)-cellulose columns. Aliquots of
poly(A)+ RNA (5^/g per lane) were fractionated on

denaturing 09 % agarose gels containing 3-7 % formal-
dehyde and blotted onto a Gene Screen Plus membrane.
The filters were hybridized in 50% formamide, lM-NaCl,
1%SDS, 100/igmr1 denatured salmon sperm DNA and
l-5ngml~' oligo-primed (Feinberg & Vogelstein, 1983) or
nick-translated [32P]DNA (SxlOMO^tsmin-'/ig"1)- The
filters were washed twice in 2 x SSC at room temperature,
twice in 2 x SSC, 1 % SDS at 60°C, and finally twice in
0-1 x SSC at room temperature.

Isolation ofcDNA clones
An Okayama-Berg cDNA library (Okayama & Berg,
1982) generated from MB66 MCA ACL6 cells (Shih et al.
1979) was screened using a 32P nick-translated probe
containing the 3' part of the Hox 1.3 homeobox and
flanking sequences (EcoRl-BgUI fragment; Fig. 1, probe
1) and a probe mapping upstream of the homeobox
(Accl-Sacl fragment, Fig. 1, probe 2). Filter papers (What-
man, 541) of colonies were hybridized overnight in 50%
formamide, 5 x SSC and 250/igml"1 of sonicated calf
thymus DNA at 42°C. Filters were washed in 01 x SSC,
0-1 % SDS at 60°C. Single colonies of a 2-7 kb cDNA clone
(clone Al) hybridizing to both probes were further ana-
lysed and sequenced.

Subcloning and nucleotide sequence analysis
The genomic DNA containing the Hox 1.3 region was
isolated from the recombinant phage m5 (Colberg-Poley et
al. 1985i>) and subcloned as an EcoKl fragment into pSP65.
The Hox 1.3-containing genomic and cDNA sequence
fragments (as outlined in Fig. 1) were subcloned in both
orientations in M13mplO and mpll (Messing et al. 1981),
using restriction fragments or a deletion method (Labeit et
al. 1986), and were sequenced by the chain termination
technique (Sanger et al. 1977) or by a method using a-
thiotriphosphates (Labeit et al. 1986).

Results

Structure of the Hox 1.3 gene and the encoded protein
The Hox 1.3 gene is contained on the lambda phage
Am5 described previously (Colberg-Poley et al.
19856). We have now isolated corresponding cDNA
clones from a library representing RNA from MB66
cells (Shih etal. 1979), which was kindly supplied by
H. Okayama. In this chemically transformed cell line,
two Hox 1.3 RNAs of 1-9 and about 4 kb are
expressed in equal amounts (see Fig. 6). For screen-
ing we used a genomic probe which contains the 3'
part of the Hox 1.3 homeobox (probe 1, Fig. 1) and a
second probe mapping further upstream (Accl-Sacl;
probe 2, Fig. 1). From colonies hybridizing to both
probes four cDNA clones of 2-7 kb insert length could
be isolated, most probably derivatives of the 4 kb
transcript. Several shorter clones of 0-8-1-2 kb length
were also isolated, hybridizing, however, only to the
box probe 1 (data not shown). Although the short
clones contain the whole 3' region of the 2-7kb
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cDNA including the homeobox, they lack parts of the
upstream coding region and were not further ana-
lysed. In Fig. 1, the maps of the Hox 1 cluster, the
genomic Hox 1.3 region, and the cDNA clone Al are
presented. The sequence of the Hox 1.3 homeobox
gene shows the same orientation as Hox 1.1,1.2,1.4
and 7.5 on chromosome 6 (Colberg-Poley et al. 19856;
Duboule et al. 1986), indicating a unidirectional
transcription in the cluster.

The coding sequence of the Hox 1.3 gene was
established both on the genomic and the cDNA level,
and the primary structure of the coding sequence is
shown in Fig. 2. A comparison of cDNA with gen-
omic sequences reveals the presence of a 960 bp
intron 21 bp upstream of the homeobox. The cDNA
sequence contains a long open reading frame of
885 bp. Assuming the first ATG as initiator codon we
predict a protein of 270 amino acids, which contains
the Hox 1.3 homeodomain near the carboxy ter-
minus. The calculated relative molecular mass of the
protein is 29 236-89. The protein consists of 194 amino
acids in the TV-terminal part preceding the homeo-
domain of 61 amino acids and 15 additional amino
acids at the carboxy terminus. Several stop codons in
frame flank the reading frame at the 3' end. Assuming
an RNA of about 4 kb, it is obvious that the coding

Hoxl.l Hoxl.2 Hoxl.3 Hoxl.4

I I I I

capacity only occupies a small part of the Hox 1.3
RNA molecule. The most frequent amino acids of the
protein are serine (14-0 %), alanine (11-4 %), glycine
(10-0%), proline (7-8%), and arginine (7-8%).
However, in contrast to other homeodomain-contain-
ing proteins (Kessel et al. 1987; Laughon et al. 1985),
no stretches of single amino acids are evident. The
793 bp 3' untranslated region is characterized by
coherent stretches of As or Ts. Polyadenylation
occurs 11 bp downstream of the polyadenylation sig-
nal AATAAA.

Hox 1.3-specific expression during murine
embryogenesis
To analyse expression of Hox 1.3 sequences during
murine prenatal development, we performed North-
ern blot analysis of poly (A) + RNA extracted from
mouse embryos on days 8, 12 and 14 of gestation
(Fig. 3). The blot was hybridized with the genomic
fragment Bglll/HindlU of 0-8 kb (see Fig. 1, probe
3). In embryonal poly (A)-I- RNA from 12- and 14-
day-old embryos, this Hox 1.3 probe detects one
prominent transcript of 1-9 kb in size and minor
transcripts of higher molecular weight. No RNAs
were detected in the corresponding extraembryonal
tissue. In poly(A)+ RNA of 8-day-old embryos, Hox

Hoxl.l Hoxl.l Hoxl cluster

I

genomic DNA

cDNA

probes

Fig. 1. Hox 1.3 transcription unit. The position of the transcription unit in the Hox 1 cluster and the organization of
cDNA clone Al are shown. The 5' and 3' untranslated regions are depicted as filled bars, the coding region as stippled
bars and the intron as a thick line. Homeobox sequences are indicated as filled boxes. Probes 1 and 2 were used for
screening a 3T3 MB66 Okayama cDNA library. Vector sequences are not indicated.
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1.3 sequences hybridize predominantly to the RNA
species of higher molecular weight. Hybridization
analysis with the homeobox containing the 0-35 kb
£coRl/Bg/II probe (probe 1, Fig. 1) yields similar

results (data not shown). Control hybridization with
c-rasHa shows that the 1-9 kb RNA is about four times
more abundant in 12-day embryonic tissue than in 14-
day embryonic tissue. A detailed analysis of Hox 1.3

HOX1.3
HOX2.1

- 1 1 3
- 1 0 1

.GGGAACCGACTACATGTCCCAGTC
GAAGTACAGTGCATCGCTAT

HOX1.3
H0X2.1

- 8 9 ATTTCCATAATTCATCATAAATTGTCCAAGGGTGCTATAGACGCACAAACGACCGCGAGCCACAAATCAACCACACATATCAAAAAACAA
- 8 1 AATTCATTAATACATCATAAATCCTGAA CCACAGCGTTATAACGACCACCATCCACAAATCAAGCCCTCCAAAATC.ACCCAA

HOX1.3 1 ATGAGCTCTTAI11 ICTAJUCTCATTTTTATCCAAATCCCCCCCACTACCAt. 1 lU-ATAATTATGGACATCATAGTrcCSTC
HOX2.1 1 AT<aiCCTCCTACrrrCTAAJUrrCCTTCTCa»a3rrTATCCA«TaKXCQy^

hoxl .3 1 H«tS*rSar?yrPhaV>lAjn3*rPh^y»GlyArg?yrProAsnClyfroAapTyrGlnLauIllsAjnTyrSlyAii>Bls3«rS«rVil
hox i . l 1 Sar Lau SarGly Lau

HOX1.3 91 ACCGAACAATTCACCCACTCGCCGACCATGCACTCCCGCACGTACCCCTACCCCnACAATGGCATCGATCTCAGCCTCGCCCGTTCCGCT
HOXi. l 91 ACCGGCTCTTACAGGGATCCCCCTGCCATGCACACCGGCTCTTACGGCTACAArTACAATGGCATGCATCTCAGCGTCAACCGCTCCTCG

boxl.3 31 ScrGluGlnPhaArgAjpSerAliSarHatHiiSorClyArgTyrGlyTyrGlyTyrAanClyHotAapLauSarValGlyArgSarGly
hox2 .1 31 GlySarTyr Pro Ala Thr Sar kmn A»n Sar

BOX1.3 161 TCCaaXACTTTC<X:TCCGGCGASCGCGCCCGCAGCIACGCG<XTGG&KCAffrGCGGCGCCCGCCGACCCCACGTACACCCAGCCGGCC
HOX2.1 181 GCCTCCTCCAGCCACTTTCGCCCGGTGGGCGAGAGCTCGCGCGCCTTCCCCGCGTCCGCCAAGGAACCCCCCTTCAGGCAGGCGACGTCC

h o x l . 3 61 S«rGlyHliPh«GlyS«rtlyGluArgAl«ArgS«rTyrAl«Al«GlyAl«S«rAl«Al«ProAl«GluProArgTyrS«rGlnProAl«
hox2 .1 61 Al«S»rSorS«rHl»Ph« Al.V.lGlyClu S«rArg Ph«ProA1.3«r Ly.SluProArgPh«ArgClnAl«ThrS«r

HOX1.3 271 ACGTCCACGCACTCGCCACCGCCCGACCCGCTGCCCTGCTCACCCGTCCCCCCCTCGCCCGGCAGCGACACCCACCACGGCGGGAAAAAC
HOX2.1 271 AGCTGCTCCCIGTCCTCGCCCGAGTCCCTGCCCTGCACTAACGGCGACAGCCACGGCGCCAAGCCCTCTGCTTCGTCCCCTTCCGACCAG

h o x l . 3 91 ThrS«rThrHi»S«rProProProA«pProL«uProCy«S«rAlaVa lAl*ProS«rProGlyS«rA*pS«rHl«Bl«GlyGlyLy»A»n
hox2 . 1 91 S«rCya3«rL«u S « r GluS«rL«i iProCy*ThrAjnGlyA«pS«rHlsGlyAlaLyBProS«rAla5*rS«rProS«rAapCln

HOX1.3 361 TCCCTGGGCAACTCCAGCGSCGCCTCGCCCAACGCCGGCAGCACCCACATCAGCAGCACAGAGGGCaTTGGCACGCCGTCCGCAGCCGAC
HOX2.1 361 GCGACCCCAGCCAGCTCCAGCGCCAATTTCACCGAAATAGACGAGGCCACCGCGTCCTCTGAGCCCGAGGAAGCGGCGAGCCAGCTAAGC

hoxl.3 121 S«rI^uClyA»nS«rSorGlyAl«S«rAl«JUnAl«GlyS«r?hrHl.Il.s«rSerArgGluGlyV»lGlyThrAl«S«rAl«Al«Glu
hox2 .1 121 Al»ThrProAl« S«r A*nPh«ThrGluIl«A*pGluAl«SorAl* Sor ProGluGluAl* GlnL«uS«r
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451 GAGGACGCCCCTCCCAGCAGCGAGCAGGCGGGCGCCCAGAGCGASCCGAOCCCGGCGCCGCCCGCTCAGCCCCAGATCTACCCCTGGATG
451 AGCCCCAGCTTGlKTCGAGCACAGCCAOACCCCATCGCCACCTCTACGGCCGCGCCCGAGGGGCACACTCCACAGATArrCCCCTGGATG

151 GluA»pAl»ProAl«S«rSortluGlnAl«GlyAl«GlnS«rGluProS«rProAl«ProProAl«.GlnProGln [l«TyrProTrpH.t
151 S«rProS«rL«u ArgAlaGlnProGluProhtetAUThrSorThrAliAljlToGluClyGlnThrph« -Ph«-

541 CGCAAGCTGCACATTAGTCACGIGACAATATAGGTGGCCCAGW KCAAAACGGCCCGGACGGCCTACACTCGCTACCAGACCCTGGAGCTG
541 AGGAAGCTTCACATCAGCCACGATATGACT. ..GGGGCCACAC ^AAAAAGGGCCCGGA'ACCGCCTATACTCGCTACCAGACCCTGGAGCTG
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Arok .ysL«uHla l l«SorHl«A«pAanI loGlyGlyProGl i
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241
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i j lyLy»AxgAl«AxgThrAl*TyrThrArgTyrGlnThrLeuGluLou

lAGAAAGAATTCCACTTCAACCCCTACCTGACCCGCCGAAGAAGGATCGAAATAGCTCATGCCCTTTOCCTCTCCGAGAGACAAATTAAA
GAAAAGGAATTCCACTTCAATCGCTACCTGACCCGGCGGCGACGTATCGAGATCGCCCACGCGCTTTGCCTGTCCGAGCGTCAGATCAAA

GluLy«GluPh«iHi .PhoA»nArgTyrL«uThrArgArgArgArgI lc iGluI l«Al«Hl»Al«L«uCy«L<iuS«rGluArgGlnI l«Ly«

ATCTGGTTCCAAAACAGCAGGATGAAGTGGAAAAAAGATAAT,
ATCTGGTTCCACAACCGTCGCATGAAGTGGAAGAAAGACAACAA

TGAAAACCATGAGTATGGCCGCGGCAGGGGGGGCTTTCCGCCCC
:TGAAAAGIATGAGTCTGGCTACAGCCCGCAGCGCCTTCCAACCT

IlaTrpPhaGlnAanArgArgt4«tLy«TrpLyaLyaA»pAanLyi ^uLyaSorMotSorMotAlaAUAliGlyGlyAlaPhaArgPro
L.U Thr s«r Gin—

HOX1.3
HOX2.1

811 TGAGCATCTGAGCGGCCAAAGTACTGAGCAGTAGTAGCCGGGCACCTCTCTGTAGTGTCAGTACTAAGGTCACTTTCTGAAACTCCCCH
808 TGAGCCCATCCGCAGGAGCCCTGGGCGGCCCGAGAGCCCGCACCAACCCCACCTCGACCCTTCCAATCTTCCCTGCACTGCCGCTGCCCG

HOX1.3
B0X2.1

901 GTGTTCCTTCTGTGAAGAACCCCTGTTCTCGTTGCCCTAATTCATCTTTTAATCATGAGCCTGTTTATTCCCATTATACCGCCTGTATAA
89B CTGGCGACCAGTTCCCACGACCCTGTCACACCCCAGTCCTGTGTTACAATTrrTCGTTTGGTCTTAGGTCriCCCATGGCTCCCTCTCTC

HOX1.3
H0X2.1

991 GTAGATCTGCTTCTGTTCATCTCTTTGTCCTGAATGGCTTTGTCTTGAAAAAAAAATAGATGTTTTAACTTATTTATATGAAGCAAGCTG
988 CIGGACTGG7TA?CTTGTTATTATTGTTAATAATAATTATTATTATTATTTCCCCCTCCGTGCTCCCCACTTCTCTTGGCTCGCCCCCCC

HOX1.3
HOX2.1

1081 TGTTAC7TGAAGTAACTAAAACAAAAAAAAAAAAAAAAGAAAACACAAAAAAAAACTAC7CACACAAAAAGCCCCCCCACCTCTTTAGTG
1078 CCAAGTTGCCAGTCTTTCTGAATGTCCTCCTGTCTGTGGTTGCGCTCCTTTCCCCACGAAAAACAAAAGAAAAACAAATTCGCATGTTTA

HOX1.3
HOX2.1

HOX1.3
H0X2.1

HOX1.3
H0X2.1

HOX1.3
HOX2.1

HOX1.3
H0X2.1

1171 CCAATGTTGTGTGTTGCACTTGAGTTCTTTAATGTGCATGTACGTGGAACTGTTCCTGTCTCAATAGCTCCAAGCTGTTAAAGATATTTT
1168 ATGTGACTTCCCCTCCCCGTCTGTGTICTAACTTATTTAIAAAAGGATGATGGCTGTATTTTGAGTTICTGCTGGAAACTTCCATAAGGG

1261 TATTCAAACTACCTATATTCCTTGTGTAATTAATCCTGTTGTAGAGGTGACTTGATAAGACACAAATTAACTTGTTCAACCTGTACTGCC
1258 GCAGCAGTTGAGGTTGGOTAGTGCTGGGCCCAGCTGACCTGGCCTGGGAAATGGAGCCCACTGTCTGTGTCTCTTTTCTCCCACCTCATC

1351 TACTGCCICTGTGACGAAAACTGTGACTCCAAGCGCTGTCTCCCTGCGTGCCTTTGIAGGACCCTTTGCACGAACICTGGAACTGGCICT
1348 CTTCTTCAGCCCCACCCACCCCCCACTCCCTAGGCTCAGGTAGC7TGTTCCTTGGGGTGGGAAGGGAGCTAGGGAAGGGTCAAAGTGTGC

14 41 TATAAGCCCAGTrCAGTGATGTATGTTTTTGTGAAAAAGrrACAAATATTGTCCAAGTCTGGCTGTTTAAGCAAACTGTGATCAGCTTTT
1438 ACATTGAGAAGAGGAGAGGAAAGGAGCAAGAGCTGAACTCCTGCTGCCTGGTAGGCCCCACAAGGCCTACTCTGGAAGCGTATGGAATCA

1531 rTTTTTTTTTGTArPTGTTTTTAAGCAAAAAAAACACTGACTGGAAACAAAACAAAATAAACTTTCTATTCTAAAAAAAAAAAAAAAAAA
1528 GAAATAATCCTCAGTGTAAAATGTCTTGTGATTTTTCTCTGTGAATCCGTGGCTCTGGCTAGAAGGCCCAATGCTGTAAATATGGGGATA

1618 GTCTGCGTCAGGCCAATCACTTCCTCTCT TTGTAGTGAGCGGCTGCATGCTGIGC?ACGTGTGAAA

1708 TGTCTTTGCCAGGCCTGTCTCAGTGATTAGCTTTTGGTATGTCTGTAGCTTTCCTTGAAGTTGAATAAATGTTTCCCCCACTCCAAAAAA

Fig. 2. Coding sequence and
deduced amino acid sequence
of Hox 1.3 in comparison with
Hox 2.1. Homeo-peptide, -box,
and -domain are boxed. The
first ATGs, the stop codons
and the polyadenylation signals
are shown by a line above. The
splice sites are indicated by
arrowheads. The 5' conserved
regions are marked by lines
above and below.
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expression during murine embryogenesis by in situ
hybridization has been performed by this laboratory
and is to be published elsewhere (Dony & Gruss,
1987).

2-9 kb

'i-9kb
i-5kb

c-ras Ha

Fig. 3. Northern blot analysis of Hox 1.3 sequences
during murine development. -^P-labelled Hox 1.3 DNA
(the BgHl/Hindlll 0-8 kb fragment; Fig. 1, probe 3) was
hybridized to poly(A)+ RNA from mouse embryos at
various stages of development. Lane a: 8-day embryonic
tissue; lane b: 12-day embryonic tissue; lane c: 12-day
extraembryonic tissue; lane d: 14-day embryonic tissue.

Expression of Hox 1.3 mRNAs during differentiation
of teratocarcinoma cells
The expression of the Hox 1.3 gene was examined in
the murine teratocarcinoma cell line F9. In vitro
differentiation of F9 EC stem cells into parietal
endoderm suggests analogy to the extraembryonic
endoderm formation in the mouse embryo on days
4-5 of gestation and therefore provides a model
system for the preimplantation stages of mouse em-
bryogenesis (Martin, 1980; Hogan & Taylor, 1981;
Strickland, 1981). Poly(A)+ RNA extracted from F9
cells in the undifferentiated stage or cultured for 24 h
(Fig. 4) or for various lengths of time (Fig. 5) in
medium containing retinoic acid (RA) and dibutyryl
cyclic AMP (cAMP) were separated on formal-
dehyde agarose gels and blotted to Gene Screen Plus.
The Northern blots were hybridized under stringent
conditions with genomic probes of the Hox 1.3 region
as outlined in Fig. 4. An abundant 1-9 kb message is
expressed in RNA from differentiating F9 cells,
whereas this specific transcript is not expressed in F9
stem cells (Fig. 4).

Probes 1-5 contain unique sequences as shown by
Southern analysis, whereas probe 6 hybridizes to
repetitive sequences (data not shown). Probes 2-5
display a 1-9 kb message in RNA from differentiating
F9 cells, whereas this specific transcript is not ex-
pressed in F9 stem cells. The inducible 1-9 kb tran-
script is not seen with probe 1. Probe 1 shows only
weak hybridization to a 3-0 kb transcript and to a
5-5 kb doublet in differentiating F9 cells. Unique
sequences hybridizing to the 5-5 kb transcripts have
also been mapped to the region between the Hox 1.1
and 1.2 homeoboxes (A. M. Colberg-Poley, unpub-
lished data). This more detailed analysis using smaller
probes demonstrates that the 1-9 kb RNA is a tran-
script containing the Hox 1.3 homeobox, a result
extending our initial interpretation (Colberg-Poley et
al. 19856) using a probe containing Hox 1.2 se-
quences plus about 1-8 kb downstream sequences. An
additional 4 kb mRNA species detected in MB66 cells
is only weakly expressed during parietal endoderm
differentiation (Fig. 4).

The time course of expression of the 1-9 kb tran-
script is shown in Fig. 5, which is based on the results
of densitometric scanning of Northern blots hybrid-
ized with the Hox 1.3-specific probe EcoKl/BgHl
0-35 kb (probe 1 in Fig. 1) and standardized with a c-
ras""^ probe. The prominent 1-9 kb RNA appears as
early as 4-6 h after induction, reaching a maximum of
expression after 72 h of RA/cAMP treatment. We
have not observed a significant decrease in steady-
state levels of Hox 1.3 RNA during analysis of F9
RNA from cells treated for up to 5 days. Thus, the
Hox 1.3 gene follows different expression kinetics
from the Hox 1.1 and Hox 3.1 genes during F9 cell
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Fig. 4. Transcriptional analysis of genomic Hox 1.3 sequences in F9 EC stem cells (Oh) and in differentiating F9 cells
(24 h). Poly(A)+ RNAs (5/iglane"1) were separated on 0-9% formaldehyde-agarose gels and transferred onto Gene
Screen Plus membrane. The blots were hybridized with the 32P-labelled DNA fragments 1-6.

1 0

o

Hoxl.3
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Fig. 5. Temporal expression of Hox 1.3 during F9 cell
differentiation into parietal endoderm. The relative
densitometric amounts of Hox 1.3 l-9 kb RNA detected
at various times of differentiation are shown.
Quantification was calibrated by hybridization signals
obtained with a c-rasHa probe.

differentiation (Colberg-Poley etal. 1985a,6; Breieref
al. 1986; Kessel et al. 1987). The 1-9 kb Hox 1.3
transcript is about five times more abundant than the
2-4 kb Hox 1.1 RNA and about fifty times more

abundant than the Hox 3.1 RNA of 2-7kb when
compared at the time of their maximal expression.

Expression of the Hox 1.3 gene in untransformed and
transformed fibroblasts

Since during F9 stem cell differentiation a tumori-
genic stem cell is converted by the addition of
inducers to a nontumorigenic cell type (Strickland,
1981), we were interested in finding analogous Hox
1.3 expression patterns among transformed and
untransformed cells. For this reason, NIH3T3 mouse
fibroblasts and their derivatives transformed by the
oncogenes fos, src or SV40 large T antigen were
assayed for Hox 1.3 expression. As demonstrated in
Fig. 6A, NIH3T3 cells express large amounts of a
1-9kb Hox 1.3-specific RNA. Interestingly, the ex-
pression of 1-9 kb RNA is drastically (at least 10-fold)
reduced in transformed NIH3T3 cells, regardless of
how they were transformed. The typical low level was
also found in transformed 34i cells, a mammacarci-
noma-derived cell line, and LTK- cells, which also fit
the category of transformed cell lines (Earle et al.
1943). In the chemically transformed MB66 cells, the
1-9 kb mRNA was again drastically reduced to a low
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fos src SV40
3T3 3T3 3T3 34i 3T3 3T3 LTk~ MB66

«>4kb

c-rasHa

A B
Fig. 6. Transcription of Hox 1.3 sequences in nontransformed and transformed cell lines. Poly(A)+ RNA was isolated
from the indicated cell lines (for further description see Materials and methods) and separated on a 0-9 % agarose-
formaldehyde gel. Two separate Northern blots (panel A, panel B) were hybridized to the Hox 1.3-specific EcoRl/BgM
0-35 kb fragment (Fig. 1, probe 1).

level of expression. However, an additional class of
RNA of 4-0 kb molecular weight was detected in
amounts equal to the 1-9 kb transcript (Fig. 6B).

For comparison, we also analysed the level of
transcripts containing the Hox 1.1 box in transformed
cells. Hox 1.1 is induced during F9 cell differen-
tiation/detransformation as quickly as Hox 1.3
(Fig. 5). However, as demonstrated in Fig. 7, a direct
comparison with the Hox 1.3 1-9 kb transcript shows
that Hox 1.1 levels are identical in SV40-transformed
or nontransformed NIH3T3 cells. This indicates that
the negative correlation of Hox 1.3 expression with
transformation is not a general phenomenon of
homeobox-containing genes. Furthermore, the 4 kb

Hox 1.3 transcript does not follow this negative
expression pattern in transformed cell lines (Fig. 7).

Discussion

The deduced Hox 1.3 protein

Here we report the characterization of the Hox 1.3
homeobox-containing gene, which we had previously
identified by Southern analysis as the Antp-homolo-
gous region m2 (Colberg-Poley etal. 1985ft). The Hox
1.3 homeobox gene is one of the six so far described
homeoboxes of the Hox 1 cluster, which lies within a
70 kb DNA region on chromosome 6. By in situ
hybridization and interspecies backcross the Hox 1
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3T3
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Fig. 7. Comparison of Hox 1.1 and Hox 1.3 expression in
nontransformed and SV40-transformed NIH3T3 cells.
The Northern blot was hybridized to the purified 32P-
labelled 187 bp EcoRl/Pvull fragment (Hox 1.1-specific
sequences; see Colberg-Poley et al. 1985£>), to the Hox
1.3-specific EcoRl/Bglll 0-35 kb fragment (Fig. 1, probe
1) or to /3-actin probe.

cluster had been mapped between the kappa light
chain gene and the T cell receptor f3 (Bucan et al.
1986). Sequence comparison with other known
homeoboxes clearly identifies the Hox 1.3 homeobox

as a member of the ANT-C/BX-C class, as Hox 1.3 is
74 % homologous with the Antp homeobox at the
nucleotide level and 87 % homologous at the amino
acid level. In comparison only 53% of nucleotides
and 50% of amino acids of the Hox 1.3 box are
identical with the En-1 homeobox sequence. It is
noteworthy that the six homeoboxes of the Hox 1
cluster exhibit a decrease of homology to the proto-
type Antp box in the direction of transcription: Hox
1.1 and 1.2 are very close to Antp (82%, 81%;
Colberg-Poley et al. 1985a,b), Hox 1.3, Hox 1.4 and
1.5 are significantly less homologous (74 %, 73 % and
72%; Duboule etal. 1986; McGinnis etal. 1984), and
Hox 1.6 is even less conserved (64%; D. Duboule,
personal communication). Many of the basic struc-
tural features of the Hox 1.3 protein are shared by
other vertebrate homeodomain proteins such as Hox
1.1 (Kessel et al. 1987), Hox 2.1 (Krumlauf et al.
1987), Xhox-IA (Harvey etal. 1986), and C13 (Mavi-
lio et al. 1986). The proteins, generally between 25
and 30xl(pMr in size, are encoded only on two
exons, the intron being located directly upstream of
the homeobox. Also the Hox 1.3 protein is proline
rich (approximately 8 %) in the part (193 amino
acids) preceding the homeodomain and therefore a
nonhelical structure. In these proteins and, addition-
ally, in the Drosophila homeodomain protein De-
formed (Regulski et al. 1987), the yV-terminus has the
sequence Met-Ser-Ser. The conserved hexapeptide
encoded at the 3' end of the exon preceding the box
which has been found in this location in proteins with
an antennapedia-like homeodomain (except fushi
tarazu) is also present in Hox 1.3 (Fig. 8).

Apart from these features, an even more pro-
nounced similarity can be seen if the Hox 1.3 protein
is compared with Hox 2.1 (Figs 2, 9), which is located
in the Hox 2 cluster on chromosome 11 (Krumlauf et
al. 1987). The homeodomains of both proteins are
identical. The /V-terminal 25 amino acids (23
matches), the extended hexapeptide up to the splice
site (14 matches out of 15) and the carboxy terminal
amino acids (11/15) are almost identical. Between
amino acids 26 and 59 there are more mismatches,
but, in general in this region numerous positions are
also occupied by identical amino acids (22 matches).
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Fig. 8. Comparison of the conserved
hexapeptides of different homeobox-containing
genes from mouse, man, frog and fly. See
references: Kessel etal. (1987; Hox 1.1),
Krumlauf el al. (1987; Hox 2.1), Mavilio etal.
(1986; C13, Cl, C8), Harvey et al. (1986; Xhox
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al. (1987; Dfd), Wilde & Akam (1987; Ubx),
W. Bender, personal communication (iab2),

basi and Mlodzik et al. (1985; cad).
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Fig. 9. Comparison of the Hox 1.3 and Hox 2.1 coding
sequences at the amino acid level. The coding sequences
of the two genes are aligned as horizontal (Hox 1.3) or
vertical axes (Hox 2.1). Homologous amino acids are
indicated by a dot and homologous regions by dotted
lines. The positions of the homeoboxes are indicated by
bars.

Further downstream, the proteins exhibit a unique
region (14/114 amino acids identical) extending up to
the hexapeptide. If the two proteins exhibit different
functions this part of the protein might be of import-
ance. As can be seen in Fig. 2, 5' untranslated
sequences of Hox 1.3 and 2.1 are also conserved,
showing two blocks of particular homology close to
the initiator codon.

In summary, there is a basic similarity between all
the class I homeodomain proteins of vertebrates
described so far. The murine pair Hox 1.3 and Hox
2.1, however, represents a much higher level of
conservation, suggesting that gene duplication has
been involved at some point of evolution. Close
similarity of the Hox 1.1 and the Hox 2.3 homeo-
domains (Lonai etal. 1987) may indicate that a whole
region of the cluster has been duplicated. Compari-
son of the 3' untranslated regions of Hox 1.3 and Hox
2.1 reveals no conserved regions between the two
genes. Hox 2.1 exhibits an AT-rich region, which is
lacking in Hox 1.3 3' sequences. A similar region in
the 3' part of the human lymphokine gene GM-CSF
was shown to be responsible for selective RNA
degradation (Shaw & Kamen, 1986). The most obvi-
ous characteristic of the 3' untranslated regions of

Hox 1.3 are coherent stretches of As or Ts which
could mediate stem loop formation.

Expression of Hox 1.3 RNA
Mammalian homeobox genes had been shown to
share with Drosophila homeotic genes the features of
stage-specific and tissue-specific expression (Ruddle
et al. 1985; Rubin et al. 1986; Breier et al. 1986;
Colberg-Poley et al. 19856). Our results indicate that
the Hox 1.3 homeobox-containing gene follows this
general rule. First, Hox 1.3 sequences are expressed
during differentiation of F9 EC cells into parietal
endoderm. In this system an abundant transcript of
1 -9 kb can be detected as early as 6 h after RA/cAMP
treatment and at 4-5 days after induction this RNA is
still expressed at high levels. From studies in the P19
teratocarcinoma system, we have evidence that Hox
1.3 mRNAs are regulated posttranscriptionally in
embryonal stem cells (C. Dony & P. Grass, unpub-
lished results). According to the time course of F9 cell
differentiation, Hox 1.3 expression clearly differs
from the expression pattern of Hox 1.1 and Hox 3.1,
possibly suggesting temporal interaction of these
genes (Breier et al. 1986). Northern blot analysis of
murine embryonal poly(A)+ RNA also reveals a Hox
1.3-specific l-9kb transcript which is most abundant
in 12-day embryonic RNA. 14-day embryonic
poly(A)+ RNA contains about three times less of this
transcript. Besides this abundant 1-9 kb class of
mRNA other classes of higher molecular weight have
been detected in tissue culture and in embryos. This
was also observed for Hox 2.1-derived transcripts
(Krumlauf et al. 1987). The fact that we isolated a
spliced and polyadenylated cDNA considerably
longer than 1-9 kb suggests that the cDNA corre-
sponds to the 4 kb transcript present in MB66 cells.
The short cDNAs ranging between 0-8 and 1-3 kb
were isolated with a similar frequency (6 out of 10)
compared with the 2-7 kb cDNAs (4 out of 10). Since
both classes of transcript are expressed in equal
amounts in MB66 cells, we would expect that about
half of the clones correspond to the 1-9 kb transcript.
Restriction enzyme mapping indicated identical 3'
ends for all our clones. Therefore, we assume that the
4 and the 1-9 kb transcripts differ only in their
extension into the 5' region and that both contain an
identical long open reading frame. It remains an open
question whether the 1-9 kb Hox 1.3 RNA is gener-
ated (i) by differential splicing or (ii) by initiation of
transcription at a different promoter. It has to be
investigated whether the two Hox 1.3 mRNAs
encode identical proteins as demonstrated for the
Antp gene of Drosophila (Schneuwly et al. 1986).

F9 stem cells originally isolated from a teratocarci-
noma are tumorigenic in congenic animals (Bernstine
et al. 1973). These cells lose their tumorigenicity if
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induced to differentiate into endoderm. In this re-
spect, this system is inversely correlated to the
process of transformation using chemical carcinogens
or an oncogene. In order to test whether Hox 1.3 is
differently expressed in transformed and untrans-
formed cells, we examined several transformed
NIH3T3 cell lines and NIH3T3 cells as a control for
the expression of Hox 1.3. These expression studies of
Hox 1.3 sequences in NIH3T3 nontransformed fibro-
blasts and in SV40-, src-, fos- and the chemically
transformed MB66 and LTK— cells indicate that Hox
1.3 expression is correlated with the untransformed
state of the cells. In all transformed NIH3T3 cell
lines, the expression of the Hox 1.3 gene is reduced
dramatically compared with normal NIH3T3 cells.
Similar observations were made by Boncinelli and co-
workers for the human homeobox-containing cDNA
clone c8, whose rate of transcription is reduced in
SV40-transformed human fibroblasts compared with
normal fibroblasts (Boncinelli et al. 1986). However,
a second human transcript hybridizing to the cDNA
clone cl is much more abundant in the transformed
fibroblast. We find no difference in transformed
versus untransformed fibroblasts for a transcript car-
rying the Hox 1.1 homeobox. Thus, in general, it may
turn out that only certain homeobox RNA levels are
correlated to transformation in either a positive or
negative fashion. It is apparent from our results that
3T3 cells and differentiated F9 cells are quite unique
in expressing these extremely high amounts of Hox
1.3 RNA. One explanation might be that these cells
are in a special phase directly before or after trans-
formation. Indeed the NIH3T3 cells are considered
by some workers to be 'pretransformed' cells, which
is, for example, reflected by the fact that they can be
transformed by the action of a single oncogene (Land
etal. 1983).

Drosophila homeobox genes have obviously not
been discussed in connection with the process of
transformation, but rather with development and
differentiation. Because embryonal development in
mammalian systems is much more complex and
difficult to study, the investigation of these genes
during transformation processes may delineate func-
tional aspects of homeobox-containing genes and
contribute to a more general understanding of their
significance in higher animals.
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in computer analysis and to Rosemary Drescher for prepar-
ing the manuscript. M.F. is a Fellow of the Deutsche
Forschungsgemeinschaft. This work was supported by SFB
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Note added in proof

Since submission of this manuscript isolation of a Hox
1.3 cDNA and expression of the Hox 1.3 gene have
been reported by Odenwald et al. (1987).
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