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The retroviral oncogene gin belongs to the transcription factor
family that includes the homeotic gene fork head
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ABSTRACT Avian sarcoma virus 31 contains an oncogene
that we have named gin. gin codes for a nuclear protein, Qin,
that is a member of the HNF-3/fork head family of transcrip-
tional regulators. Within this family Qin is particularly closely
related to rat brain factor 1 (BF-1), a telencephalon-specific
gene presumed to play an important role in the development of
the mammalian brain.

Retroviral oncogenes are cellular growth-regulatory genes
mutated and inserted into the viral genome and expressed
under control of viral regulatory sequences. Incorporation of
a mutated cellular oncogene makes a retrovirus highly tum-
origenic and capable of transforming cells in culture. Onco-
genic sequences found in retroviral genomes can be used to
identify cellular homologs which are important growth-
regulatory genes.

We have used retroviruses isolated from spontaneous
tumors of chickens to search for cellular growth-regulatory
genes. Here we describe the isolation of gin,t a gene that
codes for a protein that belongs to the family of transcription
factors typified by hepatocyte nuclear factor 3 (HNF-3) and
the Drosophila homeotic regulator fork head.

MATERIALS AND METHODS

Virus and Cell Culture. Avian sarcoma virus (ASV) 31 was
isolated from a spontaneous sarcoma in an adult chicken.
Chicken embryo fibroblasts (CEFs) were cultured and viral
focus assays were performed according to standard tech-
niques (1).

Northern Blot Hybridization. Poly(A)* RN As were isolated
from avian leukosis virus- and from ASV 31-infected CEFs
with the FastTrack kit (Invitrogen, San Diego). The RNA
preparations were fractionated by electrophoresis through a
0.8% agarose gel containing 3.07% formaldehyde and were
hybridized against probes derived from avian retroviral long
terminal repeat (LTR), gag, pol, and env sequences (2).

Construction of a cDNA Library of ASV 31-Transformed
CEFs and Screening for ASV 31. By using the linker—primer
GGACAGGCCGAGGCGGCC(T)40, cDNA was synthesized
according to the Copy Kit protocol (Invitrogen), cloned into
ApCEV27 arms, and packaged as described (3-5). The com-
plete cDNA library (titer, 5 X 10° plaque-forming units/ml)
was screened by plaque hybridization using 32P-labeled gag,
pol, and env probes derived from avian retroviral genomes.

Molecular Cloning. Phage DNA from selected gag*, pol~,
env* X clones was prepared and digested with restriction
endonuclease Sal I. Inserts of 4-5 kb were cloned into the Sal
I site of Bluescript II SK(—) (Stratagene), and clone c714 was
selected for study. The full 4.5-kb c714 insert was further
cloned into the Sal I site of CLA12NCO (6). A Cla I fragment
of about 4610 bp was excised from this adaptor and religated
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to Cla I-cleaved RCAS avian retroviral expression plasmid,
generating RCAS-c714 (6).

DNA Sequencing. Nested deletions of clone c714 were
constructed with exonuclease III (5). Single-stranded DNAs
were rescued (Stratagene) from the c714 deletion clones and
sequenced by the dideoxy chain-termination method (7) with
the Sequenase kit (United States Biochemical). The opposite
strand sequence of clone c714 was determined by using a
series of oligonucleotides from the established complemen-
tary sequence as primers.

DNA Transfection. CEFs were prepared according to stan-
dard techniques (1) and cultured in Ham’s F10 medium with
10% fetal bovine serum. They were seeded at 10° per 35-mm
well and grown at 37°C overnight. The cultures were trans-
fected with 0.5-2.0 ug of RCAS-c714 plasmid DNA by the
dimethyl sulfoxide Polybrene method (8). Transfected cells
were overlayed with nutrient agar the day after transfection
and incubated at 37°C until foci of transformed cells devel-
oped (14-18 days).

Immunofluorescence. Inmunofluorescent staining was per-
formed as described (9) with a 1:40 dilution of monoclonal
antibody 1A1, which is directed against the avian retroviral
Gag protein p19.

RESULTS

ASYV 31 Codes for a Nuclear Oncogene Product. ASV 31 is
one of several viruses isolated from spontaneous sarcomas in
adult chickens. It was found to induce foci of transformed
cells in CEFs and fibrosarcomas at the site of inoculation in
young chickens (T. Ruscio, S. Benedict, and P.K.V., 1983,
unpublished observations). ASV 31 is a retrovirus; initial
information on its genome was obtained by Northern blotting
(Fig. 1). ASV 31-infected CEFs contained three major mRNA
species (7.8, 4.9, and 2.7 kb) that hybridized to an avian
retroviral LTR probe. mRNAs of the same size were also
detected with a retroviral env-specific probe. An avian gag-
specific probe detected the two larger mRNAs, and a pol
probe only the largest one. A nontransforming avian leukosis
helper virus produced the expected two sizes of mRNA
detectable with an LTR probe. The larger of the two repre-
sented the full-length genome and was also detectable with
gag, pol, and env probes. The smaller represented the
subgenomic env message. It reacted only with the LTR and
env probes. A comparison of the ASV 31 and helper virus
RNA species suggests that the 4.9-kb band obtained from
ASYV 3l-infected cells is the genome of a defective transform-
ing retrovirus which still carries at least partial gag and env

Abbreviations: ASV, avian sarcoma virus; CEF, chicken embryo

fibroblast; BF-1, brain factor 1; LTR, long terminal repeat; HNF,

hepatocyte nuclear factor; ILF, interleukin binding factor.
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Fi1G.1. Northern blot hybridization of poly(A)* RNA from CEFs
infected with an avian leukosis retrovirus (lanes 1) or ASV 31 (lanes
2). The radioactive avian retroviral probes were from the long
terminal repeat (LTR) (A), gag (B), pol (C) and env (D).

sequences but which has lost the pol gene, presumably in
exchange for a cell-derived oncogene.

CEFs transformed by ASV 31 were stained in immunoflu-
orescence assays with a monoclonal antibody specific for the
avian retroviral Gag protein p19 (Fig. 2A). Such cells showed
cytoplasmic as well as nuclear fluorescence, in contrast to the
p19 protein of replication-competent retroviruses, which is
located exclusively in the cytoplasm and at the cell surface.
The Gag-specific nuclear staining seen in ASV 31-
transformed cells may therefore be indicative of a fusion
protein in which Gag epitopes have become linked to a
cellular protein that is translocated to the nucleus. ASV 31
may contain a ‘‘nuclear’’ oncogene. For this reason, ASV 31
RNA was tested by Northern blot hybridization for possible
homology to the known nuclear oncogenes myc, myb, jun,
fos, ski, maf, and erbA, but no such homology was found
(data not shown).

The Oncogene gin of ASV 31 Is a Member of the HNF-3/fork
head Family of Transcription Factors Closely Related to Brain
Factor 1 (BF-1). The genome of ASV 31 was cloned from a
cDNA library in the ApCEV27 vector (4). Clones were
selected with the avian retroviral gag and env probes and
counterselected with the avian retroviral pol probe. Of 23
gag-positive clones, 5 clones which reacted with the env
probe but not with the pol probe were picked for DNA
analysis. The clones contained inserts of about 4-5 kb, the
expected size of the ASV 31 genome (Fig. 1). They were then
subcloned in pBluescript II SK(—) (Stratagene). Nested
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Fi1G.3. Map of ASV 31 clone c714 and its protein product. UTR,
untranslated region.

deletions of the insert of one of the clones, c714, were
sequenced. The nucleotide sequence of the cloned viral DNA
revealed the existence of a nonviral insertion, a putative
cell-derived oncogene. This oncogene was named gin, an
allusion to the Chinese word 8% meaning ‘‘avian,”’ to signify
the origin of the gene. The length of gin is 1397 bp, and it
contains an open reading frame for 395 amino acids. As
expected, the 5’'-terminal portion of the gene is fused with
viral gag. The 3’ recombination junction of gin is the splice
site of env (Fig. 3). Computer-assisted sequence comparison
revealed that gin belongs to the HNF-3/fork head family of
transcription factors. Within that family it is particularly
closely related to the gene encoding BF-1, a telencephalon-
specific transcription factor gene isolated from a rat brain
c¢DNA library (Fig. 4) (10). Within the highly conserved fork
head domain, the Drosophila segmentation gene sloppy pair
(slp-2) is closest to BF-1 and gin (11). More distant but still
highly significant relationships can be seen to interleukin
binding factor (ILF) (12), HNF-3 (13, 14), and Drosophila and
Xenopus fork head proteins (15, 16).

A gin-Containing Construct Induces Oncogenic Transfor-
mation in Cell Culture and Tumors in the Animal. The genome
of ASV 31, excised from the pBluescript clone c¢714 and
encompassing a fragment of about 4500 bp, was subcloned in
the avian retroviral expression vector RCAS (6), and the
construct was transfected into CEFs. Foci of transformed
cells similar to the ones seen with ASV 31 appeared about 15
days after transfection, and the cultures became completely
transformed after passage (Fig. 5). Inmunofluorescent stain-
ing with avian retroviral Gag-specific antibody showed cell
surface and nuclear localization of the protein in the trans-
formed cultures, while controls transfected with the vector
alone showed only the cell surface fluorescence (Fig. 2 B and

g

FiG. 2. Immunofluorescent staining of CEFs infected with ASV 31 (4), RCAS vector alone (B), and RCAS containing clone c714 as insert
(C). The antibody is directed against avian retroviral Gag protein. (x250.)
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F1G. 4. Amino acid sequence comparison of the gin protein with rat BF-1.

C). The RCAS vector produced infectious retroviral prog-
eny, and eventually all cells in transfected cultures became
transformed (Fig. 5). These virus-producing cells were in-
jected into the wing web of 1- to 4-day-old chickens. They
induced slowly progressive fibrosarcomas at the site of
injection after a relatively long latent period of 3 weeks
(compared with 1 week for the most highly transforming
constructs containing the v-jun oncogene). These results
demonstrated that clone c714, containing the gin insert,
codes for a transforming and oncogenic retrovirus.

DISCUSSION

Proteins of the HNF-3/fork head family of transcriptional
regulators occur in vertebrates and in invertebrate animals
(10-18). The expression of most of these proteins is devel-
opmentally regulated, and they are themselves important
determinants of development and differentiation. A proto-
type member of the family, the Drosophila fork head protein,
is the product of a region-specific homeotic gene, fkh, that
directs the development of ectodermal parts in the anterior
and posterior termini of the Drosophila embryo (15). Muta-
tions in the fkh gene lead to the replacement of foregut and

A

Fic. 5. Transformation of CEFs with RCAS-c714. (A) Unin-
fected CEFs. (B) CEFs transfected with RCAS-c714. (C) Confluent
culture of CEFs transformed by RCAS-c714. (x60.)

hindgut by ectopic head structures. In later stages of devel-
opment fkh is also expressed in the gut, the yolk nuclei, the
salivary glands, and some cells of the nervous system (15,
19). The fkh-encoded protein does not contain a home-
odomain and, unlike the homeotic genes antennapedia or
bithorax, fkh is not regulated by the polycomb group of
genes; rather, fkh belongs to a distinct group of homeotic
genes. Seven fkh-related genes have been identified in Dro-
sophila (FD1-5 and sip-1 and -2) (11, 17). The family extends
to vertebrates, and there it includes two developmentally
regulated genes, Xenopus fork head (XFKH-1) and the rat
BF-1 gene. XFKH-1 is expressed in the blastopore lip of
Xenopus gastrulas and in the notochord and neural floor plate
(16). BF-1 gene expression is restricted to the prospective
telencephalon region of the neural tube (10). Important
members of the family are the HNF-3 proteins that mediate
liver differentiation and function in the hierarchical control of
liver-specific transcription (13, 14, 20). Another interesting
member of the HNF-3/fork head family is ILF, which binds
to a region of the human immunodeficiency virus LTR
showing homology to the interleukin 2 promoter (12). The
proteins of the HNF-3/fork head family are related by several
domains of homologous sequences (Fig. 6). These consist of
two putative a-helices, a possible hinge region, and a basic
domain, all of them located in the center of the molecule.
They are collectively referred to as the fork head box (16, 18).
The region of homology includes the DN A-binding domain of
these proteins. Some members of the family also contain
short carboxyl-terminal and amino-terminal regions of ho-
mology (11, 14). HNF-3/fork head proteins are located in the
cell nucleus and bind, probably as monomers, to specific
DNA sequences (14). The consensus sequences for optimal
binding remain to be determined, but regions of the tran-
sthyretin and HNF-1a promoters and of the human immun-
odeficiency virus LTR have been shown to bind various
HNF-3/fork head proteins (12, 14, 20). On the basis of such
binding specificity and of amino acid sequence homology in
the fork head box, one could distinguish two subgroups of the
family, one encompassing Drosophila and Xenopus fork head
proper and the HNF-3 proteins, the other consisting of
Drosophila sloppy paired (slp) proteins and rat BF-1. The Qin
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Fic. 6. The HNF-3/fork head family of transcriptional regulators. The shaded region represents the fork head domain common to all
members of the family. Stippled and black regions represent smaller areas of homology not shared by all HNF-3/fork head proteins. Only partial
sequences are available for the FD-1 to FD-5 members of the family; these are not shown in Fig. 6.

protein belongs to this latter group. Its amino acid sequence
within the fork head box is identical to that of BF-1, with
homologies extending beyond the fork head box (Fig. 4).
Thus the region between amino acids 122 and 387 shows 96%
identity to BF-1. Qin does, however, diverge from BF-1
significantly in the amino-terminal portion, amino acids 9-92
are only 54% identical to BF-1, showing both differences in
amino acid sequence and several small deletions. Whether
the latter have resulted from retroviral transduction or are
present in the cellular version of gin is not known. The viral
Qin protein extends 8 amino acids amino terminally beyond
BF-1, and it appears to be truncated by a premature stop
codon due to a single base deletion. Qin shares with BF-1 the
preferential binding to the B2 DNA site of the HNF-la
promoter (ref. 10; J.L., E.J. Parker and P.K.V., unpublished
observations).

qin has been isolated from a fibrosarcoma-inducing virus
and induces the same type of tumor upon subcutaneous
injection. The full tumor spectrum of gin remains to be
determined, however. The possibility that the gin oncogene
also transforms other cell types and that it is involved in the
genesis of human tumors needs to be examined. The normal
functions of the cellular girn gene are still unknown. Patterns
of expression in various tissues and during embryonal de-
velopment, as well as ‘‘knock-out”’ experiments, will provide
initial answers to this question.

Recently, homeobox-containing genes have been impli-
cated in childhood leukemias. The t(1;19) translocation seen
in pre-B acute lymphoblastic leukemia fuses a truncated E2A
transcription factor gene to a homeobox-encoding gene,
pbx-1. The E2A-Pbx-1 chimeric protein produced in leuke-
mic cells is transforming for NIH 3T3 mouse cells (21-23). In
the t(10;14) translocation of childhood T-cell acute leukemia,
the homeobox gene HOXI1 becomes transcriptionally acti-
vated and may play an important causative role in leukemo-
genesis (24). Similarly, in a mouse myeloid leukemia (WEHI-
3B), the Hox-2.4 gene is rearranged and transcriptionally
activated by the insertion of an intracisternal A particle (IAP)
provirus in its vicinity (25, 26). The overexpressed Hox-2.4A

gene is able to transform NIH 3T3 mouse fibroblasts (27). Our
results with gin show that the HNF-3/fork head family of
developmentally controlled transcription factors also has
oncogenic potential.
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