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ABSTRACT There is considerable evidence that links the
activation of cellular genes to oncogenesis. We previously re-
ported that structural rearrangements in the cellular oncogene
c-erbB correlate with the development of erythroblastosis in-
duced by avian leukosis virus (ALV). c-erbB recently has been
shown to be related to the gene encoding epidermal growth
factor receptor. We now have characterized the detailed mech-
anisms of c-erbB activation by ALV proviruses. We report
here that the ALV proviral integration sites are clustered 5' to
the region where homology to v-erbB starts, suggesting that
interruption in this region of c-erbB is important for its activa-
tion. The proviruses are oriented in the same transcriptional
direction as c-erbB and usually are full-size. The latter finding
is in contrast to the frequent deletions observed within the c-
myc-linked proviruses in B-cell lymphomas. We have also
identified a second c-erbB allele, which differs from the previ-
ously known allele primarily by a deletion in an intron region.
This allele is also oncogenic upon mutation by an ALV provi-
rus.

Avian leukosis virus (ALV), a naturally occurring cancer vi-
rus of chickens, can induce a variety of neoplasms, including
B-cell lymphomas, erythroblastosis, nephroblastomas, fi-
brosarcomas, etc. (1, 2). In the past few years, the mecha-
nisms of ALV oncogenesis have been characterized in some
detail (3-8). It was shown that ALV induces B-lymphomas
by activation of the host oncogene c-myc (3). This activation
of c-myc is accomplished by the insertion of an ALV provi-
rus, which carries strong promoter/enhancer sequences,
near the c-myc gene. We recently reported evidence suggest-
ing that ALV induces erythroblastosis by a similar mecha-
nism, with proviruses inserted near another host oncogene,
c-erbB (9). c-erbB is the cellular homolog of one of the onco-
genes carried by avian erythroblastosis virus (AEV), an
acute oncogenic retrovirus known to induce rapid erythro-
blastosis in chickens (1, 10). The data indicate that, upon
activation, c-erbB can assume an oncogenic role similar to
that of its viral counterpart. In our previous communication,
we showed a strong correlation between ALV-induced
structural alterations of the c-erbB gene and the develop-
ment of erythroblastosis (9). No alteration of c-erbA (the cel-
lular homolog of the other oncogene of AEV) was found in
any of the samples analyzed. Furthermore, in all the leuke-
mic samples analyzed to date, transcription of c-erbB but not
c-erbA is highly elevated (unpublished data). The data sug-
gest that activation of the c-erbB gene alone is sufficient to
cause erythroblast transformation. Although these studies
provided important insights into the involvement of the c-
erbB locus in the development of erythroblastosis, little was

known about its activation mechanism, since the position,
orientation, and structure of the adjoining ALV proviruses
had not been examined. In addition, the c-erbB gene ap-
peared to be more complex than previously reported. Using
restriction endonuclease analysis, we had detected polymor-
phism in the c-erbB locus, a feature atypical of most cellular
oncogenes. At least seven different EcoRI-digestion patterns
of c-erbB were identified (ref. 9 and unpublished data). Sev-
eral of the erbB-related fragments could not be accounted for
by the published map of c-erbB (10). The nature of these
polymorphic elements-whether they represented different
alleles, members of a gene family, or pseudogenes-had not
been explored.
We report here our detailed characterization of an addi-

tional 37 erythroblastosis samples induced in line 151 chicks
by ALV infection. Our data may be summarized as follows:
(i) A 100% correlation of c-erbB structural alteration with
the development of erythroblastosis was observed. The
great majority of the proviral integration sites are clustered
in a region at the 5' end of the first exon homologous to v-
erbB, suggesting that disruption of the c-erbB locus in this
region is important for its activation. (ii) Most of the provi-
ruses appear to be full-length and oriented in the same tran-
scriptional direction as c-erbB. One such provirus was mo-
lecularly cloned and shown to be completely intact. This
finding contrasts with the analogous studies with B-lympho-
mas, where c-myc-linked proviruses usually carry large dele-
tions. (iii) A second c-erbB allele was identified. This allele
is also potentially oncogenic and can be mutated by an ALV
provirus to cause erythroblastosis.

MATERIALS AND METHODS

Collection and Analysis of Erythroleukemic Samples. RAV-
1, a prototype ALV, was used to inoculate 1-day-old line 15,
chicks. The development of erythroblastosis and collection
of leukemic samples were similar to those described previ-
ously (9).
DNA was extracted from quick-frozen bone marrow or

liver samples as described by Maniatis et al. (11). DNA sam-
ples (25 ,sg) were digested with restriction enzymes under
conditions recommended by the supplier (Bethesda Re-
search Laboratories). Digested DNAs were ethanol-precip-
itated, dissolved in 10 mM Tris Cl, pH 8.0/1 mM EDTA, and
then electrophoresed in 0.7% agarose gel, transferred to ni-
trocellulose, and hybridized with the appropriate radioactive
probes (9, 11).

Abbreviations: ALV, avian leukosis virus; AEV, avian erythroblas-
tosis virus; LTR, long terminal repeat; EGF, epidermal growth fac-
tor; kb, kilobase(s).
tPresent address: Department of Molecular Biology and Microbiolo-
gy, Case Western Reserve University, Cleveland, OH 44106.
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Radioactive Probes and Molecular Hybridization. All re-
striction fragments were purified by agarose gel electropho-
resis and electroelution prior to radiolabeling (11). Hybrid-
ization probes were synthesized from the isolated DNA frag-
mehts by nick-translation, and hybridizations were carried
out under conditions identical to those previously reported
(9). Filters were washed in 30 mM NaCl/3 mM sodium cit-
rate, pH 7/0.1% NaDodSO4 at 650C, dried, and exposed to
x-ray film.
Molecular Cloning and Restriction-Enzyme Mapping. Par-

tial EcoRI digests of liver DNA were size-selected on su-
crose density gradients and ligated to the arms of phage vec-
tor EMBL-4 (12). The recombinant phages were packaged
and screened by probes specific for v-erbB and the ALV
long terminal repeat (LTR) as described (11, 13). Restriction-
enzyme mapping of recombinants was performed by single
and double digestions, followed by Southern blot (14) analy-
sis with ALV- and v-erbB-specific probes.

RESULTS
a and P Alleles of c-erbB. Vennstrom and Bishop (10) pre-

viously have isolated and characterized c-erbB clones, de-
rived from a genomic library of an outbred Leghorn chicken.
The EcoRI and exon maps at this allele, designated the a
allele of c-erbB, are shown in Fig. 1A. Our subsequent stud-
ies revealed restriction-fragment polymorphisms of c-erbB in
different inbred lines of chickens (9). The most obvious dif-
ference is the presence of the 4.5- and 12.0-kilobase (kb)
EcoRI fragments in some birds and the presence of the 2.3-,
5.3-, and 6.4-kb EcoRI fragments in others. By cloning and
fine-structure mapping, we now have identified a second c-
erbB allele, P, that can adequately account for these poly-
morphic variations (data to be published elsewhere). The
EcoRI map of the /3 allele is summarized in Fig. 1A. The
major difference between a and P3 lies in the intron region
next to VB1, the first exon homologous to v-erbB. The /8
allele has a deletion of 2.5 kb in this region, with the ap-
pearance of a new EcoRI site near the boundary of this dele-
tion. An additional EcoRI site specific for the P allele is lo-
cated further downstream and splits the 12-kb fragment pres-
ent in the a allele into 5.3- and 6.4-kb fragments. Aside from
these two differences, the a and P alleles are very much
alike. Neither of the polymorphic variations seems to affect
the coding region of c-erbB, although conclusive evidence
awaits the direct DNA sequence comparison of the two al-
leles. In an extensive survey of the inbred chickens main-
tained at the United States Department of Agriculture Re-
gional Poultry Research Laboratory, we found that most
lines (e.g., 1515, 15B, 7, and 63) carry a alleles. P alleles were
identified in line 15, and RLC (and in K28; H. Robinson,
personal communication). Among the 151 birds surveyed,
65% are homozygous for a, 10% are homozygous for /3, and
the remaining 25% are heterozygous for a and /8.

Activation of the at Allele by ALV Proviral Insertion. We
previously have shown that a c-erbB structural alteration
correlates with the development of erythroblastosis (9). One
fragment from an altered c-erbB locus was molecularly
cloned, and it was shown by direct sequencing that the alter-
ation is due to the insertion of an ALV LTR about 1.6 kb
upstream from the VB1 exon. To determine whether LTR
insertion near the VB1 exon is a general activation mecha-
nism, we have analyzed 37 additional ALV-induced erythro-
blastosis samples. The VB1 exon is located inside the 4.5-kb
EcoRI fragment of the a allele (and the 2.3-kb fragment of
the /3 allele). Thus, to determine whether ALV provirus in-
sertion occurs in this region, the 4.5-kb EcoRI fragment of
the a allele was subcloned and used as a probe (the R4.5
probe, Fig. 2A). The strategy of this experiment is illustrated
in Fig. 2A. If the ALV proviral insertion occurs near VB1 as
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FIG. 1. (A) EcoRI restriction map of the a and /3 alleles of c-
erbB. The a-allele map is according to that reported by Vennstrom
and Bishop (10) and Sargeant et al. (15). The 3-allele map was estab-
lished by the isolation and restriction enzyme mapping of overlap-
ping clones of this allele (data to be published elsewhere). Solid box-
es show regions homologous to v-erbB. Size and approximate loca-
tion of exons are based on previously reported heteroduplex anal-
ysis (10, 15). The location of the first exon homologous to v-erbB,
designated VB1, is defined more accurately by fine restriction-en-
zyme mapping of the 4.5- and 2.3-kb EcoRI fragments. The vertical
bars denote the EcoRI cleavage sites; ---, deleted sequences; *,
EcoRI sites present only in the 83 allele. (B) Proviral integration sites
in the c-erbB gene of erythroblastosis samples. Positioning of the
integration sites in different samples (indicated by arrowhead with
corresponding sample number) is based on the sizes of EcoRI re-
striction fragments as described in the text. The integration sites in a
or in /3 are placed according to their relative distances from the 5'
EcoRI site of the 4.5- or 2.3-kb fragment, respectively. (C) Restric-
tion enzyme map of clone X139. Clone X139 was isolated from a
genomic library derived from leukemia sample 139. Restriction frag-
ments were ordered based on their single- and double-digestion pat-
terns as well as on their hybridization to specific cellular and viral
probes. EcoRI, R; BamHI, B; HindIII, H; Sac I, S; Sal I, Sal. The
bottom line represents cellular sequences of the /3 allele. Solid boxes
denote exon sequences. Wavy lines indicate the arms of the X vec-
tor. Dotted line indicates the point of insertion of the ALV provirus
(top line). LTRs are shown as boxes; gag, group-specific antigens;
pol, polymerase; env, envelope glycoproteins.

depicted, we should see an interruption of the EcoRI 4.5-kb
fragment by the provirus, resulting in two fragments (X and
Y) detectable with probe R4.5. Since there is an EcoRI site
present in the ALV LTR, fragment X should contain a por-
tion of the LTR, and fragment Y should contain the comple-
mentary part of the LTR. As a result, the sum of X and Y
should be equal to 4.5 kb plus the size of an ALV LTR,
which is 0.34 kb. Thus, one would anticipate seeing two al-
tered fragments, with their sum being -4.8 kb. (This calcula-
tion was based on the a allele, but the same argument holds
for the 8 allele, except that the sum should be 2.6 kb.) The
following data (Fig. 2B and Table 1) clearly demonstrate that
this is indeed the case. The left panel shows EcoRI-digested

2288 Biochemistry: Raines et aL



Proc. NatL Acad. Sci. USA 82 (1985) 2289

A I kb

VB1

R

R4.5
5F VB 3I

ALV .

ALV DNA LTR LTR VBl
R R R R

_-J y-Y-I X

Bl aa------------a
IN 61 39 82 67 88 28 48 30 35 92 96 94 93 98 103 64 1

4.5inum0hm, w .J_
-so r _A-_, Aqw D-am

R4.5

C 82 67 88

4.5 Im * _

3I

82 67 88 82 67 881

4.5 - 0 45 - e

5F

a)3
N 47 86 3

4.5- - 4_

2.3 -- m_

R4.5

D F--- ac3 -
N 45 15

4.5_ _

2.3 - -u
,_ft

VB R4.5

FIG. 2. EcoRI-digestion analysis
of the proviral integration sites. (A)
Schematic diagram of proviral inser-
tion upstream from VB1. Also shown
are probes used in this study, and the

R regions they detect. Probe R4.5 rep-
resents the 4.5-kb EcoRI fragment of
the a allele. Probe SF is a 0.8-kb
EcoRI-Pst I fragment derived from
the 5' end of R4.5. Probe 31 is a 1.6-
kb Pvu II fragment located in the 3'
intron region of R4.5. A 0.7-kb
BamHI-Sac I fragment specific for
the 5' end of v-erbB was used as the

- VB probe. This probe recognizes the
-UI~. 4.5- and 12.0-kb EcoRI fragments of

the a allele (9); for clarity, only hy-
_<C bridization to the 4.5-kb fragment is

< included in C. (B-D) Southern blot
analyses of EcoRI-digested DNA
from normal uninfected (N) and
erythroblastosis samples (numbers
above lanes). Filters were hybridized
with the probes indicated at the bot-

*139 toms of the autoradiograms. Leuke-
mia-specific bands that show rear-

_pp rangements within the 4.5-kb EcoRI
fragment (B and C) or the 2.3-kb
EcoRI fragment (D) are indicated by

* solid or open arrowheads (X and Y
fragments, respectively; see A). Sizes
of the rearranged bands in B are sum-
marized in Table 1. B-D are compos-
ites of five gels, among which the mi-
gration properties of the fragments
differ slightly.

DNA samples from chicks of the aa type. In the normal con-
trol (lane N) probe R4.5 hybridizes to the 4.5-kb EcoRI frag-
ment as expected. In other lanes with leukemic samples, two
additional bands X (solid arrowheads) and Y (open arrow-
heads) can be identified (the larger fragments are arbitrarily
designated X). In every case, X and Y total approximately
4.8 kb (Table 1).

Analysis of samples from chicks heterozygous for the a

Table 1. Size of viral-cell junction fragments of proviruses
inserted in the a allele

Fragment size, kb

Sample EcoRI Sac I

4.3, 0.5
4.1, 0.7
4.0, 0.7
4.0, 0.7
3.7, 1.0
3.8, 1.0
3.6, 1.1
3.4, 1.4
3.4, 1.4
3.4, 1.4
3.3, 1.4
3.4, 1.4
3.3, 1.5
3.4, 1.5
3.3, 1.6

12.0, 4.2
11.0, 4.1*
12.0, 4.2
11.0, 4.3*
12.0, 4.5
11.5, 4.7
11.5, 4.6
11.5, 4.8
9.6, 4.1*

11.8, 4.6
10.5, 5.2
11.0, 5.0
11.0, 5.2
10.5, 5.2
11.0, 5.3

Fragment size, kb

Sample EcoRI
28 3.2, 1.6
22 3.2, 1.6
53 3.1, 1.6
96 3.3, 1.6
35 3.2, 1.7
41 3.2, 1.7
40 3.1, 1.7
47 3.1, 1.7
49 3.0, 1.8
42 3.0, 1.8t
30 3.0, 1.8t
86 3.0, 1.8t
82 3.0, 1.9t
61 3.0, 1.9t
98 2.8, 2.Ot

Sac I

10.5, 5.3
ND

11.5, 5.3
11.0, 5.3
11.0, 5.2
ND

10.5, 5.4
10.5, 5.4
10.6, 5.3
10.5, 5.4
10.2, 5.4
10.5, 5.5
ND

11.0, 5.5
10.8, 5.4

Shown are the 30 typical cases in which direct proviral insertions
into the a allele were found. Cases involving the processed erbB
gene (see Discussion) and the proviral insertions in the , allele are
not included. EcoRI and Sac I junction fragments are determined as
described for Figs. 2 and 3, respectively. Samples are arranged in
order of their integration sites relative to VB1. ND, not determined.
*Deleted provirus.
tIntegration site within VB1.

and P3 alleles are shown at right in Fig. 2B. The 4.5- and 2.3-
kb fragments present in the normal control represent the a
and P3 alleles, respectively. The panel shows samples in
which alteration of the a allele is observed. Again, the sum
of fragments X and Y is -4.8 kb. Sample 49 carries four
rearranged fragments which pair into two sets of X and Y;
presumably, this sample contains DNA from two clonal pop-
ulations of leukemic cells, each harboring an ALV provirus
near VB1 but at a slightly different site. It is noteworthy that
the intensity of the 4.5-kb band is reduced relative to the 2.3-
kb band in a few samples. Since these samples are from birds
heterozygous for a and ,B, disruption of the a allele should
correlate with the loss of the 4.5-kb band, assuming that all
cells in the samples are transformed erythroblasts. Analysis
of bone marrow samples that contain =80% erythroblasts
(i.e., samples 38 and 49) does show significant reduction in
the intensity of the 4.5-kb band relative to the 2.3-kb band.
The residual 4.5-kb band is presumably derived from the un-
disrupted a allele present in the untransformed leukocytes in
the bone marrow.
The experiment described above indicates that there is a

high frequency of proviral integrations near the VB1 exon
and in the EcoRI fragment, but it does not reveal whether the
proviral integration sites are located upstream or down-
stream from the VB1 exon. To examine this, we hybridized
the same DNA blot as in Fig. 2B to the following region-
specific probes (see Fig. 2A): SF (the 5' flanking sequence),
3I (3' intron), and VB (v-erbB). Examples of such hybridiza-
tions are shown in Fig. 2C; probe 31 detects exclusively the
longer (X) fragment, whereas probe SF hybridizes more
strongly to the shorter (Y) fragments. This indicates that the
interruption due to proviral insertion is in the 5' half of the
EcoRI 4.5-kb fragment. Hybridization with probe VB de-
tects only fragment X in most cases, as shown for samples 67
and 88. This result suggests that VB1 is linked to its down-
stream intron sequence, implying that the ALV provirus
must integrate on the 5' side of VB1. In sample 82, both frag-

89
103
94
93
64
88
92
49
60
41'
42'
39
38
48
67
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ments X and Y are detected by probe VB, suggesting that, in
this case, the ALV provirus is integrated within VB1. Based
on the sizes of fragment X (or Y) and the information regard-
ing their relative positions to VB1, the individual proviral
integration sites can be determined. They are summarized in
Fig. 1B. It is apparent that the ALV proviral integration sites
are clustered in a region immediately upstream from VB1. In
those cases (e.g., sample 82) where proviral integration with-
in VB1 is suspected, the sizes of fragments X and Y match
very well with what is predicted if there is a disruption inside
VB1. Based on these data, we conclude that in erythroblas-
tosis samples, the ALV provirus preferentially integrates
just 5' to or within the region where homology to v-erbB
starts.

Activation of the f3 Allele by ALV Proviral Insertion. Hav-
ing found that the a allele is frequently mutated by proviral
insertion near VB1, we were interested in determining
whether the 8 allele could be interrupted similarly. Using the
strategy described above, we were able to show for three af3
heterozygous samples that insertion near the /3 allele occurs.
As shown in Fig. 2D, the sum of X and Y in these cases
equals 2.6 kb (as opposed to 4.8 kb for the a allele). In addi-
tion, the intensity of the unaltered f3 2.3-kb band is largely
reduced compared to that of the unaltered a 4.5-kb band.
The locations of the three integration sites relative to VB1
map to the same region as those for the a allele (Fig. 1B).
Since the alterations in the /8 allele are the only ones detect-
able in these leukemia samples, the data indicate that inser-
tional activation of the P3 allele can also induce erythroblasto-
sis.
To conclusively document that ALV proviral insertion in-

deed occurs in the ,B allele, we have isolated a c-erbB clone,
X139, from a genomic library of partially EcoRI-digested
DNA from leukemia sample 139. This clone carries a 16.4-kb
insert. A battery of enzymes was used to construct a restric-
tion map, which is summarized in Fig. 1C. The map is in
complete agreement with the insertion of an intact ALV pro-
virus in the 2.3-kb EcoRI fragment of the /3 allele, with the
provirus oriented in the same transcriptional direction as the
c-erbB gene. That the ALV provirus is intact was further
substantiated by in vitro transfection of chicken embryo fi-
broblasts with the X139 DNA, resulting in the release of in-
fectious virus (unpublished data). The integration site of the
provirus fits exactly that determined by the Southern analy-
sis [Fig. 2D (lane 139) and Fig. 1B].
The Structure and the Orientation of the Provnrus. The

finding that an intact ALV provirus is present near the c-
erbB gene deviates from the previous observations that the
ALV proviruses linked to the c-myc gene in B-lymphomas
frequently show large deletions, especially near and includ-
ing the 5' LTR (4-6). It was postulated that active transcrip-
tion of an upstream promoter (in this case, the 5' LTR) may
significantly affect the strength of the downstream promoter
(3' LTR)-a phenomenon described as promoter occlusion
(16, 17). Therefore, removal of the 5' LTR appears to be
necessary for efficient utilization of the 3' LTR for down-
stream promotion of the oncogene. It was therefore of inter-
est to find that X139 carries a full-length ALV provirus. To
see whether this is generally true for other leukemic-cell
DNA, Sac I digestion was conducted. As shown in Fig. 3,
Sac I has a single cleavage site near the 5' terminus of ALV
DNA. The Sac I map of c-erbB surrounding the proviral inte-
gration sites is also shown. For the undisrupted a allele,
probe R4.5 should detect two fragments, 8.0 and 3.5 kb long.
Upon proviral integration, the 8.0-kb fragment is disrupted
into two fragments, due to the presence of the additional Sac
I site in ALV DNA. If the provirus is full-length (8 kb), the
sum of the two new Sac I fragments should approximate 8.0
+ 8.0, or 16.0 kb. This appears to be the case for the majority
of the leukemic samples (Fig. 3 and Table 1). It is also note-

s
LTR 8.0 LTR

S 8.0 S 3.5 S
L I

- -I--

R4.5

kb
N 88 94 96 92 39 64 103 35

8.0

3.5

FIG. 3. Sac I digestion analysis of proviral DNA structure. (Up-
per) Sac I (S) restriction map of an intact ALV provirus integrated 5'
to VB1 and in the same transcriptional orientation as the a allele.
Solid boxes represent exons. Sizes of the full-length provirus and
the two Sac I fragments of the uninterrupted allele are given (in kb)
above the provirus diagram and the restriction map, respectively.
The region detectable by R4.5 is shown. (Lower) Southern hybrid-
ization of Sac I-digested normal (N) and erythroblastosis DNA with
R4.5 probe. Erythroblastosis sample numbers are above lanes. The
sizes of the rearranged bands in leukemia samples are listed in Table
1.

worthy that EcoRI digestion analysis presented above indi-
cates that both LTRs might be intact, since the EcoRI sites
of the LTRs appear to be present in all cases. Although rigor-
ous proof that the proviruses are intact has to come from
transfection studies such as those described above for X139
clone, the preponderance of full-sized proviruses in erythro-
blastosis samples indicates that the presence of an intact pro-
virus may not be unique to the DNA of sample 139. This data
suggests that promoter occlusion, if it occurs in this case, is
not absolute and that its effect is not sufficient to block the
activation of c-erbB by a 3' LTR. Alternatively, the provirus
may utilize the 5' LTR as the promoter to activate the c-erbB
gene.
Sac I analysis also provides important information regard-

ing the orientation of the proviruses. For example, sample 88
gives two Sac I, viral-cell junction fragments of about 11.5
and 4.7 kb. The relative intensity of the two bands suggests
that the 11.5-kb band is the downstream fragment and the
4.7-kb band, the upstream one. Hybridization to probe 31
(Fig. 2) invariably detects the larger of the two tumor-specif-
ic bands, confirming this assignment (data not shown). We
know from the data in Table 1 the sizes of the EcoRIjunction
fragments and, hence, the location of the integrated provirus
(Fig. 1B). These data together allow the viral Sac I site to be
unambiguously placed near the 5' end of the inserted provi-
rus; the provirus therefore is oriented in the same transcrip-
tional direction as c-erbB. The calculated distances from the
viral Sac I site to the LTRs agree very well with the intact
ALV map, further confirming this alignment. All the provi-
ruses surveyed by Sac I analysis in this study are oriented in
the same direction as c-erbB.

DISCUSSION

The studies described here suggest that ALV activates c-
erbB in erythroblastosis by a mechanism very similar to its
activation of c-myc in B-lymphomas: the proviruses are ori-
ented in the same transcriptional direction as the host onco-
gene and are clustered either at or immediately 5' to a region
("1.5 kb) corresponding to the start of the viral oncogene.
Although exceptions to this general activation scheme exist

qr..
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(7), this mechanism, referred to as promoter insertion, repre-
sents the predominant one used by the ALV provirus. Retic-
uloendotheliosis virus, another avian retrovirus, also uses
promoter insertion as the major mechanism of c-myc activa-
tion in B-lymphomas caused by this virus (ref. 18 and unpub-
lished results). In contrast, almost all the proviruses in
mouse mammary tumor virus-induced mammary carcinomas
are arranged either in the opposite orientation or down-
stream from the putative oncogene. Furthermore, the inte-
gration sites are spread over a large (20-kb) region (19). In
this case, presumably, the LTR enhancer is involved in acti-
vation. Clearly, in different systems, different activation
mechanisms are favored. What dictates the mode of viral in-
tegration as well as oncogene activation is unclear, but it
may be related to the intrinsic properties of the virus (e.g.,
the strengths of the enhancer and promoter), the oncogene in
question (the local conformation and the structural require-
ments for activation), or a combination of both. In the case
of c-myc activation, most of the ALV and reticuloendothe-
liosis virus DNA integrations result in truncation of the c-
myc transcript and removal of the first noncoding exon (ref.
20 and unpublished results). It was postulated that the first
noncoding exon may contain a negative-controlling element
that inhibits either the transcription or translation of the gene
(20-22). The situation with c-erbB is less clear, since the
coding capacity of the gene has not been defined fully. How-
ever, recent evidence strongly suggests that the c-erbB prod-
uct is closely related or identical to the epidermal growth
factor (EGF) receptor (23-25). Since the region of homology
involves the carboxyl-terminal portion of the EGF receptor
and v-erbB, one would expect the c-erbB coding sequences
to extend significantly further upstream from VB1, where
the proviral integration sites are concentrated. All the acti-
vated c-erbB products would, therefore, represent truncated
versions of the normal protein. It is, then, interesting that the
starting points of all the activated c-erbB genes studied here
map very close to the point of insertion of v-erbB sequences
in AEVR and AEVH. This suggests that interruption in this
region of c-erbB probably is important for activation. The
requirement to interrupt the c-erbB locus and generate a
truncated product perhaps also imposes a need for the pro-
moter-insertion (as opposed to enhancer-insertion) type of
proviral activation, since, in this region, no cellular promoter
is present to be activated by the LTR enhancer.
Whether c-erbB is identical to EGF receptor or not, the

chicken c-erbB locus is a complex one; the region homolo-
gous to v-erbB spans more than 20 kb and contains at least 12
exons. Added to this complexity is the presence of structural
polymorphisms in different lines of chickens. Using cloning
and hybridization studies, we have identified a second allele,
,8, which differs from the previously known allele, a, primar-
ily by a deletion in the intron region. The a and P alleles can
account for the majority but not all of the polymorphic erbB
elements observed in chickens and must constitute the major
c-erbB locus, since we have not found any chickens that lack
both alleles. Among the few ap3 heterozygotes studied, the P3
allele appears to be as susceptible to proviral insertion as the
a allele (3/7 vs. 4/7; Fig. 3 A and B).
The present communication is primarily concerned with

the typical promoter-insertion mechanism of c-erbB activa-
tion, which accounts for 90% (34/38) of the cases examined.
We previously reported an atypical case where a single al-
tered c-erbB fragment contains an LTR and v-erbB related
exons but no intron sequences, as if the activated c-erbB
message had been reverse-transcribed and reinserted into
the host genome (9). We have again observed this phenome-
non in the present study; the altered c-erbB fragment of the
four remaining cases possesses these features (unpublished
data). One such fragment was cloned, and structural analysis
confirms the processed nature of the erbB gene. The linkage

point between the provirus and the processed erbB gene
again maps near VB1. The generation of such a processed
gene can occur either intracellularly, as has been suggested
for the formation of other pseudogenes (26), or via virus in-
termediate (ref. 27 and H. Robinson, personal communica-
tions). In either case, promoter-insertion probably was in-
volved in the initial activation of the oncogene (4, 5). When
we include these cases in the category of promoter-insertion
activation, we find a striking statistic for c-erbB activation:
In the 37 chicks with erythroblastosis (38 proviruses) ana-
lyzed, there is a 100% correlation between c-erbB alteration
and erythroblastosis development. Furthermore, virtually all
proviruses found linked to c-erbB are clustered in a small
chromosomal region and are uniformly aligned in a config-
uration compatible with the promoter-insertion type of acti-
vation.
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