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Identification and Interpretation of Epidermal
Growth Factor and c-erbB-2 Overexpression

Barry A. Gusterson

Overexpression of normal cellular genes may be one mechanism by which malignant cells can acquire a selective
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family and are good examples of genes that appear to act through this mechanism. Molecular and biochemical

analvees of these two nroteing also illugtrate how studies of vrnwth factors. orowth factor recentors and oncogenic
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retroviruses may lead to new approaches to diagnosis and treatment. In particular, overexpression of these
growth factor receptors has identified clinical subgroups that may respond differently to chemotherapy and

provides the opportunity for antibody targeted therapy. Overexpresslon of these proteins can be identified using
immunocytochemistry on both histological sections and fine-needle aspirates, thus enabling these parameters to

be assessed preoperatively and to be monitored during therapy.
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INTRODUCTION
OVER 40 genes have now been described that appear to have a
role in the malignant process. These genes often encode for
proteins that are important components of the growth regulatory
pathways in the normal cell [1]. In many cases these oncogenes
are members of ‘families’ encoding proteins with similar struc-
tures and possibly similar functions [2].

Growth regulatory mechanisms usually involve the binding

of a growth factor to a specific receptor on the cell surface, which
then through an intracellular biochemical cascade leads to cell
division. As different cells respond to different growth stimuli
it is necessary for them to have cell type associated receptors.
As the final response of the celi is similar, (i.e. cell division),
it is not surprising that receptors have evolved with similar

structurae and aften verv clage seauence homalaov in thair
stactures and oiien very <Cios€ sequence nomology in tadlr

amino acid composition. Where this homology is overt they are
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grouped into the same family often before their function is
known. Thus newly identified proteins often have an assumed
function based on our knowledge of the physiological role of
other well characterised family members.

The epidermal growth factor receptor (EGFR) and the ¢-
erbB-2 genes are exampies of one of these families. They both
encode transmembrane proteins that are putative growth factor

receptors although they may have other funcrions in normal
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tissues [3-5]. Both of these receptors are overexpressed in
certain tumour types. It is presumed that overexpression in
some way increases the ‘sensitivity’ of the tumour cell to the
normal levels of the growth factor that binds to the receptor.
Aiternatively increased levels of the receptor may produce a
constitutively activated receptor cascade in the absence of the

growth factar It is nranncad that hath of thace machanicme
growiil 1aCtor. it 1S proposea tnal ootn 01 tndse mddnanisms

would result in selectively triggering the proliferation of the
tumour cell with a consequent selective growth advantage for
the tumour population. It is not known in vivo which, if any, of
these hypotheses is correct. However, antibodies to both the
EGFR and the c-erbB-2 protein have been shown to inhibit
tumour growth indicating that these molecules are important

comnnnante nf tha orawth racnnnea in thaca meadal cuatamea
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least two peptide growth factors EGF and tumour derived
growth factor alpha (TGFa) will activate the EGFR [4] and a
possible ligand for the c-erbB-2 receptor has been recently
identified [6]. Thusat the present time these two members of the
erbB family, together with a recently identified third member, (c-
erbB-3) [7] provide future potential targets for cancer therapy.

ISOLATION AND IDENTIFICATION OF EGFR AND
c-erbB-2

In order to define a growth factor receptor it is necessary to
identify the growth factor that activates it and to demonstrate a
biological response. It is, however, important to realise that
these receptors and their ligands are usually defined using in
vitro assays and in many parts of the body the growth factors
appear to have diverse effects, depending on the target cell type
and the local tissue environment. Thus EGF and TGFa can
induce osteolysis and have both growth stimulatory and growth
inhibitory effects.

EGFR

Many tumours that express the EGFR can also be shown to
produce TGFa, thus raising the attractive hypothesis that
they may have an autocrine feed back loop as found in other
systems [8]. This is supported by in vitro studies that have
demonstrated that such cells will grow in tissue culture in the
absence of serum.

The EGFR has been isolated by its ability to bind EGF. This
was carried out using a squamous carcinoma cell line (A431),
that has in excess of a million receptors per cell. This same cell
line was used as an immunogen to raise antibodies to the
receptor. Although the first antibody to work on tissue sections
was produced over 10 years ago, immunohistochemical studies
are still limited owing to the difficulty of producing a reagent
that will work consistently on paraffin embedded tissue. This
has resulted in numerous reports of small series on tumours in
which it is difficult to assess the clinical significance of the
results.

Two methods have been used to assess the levels of EGF
receptor in tissues. The more commonly used has been indirect
immunocytochemistry using antibodies directed to the receptor.
This method has the advantage that it is possible to identify the
cell type expressing the tumour and can thus distinguish between
staining of the tumour and the normal stroma. The disadvantage
is that the method depends on the staining protocol used and
many of the antibodies currently available are not specific for
the receptor. One of the best reagents is still that originally
produced by Waterfield and Ozanne [9] as it reacts with the
protein core of the receptor and not with the blood group
carbohydrate epitopes that characterise many other reagents.
The other method is to make a membrane preparation of the
tissues and to use the growth factor’s ability to bind to the
receptor to quantify the number of receptors. This method
provides quantitative results, but has the disadvantage that it is
not possible to assess the effect of or the level of stromal
contamination.

Using both methods, however, it can be demonstrated that
some tumours notably, squamous cell carcinomas of the head
and neck, squamous carcinomas of the lung, bladder carcinomas,
breast carcinomas and gliomas have overexpression of the recep-
tor. This is often associated with increased numbers of copies of
the EGFR receptor gene. For a more detailed account of the
structural and functional relationships of EGF and TGFs the
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reader is referred to a recent review [4]. The EGFR has been
the subject of an excellent review by Harris and Neal [10)].

In terms of clinical application it must be said that the EGFR
has been a disappointing area. With the exception of papers,
notably from Harris and his colleagues, there have been few
reports on the prognostic value of measuring receptor lev-
els [11]. This may be largely due to the fact that the levels of
the receptor tend to correlate with high tumour grade and thus
many groups may have thought it not worth pursuing this
marker as an independent variable. When antibodies become
available that work consistently on paraffin embedded material
it will be possible to rapidly screen large tumour data sets, but
at the present time few groups are using EGFR measurements
routinely. In the case of breast carcinomas, expression of the
EGFR is associated with a poor prognosis [11]. More recently
it has been shown that the prognostic significance of EGFR
measurements are stronger if combined with measurements of
the c-erbB-2 protein [12].

In summary, measurements of EGRF are not yet a routine in
the assessment of any tumours, but it is to be predicted that in
the case of gliomas and breast cancers in particular, they may
turn out to be of value as independent prognostic variables. The
final outcome will, however, rely on data from much larger
series than are currently available. In terms of therapy, there is
still the hope that some of the antibodies may either alone or
coupled to toxins be of therapeutic value, but that is currently a
long way off. In view of the high levels of EGFR expression in
normal tissues it seems unlikely that such an approach would
ever be successful as a systemic treatment, although there is
some evidence that radiolabelled anti-EGFR antibodies can be
used in the treatment in brain gliomas resistant to conventional
forms of treatment [13].

C-erbB-2 ‘

It is now known that many of the acutely transforming
retroviruses have sequences within their genome which have
been acquired from host cells and through mutational events
have converted protooncogenes into dominantly acting viral
oncogenes {14-16]. One group of these viral oncogenes is
characterised by the first member of the family to be identified, v-
erbB, which induces erythroblastosis and sarcomas in chickens.
This gene, like many others subsequently identified, originated
from a normal cellular gene or protooncogene, which in this
case is the epidermal growth factor receptor gene (c-erbB-
2) [17-20]. Another member of the erbB family, c-erbB-2 was
identified by the classical method employed to isolate oncogenes,
namely the NIH-3T3 fibroblast transfection assay [21, 22].
More recently a third member of the familiy (c-erbB-3) has been
identified using reduced stringency hybridisation of v-erbB to
normal human genomic DNA [7]. Elevated levels of mRNA
for the product of this gene in some human breast cancer
cell lines indicated that it may play a role in some human
malignancies [23].

Based on its amino acid sequence the protein encoded by the
c-erbB-2 gene (p185) appears to be a member of a large group of
growth factor receptors [24]). There is also some provisional
data suggesting that a ras transformed 3T3 cell line may produce
aputativeligand [25]. Lippman’s group at the Lombardi Cancer
Centre has recently reported the isolation of a putative ligand
for the receptor. It is possible to generate a mitogenic signal in a
chimeric receptor in response to EGF [26, 27] which also
supports the role of c-erbB-2 as a novel growth factor receptor.
Taken together these data would suggest that the c-erbB-2
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product may produce transformation by an effect on cell prolifer-
ation. There are tissues in which the c-erbB-2 gene product
appears to be expressed, where it is unlikely to have a relationship
to local growth control.

Studies of c-erbB-2 expression have been carried out by
analyses of the mRNA, or by estimations of protein using
western blotting or immunocytochemistry. In the majority of
the publications in this area the antibodies used have been
characterised against extracts of cell lines with the assumption
that the reactivity seen in tissues is a true reflection of the
distribution of the protein. Another major potential problem
relating to many of the immunohistochemical studies relates to
the controls employed. In the absence of a demonstration of the
extracted protein from the tissue in question, the most that can
be claimed for these studies is c-erbB-2 like immunoreactivity.
It should also be remembered that even demonstration of
the mRNA may not necessarily be equated with protein as
appropriate RNA may not be translated.

In a detailed immunocytochemical study of the adult human
gut, Cohen et al. [28] has demonstrated prominent immunoreac-
tive c-erbB-2 in the stomach, small intestine, colon, pancreas,
salivary gland and liver. It should be noted that the staining in
the small intestine was absent [29] or weak [28] in the crypts
and strong in the villi, raising doubts about the role of this
protein as a growth factor receptor in this site.

With the availability of antibodies directed against the p185
protein that appear to be able to inhibit tumour cell growth both
n vitro [30] and in vivo [31, 32] the way is open to use these
reagents to examine effects on other normal tissues that express
the protein. Antibodies against different epitopes on the external
domain will be particularly useful in investigations of ligand
binding and the analyses of functional domains [33]. In this
way, the physiological and pathological role of this protein may
become more apparent. Although the case for a role for the p185
protein in normal growth control is not entirely convincing in
the tumour situation the evidence is more compelling.

A range of tumour cell lines derived from glandular tissues
overexpress c-erbB-2 and this usually, but not always, correlates
with gene amplification [23]. Subsequently, it was also shown
that overexpression of c-erbB-2 in NIH 3T3 cells was trans-
forming in a similar way to presence of the mutant gene,
suggesting that a dosage effect of the normal gene product could
produce the same end result as the mutation [34]. The numerous
publications in the literature on c-erbB-2 in human tumours as
reviewed by Gullick and Venter [35] have clearly demonstrated
that gene amplification and overexpression is a common finding
in human tumours. In most reports gene amplification directly
correlates with overexpression of the product [36]. Amplification
has now been demonstrated in a broad range of glandular
tumours including breast, ovary [37], stomach [28, 38, 39],
salivary [40], renal [41], colonic carcinomas [42, 43] and aden-
ocarcinomas of the lung [43]. The highest incidence of amplifi-
cation and overexpression appears in breast and ovary {37].
There have been few studies of benign lesions but in our own
report of proliferative breast disease we found no evidence of
immunocytochemical positivity, even in cases demonstrating
atypia [5].

Clinical interest in this cellular gene in breast cancer was
initiated by the work of Slamon et al. [44] which suggested that
amplification of the gene was a bad prognostic indicator in
lymph node-positive patients. Amplification is associated with
overexpression of this gene, thus enabling the localisation of
overexpressing tumours by demonstration of the product by
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immunocytochemistry [5, 45, 46]. Fundamental to the studies
in this area is the question of whether in the analyses of tumours
the different methods of assessing the c-erbB-2 gene and its
products are comparable. Only Slamonetal. [37] have measured
amplification in relation to RNA, protein and immunocytochem-
istry and there was generally good correlation between all four
methods. It can be concluded that for practical purposes the
results of different methods are broadly comparable. Many
studies, including our own, have now recorded a high incidence
of c-erbB-2 overexpression in breast cancer and some have
reported a correlation with nodal status [44, 47-49]. Both
benign and malignant breast disease have now been studied
using immunocytochemistry [5, 37, 50-54] and these data indi-
cate that c-erbB-2 is a good discriminant of cytologically malig-
nant cells in positive tumours [5, 51]. Combining the results of
many studies up to 27% of all invasive breast carcinomas show
gene amplification [37]. In intraduct carcinomas [S, 55, 56]
and Paget’s disease [S, 57], the level of overexpression is much
higher with figures of up to 100% in some subtypes [55].

We have recently shown that there is a significantly increased
incidence of overexpression in ductal carcinoma in situ (DCIS)
compared with invasive carcinomas [5, 55]. Another recent
study confirmed this high incidence of c-erbB-2 overexpression
in ductal carcinoma (DCIS), with an 83% incidence in comedo
and 29% incidence in non-comedo DCIS [56].

c-erbB-2 overexpression has naturally been of interest to the
clinicians through its potential role as a novel growth regulator,
as overexpression of a receptor may give the tumour a selective
growth advantage and this may be a poor prognostic factor.
Some of the earlier studies, including our own, showed a trend
towards a relationship with decreased disease-free survival and
overall survival [51, 58], but did not reach statistical signifi-
cance. Subsequent papers have clearly demonstrated a strong
correlation with both disease-free survival [37, 52, 59, 60] and
overall survival [37, 44, 53, 59-61]. Recent data from an
NSABP study also demonstrated a 5-fold increase in mortality
rate (P = 0.00001) for immunocytochemically positive
cases [52]. When nuclear grade and c-erbB-2 overexpression
were combined they were predictive, regardless of lymph node
status [52]. We would support their suggestion that a combi-
nation of c-erbB-2 overexpression and cytological features may
be a good way to identify patients at increased risk.

More recently it has been shown that in lymph node negative
disease that c-erbB-2 is a poor prognostic indicator [62]. This
has been confirmed in a large prospective randomised trial of
over 1500 cases. In this study it was also shown that c-erbB-2
overexpression correlated with unresponsiveness to chemo-
therapy [63].

FUTURE PROSPECTIVES

In the next few years there will be moves by many groups to
exploit the present findings and to translate them into antibody-
targeted therapy, radioimmunolocalisation of micrometastases
and possible analyses of circulating c-erbB-2 proteins to detect
early recurrence. None of these approaches are new, but the
overexpression of a membrane associated molecule such as c-
erbB-2 in a defined group of tumours makes this a more
favourable prospect than in any other solid epithelial tumour to
date. When considering prognosis it would appear that c-erbB-2
overexpression does identify patients with a reduced survival
group, but unfortunately these patients appear not to benefit
from some forms of chemotherapy. The significance of the
EGFR will have to await more extensive evaluation.



266

10.

1L

12.

13.

14.
15.
16.

17.

18.

19.

20.

2L

22.

23.

24.

25.

. Heldin C-H, Westermark B. Growth factors as transforming pro-

teins. Eur J Biochem 1989, 184, 487-496.

. Hanks SK, Quinn AM, Hunter T. The protein kinase family:

Conserved features and deduced phylogeny of the catalytic domains.
Science 1988, 241, 42-52.

. Machin L, Ashley S, Dean C, et al. Immunohistochemical distri-

bution of c-erbB-2-like immunoreactivity in tissues—biological and
clinical significance with particular respect to breast cancer. Diagn
Oncol 1990, 32, 1-18.

. Laurence DJR, Gusterson BA. The epidermal growth factor. Tumor

Biol 1990, 11, 229-261.

. Gusterson BA, Machin LG, Gullick W], et al. Immunohistochem-

ical distribution of c-erbB-2 in infiltrating and in situ breast cancer.
Int ¥ Cancer 1988, 42, 842-845.

. Lupu R, Colomer R, Zugmaier G, et al. Direct interaction of a

ligand for the erbB2 oncogene product with the EGF receptor and
p1857%82, Science 1990, 249, 1552-1555.

. Kraus MH, Issing W, Miki T, Popescu NC, Aaronson SA. Isolation

and characterization of ERBB3, a third member of the ERBB/epid-
ermal growth factor receptor family: Evidence for overexpression
in a subset of human mammary tumors. Proc Natl Acad Sci USA
1989, 86, 9193-9197.

. Todaro GJ], De Larco JE. Growth factors produced by sarcoma

virus-transformed cells. Cancer Res 1978, 38, 4147-4154.

. Waterfield MD, Mayers ELV, Stroobant P, et al. An antibody to

the human epidermal growth factor receptor. Cell Biochem 1983,
20, 149-161.

Harris AL, Neal DE. Epidermal growth factor and its receptor in
human cancer. In: Sluyser M, ed. Growth Factors and Oncogenes in
Breast Cancer. Chichester, Ellis Horwood, 1987, 60-86.

Sainsbury JRC, Farndon JR, Needham GK, Malcom A]J, Harris
AL. Epidermal growth factor receptor status as predictor of early
recurrence of and death from breast cancer. Lancer 1987, i, 1398.
Nicholson S, Richard J, Sainsbury C, e al. Epidermal growth factor
receptor (EGFr); results of a six year follow-up study in operable
breast cancer with emphasis on the node negative subgroup. Br ¥
Cancer 1991, 63, 146-150.

Kalofonos HP, Pawlikowska TR, Hemingway A, et al. Antibody
guided diagnosis and therapy of brain gliomas using radiolabeled
monoclonal antibodies against epidermal growth factor receptor and
placental alkaline phosphatase. § Nucl Med 1989, 30, 1636-1645.
Bishop JM. Cellular oncogenes and retroviruses. Annu Rev Biochem
1983, 52, 301-354.

Varmus HE. The molecular genetics of cellular oncogenes. Annu
Rev Gener 1984, 18, 553-612.

Bishop JM. The molecular genetics of cancer. Science 1987, 235,
305-311.

Downward ], Yarden Y, Mayes E, ez al. Close similarity of epidermal
growth factor receptor and v-erbB oncogene sequences. Nature
1984, 307, 521-527.

Yamamoto T, Nishida N, Kawai S, et al. The erb-B gene of ovarian
erythroblastosis virus is a member of the src gene family. Cell 1983,
35,71-78.

Yamamoto T, Ikawa S, Akiyama T, et al. Similarity of protein
encoded by the human c-erbB-2 gene to epidermal growth factor
receptor. Nature 1986, 319, 226-230.

Ullrich A, CoussensL, Hayflick JS, ez al. Human epidermal growth
factor receptor cDNA sequence and aberrant expression of the
amplified gene in A431 epidermoid carcinoma cells. Nature 1984,
309,418-425.

Shih C, Padhy L.C, Murray M, Weinberg RA. Transforming genes
of carcinoma and neuroblastomas introduced into mouse fibroblasts.
Nature 1981, 20, 261-264.

Schechter AL, Stern DF Vaidyanathan L, et al. The neu oncogene:
An erb-B related gene encoding a 185,000-Mr tumor antigen. Nature
1984, 312, 513-516.

Kraus MH, Popescu NC,Amsbaugh SC, King CR. Overexpression
of the EGF receptor-related proto-oncogene erbB-2 in human mam-
mary tumor cell lines by different molecular mechanisms. EMBO
%1987, 6, 605-610.

Gullick W]. A comparison of the structures of single polypeptide
chain growth factor receptors that possess protein tyrosine kinase
activity. In: Cooke BA, King RJV, van der Molen, eds. Hormones
and their Actions. Amsterdam, Elsevier, 1988, 349-360.

Yarden Y, Weinberg RA. Experimental approaches to hypothetical

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

41.

42.

43,

44.

45.

46.

47.

B.A. Gusterson

hormones: Detection of a candidate ligand of the neu proto-oncog-
ene. Proc Natl Acad Sci USA 1989, 86, 3179-3183.

Lee J, Dull TJ, Lax I, Schlessinger J, Ullrich A. HER2 cytoplasmic
domain generates normal mitogenic and transforming signals in a
chimeric receptor. EMBO ¥ 1989, 8, 167-173.

Lehvislaiho H, Lehtola L, Sistonen L, Alitalo K. A chimeric EGF-
R neu proto-oncogene allows EGF to regulate neu tyrosine Kinase
and cell transformation. EMBO ¥ 1989, 8, 159%-166.

Cohen JA, Weiner DB, More KF, Kokai Y, et al. Expression
pattern of the neu (NGL) gene-encoded growth factor receptor

amzmmtate falOENEUY o cmnwmemeal 2o d tuncmafnaaaad acalels

PIrowin \ploo™ ) 1l NULIAL alld UdAIIVIHKG cpxuxe}ii.‘l
the digestive tract. Oncogene 1989, 4, 8188,

D’Emilia J, Bulovas K, Wolf B, Steele G Jr, Summerhayes IC.
Expression and localization of the c-erbB2 protein products in
colonic neoplasia. Br ¥ Surg 1988, 75, 1239.

Hudziak RM, Lewis GD, Winget M, Fendly BM, Shepard HM,
Ullrich A. pl85¥ER2 monoclonal antibody has antiproliferative
effects in vitro and sensitizes human breast tumor cells to tumor
necrosis factor. Mol Cell Biol 1989, 2, 1165-1172.

Drebin JA, Link VC, Weinberg RA, Greene MI. Inhibition of
tumor growth by a monoclonal antibody reactive with an oncogene-
encoded tumor antigen. Proc Natl Acad Sci USA 1986, 83,
9129-9133.

Drebin JA, Link VC, Greene MI. Anti-tumor effects of monoclonal
antibodies to the nex oncogene product. Oncogene 1988, 18, 35-36.
Styles JM, Harrison S, Gusterson BA, Dean C]. Rat monoclonal
antibodies to the external domain of the product of the c-erb-B2
proto-oncogene. Int J Cancer 1990, 45, 320-325.

DiFiore PP, Pierce JH, Kraus MH, Segatto O, Richter King C,
Aaronson SA. erbB-2 is a potent oncogene when overexpressed in
NIH/3T3 cells. Science 1987, 237, 178-182.

Gullick WJ, Venter DJ. The c-erbB-2 gene and its expression in
human tumours. In: Waxman ], Sikora K, eds. The Molecular
Biology of Cancer, Oxford, Blackwell Scientific Publications, 1989,
38-53.

Gusterson BA, Gullick W], Venter DJ, et al. Immunohistochemical
localization of c-erbB-2 in human breast carcinomas. Mol Cell Probes
1987, 1, 383-391.

Slamon DJ, Godolphin W, Jones LA, et al. Studies of the HER-
2/neu proto-oncogene in human breast and ovarian cancer. Science
1989, 244, 707-712.

Fukushighe S-1, Matsubara K-I, Yoshida M, ¢t al. Localisation of
novel v-erbB-related gene, c-erbB-2, on human chromosome 17 and
its amplification in gastric cancer cell line. Mol Cell Biol 1986, 6,
955-958.

Falck VG, Gullick W]. c-erbB-1 oncogene product staining in
gastric adenocarcinoma. An immunohistochemical study. ¥ Pathol
1989, 159, 107-111.

slogesan of
18

UdaUcy u

. Semba K, Kamata N, Toyoshima K, Yamamoto TA. A v-erbB

related proto-oncogene, c-erbB-2, is distinct from c-erbB-1/epider-
mal growth factor receptor gene and is amplified in human salivary
gland adenocarcinoma. Proc Natl Acad Sci USA 1985, 82,
6497-6501.

Yokota J, Yamamoto T, Toyoshima K, et al. Amplification of c-
erbB-2 oncogene in human adenocarcinomas in vivo. Lancer 1986, i,
765-766.

Meltzer SJ, Ahnen DJ, Battifora H, Yokota J, Cline MJ. Proto-
oncogene abnormalities in colon cancers and adenomatous polyps.
Gastroenterology 1987, 92, 1174-1180.

Schneider PM, Hung M-C, Chiocca SM, et al. Differential
expression of the c-erbB-2 gene in human small cell and non-small
cell lung cancer. Cancer Res 1989, 49, 4968-4971.

Slamon D], Clark CM, Wong SG, Levin W], Ullrich A, McGuire
WL. Human breast cancer: Correlation of relapse and survival with
amplification of the HER-2 neu oncogene. Science 1987, 235,
177-182.

Van de Vijver ML, Peterse JL, Mooi M]J, et al. Neu-protein
overexpression in breast cancer: Association with comedo-type
ductal carcinoma in situ and limited prognostic value in stage II
breast cancer. N Engl ¥ Med 1988, 319, 1239-1245.

Venter DJ, Tuzi NL, Kumar S, Gullick WJ. Overexpression of the
c-erbB-2 onco-protein in human breat carcinomas: Immunohistolog-
ical assessment correlates with gene amplification. Lancer 1987, ii,
69-72.

Guerin M, Barrois M, Gabillot M, Riou G. Expression of proto-
oncogenes c-myc or c-erbB-2 in cancers of the breat: Clinical
implications. Bull Cancer 1989, 76, 175-180.



The c-erbB Family

48. Guerin M, Gabillot M, Mathieu M-C, ez al. Structure and expression
of c-erbB-2 and EGF receptor genes in inflammatory and non-
inflammatory breast cancer: Prognostic significance. Int ¥ Cancer
1989, 43, 201-208.

49. Cline M], Battifora H, Yokota J. Proto-oncogene abnormalities in
human breast cancer: Correlations with anatomic features and
clinical course of disease. ¥ Clin Oncol 1987, 5, 999-1006.

50. Van de Vijver MJ, Mooi W], Wisman P, Peterse JL, Nusse R.
Immunohistochemical detection of the neu protein in tissue sections
of human breast tumors with amplified nex DNA. Oncogene 1988,
2,175-178.

51. Gusterson BA, Machin LG, Gullick W], ez al. c-erbB-2 expression
in benign and malignant breast disease. Br ¥ Cancer 1988, 58,
453-457.

52. Paik S, Hazan R, Fisher ER, et al. Pathologic findings from the
national surgical adjuvant breast and bowel project: Prognostic
significance of erbB-2 protein overexpression in primary breast
cancer. ¥ Clin Oncol 1990, 8, 103-112.

53. Wright C, Angus B, Nicholson S, et al. Expression of c-erbB-2
oncoprotein; A prognostic indicator in human breast cancer. Cancer
Res 1989, 49, 2087-2090.

54. Van de Vijver M, van de Bersselaar R, et al. Amplification of the
neu (c-erbB-2) oncogene in human mammary tumors is relatively
frequent and is often accompanied by amplification of the linked c-
erbBA oncogene. Mol Cell Biol 1987, 7, 2019-2023.

S5. Ramachandra S, Machin L, Ashley S, Gusterson BA. Immunohisto-
chemical distribution of c-erbB-2 in in situ breast carcinoma. J
Pathol 1990, 161, 7-14.

EurJ Cancer, Vol. 28, No. 1, pp. 267-269, 1992.
Printed in Great Britain

267

56. Barnes DM, Bartkova J, Millis RR, Lammie GA, Gullick W]. High
incidence of c-erbB-2 protein in mammary ductal carcinoma in situ
of comedo pattern. Proc Path Soc § Pathol 1989, 157, 164A.

57. Barnes DM, Lammie GA, Millis RR, Gullick W]. Paget’s disease
of the nipple shows a high incidence of expression of c-erbB-2
protein. Breast Cancer Res Treat 1988, 12, 138.

58. Barnes DM, Lammie GA, Mills RR, Gullick W], Allen DS, Altman
DG. An immunohistochemical evaluation of c-erbB-2 expression in
human breast carcinoma. Br ¥ Cancer 1988, 58, 448—452.

59. Tandon AK, Clark GM, Chamness C, Ullrich A, McGruie WL.
Her-2/neu oncogene protein and prognosis in breast cancer. Clin
Oncol 1989, 7, 1120-1128.

60. Tsuda H, Hirohashi S, Shimosata Y, et al. Correlation between
long-term survival in breast cancer patients and amplification of
two putative oncogene-coamplification units: st-1/int-2 and c-erbB-
2/ear-1'. Cancer Res 1989, 49, 3104-3108.

61. Walker RA, Gullick W], Varley JM. An evaluation of immunoreac-
tivity for c-erbB-2 protein as a marker of poor short-term prognosis
in breast cancer. Br ¥ Cancer 1989, 60, 426-429.

62. Gullick WJ, Love SB, Wright C, et al. c-erbB-2 protein overexpres-
sion in breast cancer is a risk factor in patients with involved and
uninvolved lymph nodes. BrJ Cancer 1991, 63, 434-438.

63. Gusterson BA, Price KN, Gelber RD, et al. Prognostic importance
of c-erbB-2 expression in breast cancer. 1991. (Submitted ¥ Clin
Oncol).

0964-1947/92 $5.00 + 0.00
© 1992 Pergamon Press plc

Residual DNA Damage: What is Left Over and
How Does This Determine Cell Fate?

Trevor J. McMillan

Radiation-induced DNA damage may remain unrepaired for a number of reasons: it may be too severe, it may be
in inaccessible parts of the genome, it may be induced at critical points in the cell cycle or it may be converted
into large DNA deletions. This residual damage is likely to be responsible for cell death either by physical
restriction of replication or transcription or by metabolic disruption due to loss of function of critical genes.
Although residual damage is important, cells may differ in their ability to tolerate it, which may be a factor that

determines the relative radiosensitivity of a given cell population.
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INTRODUCTION

IF FULLY efficient, the repair of DNA damage after insult by
chemical and physical agents would result in a cell having no
remaining damage. With drugs this can sometimes be achieved
if the cells are kept in a strictly non-proliferative state, such that
within the sensitivity of the appropriate assays, damage is totally
removed and cell kill is zero. With ionising radiation the situation
is different since there always appears to be a degree of residual
damage no matter what the radiation quality, dose, dose-rate or
culture conditions.
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At the level of cell survival this is demonstrated by experiments
on plateau-phase cells irradiated at low dose-rate in which a
terminal slope to the survival curve is reached as the dose rate is
lowered (Fig. 1). Because of problems with proliferation such
studies are rare but in the one study where this has been done
thoroughly [1] this pattern was produced exactly, indicating
that there is an amount of nonrecoverable damage produced
following treatment with ionising radiation. At the level of naked
DNA isolated form irradiated cells the demonstration of residual
damage (usually strand breaks) is hampered by the lack of
sensitivity of the techniques available. However, rarely has
complete rejoining of strand breaks been observed. This is
especially true for DNA double strand breaks (dsb) which are
believed to be the most significant lesions in terms of cell death.

It is likely that this level of residual damage is important in
the determination of the degree of killing by radiation treatment.



