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Preface 

The most meaningful reward to clinicians and researchers is 
the absence of recurrent malignancy in their patients. While 
in some patients the disease will be cured by resection alone, 
in other similarly staged cases the disease will recur despite 
adequate loco regional and systemic therapies. Hence, risk 
assessment is a complex issue with many related or unrelated 
prognostic factors determining outcome. The purpose of this 
volume is to review some of the most relevant prognostic 
factors of newly diagnosed breast cancer, focusing on fea
tures determining the magnitude of risk. The ultimate value 
of establishing the significance of each prognostic factor in a 
given patient will be the resulting ability to plan individu
alized therapies for patients at different risk of recurrence at 
the time of diagnosis. To secure the maximum benefit for 
high-risk patients, while avoiding undue toxicity in those 
with low-risk lesions, a well-integrated analysis of all known 
prognostic factors will be essential in the early postdiagnos
tic period. In addition to well-established staging criteria 
such as axillary nodes, tumor size, receptors, scanning and 
radiographic examinations, the more sophisticated labora
tory techniques, as discussed by several authors herein, will 
playa crucial role in risk assessment. Most of them, - ploidy 
determination, oncogenes, tumor markers, monoclonal anti
bodies, growth factors, etc. - are presently available in only a 
minority of treatment centers. Their routine use may not 
only enhance the academic and scientific approach to some 
fundamental issues of cancer etiology, but also be of prac
tical assistance to clinicians in determining the risk in 
individual patients at diagnosis. The integration ofthese risk 
factors with the conventionally more frequently utilized 
criteria will greatly refine the assessment of prognosis and 
overall risk. 

This first volume on high-risk breast cancer deals with 
the diagnosis ofthe disease. Band and Deschamps review the 
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epidemiological aspects, offering some suggestions for inter
ventional studies of high-risk women without breast cancer. 
MacKay and Steel, and Fiore and Viola review their and 
others' exciting data on the significance of oncogenes in 
breast cancer, while the risk factors assessed by pathological 
examination are discussed comprehensively by Fisher. The 
survival benefit associated with screening mammography is 
brought to our attention by Miller and by Tabar, who place 
particular emphasis on early detection as the major contri
bution to cure. Merkel, Hill, McGuire and Shek, Godolphin 
summarize the significance of estrogen and progesterone 
receptors, while Hedley and Muss and Kute discuss compre
hensively the significance of ploidy and kinetic as deter
mined using flow cytometry. Meyer's chapter clarifies the 
complex issue of tumor kinetics and summarizes the labora
tory techniques of kinetic determination. LeRiche et al. 
discuss the promising role of fine needle aspiration in the 
diagnosis and follow-up of breast cancers, while Simpson
Herren offers data indicating that therapeutic maneuvers, 
including cytoreduction, may lead to profound kinetic alter
ations in the residual tumor. The exciting role of growth 
factors in the regulation of proliferation of breast cancer is 
described by Vee and Lippman. The role of tumor markers, 
particularly monoclonal antibodies and circulating immune 
complexes, is reviewed by Mansi and Coombes and by 
Salinas. Horsman highlights the significance of chromosome 
aberrations in breast lesions. With more sophisticated lab
oratory techniques for their visualization, these would prob
ably be found to be present more frequently than is currently 
realized. Emerman indicates that in vitro culturing of indi
vidual lesions at diagnosis may provide great improvement 
in such an analysis, in addition to enabling testing for 
sensitivity to therapeutic agents and determination of other 
tumor characteristics such as oncogenic expression. 

We gratefully acknowledge the assistance of all co
authors of this volume. Also, we give special thanks to the 
following individuals: to Mary Naylor, for devoted sec
retarial assistance; to David Noble, for skillful editing of the 
manuscripts and bibliographies; to Springer, for efficient 
coordination in publication; to Ciba-Geigy Canada, for 
funding our breast research projects; and to the medical staff 
of the Cancer Control Agency of British Columbia, for their 
input and ideas associated with this project. 

Spring 1989 J. Ragaz 
I. M. Ariel 
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High-Risk Breast Cancer: Definition of the Risk 

1. Ragaz1 and I.M. ArieF 

I Medical Oncology, Cancer Control Agency of British Columbia, 600 West 10th Avenue, 
Vancouver, B.c. V5Z 4E6, Canada 

2Pack Medical, B7 East, 36th Street, New York, NY 10016, USA 

Introduction 

High-risk breast cancer is defined in this volume as a disease with a high probability 
of dissemination, implying aggressive behavior, presence of micrometastases at 
diagnosis, resistance to therapy and ultimate recurrence with poor overall survival. 
This is in contrast to low-risk disease, which is curable in most instances by 
conventional surgery. The first part of this chapter reviews the known prognostic 
factors predicting the magnitude of risk. The ultimate value of refined risk 
assessment may be demonstrated by improvement in planning of therapeutic 
strategies. Accordingly, different intensities of treatment for different risk subgroups 
will be suggested, avoiding overtreatment of low-risk cases and undertreatment of 
high-risk patients. 

Risk of Breast Cancer: Background 

Evidence is accumulating which indicates that the origin of tumor characteristics 
can be traced to the genome of the malignant cell [13, 29, 105, 104, 121]. Figure 1 
illustrates the primary importance of the genotype, determining all subsequent 
tumor phenotypic characteristics, including kinetics, stage, grade, receptors, ploidy, 
and propensity to metastasize. Hence, our first conclusion is the following: The 
magnitude of risk could be assessed in a more refined way either by a sophisticated 
integration of all known phenotypic characteristics or, alternatively, by pinpointing 
the crucial locus in the DNA -either a single gene or an as yet unidentifiable factor 
X - responsible for the phenotype. Integrated knowledge and quantification of the 
phenotypic and genotypic characteristics may provide the ultimate risk assessment. 

Kinetic Assessment of Risk 

Several studies indicate a good correlation between tumor kinetics and outcome, 
implying a more aggressive behavior in fast-growing tumors [17,69, 70, 72, 73, 102, 
103] (Table 2). The most important data on kinetics have come from studies 
assessing tumor labeling index [70, 71, 73,102,103], or from flow cytometry studies 

Ragaz/Ariel (Eds.), High-Risk Breast Cancer 
~ Springer-Verlag Berlin· Heidelberg 1989 
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GENOTYPE PHENOTYPE 

T Cels RES 

RISK 
Fig. 1. This illustration shows the contribution of genotype and phenotype to risk 
determination. It reveals the primary importance of genotype, which influences character
istics not only of the tumor but also of the host. It also indicates the effect of the host on 
tumor characteristics, the immune surveillance system being the most likely modulating 
mechanism. R.E.S., resticuloendothe1ial system 

of the proportion of cells in S phase [51, 52, 62, 72, 73]. As discussed by Meyer, 
Hedley, and Muss and Kute in this volume, actively proliferating tumors, although 
perhaps better targets for instantaneous cell kill by chemotherapy or radiotherapy, 
are almost uniformly associated with decreased survival and with other high-risk 
prognostic factors (Table 2). Figure 2 clarifies several points of this complex 
association. The level of clinical detection (line d) is the minimum tumor burden 
permitting clinical or radiological diagnosis. Tumors with a very short doubling 
time (short cell cycle time, reduced cell death, or both), will grow above the level of 
clinical detection soon after the malignant transformation of the first cell. Rapidly 
growing and aggressive tumors (lines a1-a4, mean a) may more frequently emerge 
before the menopause, although diagnosis at any age is possible (lines as, a6). Two 
extreme examples of tumors exhibiting rapid growth are inflammatory breast 
cancer and, in the lung, oat cell carcinoma. Tumors with longer doubling times 
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KINETIC MODEL OF BREAST CANCER 
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Fig.2. The time for which the tumor remains subclinical and the slope of tumor development 
are functions of the rates of tumor stem cell division (intrinsic tumor doubling time), and of 
cell death (tumor cell necrosis and elimination, loss of metastatic potential, differentiation, 
etc.). Hence, the intrinsic (genotypic) characteristics of the tumor, and its interaction with the 
host, may determine not only the time of diagnosis (duration of subclinical period), but also 
the complex phenotypic characteristics, determining the behavior of the tumor. Lines aJ-a4 
(mean a): Slopes of tumors with a short subclinical period, usually developing and emerging 
when the patient is younger. Lines a5, a6: Slopes of tumors with a short subclinical period, 
developing and emerging when the patient is older. Lines bJ-b4 (mean b): Slopes of tumors 
with a long subclinical period, emerging at an older age. Line d: Level of clinical detection 

(lines b1-b4, mean b) will be diagnosed after a significantly longer subclinical period 
and may more often emerge after the menopause. Thus, age, the menopause, or any 
other single prognostic factor may not alone determine the behavior of the tumor; 
rather, the interaction of the tumor's intrinsic genotypic characteristics with the 
host is decisive (Fig. 1). 

Mammography and Risk Assessment 

No other interventional technique in breast cancer management has yielded 
survival gains matching those achieved by screening mammography, as reported by 
several major screening studies [100, 109, 119]. Elsewhere in this volume, both 
Tabar and Miller conclude that a substantial survival gain has already resulted 
from the use of this technique [100, 109, 119]. Several authorities, however, still 
question the therapeutic benefit of mass screening mammography. Fisher, in his 
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chapter herein, indicates that only up to 10% of patients with large tumors would 
have been free of disease had their primary tumors been removed when less 
than 2 cm in size. Had the delay of diagnosis been the main determining factor, he 
argues, the improvement in disease-free survival should have been much greater. 
Hence, other factors, rather than the time delay alone, may be responsible for the 
high risk at diagnosis. 

Several questions remain unanswered. Firstly, would earlier detection of the 
tumors by screening mammography prevent metastatic spread in tumors of any 
degree of aggressiveness? In a given patient, the answer to such a question can be 
only speculative. For the population of screened women, as argued by Tabar and 
Miller, the answer is likely affirmative, as the survival gains in screened patients 
have already been documented. Importantly, the magnitude of the survival gain, 
particularly for women aged 40-50 years, increases with the duration of follow-up. 
This was seen by the update of the HIP study, documenting survival benefits of the 
screened population of younger women only after 8 years follow-up [100]. Of 
particular importance are results showing that although the overall incidence of 
breast cancer has not changed as a result of the screening, the proportion accounted 
for by in situ and stage I disease has risen significantly [100, 109]. Hence, the main 
value of mass screening has already been established: the proportion of low-risk 
tumors is increasing, survival gains have been confirmed, and side effects, particu
larly tumor induction, are not significant. 
Several points still require clarification: 

1. The extent to which self-examination of the breast and mass education contrib
ute to the survival gains presently attributed to screening mammography. 

2. The combination of mammography with other screening diagnostic modalities
imaging techniques with tumor-specific monoclonal antibodies, light scanning 
assessment, etc. 

3. The maximum benefit that can be achieved. Will improvements in equipment 
and in the interpretative skills of mammographers have further impact on 
survival? Also, could radiologists outside the centers currently conducting 
screening trials reproduce the results of their motivated and experienced 
colleagues? 

Considering the rising interest in and improved quality of screening mammo
graphy, these points will likely be clarified in the near future. 

TNM Staging 

Nodes 

Axillary Nodes. There is a consensus that involvement of the axillary lymph nodes 
is the most significant prognostic factor in breast cancer both for disease-free and 
for overall survival ([33, 36,48,49, 85, 98, 106] see also Fisher, this volume). The 
significance of nodes in most published series is independent of other factors, and a 
consistently rising negative correlation with survival is seen with an increasing 
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number of affected lymph nodes [75]. Conventional adjuvant chemotherapy 
regimens will not affect the prognostic importance of lymph nodes, as inferior 
survival in patients with an increasing number of involved nodes is still seen in 
adjuvantly treated patients [14, 15, 88]. These data call for more innovative 
programs for those with high numbers of affected nodes. 

Internal Mammary Nodes. The involvement of the internal mammary nodes is 
associated with inferior outcome both in node-positive and, particularly, in node
negative patients [120]. Internal mammary scintigraphy studies [30,68], correlat
ing the outcome with the status of these nodes have confirmed these observations. 
In experienced hands, therefore, this imaging technique could become useful for risk 
assessment if used more uniformly. 

Node-Negative Patients. Node-negative patients survive significantly longer than 
their node-positive counterparts, yet up to 30% will manifest recurrence at 10- to 
15-year follow-up [4, 16, 56, 77]. 

Most recent studies document the benefit of adjuvant chemotherapy in high
risk subsets of node-negative patients [16, 56]. The question to ask is whether 
additional risk factors can be identified accurately, so as not to subject the whole 
group of node-negative patients to adjuvant treatment [93, 94]. The factors so far 
associated with high risk for relapse in node-negative cases include low yield of 
estrogen receptor density [28, 111, 117, 118], poor differentiation [89], high 
thymidine labelling index [72, 73], aneuploidy [28], and invasion of lymph or 
blood vessels [4, 96]. More recently, involvement of bone marrow in stage 1 
patients documented by monoclonal antibodies was correlated with increased rate 
of recurrence and with subsequent development of bone metastases [20]. These 
studies indicate that adverse prognostic factors in node-negative patients may 
increase the risk of recurrence to a level resembling that seen in node-positive cases. 
Furthermore, patients with involved lymph nodes, but no additional adverse 
factors may survive longer than high-risk node-negative cases. Therefore, the 
decision on whether to employ adjuvant chemotherapy should embrace consider
ation not only of nodal stage but also of the overall risk. 

Size 

Correlation of Tumor Size and Outcome. Most reports correlate greater tumor size 
at diagnosis with greater risk of recurrence and shorter duration of survival [32,49, 
60, 75]. Large size has also been repeatedly correlated with high numbers of 
involved nodes. A review of three large studies showed histological involvement of 
axillary nodes in 34%,27%, and 39% of in tumors smaller than 2 cm in diameter, 
compared with 65%, 49%, and 62% in tumors larger than 5 cm [32,49, 75]. In a 
report on one of the largest investigations on tumor size, a positive correlation of 
T stage with recurrence rate was seen on follow-up for as long as 25 years [60]. 

How do we interpret data correlating greater tumor size with a higher number 
of involved axillary nodes? In this regard, several studies are of interest [88]. In our 
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randomized adjuvant study [88], the univariate analysis of 316 patients showed the 
following prognostic factors to have a significant effect on disease-free survival: 
number of axillary nodes (P < 0.0001), age (P =0.0064), tumor size (P =0.022), and 
estrogen receptors (P = 0.03). In multivariate analysis, when controlling for nodes, 
only age (P = 0.0021) and tumor size (P = 0.04) remained significant. When, 
however, controlling for both nodes and age, tumor size retained only marginal 
prognostic significance (P = 0.08). Similarly, among our 143 node-negative patients, 
those with Tl, T2, and T3 tumors had similar 5-year disease-free survival rates of 
75.7%,76.2%, and 66.7% (P= >0.5). 

The next study of importance regarding the association between tumor size and 
outcome is that by Fracchia et al. [41,42], who identified a group of patients with 
large, locally advanced tumors but negative nodes (stages T3-4, NO). They observed 
a surprisingly good to-year survival rate of 75.3%, compared with only 15% in 
patients in the same T categories with positive axillary nodes. Similarly, Arnold and 
Lesnick [2] reported an unexpectedly good to-year survival rate of63% in patients 
with T3, NO tumors. These data, therefore, support the observations in other studies 
[32, 49, 75] that nodal status, rather than size, is of importance. However, more 
refined analysis of tumor size integrated with nodal status and all other prognostic 
risk factors is needed to determine the additional contribution of tumor size to risk 
of recurrence. 

Comments on Large Lesions. There are several possible theoretical explanations for 
the presence of large tumors, making the association of tumor size and natural 
history of disease more complex. Firstly, the existence of at least two subtypes of 
large-size breast cancer lesions is evident. In the first, type A, the diagnostic delay 
accounts for the advanced tumor stage. The size itself does not necessarily imply 
aggressiveness. These "neglected" tumors may present as stage III, either operable 
or categorically inoperable lesions (T3a,b, T4a-c) [49]. In type A tumors, the risk of 
dissemination will be proportional to the magnitude of the diagnostic delay. An 
extremely benign subtype of these large tumors has been identified, with consistent, 
slow locoregional progression but infrequent systemic dissemination [41,42]. Type 
A large tumors are usually receptor positive and thus amenable to hormonal 
treatments, and despite their size a palliative "toilet" mastectomy can frequently 
achieve long-term control. The other type of large tumor, type B, is typical of rapid 
systemic dissemination occurring in parallel with locoregional expansion [39]. 
Extreme examples of type B large lesions are inflammatory breast cancers, and 
subsets of locally advanced lesions presenting metastatic lesions at diagnosis or 
soon afterwards. Type B large tumors are usually refractory to hormonal or 
chemotherapeutic treatments. As discussed earlier in this chapter, widely different 
intrinsic tumor characteristics, probably at the level of genetic control, are 
responsible for the great behavioral heterogeneity. In summary, therefore, large size 
may not always be associated with aggressiveness and reduced survival. Further
more, it is unlikely that earlier diagnosis will significantly influence the outcome of 
subtype B large lesions, as aggressive behavior, rapid systemic dissemination, and 
early transition to resistance are frequent preclinical phenomena. On the other 
hand, early diagnosis, for instance by screening mammography, assisted by self-
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examination and general awareness on the part of the patient, may significantly 
influence the curability of type A large lesions. 

Receptor Status 

Elsewhere in this volume, Merkel et aI., Shek and Godolphin, and Fisher 
summarize previous studies which indicate a clear correlation of receptors not only 
with response to hormones, but also with disease-free, overall, and postrecurrence 
survival [45, 71,118]. The significance of receptors in risk assessment is enhanced 
by the appreciation that as a biochemical expression of intact cytosol and nuclear 
function, their increasing quantity likely correlates with differentiation and reduced 
aggressiveness. Hence, a higher number of receptors can be considered a bio
chemical expression of a less aggressive genome, subject to mutational changes 
within the life of the tumor. The loss of hormonal responses attests to such 
transitions, echoing observations on somatic mutation in bacteria [66] and in 
chemotherapy treatments [46]. Several well-confirmed observations correlating the 
absence of estrogen and progesterone receptors with inferior outcome make 
receptor status a powerful factor in the global risk [19,28, 71, 118]. It remains to be 
seen whether the superiority of progesterone over estrogen receptors as predictors 
of risk [54, 55] will be reproduced in multivariate analysis using all factors of 
significance. There is, nevertheless, a smooth transition, from good to poor survival, 
from groups where both estrogen and progesterone receptors are highly positive to 
groups where one of them is negative to groups where both are negative [19, 55]. 

Preliminary data indicate that effective adjuvant chemotherapy may reduce the 
value of receptors in risk assessment [15]. This may be due to the preferential 
chemotherapy cell kill effect of receptor-negative clones. Some results, however, 
indicate a preferential effectiveness of adjuvant chemotherapy in estrogen receptor
positive patients [83]. Further data will be needed to clarify these very important 
observations. 

Pathology 

Differentiation: Grade 

Both histological and nuclear differentiation can be used for the quantitative 
expression of risk, because a good correlation of differentiation with lymph node 
status and outcome has been documented in previous publications [12, 35, 37,91]. 
According to several studies, of particular significance is such a correlation in node
negative patients [24, 84, 91, 92]. Of further interest is an association of DNA 
ploidy, proportion of cells in S-phase (% S-phase), and differentiation. As seen in 
Tables 1 and 2, aneuploid tumors and, in most series, tumors with high % S-phase 
were correlated with poor differentiation and also with other adverse prognostic 
factors [8,26, 34, 52, 58, 72, 74, 78, 110], including absence of hormone receptors 
[37], younger age [11,21,22,87,110], and a high number of axillary nodes [69, 70, 
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72, 73]. The correlation of nuclear morphometry (a quantitative assessment of 
nuclear diameter and configuration) with nodal metastases and with the outcome 
provides further credence for the concept of the association of DNA and tumor 
behavior [61, 67, 91, 124]. 

Lymphangitic and Vascular Involvement 

In node-negative patients, lymphangitic involvement is seen in up to 15% of cases 
and is associated with poor outcome ([10, 42, 76, 92-94] see also Fisher, this 
volume). According to Fisher (this volume); such correlation could not be seen as 
clearly in patients with positive axillary nodes. In several studies, vascular invasion 
was clearly identified more often in cases with than without recurrence [to, 91]. 
According to Rosen, visceral metastases occurred in 67% of patients with, and in 
37% without vascular invasion [91]. Most studies agree that the adverse impact of 
both vascular and lymphangitic involvement is more frequently observed in node
negative patients. This indicates that, in node-positive patients, risk features like 
lymphangitic and vascular invasion are of lesser importance. Only refined quanti
tative analysis of each individual risk factor may obviate the additional risk 
contribution of vessel invasion. 

Role of Flow Cytometry in Risk Determination: Ploidy and % S-Phase 

The technique of flow cytometry, as discussed by Hedley, Muss and Kute and 
Meyer in this volume, offers a unique possibility to examine the DNA content and 
cell-cycle phase of individual cells within the tumor. Such information is yielding 
insight into the role of DNA in risk determination, and when combined with 
chromosomal and oncogenic assessment, it will likely enable a more comprehensive 
understanding of the involvement of DNA in the malignant process. The work of 
Emerman and of Horsman, as summarized in this volume, indicates that in vitro 
cultures grown from a given patient may provide more detailed chromosomal and 
perhaps other DNA information not expressed in the original biopsy sample. 
Tables 1 and 2 illustrate the various associations of ploidy and % S-phase with 
outcome and other prognostic factors, and although they do not represent a 
complete review of the literature, they nevertheless reflect the consensus expressed 
in most published studies. 
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Table 1. DNA ploidy and risk. Correlation of ploidy with tumor 
phenotypic characteristics is indicated by a + or a - sign. The + sign 
indicates a positive association of ploidy with each individual risk 
factor as indicated by the statements in parentheses; the - sign a lack 
of such an association 

Survival (worse in aneuploid) 
Overall: 
Harvey et al. 
Atkin and Kay 
Corne\isse et al.: postmenopausal 
Cornelisse et al.: premenopausal 
Hedley et al.: univariate 
Hedley et al.: multivariate 
Kallioniemi et al. 
Auer et al.: FNA 
DowIe et al. 
Opferman et al. 
Owainati et al. 
Klintenberg et al. 
Dressler et al.: stage I 
Coulson et al. 
Kute et al. 

Disease-free: 
Atkin and Kay 
Hedley et al. 
Kute et al. 
Ewers et al. 
Retsky et al. 
Owainati et al. 
Kallioniemi et al. 
Corne\isse et al.: postmenopausal 
Cornelisse et al.: premenopausal 
Dressler et al.: stage I 
Owens stage I 

Nodes (more involvement in aneuploid) 
Dowie et al. 
Hedley et al. 
Atkin and Kay 
Ewers et al. 
Kute et al. 
Moran et al. 
Klintenberg et al. 
Cornelisse et al > 10 nodes positive 
Cornelisse et al ~ 10 nodes positive 
Fossa et al. 
Jakobsen et al. 
Bedrossian et al. 
Harvey et al. 

50 
5 

22 
22 
51, 52 
51, 52 
58 
6 

26 
81 
82 
59 
28 
23 
62 

5 
51, 52 
62 
31 
90 
82 
58 
22 
22 
28 
this volume 

26 
51, 52 
5 

31 
62 
74 
59 
22 
22 
40 
57 
8 

50 

+ 
+ 
+ 

+ 

+ 
+ 

+ 
+ 

+ 
+ 
+ 
+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
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Table 1 (continued) 

Estrogen/progesterone receptors (lower value in aneuploid) 
Kute et al. 62 + 
Hedley et al. 51, 52 + 
Klintenberg et al. 59 + 
Olszewski et al. 78, 79 + 
Kallioniemi et al. 58 + 
Bichel et al. 11 + 
Abandowitz et al.: premenopausal 
Abandowitz et al.: postmenopausal 
Auer et al. 
Cornelisse et al. 
Jakobsen et al. 
Coulson et al. 
Fossa et al. 
Horsfal et al. 
Raber et al. 

6 
21 
57 
23 
40 
53 
87 

Histological grade (more undifferentiated in aneuploid) 

+ 
+ 
+ 
+ 

DowIe et al. 26 + 
Hedley et al. 51, 52 + 
Kallioniemi et al. 58 + 
Thorud et al. 112 + 
Moran et al. 
Olszewski et al. 
Bedrossian et al. 
Fossa et al. 

Age (more aneuploid in younger patients) 
DowIe et al. 
Taylor et al. 
Kute et al. 
KalIioniemi et al. 
Abandowitz et al. 
Haag et al. 
Bedrossian et al. 
Fossa et al. 
Hedley et al. 

Tumor size (larger in aneuploid) 
Hedley et al. 
Kute et al. 
Kallioniemi et al. 
Thorud et al. 
Ewers et al. 
Cornelisse et al.: T2 only 
Cornelisse et al.: T1 and T3 
Haag et al. 

74 
78,79 

8 
40 

26 
110 
62 
58 

1 
47 

8 
40 
51,52 

51, 52 
62 
58 
112 
31 
21,22 
21,22 
47 

+ 
+ 

+ 

+ 
+ 

+ 

+ 
+ 
+ 
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Table 2. Tumor kinetics (TLI, % S-phase, mitotic index) and risk. 
Correlation of tumor kinetics with individual risk factors. Tumor 
kinetics are determined by measurements of the tumor labeling index 
(TLI) or % S-phase as obtained from flow cytometry. Correlation of 
kinetics with tumor phenotypic characteristics is indicated by a + or a 
- sign. The + sign indicates a positive association of kinetics with 
each individual risk factor as indicated by the statements in parenth
eses, the - sign a lack of such an association 

Survival (lower in tumors with increased kinetics) 
Overall: References 

Meyer et al. 72,73 + 
Silvestrini et al.: stage I 102, 103 + 
Tubiana et al. 114, 115 + 
Hedley et al. 51,52 
McDivitt et al. 69, 70 + 

Disease{ree 
Meyer et al.: local recurrence 71,72 + 
Meyer et al.: distant recurrence 71,72 
Silvestrini et al.: stage I 102, 103 + 
Tubiana et al. 114 + 
Klintenberg et al. 59 + 
Kallioniemi et al. 58 + 
Coulson et al. 23 + 
Hedley et al.: univariate 51,52 + 
Hedley et al.: multivariate 51,52 
Kute et al. 62 
McDivitt et al. 69,70 + 
Dressler et al. 28 + 
Clark and McGuire 19 + 
Owens this volume + 

Estrogen/progesterone receptors (increased kinetics in lower values) 
Gentilli et at. 44 + 
Meyer et al. + 
Kute et al. 62 + 
Olszewski et al. 78,79 + 
Bedrossian et al. 8 + 
Dressler et al. 28 + 
McDivitt et al. 69, 70 + 
Hedley et al. 51,52 
Klintenberg et al. 59 + 
Kallioniemi et al. 58 + 
Strauss et al. 108 + 
Bertuzzi et al. 9 + 

Tumor grade (increased kinetics in undifferentiated tumors) 
Hedley et al. 51,52 
Kallioniemi et al. 58 + 
Meyer et al. 72,73 + 
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Table 2 (continued) 

Tumor grade (increased kinetics in undifferentiated tumors) 

Moran et al. 
Taylor et al. 

Ploidy (increased kinetics in aneuploid) 
Coulson et al. 
Kute et al. 
Kallioniemi et al. 
Meyer et al. 
Frankfurt et al. 
Hedley et al. 
Haag et al. 
Bedrossian et al. 
Fossa et al. 
Dressler et al. 
Olszewski et al. 

Age (increased kinetics in younger patients) 
Abandowitz et al. 
Kute et al. 
Meyer et al. 
Bedrossian et al. 
Gentilli et al. 
Bertuzzi et al. 
Silvestrini et al. 

74 
110 

23 
62 
58 
72, 73 
43 
51,52 
47 

8 
40 
28 
78,79 

1 
62 
72, 73 
8 

44 
9 

102, 103 

Tumor size (increased kinetics in larger tumors) 
Kute et al. 62 

+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 

+ 

+ 

+ 
+ 
+ 

Meyer et al. 72, 73 + 
Bedrossian et al. 8 + 
Gentilli et al. 44 + 
Tubiana et al. 114 + 
Hedley et al. 51, 52 
Silvestrini et al. 102, 103 + 

Growth Factors 

As growth factors influence cell division and tumor growth in vitro, their quantitat
ive or qualitative assessment in a clinical setting may correlate with the kinetic and 
perhaps also with the metastatic potential of a given tumor. As discussed by Yee 
and Lippman in this volume, an association of tumor growth with several growth 
factors has been recently documented by many laboratories [63,64, 107, 113, 116, 
123]. Receptors for most growth factors have been identified, and early data show 
that their binding with monoclonal antibodies interrupts the signal pathway of a 
measured growth factor. Hence, information not only on growth factors, but also 
on their receptors, and ultimately on their genes, will be needed for the final 
assessment of this complex interaction [18, 25, 107, 113]. 
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It has been suggested recently that hormones may also act partially through the 
stimulation of the production of growth factor proteins, which, in paracrine or 
autocrine fashion, mediate growth stimulation [3, 63, 64]. Estrogens enhance 
activity of transforming growth factor alpha (TGF -alpha, a known mitogen), while 
tamoxifen increases levels of transforming growth factor beta (TGF-beta, a 
suppressor of cell division in breast cancer cell lines). Also, TG F -alpha is thought to 
act via epidermal growth factor (EGF) receptor, believed to be a product of the 
newly identified c-erb/her/neu oncogene [27, 97]. Hence, a sensitive interplay 
among hormones, growth factors, their genes, and between the stimulatory and 
inhibitory growth factors may determine the overall tumor growth potential. Of 
great interest are recent data showing TGF-alpha activity in benign epithelium, as 
determined in samples obtained from reduction mammoplasty [7]. Even in benign 
tissue, however, TGF-alpha RNA was expressed more in the rapidly proliferating 
breast epithelial cell line but not in the organoid cell line, rendering TG F -alpha a 
marker for increased growth also in benign epithelium. With regard to the 
association of tamoxifen and increasing levels of TGF-beta, (suppression of cell 
division) there are data showing increased expression of an epithelial membrane 
antigen upon TGF-beta stimulation, a marker of differentiated non-malignant 
epithelial cells [122]. Such observations substantiate a possible role of TGF-beta, 
and indirectly also tamoxifen, in the induction of differentiation [122]. 

Concerning the rising significance of growth factors in the clinical setting, 
several recent studies of EG F are of importance: Fitzpatrick et al. [38], studying a 
subset of human breast cancer tumors, observed expression of EGF but not 
estrogen receptors, and postulated that for some breast cancer patients, EGF rather 
than estrogen is the main growth regulator. Perez et al. [86] confirmed the presence 
of EGF receptors in 50% of human breast cancer samples, with an inverse 
relationship of EGF receptors and estrogen receptors. Therefore, EGF may have a 
very important regulatory role in the growth of breast cancer. This intriguing 
association was confirmed by Sainsbury et al. [95] in a study correlating EGF 
receptors, estrogen receptors, and survival in 135 breast cancer patients. 
Multivariate analysis, their data showed EGF receptors to be the most significant 
prognostic factor for node-negative patients and the second most important 
prognostic factor for node-positive patients. 

Most recent reports have shown that methods utilizing immunohistochemistry 
and immunohybridization may permit intracellular visualization of growth factors, 
with great promise for diagnosis of human cancer [63]. Also, experiments docu
menting a decrease of tumor growth after interruption ofTGF-alpha receptors by a 
polyclonal antibody indicate a promising role of growth factors in therapy [3]. 

Several intriguing questions arise: Could growth factors not only mediate the 
growth of established tumors, but also initiate the transformation of benign into 
malignant cells? Sherwin et al. documented TGF-alpha in the urine of 18/22 
patients with disseminated cancer, but not in the normal controls [101]. In an 
established malignancy, could the ongoing process of mutations alter the balance of 
stimulatory and inhibitory growth factors, rendering the tumor more aggressive? 
Could any kinetic alterations, including initial tumor growth, or subsequent growth 
fluctuations, also be mediated systemically by growth factors? 
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Whether examination of growth factors, their receptors, and DNA will be of 
assistance in diagnosis and therapy [18] remains to be seen, but the coming few 
years will likely see growth factors in a position of extreme importance in the clinical 
setting. 

Oncogenes and Breast Cancer 

There is increasing evidence for an association of malignancy with several groups of 
oncogenes or their products [13, 65, 104, 105]. MacKay and Steel (this volume) 
discuss the significance of genetic factors in breast cancer. They also outline the 
methodology for genetic analysis, indicating its enormous complexity, yet tempting 
one to make correlations between oncogenes, restriction fragment length poly
morphism, and cancer. Fiore and Viola present clinically available data associating 
the protein product of the H-ras oncogene and the aggressiveness of breast cancer. 
The data correlating the magnitude of oncogenic expression with the aggressiveness 
of the disease are reminiscent of the elegant work of Seeger et al. (99), who reported 
the association of an increased expression of N-myc oncogene with a reduction of 
disease-free survival in patients with neuroblastoma. Similar clinical data on breast 
cancer come from Slamon and colleagues [104, 105]. In their work, the overexpres
sion of herjneu oncogene was associated with significantly inferior disease-free and 
overall survival, independent in a multivariate analysis from nodes and from 
estrogen and progesterone receptors. Repeated analysis with an updated follow-up 
at 53 months confirmed the findings and the significance of herjneu oncogene in 
predicting relapse and shorter overall survival in node-positive, but not node
negative patients [104]. 

The ongoing debate on the connection between oncogenes and outcome must 
be interpreted with caution because of several factors. Firstly, most laboratories 
differ greatly in the magnitude of the problems they experience with the DNA 
technology. Also, insufficient numbers of patients have been studied so far. 
Nevertheless, the very fact that some association is found between genetic loci and 
tumor behavior is of extreme importance. It not only indicates that genetic 
phenomena may be responsible for the initial tumor transformation, but also 
indicates that regulatory genetic control can be assessed and quantitated at 
diagnosis. The potential significance of such an assessment in the clinical setting can 
be appreciated more clearly in light of the fact that of more than 40 known 
oncogenes, only a few have so far been submitted to rigorous clinical testing. Also, it 
is not unrealistic, considering the rate of progress in genetic research over the last 
few years, to predict that probes for other as yet unidentified oncogenes and other 
genetic loci will likely be developed. 

What can oncogenic research offer clinicians in terms of risk assessment? Firstly, 
the increasing availability and standardization oflaboratory techniques may make 
oncogenes, pending confirmation of their significance in cancer follow-up, a part of 
the routine risk assessment at the time of diagnosis. Secondly, their impact may be 
greatly increased if a battery of oncogenes, rather than a single one, can be obtained 
from the patient and assessed in conjunction with other prognostic factors. Such an 
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approach will likely yield further insight into the association between genetic 
influences and overall phenotypic risk characteristics, and the overall risk will be 
assessed more accurately. 

Conclusion 

This volume provides solid evidence that increasing numbers of individual phenoty
pic tumor characteristics correlating with the outcome of breast cancer are being 
identified and, hence, can be used at diagnosis for risk assessment. The important 
point may be not only the magnitude of the risk predicted by these various 
characteristics individually, but their additional contribution when controlling for 
several of the most important risk factors in combination. For example, knowing 
the nodal status, tumor size, and receptor status, do we have to have information 
about ploidy, oncogenes, differentiation, etc.? The ultimate improvement in risk 
assessment will lie in the identification of one or several crucial factors rendering 
other risk factors unnecessary for prediction of outcome. Identification of such a 
single factor may be sufficient to determine the risk, and ultimately to indicate 
different intensities of treatment for different risk subgroups. Until then, however, 
the contributions of all individual phenotypic characteristics toward the risk of 
recurrence, as determined from multivariate analysis, are considered important. 
The main value of such an approach is to offer curative treatment to most patients 
while improving the therapeutic ratio. Undertreatment of high-risk patients and 
overtreatment of low-risk patients may thus be minimized. 
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Introduction 

The purpose of this chapter is to discuss the potential role of retinoids in breast 
cancer chemoprevention. Chemoprevention may be defined as the use of natural 
substances and their synthetic analogs or of other chemicals to reduce the 
likelihood of cancer development. For epithelial cancers, which account for the 
majority of human malignancies, chemoprevention consists of intervention meas
ures taken during the development of the neoplastic process up to the stage of in situ 
carcinoma. Excellent reviews [8, 32,50] have discussed this topic since the concept 
and the term were introduced a decade ago [73]. However, the question of dose of 
chemopreventive agents in relation to the stages of tumor formation has not been 
adequately addressed. This issue will be specifically considered from a clinical 
perspective based on an overview of experimental, epidemiologic, and clinical 
evidence. 

Before doing so, however, it is first necessary to consider the risk factors 
associated with breast cancer, the contribution of epidemiology in assessing the 
probability of a woman to develop breast cancer, and its important function in the 
selection of a high risk target population for chemoprevention trial. Our intention is 
not to give an exhaustive review of the voluminous literature pertaining to breast 
cancer epidemiology, but rather to exemplify how epidemiologic information may 
be integrated with chemoprevention strategies. 

Breast Cancer Risk Factors 

Epidemiologic studies have pointed to a number of breast cancer risk factors which 
will be briefly summarized. The reader is referred to reviews on the subject for 
detailed information [31, 39, 53]. 
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Age 

Age represents the most important breast cancer risk factor. In western countries, 
the incidence rate of breast cancer steeply increases between the ages of 20 and 40, 
reaches a plateau between the ages of 40 and 45, and increases thereafter, but at a 
much slower rate [86]. About 85% of all breast cancer cases are detected in women 
over the age of 40; of these, 67% are diagnosed after the age of 50 years. Less than 
1.5% ofthe cases occur in women under the age of30 years [49]. In Japan and other 
Asian countries, breast cancer incidence rates also increase to a premenopausal 
plateau, but progressively decline thereafter [86]. 

Age at Menarche 

An early age at menarche is associated with a higher risk of breast cancer. Women 
whose menarche occurred before the age of 12 have about a twofold increase in 
relative risk (RR) compared with those whose menstruations began after that age 
[39]. Establishment of regular menstrual cycles within 1 year of menarche is an 
associated risk factor [53]; the combination of early menarche and rapid onset of 
regular menstrual cycles further increases (RR = 3.7) the risk of breast cancer. 

Age at First Pregnancy 

An early age at first pregnancy exerts a protective effect against breast cancer 
development, but only a full-term pregnancy provides this protection [29]. A late 
age at first pregnancy and nulliparity carry a three- and twofold risk of breast 
cancer respectively. Although an early age at first birth appears to be a strong factor 
in reducing breast cancer risk, parity may also have an independent protective effect 
[83]. 

Age at Menopause 

Women who become menopausal after the age of 45 years have a twofold breast 
cancer risk compared with those whose menopause occurred earlier [84]. A 
protective effect of an artificial menopause has been reported by several investi
gators; women with a bilateral oophorectomy performed before the age of 35 years 
have about one-third the breast cancer risk of those experiencing a natural 
menopause between the ages of 45 and 54 years [52, 84]. 

Family History of Breast Cancer 

Many studies have indicated that women having a first-degree relative with breast 
cancer have a two- to threefold increased risk of developing the disease [51, 82]. 



Breast Cancer Risk and Chemoprevention 29 

This risk is greatly influenced by the laterality of the disease and the menopausal 
status of the relative at the time of diagnosis, being greater for premenopausal 
rather than postmenopausal, for bilateral rather than unilateral, and greatest when 
the disease is both premenopausal and bilateral [2]. 

Personal History of Benign Breast Diseases 

Benign breast diseases (BBD) consist of a variety of distinct histologic entities which 
have only recently been considered for their potential relation to breast cancer. 
Page and co-workers, examining the different histologic types of BBD, established 
that atypical lobular hyperplasia carried the greatest risk for the development of 
breast cancer, with no increased risk associated with non proliferative lesions 
[65].These findings were subsequently corroborated in cohort studies of women 
with BBD [22,37,62,66]. 

It was also demonstrated that the breast cancer risk associated with the different 
histologic subtypes of BBD was strongly affected by nonhistologic risk factors. Age 
at first birth, nulliparity, and breast size were found to increase the risk of breast 
cancer in women with atypical hyperplasia, but had little effect in women without 
proliferative disease [23]. 

Recently, the Cancer Committee of the College of American Pathologists 
further helped to clarify the cancer risks associated with the histologic types of 
BBD. It was concluded that only women with BBD characterized by moderate and 
severe hyperplasia with atypia (RR = 5) and without atypia (RR = 2) had an 
increased risk of breast cancer compared with women with nonbiopsied BBD [15]. 

Mammography 

Mammography was first used by Wolfe to identify breast parenchymal changes 
indicative of breast cancer risks [93]. This author reported that women with 
mammographic patterns characterized by prominent ducts (P2) or "dysplasia" (Dy) 
involving greater than 25% of the breast parenchyma were at an increased risk of 
developing breast cancer. Other investigators have since provided confirmatory 
evidence for an association between these mammographic patterns and breast 
cancer risks [9, 11, 76, 80]. Of substantial interest is the positive correlation 
reported by Wellings between mammographic Dy patterns and atypical ductal 
hyperplasia [88]. 

Other 

A positive relationship has been observed for postmenopausal women between 
obesity and risk of developing breast cancer [18, 77]. Whether this effect is related 
to high caloric intake, low energy expenditure, or increased consumption of specific 
nutrients such as dietary fat [42, 60] remains, however, to be clarified. No definite 
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association with breast cancer has been demonstrated for oral contraceptive use 
[13] or for estrogen replacement therapy [77]. 

Risk Assessment and Selection of a High Risk Target Population 

Relative Risk and Probability of Disease 

Knowledge of breast cancer risk factors has mainly been derived from epidemi
ologic case-control studies. In this design, which involves the comparison of risk 
factors among women with and without breast cancer, results are usually expressed 
in terms of relative risks of developing the disease between women exposed to (or 
having) and not exposed to (or not having) these risk factors. For example, RR = 2 
for a given factor signifies a twofold increased risk of developing breast cancer in 
women exposed compared with those not exposed to this factor. Although RRs are 
of great interest for indicating possible etiologic factors, they do not by themselves 
enable one to define target populations for intervention trials. To do this requires 
information on the individual's probability of developing the disease over the 
duration of the study. This probability is equal to the incidence rate of disease in a 
group in which each individual has the same risk factors. As an example, let us 
consider a hypothetical group of women (group I), all with identical breast cancer 
risk factors, whose yearly breast cancer incidence is 1000 cases per 100000. In this 
situation, we would estimate that an individual having the same risk factors as the 
group would have a O.ot probability (1000/100 000) of developing breast cancer in 1 
year. Now consider a second group of women (group II), again homogeneous in 
known risk factors for breast cancer, in whom we wish to estimate the probability 
that an individual will develop breast cancer in 1 year. If we know RR of disease 
between groups II and I, for instance RR = 5, then we may estimate the incidence 
rate of disease in group II as 

Incidence rate in group II = RR x incidence rate of group I 
= 5000 per 100000 women per year 

Thus, the probability that a woman with the same risk factors as those in group II 
will develop breast cancer is 0.05 (5000/100000) in 1 year. Based on the preceding, it 
becomes a simple matter to estimate the probability that an individual will develop 
a disease as long as the incidence rate for one group and the risk ofthat individual in 
relation to the group are known. 

Probability of Disease for Combinations of Risk Factors 

Given the many known risk factors for breast cancer and the possible combinations 
of these factors, many groups of women with differing risk of developing breast 
cancer may be defined. In epidemiologic studies one wishes to estimate the effect of a 
single risk factor in the presence of a variety of risk factor combinations. In this 
situation the difficulty is solved by applying statistical models (e.g., binary logistic 
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regression) to the data where it is assumed that RR for multiple factors is the joint 
product ofRR for each factor. For example, ifRR for a personal history ofBBD and 
for a family history of breast cancer are 2 and 3 respectively, then RR for both 
factors is 6 (2 x 3). Based on this model, RR for any combinations of risk factors may 
be computed if RR for each factor is known. Care should be exercised, however, to 
use RR estimates derived from studies which consider the same factors one intends 
to select, since this will reduce the likelihood of confounding. Using this statistical 
model, the probability that a woman will develop breast cancer can be estimated if 
the following information is available: (a) the woman's risk factors; (b) RR for each 
of these factors; (c) the distribution of these risk factors in a group for which the 
incidence rate of breast cancer is known. 

In planning breast cancer chemoprevention trials, the objective is to identify 
which combinations of risk factors result in a minimum specified probability of 
disease over the duration of the study. Information on RR for each factor may be 
obtained from case-control studies of breast cancer in populations similar to the 
one from which participants in the chemoprevention trial are to be selected. To 
calculate the probability of disease, incidence rates from a population-based cancer 
registry may be used if information is also available on the distribution of breast 
cancer risk factors in a representative sample of the population. 

The calculations required to estimate the probability of disease for various 
combinations of risk factors may be expressed as follows: let Ri represent RR for a 
particular combination of risk factors, Rp the mean breast cancer RR for the general 
population (obtained from the sample), and Ip the incidence rate of breast cancer in 
the general population. If Ii is the incidence rate of breast cancer for the 
combination of risk factors of interest, then 

R. 
['=~I 

1 R p 
p 

Given the correspondence between incidence and probability of disease, it is a 
simple matter to calculate the probability of disease for various combinations of 
risk factors. 

Selection of Participants for Chemoprevention 

The method discussed to estimate the probability of disease for various combina
tions of risk factors may be used to identify, in a given population, subjects eligible 
for a chemoprevention trial. This approach will be illustrated with data from British 
Columbia. In the following example, the incidence rates of breast cancer were taken 
from the British Columbia provincial tumor registry and the distribution of risk 
factors in the general population was obtained from a recent case-control study of 
breast cancer in British Columbia [33]. Six known breast cancer risk factors will be 
considered: age; family history of breast cancer; personal history of clinical BBO; 
age at menarche; age at first birth; age at menopause. Only women aged 55 years or 
above were considered in order to identify menopausal age accurately. These risk 
factors were chosen because their distribution was available in our series. Clearly, 
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any other factors could be included provided their RRs and distributions are 
known. 

The distribution and RRs for the selected factors and the mean RRs are shown 
in Table 1. RRs were assigned on the basis of values obtained from a recent review 
[39]. As indicated previously, each individual's overall RR may be estimated by 
taking the product of RR for each factor; the results of this calculation are given 
under the last heading in Table 1. As can be seen, considerable variation in risk 
exists, with a mean RR = 6.53 for the entire sample. 

When planning a randomized chemoprevention trial for breast cancer, sample 
size is of critical concern. As an example, let us consider a two-arm trial in which one 
is a placebo arm, and the hypothesized reduction in breast cancer risk due to 
chemoprevention is 50%. For a group with a 2% probability of developing breast 
cancer over a fixed time interval then, for a significance level of 0.05 and a power of 
0.80, approximately 2500 participants would be required in each arm. A similar trial 
in a group with a 5% probability of breast cancer over the study period would need 
1000 subjects per arm. 

The information in Table 1 and the knowledge of the general population 
incidence rates of breast cancer may be used to estimate what combinations of risk 
factors result in individuals having the probability of breast cancer specified for the 
trial. Examples of such calculations are given in Table 2. Estimates of the 
proportion of the general population that have the required probability of disease 
development may also be derived from these calculations. For example, Table 2 
indicates that, for a chemoprevention trial in a group of women aged 60 years with a 
mean probability of breast cancer of 5% over a 5-year period, approximately 2% of 
the general population of women of that age will be eligible to participate. It is 
important to notice that the calculations in Table 2 analyze the probability of 
developing breast cancer across all subjects. A group with a mean risk of 2% does 
not imply that the risk of an individual member of the group is exactly 2% as it may 
be either lower or higher than the group average. If for each participant a risk of at 
least 2% is needed, the calculation can be repeated incorporating this requirement. 
However, a smaller number of cases will be eligible for such a study. 

Chemoprevention 

Carcinogenesis is a complex multistep process evolving over a prolonged period of 
time, which has been characterized into the stages of initiation, promotion, and 
progression [5,24]. Initiation results in hereditary and irreversible cellular genetic 
damage induced by carcinogens. Promotion leads to clonal expansion of the 
initiated cells and to a variety of phenotypic changes which may become irreversible 
over time [87]. The poorly understood process of progression encompasses the 
subsequent development of precursor lesions and cancer. 

When considering chemopreventive strategies at least two phases of the 
neoplastic process must be distinguished conceptually. First, the initiation and early 
reversible promotion phase; second, the later more autonomous phase of tumor 
development. We suggest that these distinctions are of crucial importance as the 
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Table 1. Distribution of breast cancer risk factors of 441 women aged 55 years or over in 
British Columbia 

Risk factor Relative Women with indicated risk factor 
risk Number Percent 

1. Family history of breast cancer 
in a first-degree relative 
None 1.0 426 96 
Unilateral postmenopausal 1.2 2 1 
Unilateral premenopausal 1.8 9 2 
Bilateral postmenopausal 4.0 2 
Bilateral premenopausal 8.8 2 
Mean 1.07 

2. Personal history of benign 
breast disease 
No 1.0 353 80 
Yes 2.0 88 20 
Mean 1.20 

3. Age at menarche (years) 
18 and over 0.3 6 1 
12-17 1.0 393 89 
<12 2.0 42 10 
Mean 1.08 

4. Age at first birth (years) 
<20 1.0 45 10 
20-24 1.3 151 34 
25-29 1.8 112 25 
30-35 2.2 61 14 
36 and over 3.0 10 2 
Nulliparous 2.0 62 14 
Mean 2.89 

5. Age at menopause (years) 
<35 1.0 10 2 
35-44 1.7 36 8 
45-54 2.5 252 57 
55 and over 4.0 143 32 
Mean 2.89 

6. Overall relative risk" 
<5 3.37 168 38 
5-9.99 6.40 205 46 
10-14.99 11.58 49 11 
15 and greater 21.87 19 4 
Mean 6.53 

"Obtained from the product of the individual risk factors selected. 
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Table 2. Estimated proportion of women in the general population eligible for 
participation in a chemoprevention trial as a function of study duration, age of 
participants and specified probability of breast cancer development over the study 
period 

Age of Study Probability of Required relative Percent 
study duration cancer over study risk compared to eligible 
entrant (years) duration (%) population average 

55 5 2 7.3 27 
55 5 5 22.0 1 
55 10 5 9.0 15 
60 5 2 7.0 34 
60 5 5 17.6 2 
60 10 5 8.9 19 
65 5 2 7.0 34 
65 5 5 16.2 2 
65 10 5 8.1 21 

effective dose of chemopreventive agents may differ, depending on the stage of 
tumor development. Failure to take these considerations into account could result 
in negative or inconclusive chemoprevention trials. This discussion focuses on 
retinoids (vitamin A and its synthetic analogs) since these substances have been the 
most thoroughly studied for their chemopreventive properties in vitro and in vivo, 
and are currently undergoing intensive clinical trial [17]. For simplicity the term 
retinoids will be used in this chapter for both vitamin A and its derivatives unless 
otherwise specified. 

Anticarcinogenic Action of Retinoids 

Retinoids suppress, in vitro, the process of malignant transformation [12, 30, 59, 
81], restore contact inhibition and anchorage-dependent growth to transformed 
cells [20,21], and inhibit or reverse the hyperplastic and metaplastic changes 
produced by carcinogens in organ cultures of various organs, including the 
mammary gland [16, 19,45,46,48]. In vivo, many studies have similarly shown 
that retinoids inhibit the process of carcinogenesis in many organs [6, 7, 70, 74], 
notably in the mammary gland [28, 54-58, 79, 89, 90]. 

Although not fully elucidated, the mechanism by which retinoids exert their 
anticarcinogenic action appears to be mainly related to their antipromotion effect 
[6, 85] and to their role in controlling cellular proliferation [25, 61, 91] and 
differentiation. 

Of particular significance is the ability of vitamin A and retinoids to enhance 
differentiation of putative premalignant lesions [46, 48] and of fully transformed 
malignant cells [10, 75]. These effects imply a role of vitamin A in the control of 
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gene expression involved in cell differentiation [72], possibly through a direct 
interaction with nuclear DNA mediated by specific intracellular retinoid-binding 
proteins [38]. Retinoic acid-binding proteins have been documented in human 
breast dysplastic and neoplastic cells [36, 44]. 

Distinction Between Maintenance of Normal Cellular Differentiation 
and Chemoprevention 

Vitamin A is essential for the maintenance of normal epithelial differentiation. 
Vitamin A deficiency leads in many tissues to squamous cell metaplasia [92], 
morphologically similar to changes induced by chemical carcinogens [47], and to 
an increased susceptibility to tumor formation [14, 26, 64, 69]. Of special interest 
are the observations that this increased susceptibility is prevented by normal or 
moderately increased dietary levels of vitamin A, with no added protective effect 
provided by high levels of this substance in the diet [14, 26, 64, 69]. In parallel, a 
number of independent epidemiologic studies have shown an inverse correlation 
between the frequent consumption of food rich in vitamin A and/or provitamin A 
(f1-carotene) and cancer risk [43, 68]. These studies, which substantiate exper
imental data, indicate that adequate or moderately increased dietary levels of 
vitamin A and/or its provitamin, exert a protective effect against cancer devel
opment in humans. Taken together, the experimental and epidemiologic evidence 
point to the effectiveness of maintenance levels of vitamin A, and/or provitamin A, 
in inhibiting the initiation and/or reversible promotion processes. As preneoplastic 
lesions develop, however, it is clear that this protective effect has been overwhelmed. 

In vitro studies aimed at reversing established precursor lesions induced by 
chemical carcinogens have either required high doses of vitamin A [46] or shown a 
dose-dependent [48] or a time-dependent effect, with decreasing effectiveness 
related to delayed retinoid administration [54]. In experimental animal systems 
pharmacologic doses of retinoids have generally been necessary to inhibit tumor 
development [16,28, 78]. Retinoids given in the postinitiation phase of the 
carcinogenesis process have also shown a dose-dependent inhibition of preneo
plastic and malignant lesions [7, 61, 74, 78], and a progressive loss of chemopreven
tive potential associated with delayed retinoid treatment [54]. Furthermore, 
whereas low nontoxic doses of retinoids are effective in inducing differentiation of 
malignant cells in vitro [to, 75], high toxic doses have been required to produce 
similar changes in vivo [75]. 

In humans, retinoids have shown promising chemopreventive activity in a 
variety of premalignant conditions [27, 34,40], in patients with high risk BBD [4], 
and in preventing tumor recurrence [1, 67]. These clinical trials, which generally 
used a single dosage schedule, have required the administration of pharmacologic 
doses of retinoids invariably associated with toxicity except in one study [27]. Since 
dose-response effects were not evaluated, it is impossible to conclude whether lower 
nontoxic doses would have been active. However, a reduction in retinoid dosage 
has been correlated with a decreased therapeutic activity [41, 67], and in a large 
chemoprevention trial in patients with premalignant esophageal lesions, doses of 
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vitamin A of about two to three times the recommended daily allowance have been 
shown to be ineffective [63]. 

I t would thus appear that the effective doses of retinoids depend on the timing of 
their administration in relation to the stage of cancer development. Considering the 
protective effect of early and long-term administration of maintenance levels of 
vitamin A and/or p-carotene against cancer formation, it would seem justified to 
recommend an adequate dietary intake of food rich in these substances as a 
potential means to reduce cancer incidence in the general population. 

In the more advanced stages of tumor development, particularly in the presence 
of premalignant lesions, maintenance levels of vitamin A or equivalent doses of 
retinoids are likely to be ineffective and pharmacologic treatment with these 
compounds is needed. Since currently used retinoids produce dose-limiting side 
effects [1, 3, 8], a certain degree of toxicity will be difficult to avoid and will need to 
be accepted until new synthetic compounds with improved therapeutic indices 
become clinically available. 

Discussion 

The efficacy of retinoids against mammary gland tumor development has been 
amply documented experimentally, setting the stage for chemoprevention trials in 
high risk women. However, several problems confront the planning of chemoprev
ention trials of breast cancer. First, in comparison with smoking as a risk for lung 
cancer, the individual risk factors for breast cancer are generally weak. Conse
quently, selection of participants needs to be based on combinations of risk factors 
satisfying the minimum level of risk required by the trial. Setting a high risk level 
reduces the number of study participants required, but also reduces the number of 
eligible candidates in the population. Hence, specification of the risk level for 
participant selection is critically dependent on the knowledge of the distribution of 
risk factors in the population where the study is contemplated. It is likely that the 
high risk mammographic patterns will play an increasing role in the selection of 
women for intervention trials, in situations where the population distribution of 
these patterns is known. 

Second, whereas chemoprevention-induced reversal of premalignant lesions of 
the cervix could readily be noted by repeated cytologic, tests observing similar 
changes in the breast would be difficult. Thus, the potential efficacy of an agent for 
breast cancer chemoprevention must be inferred from evidence of activity in animal 
mammary tumor models and possibly, in humans, from reversal of dysplasia 
observed in sites other than the breast. 

Retinoids and chemopreventive agents in general ought to be investigated in a 
manner analogous to that of chemotherapeutic drugs. Thus, phase I pharmacologic 
and toxicologic studies should be undertaken to determine pharmacokinetic 
parameters, maximum tolerated dose, toxicity, and the time course pattern of the 
reversibility of side effects. Prior to considering large intervention trials, phase II 
studies need to be carried out in patients having well-defined precursor lesions such 
as dysplastic oral leukoplakia, cervical dysplasia, or actinic keratosis, with particu-
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lar attention to dose-response effect. In this respect, the dose-intensity approach 
recently suggested for the investigation of chemotherapeutic drugs [35] appears 
equally appropriate to phase II studies aimed at establishing the dose-response 
curves of chemopreventive agents. Careful monitoring of the lesions would enable 
one to determine the dose range at which regressions are observed, the degree and 
duration of regression, as well as an eventual enhancement effect [71]. Further
more, such studies would enable one to select the least toxic effective chemopreven
tive dose for intervention trials in high risk populations, which could then be 
undertaken based on evidence of activity. 
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Risk Factors in General 

In common with many neoplasms, the incidence of breast cancer increases with age 
[24]. It is slightly higher in socioeconomic classes I and II [52] and in North 
American and European women compared with African and Asian women [127]. 
The behaviour of the ovary appears to playa central role in the aetiology of breast 
cancer; several studies showing that early age of menarche (below 14 years) and late 
age of menopause, increase the risk [20, 107, 12, 119]. The effects of pregnancy are 
less clear; childbearing appears protective if the first child is born before the mother 
reaches the age of 30, although bearing more than five children increases the risk 
[12,26,125,76,1]. Alterations ofthe hormonal environment, as in prolonged use of 
oral contraceptives or postmenopausal oestrogens, do not appear to affect the risk 
in most recent studies, but this remains a controversial issue [12, 51, 122, 123, 124, 
98, 78]. Artificial menopause, for example by oophorectomy, is reported to be 
protective; the earlier it is performed the greater the reduction in risk [69, 33]. 

Past medical history is of particular importance in the assessment of risk. A 
previous diagnosis of cancer in one breast significantly increases the likelihood of 
developing a second primary tumour in the other [66, 110]. Many studies have 
suggested that a history of benign breast disease, particularly if a biopsy was 
performed, increases risk [25, 77,48] although this has been disputed [12, 1~] and 
certainly the pathological findings in the biopsy are not predictive [78]. A history of 
primary cancer in the ovary or endometrium has also been reported to increase the 
chance of subsequent breast cancer [75, 92]. 

Many other factors, such as body mass, have been shown to be related to very 
small increases in risk [65,61], but the strongest predictive factor so far identified 
and the one which we will now examine in more detail, is a positive family history of 
breast cancer. 

Family History 

The occurrence of families containing a large number of individuals affected by 
breast cancer has been recognised for many centuries. The first detailed report was 
published in 1866 by the French surgeon Paul Broca [13] who ascertained the 
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cause of death in 38 individuals through five generations of his wife's family. Of the 
24 women in that family, 10 died of breast cancer and several more individuals died 
from other malignancies. Both Broca and his contemporary Sir James Paget 
[84, 63J expressed concern that multiple instances of such a common disease might 
appear in a small number offamilies by coincidence, but, using the available data on 
cancer mortality rates in the normal population, they concluded that a tendency to 
develop breast cancer could indeed be inherited. 

Advances in statistics, epidemiology and genetics allowed more rigorous 
examination of these initial observations in the first half of the twentieth century. 
Several groups attempted to compare the mortality from breast cancer in 
a population of patients with one or more affected relatives and in a normal control 
population [49, 132, 4, 52, 70]. These studies highlighted the importance of 
pathological verification of malignancy, of assessing the incidence of malignancies 
other than breast cancer and of using large numbers offamilies plus reliable data on 
cancer incidence and mortality in the general population. Overall, they showed that 
there was a twofold increase in breast cancer incidence in the close female relatives 
of breast cancer patients. Underreporting of disease by control subjects was 
recognised as a significant problem which remains hard to surmount. Further 
analysis of data collected in the course of these studies hinted at the possibility of 
there being two separate types of breast cancer, sporadic and hereditary, and 
suggested that several features were commoner in one type than the other. 

The important characteristics of familial breast cancer in a number of countries 
have been defined by H.T. Lynch and colleagues [71]: 

1. Significantly early age of onset 
2. Excess of bilaterality 
3. Excess of multiple primaries at various sites 
4. Vertical transmission (mother to daughter) 
5. Impaired survival when compared with sporadic forms. 

Applying these criteria, he estimates that 5% of all breast cancer is familial, but 
11.5 % of patients with breast cancer diagnosed before the age of 50 have a familial 
form of the disease. Anderson [5, 6J adopted a somewhat different approach, 
dividing his cases into subgroups and identifying the groups in which the risk was 
increased beyond the two- or threefold level observed in the earlier studies. The 
relative risk to first-degree female relatives of patients with premenopausal breast 
cancer was 3.1, while no increase in risk was observed among relatives of 
postmenopausal patients. If the patient had bilateral breast cancer the risk to first
degree female relatives was increased fivefold. If both conditions applied (i.e. the 
patient was premenopausal and had bilateral disease), the risk to first-degree 
relatives was increased ninefold. Furthermore, the relatives of patients with bilateral 
disease were at a ninefold times greater risk of developing bilateral disease 
themselves as compared with relatives of patients with unilateral disease. 

The importance of age and of bilaterality have been confirmed in other studies 
[7, 17J and so, despite one dissenting report from a large Swedish study in which the 
effects of family history, age of onset and bilaterality were rather weak [2J, we are 
now in a position to identify a group of women who are at significantly higher risk 
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of developing breast cancer than the general population, who are likely to be more 
aware of (and concerned about) their susceptibility to the disease [50], and who 
therefore require detailed and accurate counselling about that risk [83]. By 
combining complex statistical analyses and laboratory investigation it is possible to 
define more precisely the genetic component in what is acknowledged to be a 
disease of multifactorial aetiology. 

Segregation Analysis 

In some "classical" genetic disorders, inspection of the pedigrees of a few affected 
families will reveal the mode of transmission (autosomal or sex-linked, dominant or 
recessive). However, in the vast majority of diseases, where the genetic component is 
less clear cut, a more comprehensive statistical analysis is required. Segregation 
analysis is the name given to the process of determining the probable mode of 
transmission of a trait, from an observed distribution of phenotypes in a pedigree or 
a number of pedigrees. 

The procedure involves calculating how well the observed distribution of 
phenotypes fits various hypotheses and can thus establish the validity of some of 
these hypotheses, though it may not prove conclusively that a trait is transmitted 
genetically. The larger the families examined, the more affected individuals in each 
family; the larger the total number of families, the better will be the data and the 
more secure the final conclusions. 

Several statistical advances, such as maximum likelihood scoring, the concept of 
multifactorial inheritance, the "mixed model" and a ~ampling correction to allow 
for the manner in which the pedigrees have been ascertained and relatives added 
[29, 30, 80, 27, 60, 81], have all been incorporated into a segregation analysis 
performed on 200 Danish families with breast cancer [131]. 

The observed distribution of breast cancer in these families was compatible with 
transmission of a single autosomal gene with dominant expression, the frequency of 
the abnormal (disease) allele being 0.7%, and the penetrance varying with age. 
According to that model, by age 80, a female heterozygous for the abnormal allele 
would have a 57% chance of developing breast cancer. For cancers presenting 
before age 30, 88 % of affected females would be carriers of the disease gene whereas 
for the total population (presentation up to age 80), only 13 % of affected females 
would carry the gene, the other 87% having developed "sporadic" breast cancer. 

Several similar analyses have been performed on another large family with 
breast cancer and all agree that an autosomal dominant gene with incomplete 
penetrance is the most likely mode of transmission [35, 44, 36]. Increasing the 
complexity of a segregation analysis may well improve the accuracy of estimates of 
gene frequency and penetrance, but it cannot give any indication as to what gene is 
involved and where in the human genome it may be. 
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The Principles of Linkage Analysis 

The most practical approach to locating the gene for susceptibility to breast cancer 
is by the technique of linkage analysis, based on the segregation of defined genetic 
markers in affected and unaffected family members [133]. The human genome is 
composed of genes arranged in a linear fashion along the 23 pairs of chromosomes. 
Genes which are close together on the same chromosome tend to be transmitted 
together, i.e. to segregate nonindependently. Genes on different chromosomes 
segregate independently so that every possible combination of alleles appears with 
equal frequency in the gametes, as illustrated by Fig. 1. The disease gene is 
D (normal allele d) and the marker gene alleles are represented by T and t. 

If the disease gene and the marker gene are physically very close together, they 
will be transmitted together, so that the gametes formed are either DT or dt as 
shown in Fig. 2. This departure from independent segregation is termed "linkage", 
with D and T being very tightly linked in the example shown. If D and T are slightly 
further apart on the chromosome, the two genes may well be transmitted together, 
but because they can segregate by crossing over and recombination at meiosis, a few 
gametes with genotypes Dt or dTwill appear, as illustrated in Fig. 3. These gametes 
are known as recombinants and the proportion of recombinant gametes in the total 
pool is the recombinant fraction. The further apart the two genes are, the more 
likely it is that recombination will occur, until eventually the two genes will appear 
to be segregating independently as all four possible genotypes will be represented 
equally, giving a recombinant fraction of 50%, as illustrated in Fig. 4. 

Parent 
o d 

'~'~ 
I 

o 

25% 25% 25% 25% 

Gametes 

Fig. 1. Independent assortment of alleles at meiosis for a disease locus (alleles D and d) and a 
marker locus (alleles T and t) on different chromosomes. (After [133]) 
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Fig. 2. Absence of independent assortment of 
alleles at meiosis for disease and marker loci 
very close together on the same chromosome 
(tight linkage). (After [133]) 
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The markers used in linkage analysis must be polymorphic (i.e. more than one 
allelic form found in the population), and ideally the chromosomal location should 
be known. After identifying which allelic forms of the marker are present in every 
individual (both affected and unaffected) in a family, it is possible to calculate a the 
probability of the observed distribution occurring by chance if there is no linkage 
between the marker gene and the disease, and b the probabilities of such a pattern 
appearing if there is linkage at different recombination fractions. The logarithm of 
bfa, known as the "lod" (logarithm of odds) score, is calculated for various 
recombinant fractions [79]. To attain statistical significance it is usually necessary 
to combine data from several families, and the lod scores from each family for each 
recombination fraction can be added together. A lod score greater than + 3 is 
usually taken as demonstrating significant linkage, but obviously the more families 
examined, the greater the confidence one can place in the lod score. 

King, Go and colleagues [53, 38] used segregation analysis to identify ten 
families showing genetic transmission of the breast cancer trait and performed 
linkage analysis with 21 independent polymorphic markers. They suggested that in 
seven families there was significant linkage between an autosomal dominant gene 
for susceptibility to breast cancer and the enzyme glutamate-pyruvate transaminase 
(GPT), the gene which is located on chromosome 16 [73]. They reported a lod score 
of + 1.95, at a recombination fraction of zero and accepted that such a result should 
be viewed with caution. When a larger number of families was examined, it was 
conclusively shown that there was no linkage between GPT and susceptibility to 
breast cancer [74]. 
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Fig. 3. Disease and marker loci 
nearby on the same chromo
some showing linkage. The 
recombination fraction is 
20%. (After [133]) 

Fig. 4. Disease and marker loci 
far apart on the same chromo
some mimic independent assort
ment and linkage cannot be 
detected. The recombination 
fraction is 50%. (After [133]) 
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Confusion sometimes arises between the terms" linkage" and "association" in 
the context of genetics. As explained, linkage between two DNA sequences means 
that they are physically close together in the genome. Hence if one is polymorphic, 
so that inheritance of the different alleles can be traced within a family, it can be 
used to "tag" the other sequence. It does not follow that the same allelic forms of the 
two sequences are linked in all cases. For example, in the case illustrated in Fig. 2 a 
single chromosome carried D and T in tight linkage so that T would serve as a 
marker for D in this family. In another family, however, the relevant chromosome 
might carry the alleles D and t in which case the marker for D would be t. In other 
words, there is no functional relationship between the gene with alleles Dd and that 
with alleles Tt. The important practical consequence is that even if strong linkage is 
established between these genes, there is no purpose in screening a population, say 
for carriers of the t allele, since one could not predict which of the individuals so 
identified would also carry D. That type of prediction is valid only within each 
family. 

"Association", however, is quite a different matter. The term implies that a 
particular allele of a given gene is overrepeated among the total population of 
patients with a particular genetic disorder. There are, for example, over 100 diseases 
associated with individual alleles of the major histocompatibility system [118]. 
HLA-B27 and ankylosing spondylitis, or DR4 and rheumatoid arthritis are well
known instances. These associations hold across family boundaries (though, 
interestingly, they may not apply in all racial groups) and can therefore be useful in 
population screening. Association in this sense may come about because the disease 
arose through a single mutation event affecting a gene so close to the "marker" 
sequence that the disease and marker alleles have never become separated 
throughout the succeeding generations. This so-called founder effect implies that 
all the affected individuals in a population are actually related through they may 
not be aware of it. An equally likely mechanism, however, is a causal relationship 
between the marker allele and the disease itself. In other words, individuals with 
the HLA type B27 are at risk from ankylosing spondylitis not because an "ank
spond" gene lies close to the HLA complex on the short arm of chromosome 6, 
but because the B27 gene product is actually involved in the aetiology of the 
disease. 

Returning to the problem of genetic susceptibility to breast cancer, the search 
for linkage, in the strict sense, simply means extension of the approach used by 
King, Go and their colleagues, namely the analysis of large numbers of randomly 
chosen polymorphic markers in families with multiple cases of premenopausal 
disease. An alternative approach would be to try to identify "candidate" genes 
suspected, for one reason or another, of possible involvement in breast cancer. 
The gene encoding the oestrogen receptor might be an obvious choice as 
would a number of oncogenes (see later). Until recently, the shortage of 
useful genetic polymorphisms has restricted both of these approaches, but the 
situation has been transformed by the discovery of DNA restriction fragment 
length poymorphisms and other advances in molecular biology discussed in the 
next section. 
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Basic Molecular Biology 

The total human gene complement is stored and transmitted in the form of 
deoxyribonucleic acid. DNA is a double-stranded helix. Each strand is composed of 
a string of sugar and phosphate molecules forming the backbone, with a series of 
bases protruding. In DNA there are four possible bases, adenine, guanine, 
thymidine and cytosine, and in native double-stranded DNA, A must be opposite T, 
and G opposite C. The genetic information coded by the order of bases in the DNA 
is transcribed into RNA, and RNA is then translated into protein. Because of the 
requirements for complementary base pairing (A-T and G-C) a single strand of 
DNA uniquely defines its complementary strand of DNA or RNA. 

Under appropriate conditions of pH, temperature and ionic strength, single
stranded DNA or RNA fragments will stick to (or "hybridise" with) complementary 
single strands of DNA. The stability of the double-stranded complex ("hybrid") 
depends upon the degree of complementarity between the two nucleic acid strands. 
By increasing the pH or temperature or altering the ionic strength, hybridisation 
conditions can be made more stringent until only strands that are perfectly matched 
at every base pair will remain as hybrids. This property is exploited in the technique 
of gene probing. 

DNA is extracted from cells by well-defined chemical procedures involving 
phenol extraction and ethanol precipitation, stripped of contaminating RNA and 
protein and then must be cleaved into fragments of manageable size. This is most 
conveniently achieved by digestion with restriction enzymes, large numbers of 
which have become commercially available over the past 10 years. Each of these 
enzymes, isolated from bacteria and fungi, recognises a specific base sequence in 
double-stranded DNA and cuts the strands at that point [94]. 

The fragments thus produced can be separated by electrophoresis in an agarose 
gel. The shorter fragments will move faster through the gel and so will travel further 
away from the origin in a given time than large heavier fragments [108]. 

It is much easier to work with DNA on a solid support than in a gel and 
therefore the DNA is transferred onto either nitrocellulose paper or a nylon 
membrane by a method first described by Dr. E.M. Southern [106]. This maintains 
the spatial relationship between the DNA fragments generated by the gel electro
phoresis. After "denaturing" the DNA with NaOH, to separate the two strands, the 
gel is placed on a piece of filter paper, supported by a glass plate, with both ends 
dipping into a concentrated salt solution. The membrane is placed on top of the gel 
and pressed down onto it with a heavy weight. The salt moves down its 
concentration gradient, carrying the DNA from the gel to the membrane, and the 
weight assists by gradually compressing the gel, forcing the DNA out. After this 
overnight "blotting" procedure, the membrane is exposed to ultraviolet light for 
2-5 min. This links the single-stranded DNA to the membrane by covalent bonds. A 
similar blotting technique can also be applied to RNA transfer [117]. 

The next step is to create a labelled DNA or RNA probe (i.e. millions of identical 
copies of a particular base sequence). The probes themselves are obtained by 
cloning the required piece of DNA as an insert in a virus-like vector which will grow 
in a bacterial host, usually Escherichia coli. The commonest method of labelling a 
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DNA probe is "nick translation" [93J; a segment of double-stranded DNA is 
incubated with a mixture of three unlabelled nucleotides plus one nucleotide 
containing radioactive 32p atoms. The enzymes DNAse and DNA polymerase I are 
added. The DNAse introduces breaks ("nicks") at random in one DNA strand and 
the DNA polymerase moves along that strand cutting out nucleotides and then 
replacing them, using the other strand as a template. In the course of this repair 
phase, 32P-labelled nucleotides are introduced into the DNA. Other methods have 
been used to label DNA and RNA probes to a higher specific activity with 32p and 
the use of nonradioactive labels has also been explored [45]. 

The membrane, bearing the imprint of the original DNA gel fragments, is 
immersed in a complex hybridisation solution containing the labelled probe, 
shaken overnight at 68°C and then washed to remove unhybridised probe. If 
stringent washing conditions are used, the probe will hybridise only to those 
fragments of DNA on the filter to which it is exactly complementary. After 
autoradiographic exposure (1-10 days at - 70°C), one or more discrete bands 
appear on the film. These bands correspond to the DNA fragments on the 
membrane to which the probe has hybridised and the size of these fragments can be 
determined from the positions of the bands (Fig. 5). 

At least 90% of the DNA in a human cell does not encode any protein product, 
i.e. does not consist of "genes". While this material is not necessarily devoid of 
function, it is evidently much more tolerant of variation in base sequence than the 
genes themselves. Hence, within the species there is much more polymorphism of 
the nontranslated DNA than of the genes. One aspect of this polymorphism is the 
gain or loss of restriction enzyme cleavage sites, the positions of which can vary 
considerably from one individual to another. Thus, when DNA is cleaved with a 
restriction enzyme and the Southern blot probed with a particular labelled 
sequence, the size offragment bearing the complementary sequence is quite likely to 
show some variation within the population. This "restriction fragment length 
polymorphism" (RFLP) provides an enormous pool of genetic markers since 
the positions of restriction sites are still sufficiently stable for the DNA fragment 
lengths to behave as alleles obeying the simple laws of Mendelian inheritance. 
"Anonymous" DNA probes recognising sequences that are not necessarily parts of 
structural genes, now represent a major resource in human gene mapping and 
genetic analysis. They may be used simply to increase the pool of "random" 
polymorphisms for the conventional "shotgun" approach to linkage studies or they 
may serve to provide polymorphic markers for adjacent candidate genes. The latter 
application, ironically, tends to blur the distinction just made (at some length!) 
between "linkage" and "association" for the candidate gene and by definition, will 
be causally related to the disorder (implying "association"). Nevertheless, when the 
allelic forms of that gene are identified on the basis of RFLP rather than by the 
putative mutation directly responsible for the disease, then any observed correla
tion between a particular allele and disease susceptibility will apply only within an 
individual family, i.e. we are dealing with true "linkage". Of course, in such an event, 
the logical course would be to analyse the implicated gene in sufficient detail to 
permit direct identification of the crucial DNA lesion which would, in turn, provide 
a basis for population (as distinct from family-based) screening. 
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Identification of genes likely to be of importance in the aetiology of human cancer 
has resulted from three main experimental approaches: investigation of tumour
producing viruses; transfection of human tumourigenic DNA into immortalised cell 
lines; and direct comparisons of malignant and nonmalignant tissue at the 
molecular level. 

The first clues came from an understanding of the structures of oncogenic 
retroviruses. The genetic material of these viruses is RNA, but once inside an 
infected cell, the RNA is copied into DNA which then integrates into the 
chromosomal DNA of the host. Later it may be transcribed and translated by the 
host cell's replication system, unleashing a second generation of virus. The viruses 
can be divided into two broad groups, depending on the rapidity with which they 
produce tumours. Slowly transforming viruses contain three genes; gag which codes 
for specific antigens mainly located at the core of the virus, pol, which codes for 
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reverse transcriptase and env, which codes for the envelope protein. The acutely 
transforming viruses contain another gene, termed an "oncogene", specific to each 
virus and directly responsible for induction of malignancy in infected cells [10]. 

Analysis of the nucleotide sequences of retroviral oncogenes revealed that they 
were very similar to sequences (proto-oncogenes) found in the genome of higher 
organisms, including humans [109, 8]. It is virtually certain that the acutely 
transforming viruses arose by recombination between nononcogenic or slowly 
transforming viruses and the cellular proto-oncogenes. At least 22 viral oncogenes 
have been identified so far [9]. 

The second productive experimental approach has been direct DNA trans
fection/transformation. DNA from human tumours or tumour cell lines is pre
cipitated onto the surface of cells in culture by calcium phosphate. A small 
proportion of the DNA enters the cells and an even smaller fraction becomes 
integrated into the genome in a random fashion. Cells "transformed" by this 
technique exhibit uncontrolled proliferation and form distinct colonies, which can 
be isolated and cloned up [103]. When injected into immunologically compromised 
animals, such as nude or neonatally thymectomised and irradiated mice, these 
transformed cells produce tumours, suggesting that a segment of DNA responsible 
for producing the original human tumour, has been integrated into the cell's 
genome [58, 86]. These oncogenes can then be identified by comparing extracted 
DNA from the transformed cells and from the original cell line. 

Eleven new cellular oncogenes, without viral counterparts, have been identified 
by this technique [9]. Among the few oncogenes identified by both transfection and 
viral studies are members of the ras gene family which will be considered more fully 
in the next section. 

One of the main limitations of DNA transfection studies is that the target cells 
used, usually 3T3 or C127 mouse fibroblasts, though subject to some normal 
growth controls, are immortal. They therefore represent an intermediate stage 
between the normal and full-blown malignant states. Cotransfection of at least two 
different oncogenes, for example, Ha-ras and c-myc, is generally required to achieve 
tumourigenic transformation of normal cells [62]. This observation strengthens the 
theory that carcinogenesis is a multistage process, but raises the question of what 
changes have already taken place in immortal cell lines commonly used as targets 
for transfection assays and hence what (restricted) range of new oncogenic events 
they may be capable of detecting. 

Chromosome Analysis 

The alterations in genetic material that are required to induce malignant change are 
far beyond the limits of resolution by direct visualisation of stained chromosomes. 
Nevertheless, they may come about in the course of major (visible) structural 
rearrangements. The easiest neoplastic cells to examine in this fashion come from 
haematological malignancies. Several well-defined chromosomal abnormalities 
have been found consistently in various types ofleukaemia and lymphoma [97]. By 
concentrating on regions of the genome involved in specific chromosome aberr-



56 1. MacKay and M. Steel 

ations, molecular biologists have identified three novel oncogenes [43, 120, 121] 
and have achieved greater understanding of the mechanisms involved in cellular 
oncogene activation. It is much harder to obtain good chromosome preparations 
from solid tumours, but some progress has been made. There are, for example, 
reports of recurring deletions in the short arm of chromosome 3 in small cell lung 
cancer and in renal carcinoma [128, 134]. The possibility of localising a genetic 
lesion in breast cancer by a similar approach is therefore not to be discounted. 

By combining the three experimental approaches already outlined, around 40 
DNA sequences in the human genome have been classed as proto-oncogenes [9]. 
These proto-oncogenes may be activated to become oncogenic by changes either in 
their structure or in regulatory elements. A specific alteration in the nucleotide 
sequence (a point mutation) activates the ras gene family, resulting in the produc
tion of an abnormal protein product [90]. In chronic myeloid leukaemia, trans
location between portions of chromosomes 9 and 22 results in the juxtaposition of 
two oncogenes, leading to the production of a hybrid mRNA and a hybrid protein 
product [43]. Translocation of another oncogene, c-myc, from chromosome 8 to 
chromosome 14 in Burkitt's lymphoma results in dysregulation of c-myc, leading to 
a continued expression of the normal gene [54, 64, 113], which is usually switched 
off as the cell differentiates [22, 40]. Overproduction of a normal protein product 
can also result from an increase in the copy number of an oncogene [102]. 

Harvey ras 

In the context of breast and other human cancers. one of the most intensively 
studied oncogenes is Harvey ras (c-Ha-ras). The proto-oncogene was first identified 
as the sequence which, on transfection from a human bladder cancer cell line, was 
capable of transforming mouse 3T3 fibroblasts into tumourigenic cells [103, 39]. Its 
similarity to the ras oncogene of the Harvey rat sarcoma virus was quickly 
established and the human gene has been mapped to the short arm of chromosome 
11 [72]. Analysis of the nucleotide sequence has shown that the Harvey ras proto
oncogene becomes tumourigenic by a point mutation in either the 12th or the 61st 
codon [90, 100]. There are two other closely related proto-oncogenes: Kirsten ras 
(K-ras) on chromosome 12 and N-ras on chromosome 1, coding for almost identical 
proteins of 189 amino acids, known as p21 [14, 112]. By analysis of DNA fragments 
on Southern blots, alterations involving ras sequences have been identified in about 
10% of the commonest forms of human solid tumours [88] and in up to 80% of 
chemically induced rat mammary tumours [111]. A Harvey ras gene mutuation has 
also been found in a cell line derived from a carcinosarcoma of the breast, but not in 
normal breast cells of the same patient [57]. 

Abnormally high levels of the normal protein p21, induced by increasing the 
rate of transcription or the number of copies of the normal Harvey ras proto
oncogene, will transfrom 3T3 cells in culture [85, 89]. Primary human breast 
tumours have significantly higher levels of p21 than normal mammary tissue 
[46,82,129] and alterations in structure or regulation of the Harvey ras gene are of 
importance in the aetiology or progression of breat cancer. 
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Near the Harvey ras gene lies an untranslated region made up of a variable 
number of repeated DNA subunits [14]. Digestion with the restriction enzyme Bam 
HI generates a fragment bearing Ha-ras plus the un translated subunits. Since they 
vary in number, the fragment length is variable, i.e. this is an example of RFLP. 
There are four common alleles in the normal population, (named At, A 2, A 3, A4) 
and a number of very much rarer alleles. In 1985 Krontiris et al. [59] reported that 
among patients with a variety of solid Or haematopoietic malgnacies there were 
significantly mOre rare alleles than in a control population. Since the alleles can be 
identified in any tissue, including white blood cells, if this report could be confirmed 
it would offer a real possibility of identifying a blood-borne marker for high risk of 
developing cancer. 

Furthermore, it suggests that information about a gene involved in familial 
breast cancer might be obtained from direct analysis of a large series of unselected 
tumours, rather than concentrating only on patients with multiple affected first
degree relatives, bilateral disease and early age of onset. Though this may seem 
paradoxical, there are precedents which may prove to be highly relevant. The 
hereditary form of retinoblastoma is associated with an inherited deletion of part of 
chromosome 13 and there is evidence that the same region of the genome has 
become abnormal in tumour tissue from sporadic (i.e. nonhereditary) cases [16]. 
More recently, the gene for familial adenomatous polyposis (an autosomal domi
nant condition leading to multiple colon cancers if not treated by early colectomy) 
has been mapped to the long arm of chromosome 5 and a lesion of the same 
chromosome arm has been recognised in tumour material from a substantial 
proportion of sporadic large bowel cancers [11, 105]. 

Harvey ras Alleles in Primary Breast Cancer 

The differences in restriction fragment length for the four common Harvey ras 
alleles are considerable and it is therefore relatively simple to separate them. Rare 
alleles however, tend to be much closer in size to their common counterparts. This is 
illustrated by the auto radiograph in Fig. 6. 

We have determined the frequency of the different Ha-ras Bam HI restriction 
fragments in tumour tissue from a series of 100 female patients with breast cancer 
prior to treatment in the Department of Clinical Surgery, Edinburgh University 
Medical School, and in 100 placentae (to act as a control panel representative ofthe 
local Edinburgh population). Table 1 shows the relative frequencies of the alleles in 
these two groups. 

There is no significant difference between breast cancer patients and controls in 
respect of any alleles (rare or common). This large series therefore contradicts the 
findings of Krontiris and the subsequent report from Lidereau and colleagues [68] 
which related specifically to breast cancer. Negative findings, however, have 
emerged from similar studies in myelodysplasia [115], lung cancer [47] and 
melanoma [37]. 

In the course of this study we noted that in several of the heterozygous tumours 
the autoradiographic band representing one allele was darker than the other 
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Fig. 6. Alleles of c-Ha-ras (Bam HI digests). The left-hand track of this Southern blot 
contains a "doublet" of allele AI and the rare variant A~ 

Table 1. Relative frequencies of Harvey ras alleles 
in breast cancer patients and a control group 

100 Breast cancer 100 Placentae 
patients 

Number (%) Number (%) 

AI 122 61 135 67.5 
A z 26 13 27 13.5 
A3 26 13 19 9.5 
A4 21 10.5 15 7.5 
A' I 5 2.5 4 2.0 

200 200 

(Fig. 7). A possible explanation is that the tumour cells have lost one allele and the 
fainter band results from contamination of the tumour sample by normal white 
blood cells. This interpretation was supported by comparing tumour DNA and 
white blood cell DNA from the same patient (Fig. 8). Since a tumour with minimal 
white blood cell infiltration might appear homozygous, we have examined white 
blood cell DNA from most of the patients with apparently homozygous tumours 
and have identified four who are constitutionally heterozygous. The current status 
of this investigation is set out in Table 2. The 100 tumours therefore fall into three 
groups: (a) 52 with no allele loss; (b) 13 with loss of one allele; and (c) 35 which await 
definition, of which 27 are constitutionally homozygous. 

As seen in Table 3, loss of Harvey ras allele is significantly correlated (P < 0.05) 
with poverty of oestrogen receptor protein, which is known to indicate a poor 
prognosis [21, 78, 130]. 
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Table 2. Restriction fragment length polymorphisms (RFLP) in DNA from 
breast Tumours and white blood cells (WBC) 

100 Tumours characterised for Harvey ras alleles 

61 Heterozygous 
9 Allelic bands of different density 

52 Allelic bands of equal density 

39 Apparently homozygous 
31 WBC DNA examined 

4 Heterozygous 
27 Homozygous 

We are currently evaluating the correlation between allelic loss of Ha-ras and 
other prognostic factors, such as tumour size, progesterone receptor levels and 
axillary lymph node involvement [99], to clarify the suggestion that loss of a 
Harvey ras allele is a marker for a more aggressive tumour behaviour [3,114]. Loss 
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Table 3. Loss of Harvey ras allele and poverty of oestrogen 
receptor protein (ER) 

Allelic loss (13) 
No allelic loss (52) 

P<0.02. 

ER-poor (22) 

8 (61%) 
14 (27%) 

ER-rich (43) 

5 (39%) 
38 (73%) 

of an allele may be caused by several different mechanisms, including non
disjunction (loss of a complete chromosome), alone or followed by reduplication of 
the remaining chromosome [16]. 

Deletion of a portion of chromosome 11 has been reported in Wilms' tumour 
[55,31,91], hepatoblastoma [56], hepatocellular carcinoma [96] and transitional 
cell carcinoma of the bladder [32] although it has yet to be established whether 
precisely the same region is involved in the different tumours. Cytogenetic analysis 
of primary breast cancer has revealed no consistent loss of large portions of 
chromosome 11 [95], but it remains possible that a submicroscopic deletion exists. 
The next phase of the study will involve examination of other polymorphic genes 
known to be on chromosome 11, as loss of one whole copy of the chromosome will 
result in reduction of all these genes to homozygosity. This strategy could also 
enable us to define the size of any deletion, as there may turn out to be a region of 
chromosome 11 close to (but not including) the Harvey ras gene that is deleted in a 
higher proportion of breast tumours, a feature likely to be of importance in the 
aetiology of breast cancer. A change of chromosome 11, but not of the Harvey ras 
gene, would be ironic since it would refute the logic underlying the choice of c-Ha
ras as a candidate for a genetic marker of breast cancer susceptibility. Nevertheless 
serendipity has its place in most research programmes and it is not to be despised. 

A note of caution must be sounded when drawing conclusions from genetic 
lesions found in tumour tissue. Biochemical and cytogenetic evidence has been 
available for many years to show that malignant cells tend to accumulate multiple 
aberrations in their DNA, including gene deletions [87,99]. It is unlikely that all
or even many - of them contribute to the malignant state. Refinements in molecular 
biology have confirmed and extended these findings [116]. It will therefore be 
necessary to scan the rest ofthe genome of breast cancer cells before concluding that 
a deletion in the vicinity of c-Ha-ras is significantly associated with the disease. 

The Future 

In addition to the Harvey ras gene, several other oncogenes have been studied in 
primary breast cancer. The erb-B2 gene, mapping to the long arm of chromosome 
17 [19, 34] codes for a protein similar to epidermal growth factor [101], and is 
amplified in 30% of primary breast tumours. Amplification of this gene is a 
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prediction of both disease-free interval and overall survival and has a greater 
prognostic value than oestrogen receptor status [104]. 

Amplification of another oncogene, c-myc on chromosome 8 has been reported 
in 30% of primary breast tumours [28], but this is not significantly linked to disease 
progression. A rare restriction fragment bearing the c-mos locus (on chromosome 8) 
has been identified in a small number of patients with breast cancer [67], but in the 
absence of a formal linkage analysis, the significance of this finding remains unclear. 

In addition to the known oncogenes, one of the genes likely to be of interest in 
breast cancer is the recently cloned gene for the oestrogen receptor protein [42]. A 
high level of oestrogen receptor protein in a breast tumour is a good prognostic sign 
[130]. The gene coding for the oestrogen receptor protein maps to chromosome 6 
[126,41] and there is extensive homology between it and the erb-A oncogene of the 
avian erythroblastosis virus [23]. The identification of any rearrangement or 
amplification of this gene in primary and metastatic breast cancer would be 
important and the recent finding of an RFLP with the enzyme PVU II, [15] will 
allow a linkage analysis of families with a high incidence of breast cancer. 

In conclusion, it is clear that the techniques of molecular biology can contribute 
to a better understanding of the aetiology and progression of breast cancer in two 
ways. Identification of alterations in the genetic material that contribute to 
progression from a normal breast epithelium cell to a malignant cell is fairly well 
advanced. However, the search for a genetic marker for high risk of developing 
breast cancer will gather momentum as more and more polymorphic DNA markers 
become available. If successful, it will represent a major breakthrough in the 
targeting of expensive screening techniques to those women who are most likely to 
benefit. 
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Introduction 

Proto-oncogenes are a restricted set of cellular genes that are frequent targets for 
mutational alterations in human cancer. Many of these genes were originally 
identified because they had nucleotide sequence similarity with transforming genes 
found in acutely transforming retroviruses. The viral oncogene (v-one) was derived 
from its cellular homolog (c-one) by genetic recombination and in the process of 
insertion into the viral genome acquired structural alterations. The detailed 
comparison of the structure of the viral oncogene as compared with the cellular 
proto-oncogene has provided critical information on the nature of the mutations 
obligatory for changing a normal protein into one with transforming ability. 

There have been more than 30 cellular proto-oncogenes identified, and there is a 
rapidly growing literature which indicates that proto-oncogene products are 
important in normal cell growth and development, including cell proliferation. For 
example, the proto-oncogene c-sis appears to be the platelet-derived growth factor 
[57]. A series of oncogenes (c-erb-B, neu, c-fms, c-kit) belong to a family of plasma 
membrane receptors having tyrosine-specific protein kinase activity. Oncogenes 
c-erb-B and c-fms are the epidermal growth factor receptor and colony-stimulating 
factor 1 receptor respectively; for the remaining proto-oncogene protein "re
ceptors", the ligand has not yet been identified [11, 44]. An additional group of 
proto-oncogene products localize to the inner surface of the plasma membrane (e.g:, 
c-ras, c-sre), and appear to transduce signals generated from specific ligand
membrane receptor interactions. The structural and biochemical similarities be
tween the ras gene product and another class of signal transducers, the G-proteins, 
is discussed later in this chapter. Finally, a poorly understood group of proto
oncogene proteins localize to the nucleus (e.g., c-mye, cjos, c-erb-A). Oncogene 
c-erb-A is the nuclear protein receptor for thyroid hormone and functions as a 
transcriptional activator [41]. Both c-fos and c-mye gene products are increased 
following a number of membrane signals (including those generated by epidermal 
growth factor) and in turn appear capable of inducing increased transcription of a 
series of genes. Also, it has been proposed that c-mye is intimately involved in the 
regulation of the cell cycle and is functionally involved in DNA synthesis [50]. 

Analysis of the structure and organization of viral oncogenes and proto
oncogenes in human tumors has identified those mutations capable of converting a 
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normal gene involved in growth control into an oncogene. The structural changes 
fall into a number of distinct classes. 

Point Mutations 

Specific bases of the ras gene resulting in amino acid substitutions which alter the 
function of the p21 molecule are discussed later in this chapter. These mutations are 
found both in human cancers [5] and in the viral ras genes. Point mutations may 
also alter regulatory sequences in proto-oncogenes and result in deregulation of 
tightly controlled genes. For example, point mutations at the 3' end of the 
non coding exon 1 of the c-myc gene result in the removal of a block to 
transcriptional elongation, resulting in an alteration of transcriptional control of 
c-myc. Mutations in this region of c-myc are frequently found in Burkitt's 
lymphoma [36]. 

Gene Truncation 

The removal of COOH terminal or NH2 terminal regions from proto-oncogene
encoded proteins has been found to "activate" proto-oncogenes of the tyrosine 
kinase type. Loss of the extracellular ligand-binding domain (NH2 terminal) has 
been found in v-kit and v-erb-B [11, 59]. In those instances, loss of the ligand
binding domain of membrane receptor proto-oncogenes may lead to constitutive, 
unregulated tyrosine kinase activity. 

Truncation of the COOH terminal region of tyrosine kinase-type proto
oncogenes has been found in v-fms, v-src, and v-kit. In v-src, this mutation removes 
a regulatory autophosphorylation site which activates the transforming ability of 
the molecule [25]. Although the mutational activation of c-src has been studied in 
considerable detail, experimentally, an activating mutation of this proto-oncogene 
has not yet been detected in a human tumor. 

Gene Amplification 

Alterations in the level of expression or inappropriate expression of specific proto
oncogenes may activate their transforming potential. This is particularly true of the 
myc family of cellular proto-oncogenes, where multiple molecular mechanisms may 
be responsible for deregulation (e.g., point mutations, translocation, amplification). 
Increased copy number of specific members of the myc gene family (c,N,O-myc) have 
been found in human neuroblastoma, small cell cancer of the lung, breast cancer, 
and retinoblastoma [29, 43, 60]. It is possible that cancers with markedly elevated 
levels of c-myc expression, but no myc gene amplification (e.g., colon cancers, some 
small cell lung cancers) may have mutations in a regulatory region of the c-myc 
gene. 
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Gene Translocation 

There are two major ways in which translocation may result in activation of a 
proto-oncogene. In the first, the translocation results in the moving of the proto
oncogene to another genetic locus and thus, under the influence of other regulatory 
elements. In Burkitt's lymphoma, the c-myc gene is moved to the vicinity of the 
promoters/enhancers of an immunoglobulin locus and in the process is deregulated 
(summarized in [IOJ). 

The second potential consequence of a reciprocal translocation involving a 
proto-oncogene is the creation of a hybrid fused gene at a chromosome breakpoint. 
Thus, in chronic myelogenous leukemia, the c-abl gene on chromosome 9 is 
transferred from its normal position to the ber gene on chromosome 22, resulting in 
a chimeric gene and a hybrid protein product [23]. The abl-ber gene product has 
been found to have altered functional activity. 

ras Oncogenes 

The ras family of oncogenes are the most frequently identified genes capable of 
transforming NIH/3T3 cells in culture [4]. It is now recognized that there are at 
least three members of this gene family; Harvey-ras (Ha-ras), Kirsten-ras (Ki-ras) 
and N-ras. All three genes encode proteins of 189 amino acids with a molecular 
weight of 21000 which are generally designated p21. In humans, Ha-ras has been 
mapped to the short arm of chromosome 11, Ki-ras to the short arm of 
chromosome 12, and N-ras to the short arm of chromosome 1 [40]. There is strong 
sequence similarity among these three family members, particularly at the amino 
terminal end of the protein. Genes distantly related to ras have been isolated in a 
variety of species and it is unclear if these genes perform the same cellular functions 
as the conserved ras family genes [31]. 

The importance of ras proto-oncogenes in normal cellular function is suggested 
by their highly conserved nucleotide sequence throughout evolution. There is less 
than 5% variability in amino acid sequence between p21 proteins in humans and 
rats, and probably less than 10% variation in the functional amino terminal portion 
of yeast and mammalian ras proteins. The ras genes appear to be expressed at low 
levels in most cells, although specific cell types (e.g., thyroid acinar cells, gastric 
parietal cells) express elevated levels of p21 normally [16]. Although ras p21 is 
expressed in high amounts in some non-neoplastic rapidly growing cells [20J, p21 
expression is not tightly linked to cell proliferation. 

The precise biochemical role of p21 proteins remains unclear, but currently 
available information has provided some clues to their function. p21 is located on 
the inner surface of the plasma membrane [45J, binds guanine nucleosides [42J, and 
has intrinsic GTPase activity [19, 32, 33, 41]. In its location, biochemical properties 
(GTP binding, GTPase), and nucleotide sequence, p21 appears similar to 
G-proteins, a group of proteins which function as signal transducers [26]. G
proteins are "active" in their GTP-bound form and hydrolyze GTP to GDP with 
intrinsic GTPase activity, thus self-regulating their level of activity. It has been 
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found that viral and tumor-associated mutations of ras p21 at specific sites (see later 
in this chapter) result in diminished GTPase activity (or diminished responsiveness 
to activating proteins), resulting in a p21 molecule which is always in the "active 
form." Therefore, it appears that ras p21 transduces specific ligand-cell receptor
generated signals to responsive intracellular pathways. In some cells (e.g., fibrob
lasts) the cell response to activated p21 is cell proliferation [12, 34], but other cell 
types may respond to activated p21 by cessation of cell division and undergo 
terminal differentiation [21]. The pathways p21 uses to transduce cell-type-specific 
signals are not clearly identified, but may involve phosphatidyl inositol turnover 
[13]. We have shown that activated p21 induces an obligatory rapid rise in 
intracellular pH in promoting the mitogenic response in fibroblasts [22]. 

Oncogenic forms of both Ha-ras and Ki-ras are found in the genomes of the 
acutely transforming strains of the Harvey and Kirsten mouse sarcoma viruses, 
respectively. N-ras has been found in some human cancers [5], but is not known to 
be carried by a transforming retrovirus. Mutated Ha-ras genes appear to derive 
their malignant potential from a change in the amino acid glycine in position 12 or 
glutamine in position 61. Substitutions at or around position 12 appear to alter the 
tertiary structure of p21 profoundly, and result in a molecule either with less 
GTPase activity or a p21 molecule which is unrespgnsive to cytoplasmic protein 
stimulators of its GTPase activity and, thus, unable to downregulate its own 
activity [37]. Substitutions at position 61 diminish GTPase activity also and 
increase the transforming ability of p21. 

Animal Models 

Several animal models exist which lend credence to the possible role of ras in 
mammary neoplasia. Zarbl [61] has reported that NMU (N-nitroso-N-methylurea) 
can directly induce mammary carcinomas during sexual development in rats by 
activating the Ha-ras locus. Since NMU is quite labile and induces tumors after a 
single injection, it is thought that mutagenesis occurs within hours, and that the 
transforming genetic event occurs at the same time. 

The molecular specificity of ras activation in this system was demonstrated by 
the finding that nucleotide 35 in the 12th codon of c-Ha-ras underwent a G-A 
transition which activated the oncogene in 100% of tumors tested. In contrast, rat 
mammary tumors induced by dimethylbenzanthrene (DMBA) are associated with 
mutations in c-H-ras at codon 61 [4, 61]. These experiments show that the ras 
oncogene alterations may occur at an early step in carcinogenesis, and that the 
molecular lesion is determined by the carcinogenic agent, given the restrictions of 
the specific experimental system. Thus, in chemical carcinogen-induced breast 
cancer in rodents, the Ha-ras locus appears to be a susceptible target for mutation. 

An activated ras oncogene linked to a hormone-responsive promoter has been 
introduced into transgenic mice [6]. Several strains were developed which express 
elevated levels of p21 constitutively in mammary and salivary glands. These animals 
developed enlarged hyperplastic salivary glands and adenocarcinomas of the 
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breast. The latter tumors occurred in a stochastic fashion, suggesting that addi
tional mutations were necessary to complement ras in order to cause tumor 
induction. 

ras and Human Breast Cancer 

ras Mutations 

The most frequent method by which cellular ras genes attain transforming ability is 
by point mutation. ras mutations are most readily identified by transformation of 
murine NIH/3T3 cells. Such abnormal ras genes have been identified in 15% of a 
wide variety of primary tumors and cell lines derived from human carcinomas. 
However, when ras genes are assayed directly in tumors, either by mutation-specific 
hybridization assays or RNase mismatch assays, ras mutations were found in 45% 
of human colon cancers [6,14]. However, ras mutation appears to be an infrequent 
event in human breast cancer [38]. In addition to the paucity of point mutations of 
ras found in breast cancer, ras genes are infrequently found to be rearranged or 
amplified in this cancer type. 

ras Expression 

Although there has been a lack of positive findings of structural alterations of ras 
genes in breast cancer, numerous studies have found enhanced expression ofras p21 
in breast cancer. These studies are of importance since the normal ras proto
oncogene can transform NIH/3T3 cells if expressed in high amounts [7J, and even 
transformation with the oncogenic ras genes is subject to a dosage effect [49]. 

The detection of ras expression at the single cell level has been made possible by 
the generation of murine monoclonal antibodies to p21. The most widely used of 
these are RAP-5 and Y13-259. The former was generated by a synthetic peptide 
identical to amino acids 10-17 of the ras oncogene from the human T24 bladder 
cancer cell line [24]. Although this oncogene contains a mutation at amino acid 12, 
RAP-5 has been shown to react with nonmutated cellular Ha-, Ki-, and N-ras 
proto-oncogene p21 [54]. Y13-259 was raised with v-Ha-ras p21 as the immunogen, 
and recognizes both Ha- and Ki-ras gene products as well as normal cellular ras 
[17]. 

These antibodies have now been used by several groups of investigators with 
somewhat conflicting results. Further work will be necessary to resolve these 
discrepancies, but some tentative conclusions are possible at the present time. 
Results of this work are summarized here. 

Hand et al. [24J first examined RAP-5 immunohistochemical staining· of 
formalin-fixed sections of lesions containing infiltrating duct carcinomas, fibro
adenomas, fibrocystic disease, as well as normal breast tissue from the same 
patients. When 20% of total cells stained was considered a positive result, 19/30 
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carcinomas were shown to express p21. Although some overlap with benign lesions 
was noted, overall there was a clear distinction between benign and malignant 
lesions. Further work by this group has extended their original observations to 
include a wider spectrum of breast pathology [3S]. In fibrocystic disease, p21 
staining with RAP-S was rare; hyperplastic lesions without atypia stained an 
average of 18% cells, while hyperplastic lesions with atypia averaged 34% cells 
positive. Carcinoma in situ and invasive ductal carcinomas had the highest 
reactivity, averaging S4% and 62%, respectively. Overall, 36/47 invasive cancers 
had staining in at least SO% of cells. Furthermore, there was good correlation 
between the immunohistochemical assay for p21 and its determination by liquid 
competition radioimmunoassay in a small number of patients. Expression of p21 
was also similar in pattern, although less intense, when Y13-2S9 was used as the 
primary antibody. Lundy et al. [30] employed RAP-S to stain breast cancer 
specimens; overall, 16/41 sections had more than 2S% of cells staining at an 
antibody dilution which was consistently negative with normal cells. Further work 
by Fromowitz et al. [IS] showed a correlation between staining in the primary 
breast tumor and that seen in tumor in regional lymph nodes. Staining of distant 
metastases was more variable; liver and bone metastases generally demonstrated 
less p21 than lung, skin, endocrine, and central nervous system metastases. A high 
level of p21 was noted in the invasive components of the primary tumor compared 
with the intraductal elements. Since the detection of mutated ras in human breast 
cancer is rare, it is presumed that RAP-S is staining normal cellular ras p21 in these 
studies. 

Increased levels of p21 have also been noted by Agnantis et al. [2] using 
Y13-2S9. Their results were similar to those of Hand et al. [24]. Increasing levels of 
p21 were detected in specimens of simple cystic disease, complex cysts, fibroaden
omas, carcinoma in situ, and, finally, invasive carcinoma. This same group, 
however, has disputed the ability of RAP-S to stain p21 specifically [39]. 

Other conflicting results were obtained by Ghosh et al. [18] using the RAP-S 
antibody. These investigators also performed immunohistochemical staining of a 
variety of breast sections, and could find no dilution of antibody which consistently 
discriminated between benign and malignant lesions. They concluded that RAP-S 
recognized a normal cellular product which is not expressed in increased amounts 
in hyperplastic or neoplastic conditions. 

The reasons for the discrepancies among these studies are not clear. It is quite 
probable that technical factors are involved (e.g. fixation techniques) since several of 
the studies which gave positive results documented only minor disagreement in 
slide interpretation among multiple observers. It should also be noted that the 
results with RAP-S have been corroborated by other evidence for enhanced ras 
expression (see later). Further work, however, will be necessary to clarify these 
findings with the RAP-S antibody. 

Enhanced ras expression in breast cancer was further substantiated by an 
analysis of ras-specific mRNA in surgically resected human breast cancer. By 
utilizing radio-labeled DNA probes for Ha-ras, Ki-ras, and N-ras, Theillet [S2] 
found that 16/22 tumors had significant levels of Ha-ras-specific mRNA, compar
able to that found in the T24 bladder cancer cell line and higher than that found in 
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breast cancer cell lines. Very little expression of Ha-ras was found in the remaining 
six tumors, and no evidence for substantial expression of N-ras or Ki-ras was 
detected. Analysis of tumor DNA found no evidence of gene rearrangement, 
amplification, or point mutations. These data extended the original observations of 
Slam on et ai. [47] and Agnantis et ai. [1]. In the former study, increased levels of 
both Ha- and Ki-ras-specific mRNA, along with several other oncogenes, was noted 
in four patients with breast cancer. Agnantis et ai. [1] analyzed 24 breast cancer 
specimens and found substantial increase in Ha-ras-specific mRNA transcripts 
compared with histologically normal tissue in the same patients. Although no 
correlation could be found with the TNM classification, patients with infiltrating 
duct cancer and those with lymph node metastases had the highest levels; patients 
with lymphocytic infiltration, higher grade tumors, and cancers oflarge size had the 
lowest values. Whittaker et ai. [58] have also found increased steady state ras
specific RNA in breast carcinomas compared with normal and histologically benign 
breast tissue. In contrast to other studies, however, Ki- and N-ras RNA transcripts 
were detected, as opposed to Ha-ras. As in the study of Slamon et aI., most tumors 
had evidence for increased transcription of several oncogenes. 

Restriction Fragment Length Polymorphism at the Ha-ras locus 

The human Ha-ras locus demonstrates a restriction fragment length polymor
phism, as a result of a variable tandem reiteration (VTR) of a 28-base pair sequence 
3' to the Ha-ras locus. A number of common and rare alleles have been identified 
based on variable restriction fragment lengths. Kontiris et ai. [27] first noted that 
cancer patients in general had a higher frequency of rare alleles of c-Ha-ras than do 
normal individuals. However, in a number of patient groups this finding has not 
been confirmed [53]. Lidereau et ai. [28] subsequently examined DNA from breast 
cancer tissue and lymphocytes in 104 patients and compared the restriction 
fragment pattern with that of the DNA in lymphocytes of 56 normal individuals. 
They found that 51 % ofthe normal subjects were heterozygous for the Ha-ras gene, 
a frequency similar to the patient population. However, there was a significant 
increase in the number of rare alleles (based on restriction fragment length size) 
among the breast cancer patients and a corresponding decrease in the common 
alleles. Overall, the four commonest alleles accounted for 91 % of the restriction 
fragments in the normal population, but only 59% ofthe allele pool in breast cancer 
patients. The common 6.5 and an 8.0 kilo base fragment were significantly decreased 
in breast cancers and a rare 6.3 kilo base fragment significantly increased. There was 
no evidence for genetic rearrangements when lymphocyte DNA and tumor DNA 
were compared in a subset of 40 patients. This finding suggests a possible linkage of 
susceptibility to breast cancer development to a genetic locus within 20 million base 
pairs of c-Ha-ras on chromosome 11 p. However, more extensive testing in other 
population samples is necessary. 

A genetic locus which demonstrates a high frequency of restriction fragment 
length polymorphism (e.g., c-Ha-ras) is useful in demonstrating tumor-associated 
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allele loss. Since both maternal and paternal alleles are readily demonstrated in 
constitutional DNA, comparison with tumor DNA may show loss of one parental 
allele. This phenomenon occurs in retinoblastoma, Wilms' tumor, and other 
embryonal cancers where the loss of the normal allele results in activation of a 
mutant recessive allele. 

Allelic deletions at the c-Ha-ras locus have been reported in breast cancer by 
Yokota et al. [60], Cline et al. [9], as well as Lidereau et al. [28]. Yokota reported 
that deletions of one c-Ha-ras allele were seen in 15% of primary tumors and 29% 
of metastatic lesions (at a frequency similar to that reported by Lidereau et al.). In a 
subsequent study [9] designed to examine a variety of proto-oncogene abnormali
ties in breast cancer patients, allelic deletions of c-Ha-ras were noted in 15% of all 
breast cancers. However, since c-Ha-ras is rarely mutated in breast cancer, the 
deleted area may extend beyond the ras locus and activate other, as yet unidentified 
genetic loci (R. Callahan, 1987, unpublished work). 

In summary, structural alterations of c-Ha-ras (point mutations, gene amplific
ation, and chromosomal translocations) appear to be unusual events in breast 
cancer. This is in contrast to a number of experimental breast cancer systems. 
However, increased steady state ras-specific RNA and enhanced levels of the ras 
p21, as assessed by immunohistochemical staining, are quite common. In addition, 
in preliminary results the presence of rare c-Ha-ras alleles and deletions at this locus 
appear with increased frequency. 

At the present time, the biological implications of these changes with respect to 
the initiation and progression of human breast cancer are far from clear. Carcino
genesis is a multistep process which likely takes place over several years in humans, 
a significant difference from the animal models. It is unlikely that activation of the 
ras proto-oncogene is solely responsible for carcinogenesis in any human or animal 
system. A number of clinical investigations have documented increased expression 
of several oncogenes within the same tumor. Further, the ras oncogene is incapable 
of transforming primary cells in culture without the complementary effect of a 
restricted group of other oncogenes. In transgenic mice experiments, activated ras 
alone will not induce cancer without additional genetic events occurring. Therefore, 
it is likely that ras activation is but one of many important changes in the biology of 
some human breast cancers. Our understanding of these issues is further compli
cated by our ignorance of the precise biochemical role of p21 in cell proliferation. It 
is possible, for example, that moderate elevations of ras p21 may be found in only 
some cells of an individual tumor, but that this expression may be critical for tumor 
progression. It should be noted that immunohistochemical staining for ras is 
generally quite heterogeneous at the single-cell level and that some investigators 
[15] have found the most intense p21 staining in the invasive components of the 
tumor. In this regard, mutated ras has been reported: (a) to increase the metastatic 
ability of some cancer cells [55]; (b) to enhance interaction with laminin in MCF-7 
breast cells [3]; and (c) to affect collagen synthesis in a mouse mammary epithelial 
line [56]. The relevance of these findings to clinical oncology can only be clarified 
by a better understanding of the regulation of ras and the function of its protein 
product. 
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ras and Breast Cancer Prognosis 

Although the biologic significance of ras proto-oncogene activation is unclear, there 
do appear to be increased levels ofp21 and mRNA transcripts in breast cancer, and 
it has been postulated, therefore, that c-ras might serve as a prognostic indicator. 
Two areas of potential importance in this regard are identification of: (a) those 
patients with benign lesions who have a higher risk of developing subsequent 
neoplasia; and (b) those patients within the group of stage I and II cancers with the 
greatest risk of clinical recurrence. 

There are only limited data regarding p21 as a marker of the malignant 
potential of preneoplastic lesions of the breast. Ohuchi et al. [35] reported a group 
of 18 patients with nonatypical (N=8) and atypical (N=10) hyperplasia of the 
breast, followed for 15 years. Four often patients with atypical hyperplasia and one 
of eight patients with nona typical hyperplasia developed breast cancer. Immuno
histochemical staining with RAP-5 distinguished those who subsequently devel
oped cancer (40% cells positive) from those who did not (21 % cells positive). 
Fromowitz et al. [15] noted both atypical hyperplasia and invasive carcinoma in 
the same specimens of two patients; staining with RAP-5 was present in both 
sections, but more intense in the invasive cancer. Lidereau et al. [28] suggested that 
women with rare alleles at the Ha-ras locus might be at greater risk for the 
development of breast cancer, but there are no data to confirm or refute this 
hypothesis. Unfortunately, the only data which exist at the present time are far too 
limited to draw any firm conclusions about this problem. 

Several studies have examined the prognostic significance of abnormalities of 
ras oncogenes in patients with documented cancer. Lundy et al. [30] compared 
immunohistochemical staining of breast cancer specimens with RAP-5 in node
negative patients with a group of breast cancer patients with four or more positive 
nodes. Both the intensity of staining and the percentage of positive cells were 
significantly greater in the node-positive group. Although long-term follow-up data 
were not available on this patient group, prior experience would suggest that the 
node-positive group would have a poorer clinical outcome. A similar correlation of 
p21levels with prognosis was reported by Clair et al. [8], using a different method 
of p21 quantitation. 

Clinicopathologic correlates with the loss of one allele at the Ha-ras locus have 
been presented by Theillet [53]. In a small group of patients, this finding was 
statistically associated with higher grade tumors, lack of estrogen and progesterone 
receptors, but not with axillary node metastases. Follow-up for 1-5 years on these 
patients has shown an increased frequency of distant metastases, but similar rates of 
local recurrence compared with a control group of patients with a normal 
heterozygous phenotype. Cline et al. [9] have also presented clinical data in 54 
primary breast cancer patients with a variety of proto-oncogene abnormalities. 
Allelic deletions of Ha-ras occurred in 15% of patients; this was strongly correlated 
with high grade tumors and clinical progression of cancer within 2 years, but not 
with axillary node metastases. Much larger studies and longer follow-up are needed 
to confirm these preliminary observations. 
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Additional Oncogene Abnormalities in Breast Cancer 

As noted already, it is likely that ras proto-oncogene activation is only one of many 
changes occurring in some human breast cancers. In this regard it should be 
emphasized that several other proto-oncogene abnormalities have been found in 
patients with breast cancer. The study by Cline et al. [9] demonstrated proto
oncogene abnormalities in 58% of 53 patients with primary breast cancer. Three 
patients had more than one abnormality. In addition to allelic deletions of c-Ha-ras, 
the most frequent findings were amplifications of c-myc and c-erb-B2, and allelic 
deletions of c-myb. Cancer progression or recurrence was strongly correlated with 
the presence of multiple proto-oncogene abnormalities. Slamon et al. [48] have also 
found amplifications of c-erb-2 (neu/HER-2) in 189 patients with breast cancer. This 
oncogene was amplified 2- to 20-fold in 30% of tumors, and its expression was 
significantly associated with overall survival and time to relapse. The relationship of 
an increased expression of ras to alterations of structure and expression of other 
oncogenes is unknown and can only be determined by further studies which look 
for multiple abnormalities in the same tumor specimens. 

Conclusions 

Recent developments in the field of oncogene research have provided important 
clues to the pathogenesis and progression of cancer, including human breast cancer. 
As basic research continues, it is likely that our knowledge ofthe roles ofthe various 
oncogenes in the evolution and progression of malignant cell populations will 
increase and perhaps provide the basis for new therapeutic strategies. 

The use of oncogene activation and expression as biological markers of 
aggressive breast cancer is preliminary, but promising. Additional investigations of 
larger groups of patients with longer follow-up will be necessary to confirm early 
expectations. 

Acknowledgment. The work reported in this chapter was supported by Grant 
CA 3940802 (MVV) from the National Institutes of Health. 

References 

1. Agnantis NJ, Parissi P, Anagnostakis D, Spandidos DA (1986) Comparative study of 
Harvey-ras oncogene expression with conventional clinicopathologic parameters of 
breast cancer. Oncology 43: 36-39 

2. Agnantis NJ, Petraki C, Markoulatos P, Spandidos DH (1986) Immunohistochemical 
study of the ras oncogene expression in human breast lesions. Anticancer Res 6: 
1157-1160 

3. Albini A, Graf J, Kitten GJ, Kleinman HK, Martin GR, Veillette A, Lippman ME (1986) 
17 p-estradiol regulates and v-Ha-ras transfection constitutively enhances MCF -7 breast 
cancer cell interactions with basement membrane. Proc Natl Acad Sci USA 83: 8182-
8186 



Significance of Oncogenes in Breast Cancer: Review 79 

4. Barbacid M (1986) Oncogenes and human cancer. cause or consequence? Carcinogenesis 
7: 1037-1062 

5. Barbacid M (1986) Human oncogenes. In: Devita V, Hellman S, Rosenberg S (eds) 
Important advances in oncology 1986. Lippincott, Philadelphia, pp 3-22 

6. Bos JL, Fearon ER, Hamilton SR, Verlaan-de Vries M, van Boom JH, van der Eb AJ, 
Vogelstein B (1987) Prevalence of ras gene mutations in human colorectal cancers. 
Nature 327: 293-297 

7. Chang EH, Furth ME, Scolnick EM, Lowy DR (1983) Tumorigenic transformation of 
mammalian cells induced by a normal human gene homologous to Harvey murine 
sarcoma virus. Nature 297: 479-483 

8. Clair T, Miller W, Cho-Chung Y (1987) Prognostic significance of the expression of a ras 
protein with a molecular weight of 21000 in human breast cancer. Cancer Res 47: 
5290-5295 

9. Cline M, Battifora H, Yokota J (1987) Proto-oncogene abnormalities in human breast 
cancer: correlations with anatomic features and clinical course of disease. J Clin Oncol 5: 
999-1006 

10. Croce C (1987) Role of chromosome translocations in human neoplasia. Cell 49: 155-156 
II. Downward J, Yarden Y, Mayes E, Scroce C, Totty W, Stockwell P, Ullrich A, 

Schlessinger J, Wallen field M (1984) Close similarity of the epidermal growth factor 
receptor and v-erb-B oncogene protein sequences. Nature 307: 521-527 

12. Feramisco JR, Gross M, Kamota T, Rosenberg M, Sweet RW (1984) Microinjection of 
the oncogene form of the human H-ras (T24) protein results in rapid proliferation of 
quiescent cells. Cell 38: 109-117 

13. Fleischman L, Chahwala S, Cantley L (1986) ras transformed cells: altered levels of 
phosphatidyl-inositol 4-5 biphosphate and catabolites. Science 231: 407-410 

14. Forrester K, Almoguera C, Han K, Grizzle WE, Perucho M (1987) Detection of high 
incidence of K-ras oncogenes during human colon tumorigenesis. Nature 327: 298-303 

15. Fromowitz F, Viola M, Chao S, et al (1987) ras p21 expression in the progression of 
breast cancer. Hum Pat hoI 18: 1268-1276 

16. Furth M, Aldrich T, Cordon-Cardo C (1987) Expression of ras proto-oncogene proteins 
in normal human tissue. Oncogene 1: 47-58 

17. Furth ME, David L T, Fleurdelys B, Scolnick EM (1982) Monoclonal antibodies to the 
p21 products of the transforming gene of Harvey murine sarcoma virus and of the 
cellular ras gene family. J Virol 43: 294-304 

18. Ghosh A, Moore M, Harris M (1986) Immunohistochemical detection ofras oncogene 
p21 product in benign and malignant mammary tissue in man. J Clin Pathol39: 428-434 

19. Gibbs JR, Sigal IS, Poe M, Scolnick EM (1984) Intrinsic GTPase activity distinguishes 
normal and oncogenic ras p21 molecules. Proc Natl Acad Sci USA 81: 5704-5708 

20. Goyette M, Petropoulos C, Shank P, Fausto N (1983) Expression of a cellular oncogene 
during liver regeneration. Science 219: 510-512 

21. Hagag N, Haleguoa S, Viola M (1986) Inhibition of growth factor induced differentiation 
of PC 12 cells by microinjection of antibody to ras p21. Nature 319: 680-682 

22. Hagag N, Lacal Je, Graber M, Aaronson S, Viola M (1987) Microinjection of ras p21 
induces a rapid rise in intracellular pH. Mol Cell BioI 7: 1984-1988 

23. Heistercamp N, Stephenson JR, Croffen J, Hausen PF, deKlein A, Bartram CR, 
Grosocid G (1983) Localization of the c-abl oncogene adjacent to a translocation 
breakpoint in chronic myelogenous leukemia. Nature 306: 239-242 

24. Hand PH, Thor A, Wunderlich D, Muraro R, Caruso A, Schlom J (1984) Monoclonal 
antibodies of predefined specificity detect activated ras gene expression in human 
mammary and colon carcinomas. Proc Natl Acad Sci USA. 81: 5227-5231 



80 1. Fiore and M.V. Viola 

25. Hunter T (1987) A tail of two src's: mutatis mutandis. Cell. 49: 1-4 
26. Hurley J, Simon M, Teplow D (1984) Homologies between signals transducing G 

proteins and ras gene products. Science 226: 860-862 
27. Krontiris TG, DiMartino NA, Colb M, Parkinson DR (1985) Unique allelic restriction 

fragment of the human Ha-ras locus in leukocyte and tumor DNAs of cancer patients. 
Nature 313: 369-374 

28. Lidereau R, Escot C, Theillet C, Champene MH, Brunet M, Gest J, Callahan R (1986) 
High frequency of rare alleles of the human c-Ha-ras-l proto-oncogene in breast cancer 
patients. JNCI 77: 697-701 

29. Little CD, Nau MM, Carney DM, Gazdar AF, Minna JD (1983) Amplification and 
expression of the c-myc oncogene in human cancer cell lines. Nature 306: 194-196 

30. Lundy J, Grimson R, Mishriki Y (1986) Elevated ras oncogene expression correlates with 
lymph node metastases in breast cancer patients. J Clin Oncol 4: 1321-1325 

31. Madaule P, Axel R (1985) A novel ras-related gene family. Cell 41: 31-40 
32. Manne V, Bekesi E, Kung H (1985) Ha-ras proteins exhibit GTPase activity: point 

mutations that activate Ha-ras gene product result in decreased GTPase activity. Proc 
Nat! Acad Sci USA 82: 376-380 

33. McGrath J, Capon D, Goeddel D, Levins AD (1984) Comparative biochemical 
properties of normal and activated human ras p21 protein. Nature 310: 644-649 

34. Mulcahy L, Smith M, Stacy D (1985) Requirement for ras proto-oncogene function 
during serum stimulated growth of NIH 3T3 cells. Nature 313: 241-248 

35. Ohuchi N, Thor A, Page DL, Hand PH, Halter SA, Schlom J (1986) Expression of the 
21000 molecular weight ras protein in a spectrum of benign and malignant human 
mammary tissues. Cancer Res 46: 2511-2519 

36. Pellicci PG, Knowles D, MacGrath I, Della-Favera R (1986) Chromosomal breakpoints 
and structural alterations of the c-myc locus differ in endemic and sporadic forms of 
Burkitt's lymphoma. Proc Nat! Acad Sci USA 83: 2984-2988 

37. Pincus MR, van Renswoude J, Harford JB, Chang EH, Carty RP, Klausner RD (1983) 
Prediction of the three-dimensional structure of the transforming region of the EJ(f24 
human bladder oncogene product and its normal cellular homologue. Proc Nat! Acad 
Sci USA 80: 5253-5257 

38. Pulciani S, Santos E, Lanver A, Long LK, Aaronson SA, Barbacid M (1982) Oncogenes 
in solid human tumors. Nature 300: 539-542 

39. Robinson A, Williams ARW, Piris J, Spandidos DA (1986) Evaluation of a monoclonal 
antibody to ras peptide, RAP-5, claimed to bind preferentially to cells of infiltrating 
carcinomas. Br J Cancel' 54: 877-883 

40. Ryan J, Barker PE, Shimizu K, Wigler M, Ruddle FH (1983) Chromosomal assignment 
of a family of human oncogenes. Proc Natl Acid Sci USA 80: 4460-4464 

41. Sap J, Munoz A, Damm K, Goldberg Y, Ghysdael J, Leutz A, Beug H, Vennstrom B 
(1986) The c-erb-A protein is a high affinity receptor for thyroid hormone. Nature 324: 
635-640 

42. Scolnick EM, Papageorge AG, Shih TY (1979) Guanine nucleotide-binding activity as 
an assay for the src protein of rat-derived murine sarcoma viruses. Proc Nat! Acad Sci 
USA 76: 5355-5359 

43. Seeger RC, Brodeur GM, Sather H, Dalton A, Siegel SE, Wong KY, Hammond D (1985) 
Association of multiple copies of the N-myc oncogene with rapid progression of 
neuroblastoma. N Eng J Med 313: 1111-1116 

44. Sherr C, Rettenmier C, Sacca R, Roussel M, Look A, Stanley E (1985) The c1ms proto
oncogene product is related to the receptor for mononuclear phagocyte growth factor 
(CSF-l). Cell 41: 665-676 



Significance of Oncogenes in Breast Cancer: Review 81 

45. Shih TY, Weeks MO, Gruss P, Dhar R, Oroszlan S, Scolnick EM (1982). Identification of 
a precursor in the biosynthesis of the p21 transforming protein of Harvey murine 
sarcoma virus. 1 Virol 42: 253-261 

46. Sinn E, Muller W, Patten gale P, Tepler I, Wallace R, Leder P (1987) Co-expression of 
MMTV/v-Ha-ras and MMTV/c-myc genes in transgenic mice: synergistic action of 
oncogenes in vivo. Cell 49: 465-475 

47. Siamon D1, de Kernion JB, Verma I, Cline M1 (1984) Expression of cellular oncogenes in 
human malignancies. Science 224: 256-262 

48. Siamon D1, Clark GM, Wong SG, Levin W1, Ullrich A, McGuire WL (1987) Human 
breast cancer: correlation of relapse and survival with amplification of the HER-2/neu 
oncogene. Science 234: 177-182 

49. Spandidos D, Wilkie N (1984) Malignant transformation of early passage rodent cells by 
a single mutated human oncogene. Nature 310: 469-475 

50. Studzinski G, Brelvi Z, Feldman S, Watt R (1986) Participation of the c-myc protein in 
DNA synthesis of human cells. Science 234: 467-470 

51. Sweet RW, Yokoyama S, Kamata T, Feramisco 1R, Rosenberg M, Gross M (1984) The 
product of ras is a GTPase and the T24 oncogenic mutant is deficient in this activity. 
Nature 311: 273-275 

52. Theillet C, Lidereau R, Escot C, Hutzell P, Brunet M, Gest 1, Callahan R (1986) Loss of a 
c-H-ras-I allele and aggressive human primary breast carcinomas. Cancer Res 46: 
4776-4781 

53. Thein SL, Oscier DG, Flint 1, Wainscoat 1S (1986) H-ras hypervariable alleles in 
myelodysplasia. Nature 321: 84-85 

54. Thor A, Ohuchi N, Hand PH, Callahan R, Weeks MD, Theillet C (1986) ras gene 
alterations and enhanced levels of ras p21 expression in a spectrum of benign and 
malignant human mammary tissues. Lab Invest 55: 603-615 

55. Vousden KH, Eccles SA, Purvies H, Marshall C1 (1986) Enhanced spontaneous 
metastasis of mouse carcinoma cells transfected with an activated c-Ha-ras-l gene. Int 1 
Cancer 37: 425-433 

56. Warburton M, Ferns S, Hynes N (1986) Collagen processing in ras-transformed mouse 
mammary epithelial cells. Biochem Biophys Res Commun 137: 161-166 

57. Watterfield MD, Scrace GT, Whittle N, Stroobant P, 10hnsson A, Wasteson A, 
Westermark B, Heldin CH, Huang 1S, Deuel TF (1984) Platelet derived growth factor is 
structurally related to the putative transforming protein p28sis of simian sarcoma virus. 
Nature 304: 35-39 

58. Whittaker 1, Walker R, Varley 1 (1986) Differential expression of cellular oncogenes in 
benign and malignant human breast tissue. Int 1 Cancer 38: 651-655 

59. Yarden Y, Kuang W1, Yang-Feng T, Coussens L, Munemitsu S, Dull TJ, Chen E, 
Schlessinger 1, Francke U, Ullrich A (1987) Human proto-oncogene c-kit: a new surface 
receptor tyrosine kinase for an unidentified ligand. EMBO 1 6: 3341-3351 

60. Yokota 1, Tsunetsugu-Yokota Y, Battifora H, LeFevre C, Cline M1 (1986) Alterations of 
myc, myb, and ras-Ha proto-oncogenes in cancers are frequent and show clinical 
correlation. Science 231: 261-265 

61. Zarbl H, Sukumar S, Arthur AV, Martin-Zanca D, Barbacid M (1985) Direct mutage
nesis of Ha-ras-\ oncogenes by N-nitroso-N-methylurea during initiation of mammary 
carcinogenesis in rats. Nature 315: 382-385 



Flow Cytometry 



Measurement of DNA Content of Archival Material 
as a Guide to Prognosis 

D.W. Hedley 

Ludwig Institute for Cancer Research (Sydney Branch), University of Sydney, 
Blackburn Building, N.S.W. 2006, Australia 

Introduction 

Flow cytometry is capable of measuring total DNA content of tens of thousands of 
cancer cells in minutes, with high precision. From such analyses two distinct and 
potentially important pieces of information are obtained; tumour DNA index 
(ploidy) and the percentage of cells in S-phase (% S-phase). There is currently 
optimism that this information will help in the identification of high risk breast 
cancer patients, and DNA flow cytometry is indeed now being offered on a routine 
clinical basis in the United States. Unfortunately, most of the published studies used 
fresh frozen material submitted for steroid hormone receptor analysis, and clinical 
follow-up is at best incomplete. The use of paraffin-embedded archival material 
allows the retrospective analysis of DNA content from defined cohorts of patients 
with known clinical outcome. This chapter outlines the techniques of DNA flow 
cytometry, with emphasis on the use of paraffin-embedded material, and reviews the 
results from three large, recently published series. Although DNA index appears to 
be a relatively weak prognostic indicator, preliminary results show that % S-phase, 
which is strongly linked to both nuclear grade and labelling index, could prove a 
clinically valuable measure of inherent biological aggression. 

Background 

Aneuploidy 

An association between gross chromosomal imbalance (aneuploidy) and poor 
prognosis of a-range of tumour types has been recognised for many years [48, 49]. 
Despite recent technical advances however, detailed chromosome analysis of 
human solid tumours remains difficult. Because of this, cytometric methods have 
been developed which allow total cellular DNA content to be measured. This 
correlates with modal chromosome content, although obviously it gives no 
information about which specific chromosomes are abnormal [8, 56]. Early studies 
using static, microscope-based cytometry confirmed that aneuploidy is indeed 
frequently seen in solid tumours, and in some instances correlated with prognosis 
[1,2, 23].Jt should be noted that because static cytometry is time-consuming, many 
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of the early papers deal with small numbers of cases, and detailed clinicopathologic 
staging techniques were often not employed, thus ignoring the possibility that the 
prognostic significance of aneuploidy might be linked to a correlation with other, 
more powerful prognostic features. 

% S-Phase 

Independently of cytometric measurement of DNA content, the availability of 
tritium-labelled thymidine in the late 1950s allowed the estimation of proliferative 
activity by autoradiography of tumour cells briefly exposed to labelled DNA 
precursor. Thymidine labelling index (TLI) in breast cancer has been investigated 
by a number of groups, and shown to be a major prognostic variable in both 
early and recurrent disease [44,45,51,58]. More recently, preliminary data have 
suggested that high labelling index identifies a subgroup of premenopausal, 
oestrogen receptor (ER)-negative patients with an unusually poor prognosis 
despite having node-negative disease. Adjuvant chemotherapy may be of particular 
benefit in this subgroup [11]. Despite the fact that TLI is a major prognostic 
indicator in breast cancer, its measurement is not in regular clinical use, probably 
because the technical problems of autoradiography are outside the scope of routine 
pathology laboratories. 

Flow Cytometry 

Although flow cytometry came into widespread use as a research tool' during the 
1970s, the systematic investigation of neoplastic diseases goes back only a few years 
[6,8,37,56]. Flow cytometric measurement of cellular DNA content has the 
advantages over static cytometry in being fast (results in less than 1 h of tumour 
excision) and of allowing tens of thousands rather than hundreds of cells to be 
examined. Not only does this improve the resolution of near diploid or small 
aneuploid populations, but it also allows an estimate of % S-phase to be measured 
in most cases, by integration of DNA histograms. It has been shown that % S-phase 
correlates with TLI measured in the same primary breast cancer [40,41]. Thus, 
flow cytometric measurement of cellular DNA content gives potentially important 
information about proliferative activity as well as tumour ploidy. 

Flow Cytometric Technique 

Sample Preparation 

An obligatory first step is the preparation of a suspension of single cells or nuclei. 
Various techniques exist, the choice being dictated by the nature of the sample and 
the cellular properties to be studied (e.g. single-parameter DNA analysis or 
correlated DNA versus light scatter or surface marker). In the study of breast 
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cancer, fresh frozen tissue submitted for steroid hormone receptor analysis is a 
popular source of material, and the rapid staining technique described by Taylor 
[52], which involves detergent lysis in the presence of DNA fluorochrome, is 
particularly well suited. For % S-phase estimates it has been reported that 
disaggregation of fresh, nonfrozen, tissue by collagenase yields results with the 
closest correlation with TLI [40]. 

A range of DNA fluorochromes exists [53]. At suitable concentrations all bind 
to DNA stoichiometrically, i.e. for a given intensity of illumination, fluorescence is 
directly proportional to DNA content. For routine clinical application the inter
calating agents propidium iodide and ethidium bromide are suitable, since they are 
excited at readily available wavelengths and produce intense nuclear fluorescence. 

Machines and Computers 

Flow cytometers incorporate a fluidics system, with which the stained cell 
suspension is made to stream in single file through an optical system comprising a 
light source (laser or arc lamp), suitable filters and one or more photomultiplier 
tubes. Analogue pulses produced as cells flow through the optical system are 
digitised, assigned a numerical value and stored by an electronics system [50]. Flow 
systems are routinely capable of examining several hundreds of cells per second, and 
frequency distribution histograms of cellular DNA content are typically based on 
tens of thousands of cells. Following acquisition and storage of data, the final step is 
analysis. With single-parameter DNA flow cytometry this yields two pieces of 
information, namely DNA index (ploidy) and % S-phase. DNA index is the ratio of 
tumour G j DNA content to normal diploid G j • Nearly all clinical cancer samples 
contain normal host cells, which can be identified by reference to an internal 
biological standard such as chicken red blood cells. For homogeneous populations 
such as cell lines grown in tissue culture, estimation of % S-phase should 
theoretically be simply a matter of counting cells with a DNA content lying between 
the G j and G 2/mitosis peaks. In practice there is uncertainty about assigning a cell 
to these peaks, because of staining and instrumental factors rather than true 
variance in G j DNA content. Some G j or G 2/mitosis cells will therefore overlie 
S-phase cells and vice versa. Estimates of % S-phase are more difficult with tumour 
tissue, mainly because of variable admixture of normal host cells, and partly 
because of these problems they have received less attention than DNA index. In 
published series examining % S-phase, roughly two-thirds of samples overall have 
been considered to give a valid estimate [7, 34, 54, 55, 59]. 

Flow Cytometric Measurement of DNA Content of Human Cancers 

Prognostic Significance of Cellular DNA Content: An Overview 

Tumour types where abnormal DNA index is clearly associated with a poor 
prognosis include carcinomas of the ovary, bladder, lung (non-small cell), kidney 
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and thyroid [24, 33, 46, 57, 59]. In some other cases DNA content is probably not 
related to outcome. Examples include small cell lung cancer, colon and metastatic 
adenocarcinoma of unknown primary site [12,22,30]. Finally, in childhood acute 
leukaemia and neuroblastoma DNA aneuploidy is a favourable prognostic feature 
[25,38,39]. 

In at least some instances DNA index is correlated with other important 
features such as stage, histological grade or patient's age, and this could account in 
part for the prognostic significance of DNA index. Whether or not tumour ploidy 
relates to prognosis probably depends to some extent on the selection criteria used. 
For example, although DNA index is reported not to have prognostic significance 
in gastric cancer, measurement of DNA content of very early cancers by single-cell 
micro densitometry shows a large proportion to be diploid. Since these early stages 
have a favourable prognosis, their inclusion with advanced cases would give the 
overall impression that ploidy was after all prognostically important. Allowance for 
correlations with prognostic features can be made by multivariate analysis, along 
the lines now standard when assessing the effects of treatment on patient outcome in 
randomised clinical trials. 

Prognostic Significance of DNA Content in Breast Cancer 

Because fresh frozen tissue is suitable for DNA flow cytometry there have been a 
number oflarge studies of breast cancer, utilising material sent to the laboratory for 
steroid hormone receptor analysis [17, 19,20, 32, 35, 36, 54]. Most of these studies 
have concentrated on the relationship between DNA index and recognised 
prognostic features such as stage, grade and receptor status. Generally speaking, the 
correlations with stage and receptor status are weak, but probably real, with a trend 
for aneuploid tumours to be of higher stage and receptor negative. 

Although it is probable that more breast cancers have been examined by DNA 
flow cytometry than any other tumour type, the prognostic significance of 
aneuploidy remains uncertain. This is because most series include all disease stages, 
with patients treated in various ways and with follow-up relatively short for a 
disease which characteristically relapses late. Because of this problem of follow-up 
we looked at the possibility of using formalin-fixed, paraffin-embedded tissue as a 
source of material for DNA flow cytometry [27, 29]. 

Methodfor Measuring DNA Content in Paraffin-Embedded Tissue 

The first step is to select a block containing an adequate proportion of tumour cells. 
If DNA index is all that is required, a few percent tumour cells would probably be 
sufficient to give an identifiable aneuploid G 1 peak. Measurement of % S-phase 
would however be more reliable if the proportion of nonmalignant cells were kept 
to a minimum. With a conventional tissue section as a plan it is possible to trim 
away areas of nonmalignant tissue in a parallel thick section intended for flow 
cytometry. 
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The actual method has been given in detail, and in brief involves the cutting of 
thick microtome sections (to minimise debris from partially sectioned nuclei), 
followed by dewaxing and rehydration [27,29]. Nuclei can then be extracted by 
incubation with acidic pepsin, washed and stained for flow cytometry. In our 
laboratory we use an ICP22 flow cytometer for single-parameter DNA work. This 
gives excellent DNA histograms with the added advantage of using mercury arc 
lamp illumination, so allowing the ultraviolet-excited fluorochrome DAPI to be 
used. In our hands DAPI gives better resolution than the intercalating dyes, 
although other laboratories use propidium iodide, which can be excited by a readily 
available emission line from an argon ion laser. 

Representative DNA histograms are shown in Fig. 1. The simplest are made up 
of diploid tumours. These show a single major peak with a DNA content 
corresponding to G o/G 1 of the cell cycle. Cells in G 2 or mitosis form a second peak 
with twice this DNA content, while cells in the process of replicating their DNA 
appear as an S-phase plateau between the two peaks. The majority of human solid 
tumours are aneuploid, usually containing a second G 1 peak of greater than diploid 
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Fig. la-d. DNA histograms obtained from paraffin-embedded material. Numbers in bold 
type are DNA indices; histogram a (DNA index = 1.0) is diploid, b-d show DNA aneuploidy. 
Cell cycle phase distribution and coefficient of variance (C.V.) of diploid G 1 peak are given 
for three histograms (a, b, d). Histogram c is multiple aneuploid, and cell cycle analysis could 
not therefore be performed. Horizontal axis DNA content; vertical axis cell count x 10- 3 
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DNA content, while a significant proportion (roughly 10%) of breast cancers 
contain more than one aneuploid population. Estimates of % S-phase can be made 
with computer programs. Most of these use algorithms intended for homogeneous 
populations, and not all are suitable for tumour biopsies. Multiple aneuploid 
tumours are unsuitable for S-phase estimates, and paraffin-embedded tissue is 
probably not as good as fresh material because it is less easy to trim away 
nonmalignant tissue. Despite these problems % S-phase should be taken seriously 
because it is related to the major prognostic feature, TLI. 

Results in Paraffin-Embedded Tissue 

DNA Index 

To date three large series have been published describing prognostic significance of 
DNA index measured in paraffin-embedded tissue. Detailed statistical analysis, 
including the use of Cox proportional hazard models, was performed in all cases. 
Details of relations between DNA index and other prognostic features are 
summarised in Table 1, which also gives an outline of the study population and the 
dates of the samples. Although all three studies are of operable primary breast 
cancer, they have important differences in detail. 

Leiden, Netherlands. This is the largest study [16], a total of 685 breast cancers 
being examined. Of these 233 were analysed in fresh tissue and the remainder in 
paraffin blocks. A total of 120 were excluded from detailed analysis, the main 
reasons being the development of a second primary cancer or insufficient material 
for DNA flow cytometry. Of the remaining 565, there were 118 VICC stage I 
patients, 291 stage II, 118 stage III and 12 stage IV. The patients were also 
subdivided by pathological staging of the axilla as shown in Table 1. There was a 
higher incidence of diploid tumours in paraffin-embedded tissue (34%) compared 
with fresh tissue (22%), probably because of the lower resolution usually obtained 
for the former. Postoperatively 355 received radiotherapy, but adjuvant chemother
apy was only used in 58 premenopausal node-positive patients. 

There was a significant trend for small ( < 2 cm diameter) tumours to be diploid, 
while extensive axillary lymph node involvement (i.e. ten or more nodes involved) 
was associated with a very high incidence of aneuploidy. Overall there were no 
significant associations between DNA index and TNM stage or ER status. Ploidy 
was not associated with a difference in locoregional recurrence rates. As shown in 
Fig. 2, both overall and distant relapse-free survival were better with diploid 
tumours. Within defined subgroups a statistically significant trend in favour of 
diploid tumours was observed for node-positive postmenopausal, four or more 
positive nodes and for stage III disease. For premenopausal node-positive patients 
and for patients with disease recurrence, DNA index was not prognostically 
significant. Multivariate analysis with a Cox proportional hazard model showed 
that DNA index was an independent prognostic variable for overall survival, 
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Fig. 2 a, b. Leiden series. a Overall; b distant disease-free survival. D diploid; A aneuploid. 
Time to local recurrence was not influenced by DNA ploidy (not shown). Reproduced by 
permission, Alan R. Liss Inc 

although of only borderline significance for distant relapse-free survival. This 
impact appeared to be confined to postmenopausal patients. 

Nottingham, England. This study [18] has the longest median follow-up, the 
patients comprising a consecutive series under the care of a single surgeon. They 
represent a particularly well-studied group where a detailed investigation of various 
clinicopathological features has been previously used to derive the Nottingham 
Prognostic Index. The tumours were subsequently examined to see whether DNA 
index was an additional prognostic feature. Lymph node status was available in 350 
patients, and 166 had at least one positive node. There were 123 premenopausal and 
225 postmenopausal patients. No patients received systemic adjuvant treatment. 

There was a strong correlation between DNA index and histological grade 
(modified Bloom and Richardson) and also with menopausal status. The presence 
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of a diploid DNA index correlated with small size (P <0.02) and there were 
nonsignificant trends for lymph node-negative or ER-positive tumours to be 
diploid. Overall there was a strong correlation between DNA index and grouping 
by the Nottingham Prognostic Index (which takes into account size, histological 
grade and lymph node status). Overall and disease-free survival curves are shown in 
Fig. 3. When overall survival was measured at 3 years, or when the aneuploid group 
was limited to those with DNA index = 1.2-1.9, there was a statistically significant 
survival advantage for patients with tumours of DNA index = 1.0. Similarly, for 
small ( < 2.0 cm diameter) tumours and for postmenopausal patients, diploidy was a 
favourable predictor of survival. It should be noted, however, that even within these 
selected subgroups the impact of DNA index on survival only just reached 
conventional statistical significance. 

a 

'" e! 

~ .. 
~ 

<5 

'" 

b 

100 .-"1-""'----_ 

o 
A 

141 140 138 136 I3l 124 112 107 101 96 IKl 74 54 48 27 27 0 

213 210 203 188 172 160 151 144 138 127 108 101 72 63 44 37 A 
o I I I I I I I I I I I I I I I I 
o 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 

Time (months) 

100 

80 

60 

40 

141 134 124 119 112 103 95 89 82 76 66 62 48 46 27 24 

213 200 178 154 135 128 120 112 105 97 'D 84 60 58 39 35 
o I I I I I I I I I I I I I I I I 

0 6 12 18 24 30 36 42 48 54 6066 72 78 84 90 
Time (months) 

0 
A 

0 

A 

Fig. 3a, b. Nottingham series. a Overall survival; b disease-free survival. D diploid; A 
aneuploid. Reproduced by permission, Butterworth Ltd 
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Sydney, Australia. The unique features of this particular study [28, 31] are that all 
patients had positive axillary lymph nodes and all were randomised onto one of a 
series of interrelated trials of adjuvant treatment (Ludwig Breast Cancer Study 
Group Trials I-IV). Of the 490 blocks examined only 106 came from Sydney, the 
remainder being from Ljubljana, Yugoslavia (244 blocks), Wellington, New 
Zealand [54], Cape Town, South Africa [54] and Goteborg, Sweden [32]. The 
ability to amass samples from five different countries emphasises the utility of using 
paraffin-embedded tissue. Of the 490 blocks received, DNA histograms were 
obtained for all but 5. Subsequently, 12 patients were found to be ineligible for the 
trial, leaving 473 for detailed analysis. Of these, 165 were diploid, 51 multiple 
aneuploid and the remainder single aneuploid. As was noted with the Leiden series, 
the incidence of diploid tumours (35%) was noticeably higher than the 21 % 
reported by this group in an earlier series with fresh tissue [54]. Of the diploid 
samples, 45 produced G 1 peaks with a coefficient of variance > 5%, and might 
therefore have been composites of diploid plus a near diploid tumour cell 
population. Although in some instances these samples were treated as a separate 
group, the distinction was probably too strict; nearly all had a coefficient of variance 
< 8 %, their clinical correlates and outcome were similar to the better quality 
diploid histograms. It is in a sense unrealistic to set a cutoff, given that even good 
quality "diploid" histograms could harbour chromosomal defects such as trans
locations, deletions or double minutes, known to be associated with profound 
alterations of cell function in some instances. 

The relationship between DNA index and other variables is shown in Table 1. 
There was a highly significant correlation between tumour ploidy and tumour 
grade (Bloom and Richardson), and weaker though still significant correlations 
with oestrogen and progesterone receptor status and with the number of positive 
axillary lymph nodes. In particular, heavy (i.e. ten or more) lymph node involve
ment was strongly correlated with an abnormal DNA index, as was found in the 
Leiden series. There was a highly significant tendency for aneuploidy to predomi
nate in the postmenopausal patients, similar to that found in Nottingham. 

When disease-free and overall survival were examined, patients with diploid 
tumours fared better than those with aneuploid tumours (Fig. 4). Subdividing the 
aneuploid group by actual DNA index not reveal any significant differences, and in 
particular, survival for patients with multiple aneuploid tumours was no worse than 
that of the rest of the aneuploid group. Multivariate analysis with a Cox 
proportional hazard model shows that tumour ploidy does not have independent 
prognostic significance - nodal status and menopausal status being more important 
prognostic factors. It should be noted that all premenopausal patients received 
adjuvant chemotherapy, and this may have influenced the results. The postmeno
pausal patients were examined by randomised treatment (observation, tamoxifen or 
tamoxifen plus chemotherapy), and the effect of DNA index on survival was found 
to be similar in all groups. In other words, DNA index did not identify a subgroup 
for whom adjuvant treatment was particularly beneficial. 

Conclusions. Together the three series comprise 1392 patients with a median 
follow-up in excess of 5 years, and although the survival curves cannot be directly 
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compared because of differences in selection criteria and treatment, it is interesting 
to note some striking similarities. All three show weak trends for diploid tumours to 
be small, ER-positive and to have a lesser degree of axillary lymph node 
involvement. There were stronger trends for aneuploid tumours to be associated 
with involvement of ten or more axillary lymph nodes, to occur in postmenopausal 
patients and to be of higher histological grade. Disease-free and overall survival was 
somewhat better for diploid tumours in all series and there were no instances of a 
subgroup where aneuploidy was a favourable prognostic feature. It should be noted 
however that multivariate analysis indicated that DNA index was not a major 
prognostic feature, and that no study was able to identify a subgroup where DNA 
index had a particularly powerful impact on survival. Both the Leiden and the 
Nottingham studies showed that DNA index had a greater effect on survival in 
postmenopausal patients. However, the results from the Sydney study do not 
suggest that adjuvant endocrine or chemoendocrine therapy is of particular value in 
node-positive postmenopausal patients with aneuploid tumours. 
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% S-Phase 

In contrast to tumour ploidy, surprisingly little has been published about flow 
cytometrically determined % S-phase and prognosis in the solid tumours, although 
it is now recognised that high % S-phase is a bad prognostic feature in non
Hodgkin's lymphomas [9, 13,42]. A correlation between high % S-phase and 
receptor negativity or high tumour grade has been noticed in some studies with 
fresh frozen breast cancers, as has a strong relationship between diploid DNA 
content and low % S-phase [34,36,41,47], although how far this simply reflects 
the dilutional effect of nonmalignant cells remains to be established. Intuitively one 
would expect % S-phase to correlate with TLI, and this has now been demonstrated 
[40, 41]. This is an important result, because % S-phase estimates are much faster 
(and cheaper) than TLI. Because labelling index is a powerful prognostic determin
ant in both early and advanced breast cancer one would expect the same for 
% S-phase, and this was investigated in the Sydney study, with the DNA 
histograms originally generated for determining tumour ploidy. 

The major problem with % S-phase estimates for clinical samples is admixture 
of nonmalignant cells, which is only partly overcome by selecting paraffin blocks 
containing substantial amounts of tumour. Additional problems are variability of 
% S-phase at different sites within a tumour and the presence of excessive cellular 
debris or multiple aneuploid populations. Furthermore, Mauro et al. [43] have 
published preliminary data suggesting that % S-phase might after all overestimate 
labelling index, perhaps because of arrest in S-phase. In contrast to DNA index, it is 
difficult to give precise criteria for accepting a % S-phase estimate as valid. In the 
Sydney series 285 of 473 histograms were judged to give a reliable % S-phase [31], a 
proportion similar to that reported by others [7,34,55,59]. Unlike DNA index, 
a high % S-phase was not associated with nodal or receptor status, but there 
was a strong correlation with tumour grade, as has previously been observed for 
TLI (44). The prognosis for high % S-phase tumours was significantly worse than 
for low % S-phase (Fig. 5), multivariate analysis showing that this was largely 
explained by its correlation with tumour grade. It is of interest, however, that within 
the tumours with % S-phase> to, the grade did not give additional prognostic 
information. These results suggest that further refinements in % S-phase measure
ments might be of considerable clinical utility. A recent series of 93 patients from 
Tampere, Finland [34] produced results remarkably similar to the Sydney series, 
and likewise concluded that % S-phase was a more powerful prognostic indicator 
than DNA index. 

Role of Image Analysis 

The earliest studies of cellular DNA content in breast cancer used single-cell 
microdensitometry of Feulgen-stained slide preparations. In contrast to flow 
cytometry, individual cells are selected for measurement by a microscope-based 
system. This has the advantage of confining measurements to the malignant cell 
population, the normal diploid standard being derived from adjacent normal duct 
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Fig. 5 a, b. Sydney series. Effect of % S-phase on prognosis. a Overall survival; b disease-free 
survival. Note that fewer samples could be assessed for % S-phase than for DNA index 

epithelial cells. Because the technique is somewhat time-consuming, DNA histo
grams produced in this way typically contain at most a few hundred cells, and the 
resolution is therefore less than that seen with flow cytometry. 

Atkin's 1972 study [1] showed that patients with near diploid tumours had a 
significantly better 8-year survival when compared with those with triploid
tetraploid tumours. A greater proportion of triploid-tetraploid tumours showed 
involvement of axillary nodes or were of "poor" histological differentiation, a 
finding reminiscent of the more recent flow cytometry studies. 

Comparison of flow cytometry and image analysis of the same specimen shows 
good overall agreement, although flow cytometry proved better at resolving near 
diploid aneuploid populations, whereas image analysis detected small numbers of 
cells with gross aneuploidy not identified by flow cytometry [14, 15]. Aneuploid 
DNA histograms obtained by image analysis also contain fewer accessory diploid 
cells than those obtained with flow cytometry, because of the rejection of 
nonmalignant cells. 
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The value of image analysis-derived DNA cytometry as a guide to prognosis in 
breast cancer has been re-evaluated in detail by Auer and co-workers in Stockholm 
[3, 5]. The material used comprises archival fine needle aspiration biopsy samples, 
which has the advantages of providing well-dispersed single cells with a relatively 
small admixture of nonmalignant cells. Histograms of DNA content are subdivided 
into four classes. Type I are characterised by a diploid modal DNA content; type II 
either tetraploid or tetraploid plus diploid, but with a low % S-phase; type III a 
diploid peak with a second peak lying between diploid and tetraploid; type IV a 
very pronounced and irregular aneuploidy, with DNA amounts per cell ranging 
from levels near 2 c up to values beyond 6 or even 8 c [3]. Although a high 
proportion of small primary tumours detected by mammographic screening were 
diploid [21], more advanced tumours showed remarkable stability of DNA 
content, repeat samples of recurrences taken up to 12 years after original biopsy 
showing in nearly all cases an identical type of DNA histogram, i.e. when clinically 
apparent, diploid tumours did not evolve into aneuploid tumours [4]. In contrast 
to the flow cytometric studies of archival material, DNA content determined by 
single-cell microdensitometry of the fine needle aspirates was found to be of major 
prognostic significance in breast cancer patients selected for either death from 
cancer within 2 years or survival beyond 15 years [5]. Of the 36 patients surviving 
beyond 15 years, 78% showed either type lor type II tumours, whereas 91 % of 42 
short-term survivors had either type III or type IV tumours. A recent study from 
Perth, Australia, which subdivided tumours simply into diploid or aneuploid, 
shows a similar strongly favourable outcome for patients with diploid tumours 
[26]. 

The apparent contradiction, that DNA content measured by static cytometry is 
of major prognostic significance while flow cytometric measurement does not, 
needs explaining. Image analysis, although slower than flow cytometry, has 
the advantage of examining cancer cells only, without admixture from normal 
host cells. It is possible that some "highly aneuploid" samples might in fact be high 
% S-phase hyperdiploid tumours, and that proliferation rather than chromosome 
content is the main reason for their bad prognosis. In any event, image analysis 
might receive greater attention in the near future. With recent technical refinements 
equipment is cheaper and easier to maintain than flow systems, and may well be 
acquired by routine pathology laboratories for quantitating oestrogen receptor 
status measured immunocytochemicaly. It should also be possible simultaneously 
to produce rapid and reliable labelling index data by brief exposure offresh tumour 
tissue to the thymidine analogue bromodeoxyuridine (BrUdR) followed by 
immunocytochemical staining with monoclonal antibodies to BrUdR. 

Conclusions: Prognostic Significance of Cellular DNA Content 
in Early Breast Cancer 

We have seen how, despite early optimism, flow cytometrically determined tumour 
ploidy has not proved a useful guide to prognosis. It is interesting to speculate why 
this is the case. All cancers must start from diploid cells, and indeed very early breast 
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cancers detected by mammographic screening are reportedly mainly diploid [21]. 
Despite the presence of gross chromosomal imbalance or multiple stem lines, 
aneuploid tumours do not behave in a particularly aggressive fashion when 
allowance is made for their association with more advanced stages, and this 
suggests that aneuploidy is something which happens to tumours as they evolve, 
rather than being a driving force in neoplastic progression. Recent evidence from 
recombinant DNA technology suggests that biological aggression might be related 
to abnormal functions of a limited number of genes [IOJ, and major alterations in 
the genetic constitution of cancer cell lines might therefore be found in tumours with 
an apparently diploid DNA content. 

In contrast to DNA index, % S-phase shows considerable promise as a useful 
clinical marker for bad prognosis breast cancer. It would be of interest to examine 
its impact on survival in node-negative patients, particularly since the Milan group 
report that high TLI, ER-negative premenopausal patients have a particularly bad 
prognosis unless treated with adjuvant chemotherapy [11]. However, before flow 
cytometric measurement of % S-phase can be used generally, further technical 
refinements as needed to allow analysis of multiploid tumours and more import
antly to gate out nonmalignant cells. To do so will probably require the devel
opment of multiparametric staining, with a second parameter specific for malignant 
cells. Considerable progress is being made in this field, for example with monoclonal 
antibodies to oncogene products [60J, and the clinical investigation of flow and 
image cytometry should be pursued with vigour. 
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Introduction 

There is a pressing need for the further definition of prognostic factors capable of 
defining the clinical course of patients with primary breast cancer. Current data 
suggest that approximately 50% of women will present with node-negative (N - ) 
disease, 35% with node-positive (N +) disease, and 15% with metastases [37]. Of 
these patients, 25% with N - and 60% with N + will develop locally recurrent or 
metastatic disease over a 10-year follow-up period. Adjuvant chemotherapy and/or 
endocrine therapy following primary treatment provides potentially curative 
treatment for an additional 10%-25% of patients with N + disease, and current 
trials suggest benefit in N - patients [35]. For patients with primary operable 
breast cancer, a continuing clinical dilemma related to the use of adjuvant therapy is 
the need to treat all patients of a given stage in order to provide effective treatment 
for only a small proportion of the population. Although tumor size, histologic 
grade, and steroid receptor status provide information suggesting recurrence risk 
for large groups of patients, there remains no satisfactory tool for accurate 
prediction of recurrence in the individual. 

The utilization of thymidine labeling (H 3) studies to define tumor kinetic 
parameters was a major step forward in tumor biology [29, 38, 39]. This procedure 
however, requires fresh tissue, radioactive materials, and is time-consuming, 
making wide usage unlikely. Nevertheless, [H 3] thymidine-derived kinetic para
meters clearly are related to breast cancer recurrence and excellent reviews are 
presented in this monograph. More recently, flow cytometry (FC) techniques have 
been used to characterize malignant tumors [5, 16]. Flow cytometry is a rapid, 
highly automated procedure which allows calculation oftumor ploidy as well as cell 
cycle parameters. Recent studies have demonstrated that paraffin-embedded spe
cimens as well as frozen or fresh tissues can all be used for FC analysis [17, 18]. In 
this chapter we will present the results of our FC studies on both fresh 
frozen and paraffin-embedded tissues, will compare our results with those of 
others, and will attempt to define the current role for this methodology in patient 
management. 

Ragaz/Ariel (Eds.), High-Risk Breast Cancer 
© Springer-Verlag Berlin· Heidelberg 1989 
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Materials and Methods 

Flow Cytometry Analysis 

Breast cancer tissue that remained after removal of a sample used for steroid 
receptor assay was frozen (- 70°C), stored, and later used for cell kinetic and DNA 
analysis. The procedure used was a modification ofthat described by Thornthwaite 
et al. [42]. Frozen tissues were thawed and cut into small pieces in a nuclear 
isolation medium containing standard Dulbecco's phosphate-buffered saline with 
50 J.lg/ml propidium iodide (specific DNA fluorescent stain), 0.6% NP-40, and 
37 J.lg/ml RNAase. The suspension was passed through a nylon mesh to remove 
unfractionated tissues and other large debris, diluted to approximately 106 nuclei 
per milliliter nuclear isolation medium, and analyzed in a TPS-l or TPS-2 flow 
cytometer (Coulter Electronics). The nuclei were excited by a 488-nm beam from a 
Spectra Physics argon ion laser, and the red fluorescent emission was measured 
with a 51O-nm barrier filter and a 520-nm absorbance filter. The resulting DNA 
histogram was generated by counting at least 50000 nuclei. 

For paraffin-embedded fixed tissues the procedure used was that of Hedley et al. 
[17J as modified in our laboratory. Fixed tissues were cut into 30- to 50-J.lm sections 
and deparaffinized with two changes of 3-4 ml xylene for 10 min at room temper
ature. The samples were vortexed well during incubation and 3-4 ml of 100% 
ethanol were added for 10 min. After the tissue had sedimented to the bottom of the 
tube, the supernate was discarded and the same procedure repeated with 95%, 70%, 
and 50% ethanol. The last ethanol dilution was removed and the cells washed with 
5 ml water; water was then removed and 1 ml 0.5% pepsin in 0.9% NaCI pH 1.8 
added. The sample was then incubated at 37°C for 30 min in a rapid-shaking water 
incubator. Afterwards, 3-4 ml Dulbecco's phosphate-buffered saline (PBS-A) was 
added to increase the pH (and inhibit pepsin) and the debris was allowed to settle for 
1 min. The supernate containing the cell suspension was then removed and 
centrifuged at 200 g for 10 min at 4°C. The supernate was again removed and a 
second 3-4 ml PBS-A was added and this step repeated. To the final pellet of cells, 
1-2 ml nuclear isolation medium was added and the mixture analyzed on the 
Coulter TPS-2 fluorescent activated cell sorter. 

For both frozen and paraffin-embedded tissue, ploidy and cell kinetic status 
were determined by mixing propidium iodide with prepared nuclei. A comparison 
of the tumor histogram with the histogram containing normal diploid nuclei 
(normal white blood cell nuclei for frozen tissue analysis and nuclei from deparaffin
ized normal human liver tissue for paraffin-embedded samples) allowed for the 
detection of aneuploidy (Fig. 1). 

If an aneuploid peak was observed, the ratio of the G 1/0 tumor DNA channel 
peak to the G 1/0 diploid channel peak was defined as the DNA index. A DNA index 
of 1.00 ± 0.04 was defined as a diploid tumor. 

The cell kinetic activity for frozen tissues was determined from the DNA 
histogram data by the Fried program [14, 15] which fits the data to a gaussian 
distribution. The S-phase activity was the percentage of S-phase nuclei in the DNA 
histogram, while the proliferative index (PI) was the percentage of S + Gz nuclei in 
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Fig. la-d. DNA histograms. a Benign 
breast tissue. b Diploid breast cancer; 
2 N, diploid DNA content; 4 N, nor
mal tetraploid DNA (G2 , M). c Aneu
ploid breast cancer; I, G '/0 peak for 
aneuploid tumor; II, G 2/M peak for 
aneuploid tumor. d Aneuploid breast 
cancer in c after addition of normal 
human diploid WBC. Note increase in 
diploid peak and decrease in aneu
ploid G,/o and G 2/M peaks due to 
dilution by normal cells 

a c 

o ~~=./}."'-:"-_~_ ~~-':'=L'--"J~==lI,,--
2N 4N 2N 4N 

DNA Content (Relative) 

the DNA histogram. For paraffin-embedded sections the method of Baisch et al. 
was used which calculates histogram areas by a rectangular fit program [4]. 

Steroid Receptor Assay 

Tumor samples submitted for steroid receptor analysis were received under dry ice 
from local and surrounding areas and were processed by the steroid receptor 
laboratory at the Bowman Gray School of Medicine. The steroid receptor assays 
were performed by either the sucrose density gradient or the dextran-coated 
charcoal procedure as described previously [23]. Receptor activity ~ 10 fmol per 
milligram protein was defined as a steroid receptor-positive value for both estrogen 
and progesterone receptor (ER and PRJ. Quality control ofthe assay procedure was 
maintained by analyzing reference standards in conjunction with the tumor assay. 

Histologic Review 

When possible representative sections of tissues received by the steroid receptor 
laboratory were reviewed histologically to determine percentage tumor (tumor cells 
divided by the sum of tumor cells plus stromal cells) by standard staining 
procedures [3]. In addition, a random sample from each group was selected and 
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compared with the original histologic material used for diagnosis. Tumor grading 
criteria were those established by the National Surgical Adjuvant Breast Project; 
grade 1 tumors were well differentiated and grade 3 tumors were poorly differ
entiated [12]. 

Clinical Evaluation 

For studies done on frozen tissues, clinical information was obtained from review of 
the patient's chart or from questionnaires sent to referring physicians. When 
possible all original pathology reports were reviewed, and information related to 
histologic type and grade, tumor size, and nodal status were recorded. Follow-up 
data for patients with stage I and stage II disease were obtained by submitting 
questionnaires at intervals of 6 months or less to referring physicians. 

For analysis of archival, paraffin-embedded material from patients with N
breast cancer, a list of appropriate patients who had at least a 3-year follow-up was 
obtained from the North Carolina Baptist Hospital tumor registry. An equal 
amount of disease-free and relapsed patients were randomly selected for review and 
the clinical data obtained from chart follow-up and tumor registry data. 

Results 

DNA Distribution, % S-Phase, and Proliferative Index 

FC studies were done on 226 patients with fresh frozen tissues [37]. Of the 226 
samples, 10 were removed from analysis as histologic evaluation of submitted tissue 
failed to reveal malignancy. Of note, one of these patients had aneuploidy and a 
DNA index of 0.86. In review, this proved to be a cystosarcoma phylloides lesion. Of 
the remaining 216 patients, 27 had tumor tissue which contained between 1 % and 
10% malignant cells. All patients had ER assays, 92% had PR assays, all had 
analysis of ploidy status, and 177 had analysis for S-phase and PI. A total of 39 
DNA histograms were not suitable for cell kinetic determination owing either to 
inadequate separation of diploid and aneuploid peaks or to the interface between 
G t and S or Sand G2. We prefer to use PI, the sum ofS- and G2-phases divided by 
the entire area under the histogram, as a measure of cell kinetic activity. PI only 
requires distinguishing the GdS interphase and not the S/G2 interface; the 
measurement of S-phase activity requires two discrimination points (i.e., the G dS 
interface and S/G2 interface). PI therefore, might be less prone to errors. In addition, 
correlation between S and PI values for our data was 0.91 (P<0.05). Scattergrams 
of the comparisons of % S-phase versus PI, % G 2-phase versus PI and % S-phase 
versus % G2-phase are presented in Fig. 2. Since the major component of PI 
consists of cells in S-phase, the highly significant correlations between S and PI, and 
G2 and PI are not unexpected. There is no correlation between the percentage of 
cells in G 2 and the percentage of cells in S. Both % S-phase and PI values are 
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Fig. 2a-c. Scattergrams. a % S-phase vs PI, b % G 2-phase vs PI, c % S-phase vs 
% G2-phase 

presented in this chapter to facilitate comparison of our data with those of other 
investigators. 

The results of ploidy and cell cycle analysis for frozen tissues are summarized in 
Table 1. In all, 54% of patients had aneuploid cell lines whose predominant clonal 
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Table 1. Frozen tissue-ploidy and cell kinetic analysis 

n (%) 

Total patients studied 226 
No tumor tissue in specimen 10 
Total evaluable 216 (100) 
Ploidy status 

Diploid 100 (46) 
Aneuploid 116 (54) 

Cell kinetic data 
Number evaluable 178 (100) 

Cell cycle phase Mean ±SD (%) Range (%) 

G I/O 76.8± 10.0 28.5-95.1 
S 15.4± 8.6 1.6-69 
G2 7.7± 4.2 1.0-29.1 
S+G2 23.1 ± 10.0 4.9-71.5 

form was in the DNA index range 1.5-1.9. For 177 patients with interpretable 
histograms, the Gl/o-phase, S-phase, and Gz-phase were 76.8%,15.4%, and 7.7%, 
respectively. The relationship of ploidy to % S-phase or PI is presented in Fig. 3. 
Aneuploid tumors are associated with a higher % S-phase or PI (P < 0.05), but there 
is a wide overlap in the distribution of S-phase activity within each ploidy category. 

A comparison of PI, ploidy, and steroid receptor status is presented in Table 2 
which shows that 53% of patients had ER-positive and 46% PR-positive malig
nancies. Moreover, 30% of the patients were ER+/PR+, 16% ER+/PR-, 9% 
ER - /PR +, and 30% ER - /PR -, percentages comparable to the distribution of 
steroid receptors from other published studies. Tumor lacking steroid receptors had 
a significantly higher PI and higher probability of being aneuploid than tumor 
containing receptors. The difference in PI for ER + versus ER - and PR + versus 
PR - receptor groups is highly significant (P < 0.001 and P < 0.05, respectively, 
t-test). The difference in the frequency of aneuploidy between the receptor groups is 
only significant for ER (P = 0.02, xZ-test). When receptor data are analyzed in paired 
groups for ER and PR, there is a highly significant difference in PI between the four 
groups (P<O.OOOl), but not in percentage aneuploidy (P=0.12). However, within 
ER + and ER - groups, there are no significant differences in PI related to 
progesterone receptor status. 

The relationship of ploidy and PI to age, tumor size, histologic grade, and stage 
is presented in Table 3. Unfortunately, complete information was not available for 
many patients. There was a statistically significant difference in PI (P = 0.03), but 
not ploidy status (P=0.73), when patients were stratified into age groups above or 
below 50 years. Tumors greater than 2 cm tended to have a higher PI and were 
more frequently aneuploid, but the numbers of patients are too small to draw firm 
conclusions. For tumor grade, however, analysis revealed that poorly differentiated 
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2.5 7.5 12.5 17.5 22.5 27.5 32.5 >35 

I Aneuploid ------1 

2.5 7.5 12.5 17.5 22.5 27.5 32.5 >35 
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I Aneuploid I I Diploid I 

Proliferative Index 

-Fig. 3a, b. Histograms. a Ploidy vs % S-phase, b ploidy vs PI 

tumors had a significantly higher PI (P=O.Ol), but similar ploidy status to tumors 
which were well differentiated. Finally, a comparison of flow characteristics for 
N +, N -, and metastatic lesions was conducted. The distribution of the DNA 
index for these three groups are presented in Fig. 4 and reveal similar ploidy status. 
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Table 2. Receptor status vs flow cytometry data 

S-phase Proliferative index Ploidy status 
n Mean±SD n Mean±SD n % Aneuploid 

Receptor status 
ER+ 93 12.9 ± 6.8 93 19.8± 7.7 114 46 
ER- 85 18.1 ±9.0 85 26.8 ± 10.9 102 63 
PR+ 76 13.5 ± 6.4 76 20.3± 7.5 92 46 
PR- 88 17.3±9.9 88 25.0± 11.0 107 62 

ER/PR status 
ER+/PR+ 62 12.4± 6.2 62 19.0± 7.1 74 43 
ER+/PR- 25 14.5± 8.4 25 20.6± 9.1 32 50 
ER-/PR+ 14 18.0± 5.3 14 26.3± 6.6 18 56 
ER-/PR- 63 18.5± 10.? 63 26.7 ± 11.2 75 67 

ER (fmoljmg protein)a 
0-3 67 18.3±1O.0 67 26.8 ± 11.5 80 65 
3-10 18 17.4± 7.7 18 27.0± 8.5 22 55 

10-50 51 13.1± 6.6 51 20.0± 7.3 64 48 
50-100 19 12.2± 5.7 19 18.7± 7.2 24 38 
> 100 23 13.1± 8.3 23 20.1 ± 8.9 26 46 

PR (fmol/mg protein) 
0-3 91 17.0± 10.0 91 25.2 ± 11.4 112 61 
3-10 11 16.0± 6.9 11 25.4± 8.0 12 50 

10-50 30 13.6± 5.9 30 20.9± 7.4 35 51 
50-100 19 13.0± 5.1 19 19.3± 6.7 26 38 
> 100 27 13.6± 7.8 27 20.5± 8.3 31 45 

a 0-3 fmol/mg protein, negative; 3-10 fmol/mg, borderline; > 10 fmol/mg, positive. 

Patients with histologically positive nodes (Fig. 4) had a higher mean proliferative 
index than those who were N -, and in addition, there was a trend for patients with 
four or more positive nodes to have a higher PI than those with three or fewer 
positive nodes. Patients who had FC analysis done on metastatic lesions had a 
slightly higher mean PI than those with N + and a substantially higher PI than 
those with N - tumors. 

Flow Cytometry Data and Prognosis 

To determine the role of FC characteristics and prognosis we have initially focused 
our efforts on N - patients with primary operable disease. The large majority of 
these patients are not treated with systemic adjuvant therapy, making analysis of 
disease-free survival and overall survival less likely to be confounded by treatment 
variables. In these initial studies patients who received adjuvant radiation were 
included. 
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Table 3. S-phase, PI and ploidy vs age, tumor size, grade and stage 

S-phase Proliferative index Ploidy status 
n Mean±SD n Mean±SD n % Aneuploid 

Age 
<50 43 16.1 ± 7 43 24.4 ± 8.4 50 50 
~50 94 14.7± 9 94 22.3 ± 10.4 113 50 

Tumor size 
T J «2cm) 5 1I.8± 7.9 5 21.0± 6.7 5 20 
T2 (2-5 cm) 26 14.1± 7.4 26 23.2± 9.3 28 54 
T3 (>5 cm) 10 14.1 ± 6.1 10 23.7± 8.2 10 50 

Tumor gradea 

Well 5 12.0± 8.7 5 18.0± 8.3 5 20 
Moderate 35 12.9± 6.2 35 21.8± 7.2 36 47 
Poor 13 18.6± 6.4 13 29.4± 8.4 14 57 

Stage 
Node negative 55 13.7± 6.8 55 21.1 ± 8.7 63 48 
Node positive 44 16.0± 8.3 44 24.5± 9.4 55 55 
1-3 14 15.3± 8.5 14 22.8± 9.2 21 52 
~4 30 16.3± 8.3 30 25.2± 10.0 33 58 

Metastatic tissue 17 18.0± 14.8 17 26.6 ± 13.8 18 44 
Primary 57 15.1 ± 7.4 57 22.3± 9.5 74 58 
(N unknown) 

a National Surgical Adjuvant Breast and Bowel Project criteria [see 12]. 

A prospective evaluation of the prognostic role of Fe-derived data from 
patients with N - breast cancer who had frozen tissue available for analysis is under 
way. All patients had steroid receptor evaluation and questionnaires were sent to 
referring physicians for follow-up data. Patients who received adjuvant chemo
therapy or hormonal therapy were excluded. Patient entry began in August 1978 
and was completed in June 1984, and all patients have had at least 18 months of 
follow-up. There have been 16 recurrences, lOin patients with aneuploid, and 6 in 
patients with diploid tumors. S-phase activity for recurrent and nonrecurrent 
patients were similar. Further follow-up is needed to determine if Fe characteristics 
will prove to be independent predictors of recurrence, but as yet there have been no 
major differences in frequency or time to recurrence based on Fe data. 

Because of the difficulties in obtaining long-term follow-up in prospectively 
studied patients a second study was performed utilizing paraffin-embedded blocks 
obtained from the primary lesion of women with N - breast cancer. A total of 73 
consecutive patients who had surgery before 1984 were identified by our tumor 
registry. Patients who had received adjuvant postoperative systemic therapy or 
who did not have axillary dissection or sampling were excluded, leaving 59 
evaluable for study. There was no obvious difference in age, number of nodes 
sampled, tumor size, or tumor grade in recurrent versus relapsed patients. The 
percentage of patients with aneuploid tumors was similar for each group. More-
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static lesions 
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over, there was no relationship of time to progression or survival and ploidy status. 
Cell kinetic analyses were done on 13 patients with recurrence and 16 without 
recurrence and showed no difference in mean S-phase activity (16.6% versus 13.8%, 
respectively). Time to relapse was similar for patients whose S-phase activity was 
either above or below the median value. However, we found a significant improve
ment in overall survival (P = 0.02) for patients whose S-phase activity was below the 
median value. 

Literature Review 

Flow Cytometry Characteristics and Selected Clinical Variables 

Several investigators have compared Fe-derived DNA content and cell kinetic 
activity with selected patient variables such as age, tumor size, extent of lymph 
node involvement, histologic grade, and hormone receptor status. A significant 
relationship of ploidy status and patient age has been found by some investigators 
[41], but not others [20, 24]. Menopausal status has not been related to ploidy 
status in two trials [20,43], but has in one [19]. S-phase activity has been found to 
be significantly higher for premenopausal patients or women below 50 in one trial 
[24], but not in two others [19, 20]. These data indicate that age is not clearly 
related to FC parameters and that a large range of cell kinetic and ploidy activity is 
found within pre- and postmenopausal patient groups. 

Tumor size and ploidy have not been consistently related; several authors, 
however, have noted a significant association of larger tumors with a higher 
percentage of aneuploid activity [11,43] while others have not [18, 19,20,24]. 
Likewise, cell kinetic activity does not appear to be highly correlated with tumor 
size [18, 24]. A significant association between aneuploidy and the number of 
positive nodes (P < 0.05) was noted in Hedley's study of 490 N + patients [19]. 
However, in another large trial of 638 patients, there was no correlation of 
aneuploidy and extent of nodal involvement [11]. In several other small series there 
was no correlation of aneuploidy and lymph node status [22, 24, 31]. Similarly, in 
three trials that included a total of 552 patients, no relationship of S-phase activity 
and lymph node status could be demonstrated [19, 24, 26]. 

Histologic grade was significantly correlated with aneuploidy in one large trial 
[19]. In addition, several other studies found that an increased frequency of 
aneuploidy correlated with moderate and poorly differentiated tumors and higher 
nuclear grade [20, 31, 33, 43]. Also, a significant correlation between poorly 
differentiated tumors and increased percentage of cells in S-phase was found in 
three trials [19, 20, 31]. Our data did not reveal a significant relationship between 
histologic grade and ploidy, but a significant correlation was noted for poorly 
differentiated tumors and increased PI [24]. 

There appears to be a clear relationship between ER status and aneuploidy. 
Several investigators have noted a significant correlation between tumors which are 
ER + and diploid DNA status [19, 22, 24, 33]. Nevertheless, in one large trial of 168 
patients, no such relationship was found [26]. A similar correlation has been found 
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for PR activity where diploidy was much commoner in PR+ tumors [19,21,24]. 
S-phase activity has also been found to be significantly related to steroid receptor 
activity [21, 22, 24, 26]; receptor-positive tumors are more likely to be diploid. 
However, in one large trial no relationship was found [19]. Significant relationships 
of high proliferature activity and lack of PR have been noted by two authors 
[24,26], but not by another [19]. In addition, our data show significant differences 
in S-phase activity for patients whose tumors are ER + and PR + as opposed to 
those whose tumors are ER - and PR - negative. Nevertheless, there is wide 
variability in ploidy and S-phase activity within different ER/PR subgroups. 

Aneuploidy and Prognosis 

Early investigators quantitated cellular DNA content by Feulgen staining and an 
integrating microspectrophotometer, a slow and tedious procedure. The results 
indicated that patients with aneuploid tumors had a poorer survival than those with 
diploid tumors [2]. The introduction of FC allowed for rapid DNA analysis; 332 
tumors analyzed by both Feulgen and FC methods showed similar results for 
cellular DNA content [40]. There are now numerous reports relating aneuploidy 
and prognosis for many different cancers [16], with breast cancer a frequently 
studied tumor type [1, 6, 7, 9, 11, 18, 19,21, 34, 36]. 

The relationship of ploidy and survival is presented in Table 4. Coulson et al. 
studied 74 patients and demonstrated that survival was shorter for patients with 
aneuploidy, especially in N - or stage II patients [7]. This trial did not include the 
results of treatment, which may have affected the conclusions. Ewers et al. studied 
540 patients and showed a twofold higher recurrence rate for patients with 
aneuploid tumors compared with diploid tumors [11]; treatment and other 
prognostic factors were not discussed and follow-up was very short (16 months). In 
Hedley's study of 490 patients, aneuploidy was a significant variable only when 
analyzed independently; in the Cox regression model it had no independent 
relationship to prognosis [19]. Retsky showed aneuploidy to be a significant 
prognostic variable, but histologic grade was not included in his analysis [36]. 
Owainati and colleagues with FC data obtained from paraffin-fixed tissues showed 
that ploidy was significantly related to relapse-free survival (RFS) and overall 
survival (OS) at 8 months, but not at 30 months [34]. Klintenberg et al. [21] could 
not document independent prognostic impact for ploidy in 210 patients with 
primary breast cancer, while Kallioniemi et al. [20] did find ploidy significantly 
related to RFS, but not OS; this latter study was not analyzed by multivariate 
techniques. More recently, Dressler has shown aneuploidy to be a significant 
covariable, suggesting shorter RFS in women with N - breast cancer [10]. 
Aneuploidy proved to be an independent prognostic variable in her study (P = 0.02). 

Cell Kinetic Parameters and Prognosis 

Prior to the wide availability of FC technology, tumor kinetic studies were mainly 
performed with tritiated thymidine techniques. Patients with primary operable 
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breast cancer and high labeling indices (LI) generally had a significantly higher 
relapse rate [29, 38, 37, 39, 44]. In an extensive multivariate analysis, Meyer et al. 
showed that LI was a powerful and independent prognostic factor, even after 
adjustment for age, stage, histologic grade, receptor and lymph node status [28]. 

More recently, investigators have explored the relationship between S-phase 
activity and recurrence frequency as determined from FC studies (Table 4). Since 
FC measurements of cell kinetic activity correlate closely with results obtained from 
thymidine labeling [27], similar relationships would be expected. Kallioniemi et al. 
[20] and Coulson et al. [7] studied small numbers of patients and showed a 
significant relationship of higher S-phase activity and shortened relapse-free 
survival. These two small studies included patients with different stages and 
treatments and were not analyzed with regression techniques. Hedley et al. [19] 
studied 490 N + patients with FC techniques done on paraffin-embedded tissues. 
Proliferative activity could be measured on 285 of these patients and was a 
significant covariable when analyzed independently; it was not a significant 
co variable when analyzed by the Cox regression model. In contrast, Klintenberg et 
al. showed S-phase activity to be a significant independent variable in predicting 
RFS in 210 patients with primary breast cancer, but histologic grade and treatment 
were not used in their regression analysis [21]. Most recently, Dressler and 
colleagues studied 395 women with N - breast cancer [10]; S-phase activity was a 
significant independent covariable. 

Conclusions 

The relationship of FC measurements to other clinical and biologic covariables can 
be summarized as follows: 

1. Menopausal status and age have no clear relationship to frequency of aneuploidy 
or S-phase activity. 

2. Aneuploidy and high S-phase activity (or PI) correlate significantly with 
hormone receptor status. Receptor-rich tumors are much more likely to be 
diploid and of low proliferative activity. Because of the wide distributions of 
S-phase and ploidy values within receptor subgroups, FC information cannot 
substitute for direct measurement of receptor status. 

3. High histologic grade (poorly differentiated) tumors have higher frequencies of 
aneuploidy and higher S-phase (proliferative) activity. 

4. There is no clear relationship of FC data to tumor size or lymph node status. 
5. Aneuploidy and S-phase activity are not clearly related to relapse-free or overall 

survival in primary breast cancer. The data currently available are conflicting and 
are confounded by many studies which have small patient numbers, variability of 
patient treatment, and lack of appropriate regression analyses necessary to 
determine the effect of covariables on relapse-free and overall survival. In N -
patients, however, FC analysis may be of prognostic value. 

A relatively unexplored area of FC may relate to its ability to predict response to 
treatment. Clinical trials have shown that malignancies with the shortest doubling 
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times are the most likely to be cured with chemotherapy [32]. In addition, high 
histologic grade (which is related to increased S-phase activity) has been shown to 
be a favorable prognostic characteristic in one large trial of breast cancer patients 
given adjuvant chemotherapy following surgery [13]. Studies are now under way to 
determine if Fe data, specifically cell kinetic studies and aneuploidy, may help 
predict response to adjuvant treatment (T.E., Kute and H.B. Muss, 1987 in 
preparation). In addition, others are exploring the relationship of Fe character
istics, and response to chemotherapy or endocrine therapy in patients with 
metastatic disease [25, 30]. 

Fe represents an exciting technical tool, capable of providing important 
biologic information from human tissues. It is possible that further investigations 
will define a clear role for this technique in the management of patients with breast 
malignancy. Presently, most trials have not conclusively shown that this technology 
provides independent information clearly related to prognosis, although recent 
data from N - patients have been encouraging. Only large trials of patients treated 
in a standardized manner will clarify the role of Fe in patient management. Such 
trials should include evaluation of all pertinent variables that may relate to 
prognosis, including age, menopausal status, tumor size, extent of nodal involve
ment, histologic grade, receptor status and treatment. In addition, all such trials 
require meticulous statistical evaluation with regression analysis [8] to verify and 
identify major prognostic parameters. 
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The Role of Fine-Needle Aspiration 
in Determining the Risk of Breast Cancer 

1. Le Riche, 1. Atiba, 1. Ragaz, and G. De long 

Cancer Control Agency of British Columbia, Vancouver, British Columbia, Canada 

Introduction 

In this report we will review the role of fine-needle aspiration (FNA) in the primary 
diagnosis and follow-up of breast cancer. We will present some of our own results 
on flow cytometry performed from fine-needle aspirates, and will focus on the 
practicality of a more uniform adoption of FN A in the handling of breast neoplasia. 

There are several advantages of FNA over conventionally performed open 
biopsy as a primary diagnostic method. Firstly, the diagnosis can be made 
immediately, at the first presentation of the lump, with no delays. The reduction of 
the waiting time may allow more selective investigations and an earlier introduction 
of therapeutic maneuvers (surgery, preoperative chemotherapy, etc.), in addition to 
alleviating the patients' anxiety while waiting for confirmation of the pathology. 

Whether a reduction of the waiting time will render a therapeutic advantage in 
human breast cancer is yet to be shown, but on theoretical grounds, diagnostic 
delays are considered adverse [32]. In tumors with a low doubling time, delays of 
even several days will result in a meaningful expansion of the tumor burden. The 
adverse effect of a delayed diagnosis may be more appreciated in view of data on 
tumor resistance [32] indicating that the emergence of the first resistant cell and its 
subsequent replication is an instantaneous phenomenon occurring very early in the 
history of the tumor. 

The other aspect of tumor biology where FNA may be of importance when 
compared to an incisional open biopsy involves tumor kinetics. As the tumor 
enlarges, it follows the Gompertzian type of growth pattern, with an exponential 
increase in its doubling time. There are experimental data which show that 
noncytoreductive surgery will decrease the doubling time with an increase ofthe cell 
division rate [80]. The postsurgical acceleration of residual tumor has been 
documented in many animal tumors [23, 26, 33, 35, 80], with some evidence of an 
adverse effect on the lifespan [23, 80], or the therapeutic advantage of preoperative 
chemotherapy [15, 80]. The mechanism for the kinetic alterations after noncurative 
cytoreduction has not been fully clarified, but outgrowing of the blood supply by 
larger tumors, with resultant necrosis of their central part, is a possible factor, as is a 
sensitive interplay of inhibitory and stimulating growth factors [6, 23, 86]. Tissue 
trauma and immune changes in connection with anesthesia and surgery have been 
linked with the acceleration of tumor dissemination [72]. After conventionally 
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performed open biopsy of breast cancer, some residual disease is left, either at the 
incisional margins (incisional biopsy) or spread systemically (micrometastases). 
Hence, in most cases, open biopsy is an example of noncurative surgery. It is 
expected that FNA, by causing less tissue trauma and by reason of the virtual 
absence of cytoreduction, will have lesser kinetic effects. Confirmatory open biopsy 
(frozen section) permitting more refined assessment of histology and grade is still 
considered necessary. 

At present, FNA is used successfully not only at the time of the initial diagnosis, 
but also during the follow-up of newly metastasized accessible lesions (cytology). 
The diagnostic use of FNA may be greatly enhanced by the introduction of 
techniques which permit risk assessment by DNA ftow-cytometric analysis [2, 34J, 
estrophilinjestrogen receptor determinations, estimation of chemotherapeutic up
take and response [3J, and, most recently, oncogenic assessment. There.are plans at 
our institution, as reported here, to perform these varied assessments from the same 
fine-needle aspirate more uniformly. The following is a review of some aspects of 
such an approach. 

Role of FNA in Pathologic Diagnosis 

During the first half of the twentieth century, FNA of palpable tumors was 
introduced in both North America and many countries in Europe. The technique 
became widely accepted in Sweden several decades ago [84J, and by 1970 had been 
adopted by most Western European countries [8, 11, 17, 27, 31, 73, 96, 97]. 
Although FNA had become a routine procedure in isolated institutions in the USA 
as early as 1926 [34, 59J, the technique aroused very little interest in North America 
until recently. In 1975, a group from Sweden visited centers in the eastern states of 
the USA demonstrating FNA. The response, although cautious at first, was good, 
and the technique is now being increasingly employed in many centers in North 
America. In connection with our work on preoperative adjuvant chemotherapy, 
our group has popularized FNA as a primary diagnostic method for breast 
carcinoma [70]. 

Fine-needle aspiration biopsy is already widely employed in the diagnosis of 
breast masses. As in all other areas, a benign cytology result should never be 
accepted in the face of any clinical or radiological indications that breast carcioma 
may be present but should always be followed by repeat aspiration or surgical 
biopsy. Cytological confirmation of a clinical impression of benign disease should 
always be monitored by clinical reassessment 1 month and 3 months later [10, 74]. 
This clinical follow-up is essential to detect false negatives, the rate of which is 
variously reported as 2%-24% [74, 83]. 

The lowest false-negative rates (2%-3% of cases) are recorded in centers 
experienced in the technique [74]. 

A report of malignancy permits specific preoperative patient counseling and 
allows for preoperative metastatic screening on an outpatient basis. Advances in 
mammography and xeroradiography have allowed the detection of small, fre
quently deeply seated lesions. The mammographic false-positive rate of approxi-
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mately 5% may be reduced by the use of a mammographically or xeroradiographi
cally directed FNA biopsy with or without fine-wire localization [40]. 

Aspiration cytology, by confirming primary local disease, may obviate surgical 
intervention with or without preoperative chemotherapy [14J, or, by aspiration of 
distant metastases, may confirm stage IV disease. 

Role of FNA in Determining Receptor Status 

Whilst the expansion of FNA cytology services has tended to reduce the need for 
surgical intervention in obtaining an open biopsy, the proven significance of 
estrogen and progesterone receptor status has made it mandatory that such 
biochemical assessments be made on resected tissue [13, 42, 46, 56]. It is not 
surprising, therefore, that efforts have been made to perform receptor assessments 
on aspirated material. Before the isolation of estrogen receptor (ER) protein and the 
development of antibodies to this antigen, attempts were made to assess ER status 
and progesterone receptor status by measuring the ability of cells to incorporate 
estradiol-I 7 fJ and hydroxyprogesterone hemisuccinate-BSA-tetramethyl
rhodamine [28, 61, 78]. Whilst some authors have reported a correlation between 
the histochemical and biochemical analyses, there is no real evidence to support the 
hypothesis that the histochemical techniques employed identify the same binding 
sites as do biochemical methods [30, 41, 66, 80]. 

The isolation of ER protein and the development of antibody to this protein has 
opened further avenues for investigation. Monoclonal anti-ER antibody has been 
used to assess the nuclear ER content of cells obtained by FNA, using both 
immunoperoxidase and fluorescence techniques [42, 56, 95]. The correlation 
between positive staining and the intensity of staining with biochemically deter
mined cytosol ER values can be demonstrated, although there appears to be no 
correlation between cytosol ER values and the percentage of nuclei showing 
positive staining. The immunoperoxidase method permits qualitative and semi
quantitative assessment of individual nuclei obtained in a cheap and atraumatic 
fashion, prepared in a relatively simple manner. 

The functional heterogeneity of the majority of breast tumors suggests that a 
fully quantitative assay will be difficult to attain using the immunoperoxidase 
technique. Tagging of the anti-ER antibody with fluorescent material and assess
ment by fluorescence microscopy similarly permits qualitative and semiquantitative 
analysis but also raises the prospect of measuring receptor status and nuclear DNA 
of individual cells simultaneously within individual cells using a flow cytometer. 
The preparatory techniques involved are simple and could easily be performed on a 
routine basis. Unfortunately, the capital equipment costs are high and at present the 
fluoresceinated antibody is too expensive to use on a routine basis. 

During the period January 1, 1985 to December 31 1986, all FNA biopsy 
specimens of primary or metastatic breast carcinoma seen at our institute were 
assessed for estradiol-I 7 fJ using standard immunoperoxidase techniques. We found 
no correlation between the results of these measurements and the results of prior or 
subsequent biochemical assessment of ER values, except in those cases showing 
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very high ER values. In such cases, the intensity ofimmunoperoxidase staining was 
great. The remaining cases showed inconsistent staining and the presence of 
scattered strongly positive cells bore no relationship to the biochemical values. 

FNA and Tumor Markers 

The ability of carcinoma of the breast to elaborate and to release into the circulation 
a variety of tumor markers has been examined using paraffin-embedded and frozen 
tissue samples [44, 49, 91]. Whilst there is general agreement concerning the 
frequency of expression of various antigens, there is no agreement concerning the 
significance of the expression of such antigens as prognostic indicators. All of the 
immunohistochemical techniques employed to demonstrate the expression of these 
varied antigens may be adapted for use with FNA biopsy specimens. However, the 
results of such procedures are frequently difficult to interpret. FNA biopsy 
specimens always contain a background of serum. If antigens are not only 
elaborated but also released into the circulation, the serum background staining, 
combined with the background contamination resulting from the inevitable 
disruption of some cytoplasmic membranes during smearing, makes the interpret
ation of anything less than highly intensely staining cells less precise. 

Role of FNA in Determination of Oncogenes 

In recent years, it has become established that amplification, alteration, and 
increased expression of a variety of cellular oncogenes is common in human cancers 
[24, 36, 43, 51, 85, 90, 93, 94]. More significantly, it has been claimed that such 
amplification, alteration, and/or over-expression may indicate poor prognosis [90]. 
In 1985, the first such association between N-Myc amplification, stage, and 
prognosis was reported in human neuroblastoma [76]. A similar association has 
been demonstrated between C-Myc and small cell anaplastic carcinoma ofthe lung 
[28, 51] and between the HER - '* 2/neu oncogene and breast cancer [82]. The 
substrates used in the assessment of oncogenes and their protein products has been 
obtained from either frozen or paraffin-embedded tissue. Oncogene assessments 
have been made on the basis of incorporation of monoclonal antibodies for use in 
either peroxidase-anti peroxidase or ABC immunoperoxidase systems [36], or in 
association with fluorescent dyes for direct visualization or flow-cytometric detec
tion. These techniques may be adapted for use with FNA biopsy specimens, 
sufficient DNA for evaluation being easily obtained. 

FNA and Flow-Cytometric Determination of DNA Content 
and Proliferative Activity 

The search for new parameters which may have prognostic and, by implication, 
therapeutic significance has led to many investigations into the total DNA content 
and proliferative activity of a wide variety of tumors. 
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Total DNA Content 

For several decades it has been possible to determine total DNA content by 
microdensitometry [81J and cytophotometry image analysis [1, 2, 9, 77, 87]. These 
studies have shown that abnormal DNA content is common in solid tumors and 
that such abnormalities are frequently correlated with poor prognosis. More 
recently, it has become possible to assess DNA content by flow cytometry, utilizing 
vital and non vital staining. 

Many studies of DNA content in breast carcinoma have been performed on 
fresh frozen tissue [12,62,63,67,69, 73J, and it is beginning to be appreciated that 
FNA biopsy specimens are eminently suited to this technique [7, 71]. Because stage, 
grade, and ER status are very powerful prognostic indicators, many cases must be 
accrued within each category before the assessment of total DNA content as an 
independent indicator will be possible. The lack of predictability of carcinoma of 
the breast with respect to the timing of recurrence and the propensity of this disease 
for later recurrence mandates a very long follow-up period before the results of such 
evaluations can be assessed. The very significant work of Hedley et al. [37-39J, 
describing the technique for assessment of the DNA content of cells embedded in 
paraffin wax, has made it possible to make such determinations retrospectively. 

Proliferative Activity 

High mitotic activity, as determined by enumeration of mitotic figures by light 
microscopy, has for many years been associated with bad prognosis. Similar 
importance has been demonstrated for the thymidine-labeling index and the 
bromodeoxyuridine-Iabeling index [55, 79]. These techniques have most com
monly been used to evaluate fresh tissue but their applicability to FNA biopsy 
specimens has been amply documented [77]. 

Several studies have now demonstrated that the tumor-labeling index (TLI) 
stands as an independent prognostic factor when a variety of characteristics are 
subjected to multivariate analysis [55, 79]. The most recent attempts to delineate 
proliferative activity in breast tumors involve flow-cytometric analysis. That there 
is true correlation between TLI and S phase fraction, as determined by flow 
cytometry, has also been confirmed [55]. Unfortunately, the interpretation of the 
S phase fraction is not as simple as the DNA content assessment. Variations in 
methods of histogram analysis may produce very varied results [19,21]. Fixation 
and preparation techniques may produce significant changes in the S phase 
fraction. Reliable cell-kinetic information can be obtained in less than 50% of 
histograms produced by the evaluation of material embedded in paraffin blocks. 
The ever-present problems of sampling error and contamination with normal 
diploid cells adds to the difficulties of accurate evaluation. 
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British Columbia Results of Flow-Cytometry Analysis from FNA 

Over the past 3 years, we have routinely subjected the majority of FNA biopsy 
specimens of primary and metastatic breast carcinoma at our institute to flow
cytometric analysis. In this analysis, the technical aspects of the methodology and 
early results correlating the DNA index with different patterns of metastases are 
presented. 

Methods 

Sample Preparation 

Samples from fine-needle aspirates were collected in 15 ml normasol and stored at 
4°C. The storage time was never longer than 7 days. The staining was derived from 
Clevenger's technique. Cells were washed in PBS and then fixed with 10 ml 0.5% 
paraformaldehyde (Fisher, Fair Lawn, NJ) in PBS for 10 min. The cell suspension 
was centrifuged for 10 min. at 200 g, then resuspended in 0.1 % Triton X-lOO (Sigma, 
St. Louis, Mo) in PBS for 3 min and recentrifuged. Cells were then treated with 
1 mg/ml RNase A (Sigma, St. Louis, Mo) in PBS for 30 min. After centrifugation, 
the cells were resuspended in 1 ml 50 J.lg/ml propidium iodide (Sigma, St. Louis, 
Mo) in 1 % sodium citrate for at least 60 min. All procedures were performed on ice 
except the RNase treatment, which was carried out at 37°C. 

Flow-Cytometry Preparation Technique 

All samples were filtered through a 48-J.lm nylon-mesh filter prior to analysis and 
maintained on ice during flow-cytometry analysis. All sma pies were analyzed using 
an EPICS V flow cytometer (Coulter Electronics, Inc. Hialeah, Fl) with a 488-nm 
argon ion laser (Coherent Laser Products, Palo Alto, Calif). Red fluorescence was 
monitored through a 515 long-pass interference, a 515 long-pass absorption, and a 
590 long-pass absorption filter. Instrument calibration was performed daily with 
the aid of DNA Check fluorescent micro spheres (lot no. 3003, Coulter Electronics). 
Ten to twenty thousand sample events were acquired on a single-parameter 256-
channel integrated fluorescence histogram. To help identify the diploid population, 
human lymphocytes were analyzed prior to sample analysis and after every fifth 
sample run. The photomultiplier-tube high voltage was adjusted to maintain the 
lymphocytoid diploid peak in channel 40. The DNA histograms obtained were 
analyzed for DNA index and cell-cycle distribution with the STAT and PARA 1 
software supplied by Coulter Electronics. 

Sample Collection 

Three separate passes were made into each lesion. A small amount of each aspirate 
was expressed onto a glass slide and smeared. The cells remaining in the barrel of 
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the needles were washed into a single tube contammg buffered saline and 
refrigerated immediately. This material was then prepared for DNA analysis by the 
Taylor's technique [89]. This technique has some very obvious disadvantages. 
Sampling error, inherent in all FNAs is reduced as much as possible by sampling 
three different areas. It is difficult to obtain sufficient numbers of cells from 
scirrhous tumors, and in general, the total number of cells available for assessment 
is smaller than when cells are obtained from fresh, frozen, or paraffin-embedded 
material. 

There are, however, advantages to using this technique. It is simple, relatively 
painless, rapid, and economical. The fact that part of the specimen being evaluated 
can be seen on a glass slide permits an estimate of normal cell contamination and 
thus allows confidence levels to be set for identification of diploid tumors and 
assessment of the S phase fraction. 

It is to be hoped that the development of multiparametric analysis, using, for 
example, one of the monoclonal antibodies to breast carcinoma described by 
Johnston [44], will further resolve the difficulties. 

Results 

During the period from June 1985 to December 1987, a total of 198 primary and 
metastatic breast carcinomas were sampled by FNA. The resulting specimens were 
examined by conventional cytologic methods and by flow-cytometric DNA 
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Fig. 1. DNA content of 198 primary and metastatic breast carcinomas. Median DNA 
index 1.5 
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Fig. 2. DNA content of 81 primary breast carcinomas. Median DNA index 1.5 
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Fig. 3. DNA content of 63 breast carcinomas metastatic to lymph node only. Median DNA 
index 1.6 
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Fig. 4. DNA content of21 breast carcinomas with metastases to soft tissues other than chest 
wall. Median DNA index 1.7 
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Fig. 5. DNA content of 11 visceral metastases of breast carcinomas. Median DNA index 1.7 
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Fig. 6. DNA content of 22 breast carcinoma recurrences in the region of a mastectomy scar. 
Median DNA index 1.05 

analysis. Eighty-one were from primary lesions with no recognizable metastases at 
the time of aspiration. Sixty-two samples came from patients who had developed 
metastatic disease in regional nodes after therapy, and 21 patients showed 
involvement of bone and soft tissue only. Twelve of the samples were from patients 
with visceral involvement, the metastases being confined to a single system. The 
remaining 22 patients had developed recurrent intradermal nodules on the anterior 
chest wall in the region of a previous mastectomy site. The results of DNA analysis 
of these lesions are itemized in Figs. 1-6. 

Discussion of the British Columbia Study 
on Flow Cytometry Determination from FNA 

Our results show a higher incidence (60%) of non-DNA diploid tumors than has 
been recorded in most other series [18, 21, 57]. This reflects a higher proportion of 
cases of advanced local disease among our patient population at a secondary 
referral center. The distribution of the DNA index amongst the DNA aneuploid 
tumors in our series is similar to that recorded by others. In general, the DNA index 
distribution among tumors metastastic to lymph nodes only is similar to that 
encountered in the primary tumors, apart from the expected decrease in the relative 
numbers of DNA diploid lesions. Those tumors which recurred as intradermal 
lesions involving the skin of the chest wall showed a preponderance of DNA diploid 
lesions. Those tumors which displayed DNA aneuploidy all fell within the diploid 
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Fig. 8. a DNA 
content of 22 breast 
carcinoma 
recurrences in the 
region of mastectomy 
scar. b DNA content 
of 21 breast 
carcinoma metastases 
to skeletal muscle, 
bone, and soft tissue. 
c DNA content of 12 
breast carcinoma 
metastatic to liver 
and lung 
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to triploid range, whilst those tumors which metastasized to lung and liver were 
invariably DNA aneuploid, the majority falling in the range oftriploid to tetraploid. 
Lesions identified in subcutaneous tissue, muscle, and bone outside the chest wall 
occupied a somewhat intermediate position. Although all were nondiploid, there 
was a wide range of DNA abnormality among these lesions. 

These results suggest that there are recognizable tumor factors which - alone or, 
more probably, in combination with host-site variations - mitigate for or against 
the development of metastatic lesions at specific sites. DNA diploid tumors, 
although demonstrating a low overall metastatic potential, are capable of produc
ing viable proliferative lesions in the skin and lymph nodes, but less frequently 
produce blood-borne metastases. DNA aneuploid tumors appear to be capable of 
colonization of any tissue type; however, only those tumors with major abnormal
ities (i.e., DNA index in the region of or greater than triploid) may be successful in 
producing viable lesions to distant sites. Although it seems likely that both host and 
tumor factors are interrelated in the production of viable metastatic lesions, the fact 
that the total DNA content is related to the location of metastastic growth supports 
the hypothesis that tumor factors alone are of great significance. 

Conclusions 

The amount of information which can be obtained from material aspirated by fine 
needle from neoplastic lesions has increased dramatically during the past decade. 
Such specimens may now be used, in addition to cytology, to identify a variety of 
substances elaborated by neoplastic cells, total DNA content, S phase fraction, and 
also oncogenes and their protein products. 

It is becoming evident that the most promising application of FNA is in 
obtaining the primary diagnosis of breast lesions. It seems that in the future, the 
limitations in the uses to which fine-needle aspirate specimens can be put will be set 
not by the availability of the appropriate investigation technique, but by the overall 
experience of pathologists with cytology. In this regard, the interest and experience 
of practising surgeons with FNA sampling, and particularly their confidence in 
accepting the final primary diagnosis of breast cancer from FNA without open 
biopsy, will determine the more uniform acceptance of this technique. 

Table 1. DNA index of primary and metastatic breast 
carcinomas 

Site Median DNA 
index 

Primary lesions 1.5 
Metastases to nodes only 1.6 
Metastases to skin of chest wall 1.05 
Metastases to distant soft tissues 1. 7 
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The false-negative and -positive results will clearly differ in different institutions, but 
there are indications, that with time and experience, diagnostic errors can be 
minimized. It is still believed that confirmatory open biopsy at the time of definitive 
diagnosis will be required. It is also expected that a refinement of techniques other 
than cytology, as discussed in this report, will allow the utilization of FNA to obtain 
sufficient information for risk assessment at the time of diagnosis. Such information 
will be essential, as different therapeutic approaches are likely to be needed for 
different risk categories. 

The second main role ofFNA is in the follow-up of metastatic lesions, where the 
confirmation of recurrence, as well as the information on kinetics and drug uptake, 
DNA content, etc., may be of assistance. 

In summary, FNA is emerging as a very useful diagnostic method, and its 
popularization is likely to improve the quality of care of patients with malignancies. 
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Introduction 

Risk assessment in breast carcinoma patients has traditionally been approached 
through an evaluation of the clinical or pathologic stage and histologic variables. 
The number of metastasis-bearing axillary lymph nodes, the size and local extent 
and presence or absence of distant spread of the carcinoma determine the stage, and 
each has accepted prognostic significance. Useful histologic variables include the 
histologic grade (degree of gland or tubule formation), nuclear grade, mitotic index, 
characteristics of the border of the tumor, presence or absence of necrosis or lymph
and blood-vascular invasion and characteristics of the cellular or interstitial tissue's 
response to the carcinoma. Mitotic frequency has been included as a component of 
nuclear grade by some authors. Of these variables, the histologic and nuclear grade 
have been most useful and have repeatedly shown power to predict outcome 
independent of stage [14, 27, 37, 38, 89, 101]. On the other hand, they have 
repeatedly proven difficult to reproduce from one observer to another [30, 45,116]. 
To make them reproducible, quantitative measurement is needed. This can be 
accomplished by quantitative microscopy or image analysis [7, 60, 103]. 

More recently, other stage-independent quantifiable prognostic features have 
been defined. The most studied have been estrogen receptor (ER) [59] and 
progesterone receptor (PR) [19]. The prognostic properties of the steroidal 
receptors are discussed elsewhere in this volume, and the relationships 
between receptor content and proliferative indices will be covered later in this 
chapter. 

Radiolabeling with tritiated thymidine (eH] TdR) made proliferative measure
ments practical in breast carcinoma [122]. Mitotic counts are impractical in breast 
carcinomas because of their usually low magnitudes and difficulty in discriminating 
mitotic figures from nuclear changes associated with cell death (apoptosis). [3H] 
TdR labels S-phase nuclei, thereby marking cells that are engaged in replication of 
nuclear DNA, a prerequisite for cellular division. Since cells in the S-phase have 
DNA contents intermediate between the resting (Gd and premitotic (Gz) levels, 
they can also be distinguished by DNA measurements. This can be accomplished by 
static micro densitometry or microfluorimetry after appropriate stoichiometric 
staining of DNA or by the newer technology of flow cytometry. We will devote our 
attention chiefly to thymidine labeling and flow cytometry. 

Ragaz/Ariel (Eds.), High-Risk Breast Cancer 
© Springer-Verlag Berlin· Heidelberg 1989 
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Tumor Growth and Cellular Proliferation 

A tumor is composed of neoplastic and non-neoplastic cells of the host tissues. The 
relative cellularity of breast carcinomas measured by point count varies from 
approximately 3 % to 90% with a mean near 30% [85]. Most of the volume of most 
carcinomas is non-neoplastic. The neoplastic cells represent a compartment with 
certain rates of cell proliferation and cell death. The cell death rate is usually high, 
and in some carcinomas probably approaches 100% [72, 113, 114, 115]. Therefore, 
growth rate may not be closely related to proliferative index of breast carcinoma, 
although a low order of correlation appears to exist [72]. The opportunity to 
measure volume doubling time under unperturbed circumstances arises chiefly by 
accident, and these measurements are usually made in retrospect. Evidence of rapid 
growth predicts early relapse [16], but direct measurement of growth requires a 
delay in treatment of the patient. 

Studies of growth rates of tumors, since the time of the stimulating paper by 
Collins and associates [20], led to more general appreciation of the population 
dynamics of neoplasms. With each successive doubling beginning with a single 
neoplastic cell, the increment of growth increases. Thus, approximately 20 
doublings are necessary to reach a diameter of 1 mm if the neoplasm consists 
entirely of neoplastic cells, and 30 doublings to reach 1 cm (Table 1). Since only 
another 10 doublings yield a mass of 1 kg, it is clear that much of the course of a 
neoplasm has transpired before it is clinically discoverable. Even several doublings 
early in the life history of a neoplasm can go completely unnoticed, but late in the 
history a single doubling may look like explosive growth. Whether the doublings 
require the same time early as late (constant versus variable doubling time) is 
controversial for human tumors. 

Where V is the volume at a given time, Vo is the volume at some prior time, the 
elapsed time is t, the growth constant of acceleration is kl' that of deceleration is k2' 
and e is the base of natural logarithms, Eq. 1 describes simple exponential growth 
and Eq. 2 describes gompertzian (double exponential) growth. 

V= Voek1t 

V = Voe(k 1/k 2)(I-e- k,,) 

Table 1. Idealized growth of spherical tumor. (After 
[111]) 

Diameter No. of cells No. of antecedent 
(mm) binary divisions 

5 x 105 19 
2 4 x 106 22 
6 1.2 x lOB 27 

10 5 x lOB 29 
100 5 x 1011 39 

(1) 

(2) 
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Extensive work with neoplasms in laboratory animals has established that the 
growth curve is usually gompertzian [63, 107] which implies a slowing down of the 
growth rate and lengthening of the doubling time with age (Fig. 1). 

The various experimental tumors that show distinct gompertzian growth 
patterns have short doubling times. When the doubling times are longer, as in most 
breast carcinomas, very long times are required to reach plateau, or it is reached at 
very high tumor volumes. Thus, the three gompertzian growth curves in Figs. 2 and 
3 form plateaus off the scale, although they are different from the simple exponential 
curve. Note that deceleration occurs early in the gompertzian plots so that the times 
required to reach 1 cm3 would be distinctly longer than for simple exponential 
growth. The deceleration of growth noted subsequently would permit the long-term 
survival often noted for breast carcinoma patients. Note also that with simple 
exponential growth, 90% or more of the life history of the tumor must be 
subclinical, whereas with gompertzian growth the absolute and relative durations 
of the clinical phase are prolonged. The gompertzian model seems to represent the 
clinically observable growth pattern more realistically than the exponential model, 
but this does not mean that breast carcinoma growth is really gompertzian. Skehan 
tested 18 equations to model in vivo tumor growth and found that all but one 
provided a best fit to at least one of 248 data bases, thereby demonstrating that no 
model was generally applicable [128]. Rates of cell proliferation of breast carci
nomas usually remain constant over time [81], and a small but significant positive 
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Fig. 1. Simple exponential growth and gompertzian growth compared. The growth con
stant k! was selected to represent the potential doubling time (10 days), assuming no cell loss, 
equivalent to the median TLI for primary breast carcinomas (5.5%), k! =O.0693/year. 
Curve 1, a simple exponential function, is governed by k!. Curves 2-4 are gompertzian and 
are governed by both k! and k2. For curve 2 k2 =O.OO30/year. The gompertzian character
istics of curve 4 are fully developed with a plateau at 8.6 cm 3, whereas curves 2 and 3 plateau 
at volumes off scale, 36.3 cm 3 at about 8 year for curve 2 and only 12.1 cm 3 at about 8 year for 
curve 3. Note the striking differences produced by only slight variation in k2 , and that the 
time to plateau increases only slightly as the final volume increases greatly 
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Fig. 3. The same functions plotted in Fig. 2 are plotted on a scale allowing their behavior to 
be appreciated as larger volumes are reached. The maximum volume shown would almost 
invariably be greater than the lethal limit 

relationship between proliferative rate and tumor size has been observed [83]. 
These findings do not support the concept of deceleratory growth. Furthermore, 
breast carcinomas can be separated into several kinetic groups [73, 83]. A given 
model for growth could apply to one, but not to another, and we have no good 
evidence that any particular model accurately describes the growth of any type of 
breast carcinoma over its life history. 

A survey of breast carcinoma doubling time studies in 1980 revealed three 
substantial studies of primary tumors (total of 101 patients) and five of metastatic 
tumors (total of 378 patients) [72]. The tumors were measured by caliper or in 
radiographic images. The mean doubling time for primary tumors from this survey 
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was 231 days, with means of individual studies ranging from 109 to 327 days. The 
mean doubling time for metastatic tumors was 91 days, with means of individual 
studies ranging from 17 to 199 days. The extreme ranges are no doubt outside these 
limits, but cannot be assessed accurately because of large errors of measurement 
that are likely to occur in individual cases. Subsequently, von Fournier and 
associates published a study of 147 primary carcinomas by serial mammography 
and noted a range of 44-1869 days with a mean of 212 days for the doubling time 
[124]. This mean doubling time implies an average time of 4 years for a 2-mm 
tumor to grow to 10 mm. The mean doubling time was short in patients under age 
50, particularly if they had axillary lymph nodal metastases. Evidence of rapid 
growth prior to primary therapy, which Boyd and co-workers referred to as 
"transition" events, has been associated with early death from breast carcinoma 
[16]. 

Cell Kinetics Measurements: Methodology 

The cell cycle has been divided into four discrete segments (Fig. 4). The M-phase, as 
indicated in the figure, actually includes only metaphase, anaphase, and small 
adjacent portions of prophase and telophase, the phases of mitosis that are 
recognizable in ordinary microscopic preparations. Although useful, the concept of 
four discrete phases may not be strictly correct. Recent observations using high 
resolution microscopy show that early prophase overlaps G 2 and even late S, and 
late telophase extends into G 1 [33]. The cell cycle measurements for which practical 
methods exist are summarized in (Table 2). 

Mitotic Index 

Mitotic frequency has been used as a component of grading systems for breast 
carcinoma in conjunction with other nuclear features and assessment of ditTer-

Fig. 4. The cell cycle. G1 and G2 are ap
parent gaps in activity that separate the 
S-phase (DNA synthesis) from the M
phase (mitosis). Cells can enter and leave 
the cell cycle in Gland G 2' They can 
leave, but probably not re-enter in M 
(colchicine-induced mitotic arrest, for 
example) or S (S-phase arrest associated 
with local vascular insufficiency within 
tumors) 
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Table 2. Various cell cycle and DNA measurements 

Measurement 

M-phase 

S-phase 

Gz-phase 
S-phase duration 

Growth fraction 

DNA index 

Method 

Mitotic count 

Monoclonal antibody 
Thymidine labeling 

Bromodeoxyuridine 
labeling 
Microdensitometry 
Flow cytometry 

Flow cytometry 
Microdensitometry 
Flow cytometry 
Double labeling 

FLM curve analysis 
Primer-dependent 
DNA polymerase (PDP) 
Monoclonal antibody 
Microdensitometry 
Flow cytometry 

Comment 

Impractical for many breast carcinomas be
cause of very low mitotic index 
Practical; fresh frozen tissue 
Practical for clinical use; fresh tissue re
quired 
Similar to thymidine, but 
more rapid 
Possible, but too slow; best results on smears 
Practical, but occasionally gives misleading 
results; fresh or frozen tissue 
Practical 
Too slow 
Practical 
Practical with [3H] thymidine + bromo
deoxyuridine 
Impractical; requires multiple biopsies 
Difficult 

Practical; fresh or frozen tissue required 
Time-consuming, best results on smears 
Practical with fresh, frozen, or paraffin-em
bedded tissue 

entmtlOn [14]. Actual counting of mitotic figures has been accomplished by 
determination of the frequency per high power field because of the scarcity of 
mitoses in most breast carcinomas [7,67]. The neoplastic cells of breast carcinomas 
are associated with variable amounts of reactive stroma and inflammatory cells so 
that the high power field method lacks specificity. Nonetheless, multivariate 
analysis of the data of Baak and associates showed the mitotic count to be one of 
only three independent predictors of survival of breast carcinoma patients in 
multivariate analysis [7]. The other predictors were lymph nodal status and size of 
the primary tumor. Wallgren and Zajicek also found the mitotic index to be a major 
predictor of survival [126]. 

DNA Labeling Procedures 

These procedures have the advantage of yielding indices sufficiently high to permit 
accurate measurements of neoplastic cells. Clinical and pathologic correlations 
have been accomplished with the thymidine labeling index (TLI). The bromodeoxy
uridine labeling index (BrUdRLI) gives results essentially similar to TLI and offers 
the advantage of rapidity. TLI takes more than 1 week because of the time required 
for exposure of photographic emulsion to mark the labeled cells in autoradiographs 
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(Figs. 5, 6). BrUdR-labeled cells are detectable histochemically by use of mono
clonal antibodies against BrUdR in DNA (Figs. 5, 6), and the results can be 
available within 48 h. Correlation between the two labeling methods, thymidine 
and bromodeoxyuridine, is good (Fig. 7). In either case, viable tissues is required. 
Tissue can be held at room temperature for up to 2 h [73] and in the refrigerator at 
approximately 4°C for 24 h (l.S. Meyer and J.L. Craver 1984, unpublished work) 
without affecting the labeling index. To effect labeling, thin slices (0.5-1 mm) are cut 
freehand and placed in Hanks' balanced salt solution prior to incubation with the 
DNA precursor under hyperbaric oxygen [75]. Addition of 5-fluoro-2'
deoxyuridine (FUdR) in a concentration of 10/lM enhances uptake of labeled 
thymidine [78] or bromodeoxyuridine [31] by blocking endogenous synthesis of 
thymidylate from deoxyuridine as catalyzed by thymidine synthase [54]. The 
autoradiographs (TLI) or histochemical preparations (BrUdRLI) are comparable 
to ordinary tissue sections in histologic detail so that the cells of interest can be 
identified and evaluated without inclusion of extraneous inflammatory or stromal 
cells. Tissues can be disaggregated prior to labeling, but relationships useful in 
identifying cells are thereby lost and the labeling indices may be reduced because of 
damage to cells by the disaggregating procedure [24]. 

As with any measurement, effects of sampling must be considered for the TLI. 
Smallwood and co-workers expressed concern about sampling variation [110]. 

• 

• 

Fig. Sa, b. Breast carcinoma with high labeling indices, TLI = 22%. a Labeled with [3H] 
thymidine. The S-phase nuclei are covered by silver grains and their nuclei appear black. The 
uppermost labeled nucleus is marked by an arrow. Hematoxylin-eosin, x 540. b Labeled with 
BrUdR. Contrast between labeled and unlabeled nuclei is less, but nuclear detail is preserved. 
The uppermost labeled nucleus is marked by an arrow. Hematoxylin, x 540 
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Fig. 6a, b. Breast carcinoma with low labeling indices, TLI =4.3%. a Labeled with [3H] 
thymidine. Only one labeled nucleus is present (arrow). Scattered grains over cytoplasm of 
neoplastic cells are ascribable to transmethylation of the labeled methyl group of thymidine. 
Hematoxylin-eosin, x 540. b Labeled with BrUdR. Three labeled nuclei are seen near the 
center on the lumen of the gland, and the uppermost is marked by an arrow. Hematoxylin, 
x 540 
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Fig. 7. Correspondence between TLI and 
BrUdRLI in 56 tumors. Spearman's correlation 
coefficient, r=0.81. No far outliers occur in the 
scattergram 

Their procedure for thymidine labeling or perhaps their selection of tumors yielded 
a narrow range of TLI, 0.37%-5.6% in 18 carcinomas, with the upper limit of the 
range scarcely at the median value for our laboratory. When TLIs are low, the 
relative variation of repeat samplings is large. In our study of 38 paired samples 
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from the primary carcinoma, we noted by linear correlation analysis r = 0.90, and 
for 68 primary carcinomas versus their axillary metastases r = 0.89 for log TLI. 
Substantial correlation was also observed between the TLIs of 18 primary 
carcinomas and their recurrent or metastatic lesions (r = 0.75). Our range of TLI 
values extended from 0.05% to 35%, median 5.5% [81,83]. In a study of 40 breast 
carcinomas, Costa and associates also obtained a significant correlation between 
TLI of the primary tumor and of the axillary metastasis (r = 0.52) [23]. We believe 
that TLI is a reliable measurement in breast carcinoma that is not much influenced 
by variation in sampling. 

The uptake of [3H] TdR can also be measured by homogenizing the tissue and 
measuring the specific activity of DNA in a scintillation counter. This method is 
unsuitable for kinetic studies because breast carcinoma cells cannot be distin
guished from other cells that contribute DNA. Furthermore, variations in specific 
activity can occur without corresponding variations in TLI. This has been observed 
on stimulation of cultured breast carcinoma cells with estradiol, and could reflect 
induction of thymidine kinase with resultant enhanced transport of [3H] TdR into 
the cells [56]. Without auto radiographic control, such a change could be mis
interpreted as a proliferative response. 

Estimation of% S-Phase by Static Microdensitometry or Microfluorimetry of DNA 

This method requires availability of whole nuclei. It can be done on smears or 
cytospin preparations on glass slides. Tissue sections are less satisfactory because 
G 2 nuclei cleaved by the sectioning process will give spuriously low DNA readings, 
but DNA-aneuploidy can be distinguished nonetheless [129]. DNA can be stained 
stochiometrically by the Feulgen method, in which case specific ultraviolet absorp
tion is measured [17], or alternatively, with DNA-specific fluorescent dyes to allow 
measurement of emitted light [112]. Excellent resolution is now obtainable, but 
probably not so good as with flow cytometry [1, 112]. The ability to identify and 
select individual cells for measurement is an important advantage. Extraneous cells, 
for example lymphocytes and other inflammatory cells, can be excluded to some 
extent, particularly in aneuploid carcinomas [112]. This advantage is counter
balanced by the expenditure of time. 

Estimation of % S-Phase by Flow Cytometry of DNA 

This method has the advantage of automation, and thousands of cells can be 
evaluated rapidly. It requires preparation of a suspension of single cells or nuclei in 
which inflammatory and stromal cells are unavoidably included along with the 
neoplastic cells of interest. The DNA is stained with a fluorescent dye, and the 
fluorescence of each cell is evaluated electronically as the cells flow singly through a 
high intensity beam of appropriate wavelength for excitation of the dye [102]. The 
continuum of fluorescence intensity is divided into intervals called channels so that 
a doubling of the channel number is equivalent to a doubling of the fluorescence. 
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Thus, if the GdGo cells were placed at channel 100, the G2/M cells would be at 
channel 200. A histogram plotting fluorescent intensity against number of cells is 
generated by a computer (Fig. 8). 

Elimination of non-neoplastic cells from the flow cytometric histogram would 
be desirable. Dual parameter measurements utilizing protein content, cell volume, 
or staining for antigens specific to neoplastic cells may prove useful. Up to now, no 
notable improvement in flow cytometric analysis of breast carcinoma has been 
achieved by these means. The effect of contamination by host stromal cells is likely 
to be most troublesome when the neoplastic cells have diploid or nearly diploid 
DNA content (Fig. 8). 

If the tumor has a high % S-phase, but many lymphocytes are present, the % S
phase will appear to be lower than it is [77]. When the neoplastic cells have 
hyperdiploid DNA contents, interference by diploid host cells can usually be 
avoided in the analysis of the histogram (Fig. 8). However, not all of the neoplastic 
cells may be hyperdiploid; some may be diploid [96], and the latter cells would be 
lost to the analysis. 

Comparison of the TLI with % S-phase of breast carcinomas measured by flow 
cytometric quantitation of DNA has yielded correlation coefficients in the range 
r = 0.12-0.43 for diploid carcinomas, whereas for aneuploid carcinomas the correla
tions have been better, in the range r = 0.59-0.73 [77, 82]. When breast carcinomas 
of both ploidy types, diploid and aneuploid, are included together, the correlation 
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Fig. 8. a Flow cytometric histogram of diploid breast carcinoma with low proliferative index, 
% S-phase=3%. Coefficient of variation of GdGo population (peak 1a)=3.2%. Peak 1b 
represents the G 21M cells. DNA index = 1.0. b Flow cytometric histogram of diploid breast 
carcinoma (with higher % S-phase = 8.5%). Note that the number of S-phase events keeps the 
region between the two peaks above the baseline. DNA index = 1.0. c Flow cytometric 
histogram of aneuploid (hyperdiploid) breast carcinoma with a high proliferative index, % S
phase = 14%. GdGo and G2/M peaks of the diploid population are marked 1a and 1b, 
respectively, and those of the aneuploid population are marked 2a and 2b. DNA index = 1.65. 
d Flow cytometric histogram of aneuploid (hypertetraploid) breast carcinoma, showing that 
aneuploidy is not always associated with high % S-phase, here only 4%. Peaks are labeled as in 
previous histogram. The diploid G 2/M peak is buried in the aneuploid G1/M peak. DNA 
index=2.5 
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coefficients are comparable to those for hyperdiploid carcinomas alone because the 
diploid carcinomas tend to have low TLI. 

Comparison of flow cytometric % S-phase with TLI has shown th\lt both the 
method of analysis of the histogram and the method of preparation of the specimen 
are important in obtaining accurate estimates of % S-phase. The analysis has to 
take into account whether or not the rate of DNA synthesis varies during the S
phase, a question not yet clearly answered. If DNA synthesis began at a relatively 
slow rate, peaked in mid S-phase, and then slowed down again [26, 98], a 
considerable proportion of S-phase events would fall within the G l/GO and G2/M 
peaks in the DNA histogram rather than in the S-phase plateau. Algorithms have 
been devised that take this into account when calculating % S-phase from DNA 
histograms [29,40,41]. These algorithms perform very well for DNA histograms of 
cultured cells with high % S-phase [8, 98]. If the rate of DNA synthesis remained 
constant throughout the S-phase, a rectangular model would be appropriate [9]. 
Rectangular models also perform well for cultured cells [8]. In our experience, the 
highest correlations between TLI and % S-phase by flow cytometry in breast 
carcinoma have been achieved with a mathematically simple rectangular or 
parallelogram estimate of % S-phase based on the minimum height of the interval 
between G1/GO and G2/M [67, 131]. This analysis assumes no large number of 
S-phase cells to be present within the G l/GO and G2/M peaks, and it is 
not confounded by skews in these peaks resulting from other causes. Methods 
of preparation that reduce debris in the histograms also increase the accuracy of 
% S phase measurement [69, 130]. Fluorescent debris tends to increase apparent 
% S-phase. 

Haag has defined the debris curve by an exponential function, and debris can 
now be subtracted mathematically from DNA histograms [47, 48]. When this is 
done, % S-phase tends to approximate the TLI. Otherwise, % S-phase derived from 
flow cytometry is 1.5-2 times the TLI measured in the same set of tumors [47,77,82, 
130, 131]. The contribution of debris to the S-phase region of DNA histograms can 
be 90% or more of the total events, and can result in gross overestimation of 
% S-phase [47, 48, 131]. It is now clear that debris subtraction is necessary when 
evaluating % S-phase of human mammary carcinomas. 

Measurement of% S-Phase by Flow Cytometric Analysis After Labeling with BrUdR 

By staining with monoclonal anti-BrUdR, S-phase cells that have incorporated 
BrUdR can be identified by flow cytometry [28, 127]. This is a means of increasing 
the accuracy of flow cytometric % S-phase, but it is not currently practical for use 
in the majority of breast carcinoma patients. Labeling of S-phase cells can be 
accomplished by infusion of BrUdR shortly before excision of tissue, but would 
probably not be acceptable when the diagnosis of carcinoma is uncertain. In vitro 
BrUdR-labeled tissue could be dissociated for flow cytometry, but the practicality 
of this approach has not been tested, and the problem of identifying neoplastic cells 
would remain unsolved. 
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Measurement of Growth Fraction 

The growth fraction was defined by Mendelsohn [71] as the fraction of cells in the 
mitotic cycle. A cell is considered to be in cycle if it is progressing toward mitosis. If 
it is not so progressing, it is considered to be in the Go fraction (see Fig. 1). Growth 
fractions of neoplasms can vary within wide limits from 10% or less, to virtually 
100% [43,65, 70, 72]. The term "growth fraction" should not be used loosely to 
indicate TLI or % S-phase . TLI or % S-phase will always be less than the growth 
fraction, for the cycling cells that comprise the growth fraction are in all parts of the 
cell cycle, G l' G 2' and M, in addition to S. The growth fraction can be estimated by 
labeling procedures, but the cells must be exposed to the label for an interval equal 
to the longest cell cycle time of the population to ensure that all cycling cells are 
labeled. Methods available for clinical application include the primer-dependent 
DNA polymerase labeling method of Schiffer and associates [100] and a mono
clonal antibody, Ki-67 [44], that may recognize a DNA polymerase epitope. The 
labeling method utilizes labeled nucleotide triphosphates to which viable cells are 
exposed prior to autoradiography to detect labeling. Only light labeling is achieved 
by this method, and auto radiographic results often are not clear-cut. The Ki-67 
antibody produces clear-cut results. All cycling cells are marked. Frozen sections of 
unfixed tissue are required; the method does not work on fixed, paraffin-embedded 
material. The antigen is easily eluted unless the frozen sections are fixed in organic 
solvents. 

The DNA Index: Methodology 

The DNA index is the DNA content of a G l/GO population of interest relative to 
the DNA content of normal Gt/Go cells. It can be measured by static micro
densitometry, microfluorimetry, or by flow cytometry. Usually it is expressed as a 
multiple of 1 (Fig. 8). Static and flow cytometric measurements of DNA are 
insufficiently precise to detect minor quantitative changes associated with trans
locations, gene amplifications in homogeneously staining regions, and double 
minute chromosomes. The DNA index does correlate well with the modal 
chromosome number [10, 121]. 

Classical Cell Kinetics Studies in Breast Carcinoma 

Cell kinetics implies motion of cells through the cell cycle. Motion can be measured 
only by making observations at intervals, and not by one observation at a point in 
time such as a mitotic index, TLI, or % S-phase. The classic approach to cell 
kinetics measurements is the fraction of labeled mitosis (FLM) curve [114]. An 
FLM curve is constructed by counting labeled mitotic figures after a single dose of 
tritiated thymidine. Ideally several peaks should result, and the interval between 
successive peaks is equivalent to the mean cell cycle time. In practice with human 
tumors, the curve is so greatly dampened by variability in transit times of individual 
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cells that only one distinct peak can be appreciated. Nonetheless, analysis of FLM 
curves can provide estimates of cell cycle duration Tc, and G 1, S, G 2, and M transit 
times. These estimates must be interpreted with caution because FLM curves are 
much more influenced by rapidly cycling populations of cells than slowly cycling 
populations in tumors that are heterogeneous for cell cycle transit time. The 
prerequisites for obtaining FLM curves preclude their routine application, and only 
a few have been done for breast carcinomas. The results indicate that S-phase 
transit (Ts) is approximately 18 h, G 2 approximately 4 h, G 1 highly variable, and M 
(essentially metaphase and anaphase only) less than 1 h [72]. Ts can also be 
estimated by double labeling. This procedure depends on differentiation of one 
precursor [3H]-thymidine) from another ([14C] thymidine) by differential auto
radiography, or by use of a radiolabeled precursor in conjunction with a precursor 
which is detectable histochemically (BrUdR, for example). Studies by double 
labeling have given similar (99) or slightly shorter estimates of T, in the range of 
12-16 h [18]. 

Another way to gain insight into the dynamics of cellular proliferation is to give 
[3H] TdR at short intervals or as a continuous infusion with assessment of the 
percentage of labeled mitoses at intervals. This will allow an approximation of the 
length of Gland estimation of the growth fraction. Data obtained by Post and co
workers [95] using this method indicate that breast carcinomas with low TLIs have 
prolonged or highly variable G 1 durations. This conclusion was based on the failure 
of the FLM to approximate 100% after continuous administration of [3H] TdR. In 
one patient, fewer than 20% of mitoses were labeled after 72 h of continuous 
exposure to the precursor. Straus and associates administered [3H] TdR repeatedly 
to a patient with multiple chest wall recurrent tumors and an initial TLI of 22%, 
and obtained a maximum TLI of only 40% after 5 days [117]. Another way to 
interpret these findings is that a large Go compartment is feeding cells into G l' and 
at the same time is being replenished by cells entering Go from G l' 

The measured doubling times of breast carcinomas consistently exceed poten
tial doubling times computed from labeling index data [72]. Malaise and co
workers estimated cell loss of approximately two-thirds from TLI data [66]. Higher 
TLIs subsequently obtained by others [42, 83, 117, 118] indicate even greater cell 
loss. 

Results of Measurements with Widespread Clinical Applicability 

The TLI, DNA index, and % S-phase by DNA measurement have been used to 
characterize groups of patients in several institutions. Both TLI and % S-phase 
distributions are consistently positively skewed and have been described as 
lognormal [83, 99] (Fig. 9) or exponential [42, 104]. The TLI values were higher 
when incubations with tritiated thymidine were carried out under hyperbaric 
oxyg~n in the presence of thymidylate synthase inhibition [78]. In a series of 757 
primary infiltrating breast carcinomas, the median TLI was 5.2%, mean 7.1 %, and 
the range 0% (one case) to 35% [83]. Without hyperbaric oxygen and thymidylate 
synthase inhibition, results were lower [104, 105, 122]. With enzymatic dissociation 
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Fig. 9. Frequency distribution of TLI in 757 primary infiltrating breast carcinomas 
measured with hyperbaric oxygen and inhibition of thymidylate synthase [83] 

to reduce debris levels [69J or with subtraction of fluorescent debris [32, 47J, 
median % S-phase by flow cytometry was similar to the results of optimal 
thymidine labeling. When mechanical dissociation was used without subtraction of 
debris, median % S-phase was one and one-half times or twice as high as median 
TLI [52,61,62,77,92]. 

DNA ploidy measurements by microdensitometry, microfluorimetry, and flow 
cytometry have demonstrated aneuploidy or tetraploidy in 50%-92% of breast 
carcinomas, whereas 8%-50% had diploid DNA content. A consensus figure would 
be approximately 60%-70% aneuploidy by current methods of static or flow 
cytometric DNA analysis. The majority of aneuploid breast carcinomas have DNA 
contents between the diploid and tetraploid levels (1 < DNA index < 2), some are 
hypertetraploid (DNA index> 2), and very few are hypodiploid (DNA index < 1). 

Two studies of the growth fraction in a total of 187 primary invasive breast 
carcinomas based on labeling with the Ki-67 antibody showed means of 15% and 
20% and a range of3%-60% (65, 70). By primer-dependent DNA polymerase assay 
in 88 primary invasive carcinomas, the mean was 29% and the range 8%-100% 
[99]. 

Relationships Between Cell Kinetics or DNA Index and Other Prognostic Factors 

Fairly strong relationships exist between the TLI and DNA content of breast 
carcinoma and other prognostic variables (Tables 3, 4). In general, a proportional 
relationship has been found between, on one hand, the size of the breast carcinoma, 
the histologic and nuclear grades, inflammatory findings and other indications of 
rapid progression at the primary site and, on the other hand, TLI. An inverse 



Measurements of Cellular Proliferation and DNA in Breast Carcinoma 155 

relationship has been observed for age, controversial as a prognostic variable 
[55, 88], ER and PR contents on one hand and TLI on the other hand. No 
significant relationship has been noted between TLI and the number of axillary 
lymph nodes or the presence or absence of distant metastases at time of initial 
diagnosis of breast carcinoma. For aneuploidy versus diploidy, the findings 
generally parallel those ofTLI wherein aneuploidy is equated to high TLI. We can 
now consider each of several prognostic variables in relationship to kinetic and 
DNA measurements. 

Age 

Age is inversely related to TLI, but the relationship is a weak one and is statistically 
significant only when large numbers of patients are considered [12, 83, 104]. 

Table 3. Correlates of TUa 

Source No. Age Size Nodes Metastases Histology ER PR 

Milan (42) 541 + 0 
Villej uif (122) 98 + 0 
St. Louis (83) 757 + 0 + + 
Valhalla (117, 118) 32 0 

a Negative correlation is indicated by -; positive correlation by +; no correlation by O. 
When no data were presented, the space is left blank. 

Table 4. Correlates of DNA indexa 

Source No. Age Size Nodes Metastases Histology ER PR 

Leiden (22) 565 0 0 
Sydney (52, 119) 473 + + + 
Winston-Salem (62) 226 0 0 Tr+ 
Lund (35) 638 0 + Tr+ 
Oslo (120) 59 Tr+ 0 0 0 
Houston (II) 43 0 0 0 0 0 
Aarhus (13) 46 + 
Tampere (57) 92 0 Tr+ Tr+ Tr-
New York (91) 92 + 
Stockholm (58) 210 0 
Nedlands (49) 80 + + 
St. Louis (68) 168 0 + + 

a + indicates a significant positive relationship; Tr + a positive relationship of borderline 
significance; - a significant negative relationship; Tr - a negative relationship of borderline 
significance; 0 no relationship; blank space indicates no data presented. 
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Essentially any TLI within the entire observed range, from nearly 0% to 35%-40%, 
can occur at any age, but low TLIs are unusual in young patients and are much 
commoner after age 60 years (Fig. 10). This may relate to the proliferative status of 
the mammary epithelium at the time of carcinogenesis, since the lobular epithelial 
proliferative index declines with age [46, 76]. Aneuploidy was more frequent in 
postmenopausal than in premenopausal patients, but % S-phase tended to be 
higher in premenopausal patients, in agreement with thymidine labeling studies 
[52]. 

Size of Primary Tumor 

The size of the primary tumor is significantly related to TLI, with an upward trend 
in TLI with increasing size up to 8 cm. The correlation between size and TLI, 
however, is low (r = 0.17, log TLI versus diameter). Therefore, the two variables are 
only weakly related, and a wide range of TLIs is found for any size of tumor [83]. 
Gentili and co-workers, however, found a significant relationship only in the 
premenopausal patients with negative lymph nodes [42]. The DNA index did not 
relate to size of the tumor [22]. 

Histologic Type of Tumor 

Thymidine labeling [74, 83] and flow cytometric studies [34, 68, 87, 92] show that 
the proliferative rates of adenocystic carcinomas, mucinous carcinomas with small 
nuclei, tubular and probably papillary carcinomas are consistently low. These 
carcinomas all have distinctively good prognosis. Most infiltrating lobular carci-
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Fig. 10. Relationship between TLI and age of patient [83] 
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nomas also have low TUs, although they have high metastatic rates. Medullary 
carcinomas consistently have high TUs despite their low tendency toward meta
stasis. These and other special forms comprise only 20% of breast carcinomas. The 
remaining tumors, termed not otherwise specified (NOS) [37] or infiltrating duct 
carcinoma, show a wide spectrum of TU or flow cytometric % S-phase. Not 
unexpectedly, in view of the relationship between TU and diploidy versus 
aneuploidy, breast carcinomas with low TUs are usually diploid, whereas medul
lary carcinomas are usually aneuploid [34, 68, 87]. 

Stage of Tumor 

TU relates only weakly to the number of axillary lymph nodal metastases. Even 
with 757 carcinomas analyzed, the trend toward higher TU with more metastatic 
nodes failed to reach statistical significance (P = 0.06) [83]. Other studies have also 
shown the same trend, but without statistical significance [42,100,122]. The flow 
cytometric % S-phase showed the same trend as the TU, but no stronger [52]. 

By either Feulgen microdensitometry [39] or flow cytometry [52], tumors with 
aneuploid DNA content are associated with a higher clinical stage than diploid 
tumors, but the relationship is not a strong one. In 565 primary breast cancers, 
Cornelisse and co-workers [22] found no correlation between DNA index and 
stage. 

Estrogen and Progesterone Receptors 

Although attempts to relate ER and PR status to histologic characteristics of breast 
carcinomas have yielded variable results, TU has consistently shown an inverse 
relationship to ER content [21, 86, 104, 105, 118]. The relationship in our 
experience was stepwise for PR, but all or none for ER. The weakly ER-positive 
carcinomas had TUs as high as the carcinomas which were strongly ER-positive. 
Despite impressive P values for the inverse correlations, the correlation coefficients 
have been low (r = 0.19-0.4) [83]. In fact, one cannot predict either the receptor 
content from the TU or vice versa with any confidence in an individual case. 
Tumors with either high or low receptor values can have either high or low TUs. 
The relationships therefore have only scientific interest rather than practical clinical 
value. Microdensitometric measurements of DNA in smears of breast carcinomas 
have shown a relationship between ploidy and ER. Diploid carcinomas were 
usually ER-positive, whereas aneuploid tumors were usually ER-negative [3, 39]. 

Several studies have related flow cytometric % S-phase and DNA index to 
receptor concentrations, with mixed results. Olszewski and co-workers [91, 92] 
found an inverse relationship for both variables with ER content. Raber and co
workers noted a significant inverse relationship between % S-phase and ER content 
[97]. Kute and co-workers confirmed this finding for ER and in addition 
demonstrated that PR-negativity was significantly associated with aneuploidy [62]. 
They also showed that a high proliferative index, as measured by flow cytometry, 
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significantly predicted for the lack of either receptor. Dressler and co-workers, in a 
study of 1331 patients, observed a strong inverse relationship between both DNA 
index and % S-phase and both ER and PR status [32]. Kallioniemi and associates 
observed a significant tendency for aneuploid tumors to be PR-negative and a trend 
for them to be ER-negative [57]. 

The broad range of proliferative indices found in ER-positive carcinomas has 
led to speculation that the proliferative rate might predict response in this group. In 
fact, two studies have shown a significant inverse relationship between TLI and 
hormonal response [80, 94]. Nordenskjold and associates measured TLI of 
aspirates from breast carcinoma before and after hormonal therapy and noted 
decrease in TLI only in responders [90]. 

The DNA Index and Proliferative Index 

Aneuploidy has been consistently associated with a tendency toward high 
TLI [77, 82] or % S-phase [25, 61, 77, 82, 92], but it does not guarantee that 
% S-phase or TLI will be high in a given tumor. Nor does diploidy guarantee 
low TLI or % S-phase. We have found no relationship whatsoever in aneuploid 
tumors between the degree of aneuploidy and the % S-phase or TLI [77]. 

Prognostic Value of the DNA Index, TLI, and % S-Phase 

DNA Index 

The first evidence that the DNA content of breast carcinoma cells was related to 
prognosis came from the microdensitometric studies of Auer and associates and 
Atkin [2, 4]. These retrospective studies utilized archival breast carcinoma smears. 
DNA per cell was measured by ultraviolet absorbance after Feulgen staining. In 
both studies, carcinomas with clear peaks only in the diploid and tetraploid regions 
of the DNA histogram were associated with few relapses, whereas relapses were 
common when appreciable numbers of cells had DNA contents intermediate 
between diploid and tetraploid or beyond the tetraploid zone. A recent study by 
Opferman and coworkers [93] has confirmed these results, but with the conclusion 
that the ploidy profile was not a strong enough predictor to be of much value. Auer 
and Tribukait have shown an excellent correlation between static microdensito
metric and flow cytometric DNA measurements in breast carcinoma [6], a finding 
confirmed by Fallenius and coworkers [36]. Stal and associates have similar 
findings from comparison of static microfluorimetry with flow cytometry [112]. 
This indicates that valid results are achieved by either static or flow methods. 

Development of a method for flow cytometry of archival paraffin blocks by 
Hedley and coworkers [50] permitted retrospective study and quickly showed the 
DNA index to be prognostic [53,57] (Table 5). Although the DNA index at first 
appeared to be a promising prognostic marker, a recent comprehensive analysis 
utilizing archival paraffin-embedded tissue proved it to be a relatively weak 
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Table 5. Prognostic value of DNA index' 

Stage 

Source No. General I II III IV Metastases Independenceh 

Leiden (22) 565 + + 
Sydney (52) 490 + + 0 
Miami (25) 74 + 
San Antonio (32) 327 + + 
Stockholm (58) 210 0 

• Indicates a significant prognostic relationship: 0 no significant relationship; blank space 
indicates no data presented. 

bIndependent prognostic relationship by multivariate analysis. 

prognostic factor [51, 52]. Klintenberg and associates found the DNA index to be 
nonprognostic [58]. Our observation that the TU is not correlated with the DNA 
index of aneuploid tumors [77] may explain the finding of Hedley and Rugg that the 
DNA index of aneuploid tumors did not relate to outcome [52]. Not only was an 
increasing DNA index in the aneuploid range not associated with declines in 
relapse-free survival and overall survival, but carcinomas with more than one 
aneuploid line were no worse than those with a single aneuploid line. These 
observations suggest that the proliferative index, not the DNA content, is the chief 
prognostic factor. 

When Hedley and Rugg applied multivariate analysis to their data, they found 
that the DNA index did not predict independently of the axillary nodal status, but 
% S-phase did [53]. However, % S-phase did not predict independently of the 
histologic grade. The latter is based on structural characteristics, nuclear features, 
and the mitotic index, each of which relates strongly to % S-phase or TU [68, 83]. 
A variety of prognostic indicators, which include histologic variables, DNA index, 
and oncogene amplification [109], may all operate through a relationship to the 
proliferative index. 

Recently, Harvey and associates confirmed a strong prognostic relationship for 
the DNA index determined microdensitometrically rather than by flow cytometry 
[49]. The DNA index was prognostic, independent of tumor size, ER and nodal 
involvement, and was the strongest prognostic indicator of all these variables. They 
suggested that microdensitometric measurement of DNA may be superior to flow 
cytometric measurement because micro densitometry permits selection of neoplastic 
cells recognized by cytologic criteria, whereas flow cytometry includes all cells. 

Tumor Labeling Index (TLl) 

The frequency distribution of TUs of 757 primary infiltrating breast carcinomas is 
shown in Fig. 9. All measurements were made with hyperbaric oxygen and 
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blockade of thymidylate synthesis so that S-phase cells were well defined by high 
grain counts in autoradiographs. The median TLI was 5.2%, and the mean was 
7.1 %. The ranges of 0%-3%, 3.1 %-8%, and 8.1 %-35.5% divided the population 
into equal thirds [84]. The TLI has been shown to be a prognostic indicator for 
breast carcinoma in stage I [42, 79, 84, 106] (Fig. 11), to a lesser extent for stage II 
breast carcinomas [42, 79, 84], and in breast carcinoma after relapse [80] (Table 6). 
In the studies by Silvestrini et al. [105] and us [84], the prognostic power ofTLI in 
node-negative or stage I patients was independent of ER content. It was also 
independent of PR content in the one study in which adequate PR data were 

Table 6. Prognostic value of TLI' 

Stage 

Source No. General II Relapsed Independenceb 

Milan (42, 106) 541 + + +- + 
Villejuif (123) 98 + + 
St. Louis (80, 83) 326 + + + + + 
Valhalla (117) 32 + 

• Significant prognostic relationship is indicated by +; a trend by + -; no data by 
blank space. 

b Independent prognostic relationship by multivariate analysis. 
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Fig. 11. Relapse-free survival of patients with breast carcinomas, American Joint 
Committee stage I, relative to TLI. Low TLI predicted a high probability of survival [79] 
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available [84]. In the node-positive group of breast carcinoma patients, TLI 
predicts within stage II (Fig. 12). In stage III (massive local tumor volume), we 
found that TLI did not predict significantly, although a trend exists toward 
improved relapse-free survival with low TLI (Fig. 13). In contrast to the loss of 
statistical power with large tumor size, TLI retained predictiveness in the presence 
of many positive axillary lymph nodes (Fig. 14). Here, as perhaps in the lower 
stages, the proliferative index does not predict ultimate death or relapse so much as 
the timing of death or relapse. When many nodes are positive, the natural history 
appears to include relapse in nearly all patients. Nonetheless, the group with low 
TLI clearly shows postponement of relapse, and of death once relapse has occurred. 
An interplay with ER is suspected here, for low TLI is associated with ER-positivity, 
and the latter with prolongation of survival on hormonal treatment. In patients 
presenting with stage IV, TLI was also predictive for outcome (Fig. 15). 

Role of % S-Phase by Flow Cytometry 

Distributions of % S-phase measured by flow cytometry in breast carcinomas vary 
from one laboratory to another according to methods of flow cytometry and 
algorithms used to derive % S-phase from the DNA histograms. When corrections 
for debris were not made, the median % S-phase was usually approximately twice 
the median TLI measured in the author's laboratory. Various studies have used the 
median % S-phase as the boundary for prognostic evaluations. Kallioniemi and 
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relative to TLI. A majority ofthese patients received adjuvant cytotoxic chemotherapy. Low 
or intermediate TLI predicted a relatively high probability of survival 
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chemotherapy. Low TLI was predictive of survival 
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low TUs 

Table 7. Prognostic value of the % S-phase by flow cytometry' 

Source 

Tampere (57) 
Sydney (52) 
San Antonio (32) 
Stockholm (58) 

No. General Stage 

59 + 
285 
215 

177 + 

II III IV 

+ 
+ 
+ + 

Metastasses Independenceb 

+ 
+ 

• Significant prognostic power is indicated by +; no data by blank space. 
b Independent prognostic relationship by multivariate analysis. 

associates observed that % S-phase was a better predictor of survival and relapse
free survival than the DNA index [57]. Hedley and Rugg [52,53] noted that 
% S-phase from paraffin-embedded tissue was prognostic in node-positive breast 
carcinomas. % S-phase determined flow cytometrically from paraffin-embedded 
tissue was a better predictor of survival and relapse-free survival than the DNA 
index [57,58]. Klintenberg and associates [58] found that % S-phase was an 
independent prognostic entity along with the axillary lymph nodal status and the 
results of ER assay, whereas the DNA index was ineffective. Dressler and 
co-workers presented evidence that % S-phase by flow cytometry of frozen tissue 
was an independent predictor of survival in node-negative patients [32] (Table 7). 
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Assessment of Risk: Choice of a Method and Practical Application 

The variables that relate independently to risk in breast carcinoma have been 
corroborated sufficiently to permit us to devise a rational working method for risk 
assessment. The independent variables that have emerged are the proliferative 
index, the axillary lymph nodal status, and the size of the carcinoma. Since these 
variables are independently prognostic, risk can be adjusted by setting the level of 
any of the three. TLI is the most extensively studied of the proliferative indices at 
present. BrUdRLI will probably give similar results. Ki-67LI, a measure of growth 
fraction rather than S-phase, may duplicate the TLI results and should be 
investigated because it can be done on frozen tissue. % S-phase by flow cytometry is 
effective, but at present can be measured accurately in only about 70% of 
speCImens. 

Prognostic variables are usually most effective when the stage of the disease is 
low. This is true for breast carcinoma, where TLI is most effective in node-negative 
patients, and this is the group where its application is most appropriate. The 
question of a cutoff point arises. Our data indicate that TLIs of lower, mid, and 
upper thirds divide early stage breast carcinoma into groups with significantly 
different survival and relapse-free survival rates at 3 years, but at 5 years after 
diagnosis and application of potentially curative therapy, the survival and relapse
free survival rates of the lower third TLI group remain high while those of the mid 
and upper third groups are similar and significantly lower. Therefore, the cutoff 
point should probably be somewhere between the point dividing the middle and the 
lower thirds (3% in our data) and the median (5.6%). The impact of size as a third 
variable has not been well evaluated, but at some point even with negative nodes 
and low TLI, the probability for relapse would appear to increase with tumor size. 
One might then arbitrarily define as high risk tumors those with diameters of 5 cm 
or more, even if the nodes are negative and TLI low. These would be relatively few, 
so that by adding the patients with TLI in excess of the median, only slightly more 
than half of node-negative patients would be placed in the high risk group. 

Flow cytometric % S-phase could be substituted for TLI, but this would 
presuppose that all specimens would be amenable to this measurement. Our 
experience suggests that % S-phase can be forced from the histogram in over 95% 
of cases, provided that a simple, rectangular model for computing % S-phase is 
used. We would recommend, however, that in trials depending on this type of risk 
definition, both DNA labeling and flow cytometry be carried out. Not only would 
this ensure that a proliferative index would always be available, but it would allow 
the two methods to be further evaluated one against the other. 

Adjuvant therapy could blunt the prognostic effectiveness of the proliferative 
index if rapidly proliferative tumors were more likely to be sterilized than slowly 
proliferative tumors. Our data support this concept. Very few of our stage I patients, 
in whom TLI was highly prognostic, received adjuvant cytotoxic therapy, but 40% 
of the stage II and 52% of the stage III patients, in whom TLI was much less 
prognostic, received adjuvant cytotoxic therapy. In the stage II group, 80% of the 
treated patients received cyclophosphamide (Cytoxan), methotrexate, and 
5-fluorouracil (CMF) [15], and 5% received doxorubicin (Adriamycin). In stage III, 
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55% of those treated received eMF and 30% received a doxorubicin-based 
regimen. Thus, chemotherapy may be responsible for the decreased association of 
early relapse with high TLI in patients with advanced disease. 

Inflammatory carcinoma is the most common example of inoperable breast 
carcinoma without detectable metastases. Here the proliferative index is of almost 
no value because nearly all of these carcinomas are rapidly proliferative [83]. Since 
by definition all tumors in this category are large, one can fall back only on the 
steroid hormonal receptors for possible prognostic variables. 

The proliferative index of experimental neoplasias is known to relate to the 
effectiveness of cytotoxic therapy [64, 108]. It should be investigated in advanced 
breast carcinoma as a biologic measurement of potential value in selection of 
therapeutic drugs. 
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Introduction 

Cell kinetics describe the dynamic processes involved in growth or regression of 
tumors in untreated hosts and in hosts perturbed by therapy or other factors. 
Changes in tumor volume are determined by the cell population kinetics, i.e., the 
length of the tumor cell cycle and its phases, the growth fraction, the rate of cell loss 
or cell death, and the volume of noncellular components of the tumor. The observed 
response of tumors to therapy is determined by all of these factors. 

Numerous experimental models of mammary adenocarcinoma have been 
developed and the kinetic data on these models have been extensively reported and 
reviewed [30,82,99, 114, 116]. This chapter will include selected data on a limited 
number of tumor systems to describe the dynamic processes in spontaneous, 
induced, and transplanted experimental mammary adenocarcinomas and the 
effects of various types of perturbation on these processes. Although no common 
etiology between any of the tumor models and breast cancer in humans has been 
objectively shown, the biologic principles described may provide useful guidelines 
for clinical therapy. 

Tumor Growth Kinetics 

Growth of experimental tumors has been described by several mathematical models 
[31], but the Gompertz function that describes exponential growth which is in turn 
exponentially retarded is most frequently used [75, 76, 78, 111, 128]. When the 
Gompertz-fitted growth curve is extrapolated back to one cell, it may yield time 
periods for tumor initiation that are unrealistic for human breast cancer [39]. 
However, this mathematical function generally fits the measurable growth of 
tumors and is useful in describing tumor behavior. The Gompertz function was 
used to describe progressive changes in tumor volume with time for spontaneous or 
induced tumors, early transplant generations, and long-transplanted tumor lines, as 
well as tumor metastasis of the mouse and rat [40, 78, 109]. Several examples are 
shown in Fig. 1. In general, spontaneous or induced tumors grow with a longer 
mass doubling time and exhibit less retardation of growth than do the transplanted 
tumors, although exceptions to this have been reported for individual spontaneous 
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Fig. I. Gompertz-fitted growth data from mammary adenocarcinomas: 1 C3H spontaneous; 
2 C3H syngeneic first-generation transplant; 3 C3H syngeneic long passage transplant; 
4 DMBA-induced; 5 Mam Ad 11C transplanted from a DMBA-induced tumor. Curves 1. 2, 
and 3 redrawn from [78J; 4 and 5 from [110J 

tumors and the first-generation transplants into syngeneic hosts [112]. Extended 
passage of a tumor line is usually associated with increasing growth rate and 
increasing retardation of growth (seen as an increase in volume doubling time with 
time postimplant), but exceptions to this have also been reported [6]. In studies of 
C3H spontaneous and transplanted tumors, McCredie [78J attributed the initial 
rapid growth rate of transplanted tumors to poor differentiation of the tumor cell 
population, and the retardation of the transplants to an increase in the relative 
volume of necrosis (Fig. 2). The latter presumably resulted from deterioration of the 
vascular supply. 

The C3H spontaneous and transplanted tumors generally grow as nodules with 
expansion of nodules leading to centrinodular necrosis in the transplants [78]. 
Other transplanted tumors may exhibit a single necrotic core surrounded by a shell 
of proliferative tissue. Presumably, the centrinodular or central necrosis occurs 
when the tumor nodule expands from the periphery rather than by invasion of the 
surrounding tissue. 

Whether or not the presence of multiple spontaneous C3H or 7,12-
dimethylbenz(a)anthracene- (DMBA)-induced mammary adenocarcinoma tumors 
in a host inhibits the growth of individual tumors is unclear. Inhibition of secondary 
or metastatic growth by the presence of a primary or local tumor has been shown in 
mouse, rat, and hamster tumor models [22, 33, 38,44,47,48,53,54,56,57,68,71-73, 
84,86,89, 113, 120, 130]. In contrast, no interaction between tumors was observed 
in multiple implants of KHT sarcomas in C3H/Km mice [95J or in small and large 
implants ofB16 melanoma in the same host [116]. Steel suggested that interaction 
between the tumors used in these studies may have been minimal or absent, owing 
to the small tumor sizes ( < 0.5 g). Interaction between a large implant of Lewis lung 
carcinoma and spontaneous lung metastasis became evident when retardation of 
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Fig. 2. Change with growth in the relative volume of cancer cells and of necrosis in mouse 
mammary carcinoma. The lines represent "best fit" curves for the data [78] 

growth occurred in the large tumor foci [33]. An immune mechanism for 
suppression of tumor growth has been indicated in numerous investigations [5, 7, 
21,37,44,46,49-51,53,63,66,85,86,91,92, 119, 127]. An immune response as a 
stimulus of early tumor growth has also been described [63,91,92], but a specific 
role of the immune response in unperturbed and perturbed tumors remains elusive. 

Cell Population Kinetics of Unperturbed Tumors 

Studies of the kinetics of cell division in experimental tumors have provided insight 
into the dynamic processes that result in tumor growth or regression. While these 
studies of unperturbed tumors failed to provide a simple basis for converting 
"ineffective" or "noncurative" therapy into "curative" therapy, the cell population 
kinetics of perturbed animal tumor models can be extremely useful for rational 
design of protocols to improve the results that may be obtained with the available 
therapeutic modalities. 

Selected kinetic data on a few experimental tumor models are included in the 
following discussion to illustrate biologic principles. The cell cycle (Td or inter
mitotic time is usually considered to be the orderly progression of events from the 
appearance of a new cell through the preparation for DNA synthesis (TGJ, DNA 
synthesis (Ts), premitosis (TG2), and mitosis (TM) where two daughter cells are 
formed. The thymidine labeling index (TU) is, by definition, the percentage of cells 
within the tumor cell population that incorporate tritiated thymidine (CH] TdR) 
into DNA during a short or pulse exposure. The tumor growth fraction (GF) may 
be calculated from the measured kinetic parameters [83] or may be estimated as the 
primer-template-available, DNA-dependent DNA polymerase index (PDPI) 
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[102,103]. This value gives an indication of the fraction of the cell population that 
is actively engaged in cell proliferation, but does not necessarily have a direct 
relationship to the viable cell fraction or the fraction of tumor mass. 

Tumors of the C3H Mouse Strain 

The C3H mouse strain is known to carry the mouse mammary tumor virus (MTV), 
and the spontaneous mammary tumors that arise in aging female mice are usually 
considered to be virally induced and hormone unresponsive. In the absence of 
information to the contrary, the transplanted lines of the C3H tumors are 
considered to be derived by viral induction. 

Bresciani [17J compared cell cycle parameters in normal, hyperplastic, and 
neoplastic mammary gland cells of the C3H mouse (Table 1). The data indicate that 
progression to neoplasm, in this system, is accompanied by a decrease (to 
approximately 50%) in the length of the cell cycle and its phases. The observed 
values for TLI have a broad range in each of the three tissues studied, but the mean 
TLI of the tumors is increased about threefold over TLI of normal mammary tissue 
(Table 1). 

An increase in TLI, a decrease in To and a decrease in the tumor doubling time 
are usually observed when spontaneous or induced tumors are transplanted into 
syngeneic hosts [26, 81, 112]. With serial passage, the growth rate usually 
accelerates and marked retardation becomes evident (see Fig. 1). By selection of 
slowly or rapidly growing tumors as donor tumors at each passage, slow or fast 
lines can be isolated (Table 2). In the C3H fast and slow lines, the length of the G 1 

phase accounted for most of the difference in cell cycle parameters. The growth 
characteristics of the fast and slow line are not stable and the lines will revert if 
selective passage is stopped. 

The decrease in vascularity associated with the growth of experimental solid 
tumors [78J may be responsible for the observed changes in cell population kinetics 
where a prolongation of the cell cycle, a reduction in growth fraction, or possibly 
both [45, I11J may be observed. Fisher and Gunduz [40J investigated kinetic 
parameters of transplanted mammary tumors of C3H mice as a function of tumor 

Table 1. Kinetic parameters for mammary tissues of C3H mouse [17J 

Tissue TLI TGI Ts Tc GF 
(range) (h) (h) (h) (%) 

Normal alveoli 4.9 ~45.7 21.7 ~71 

(2.7-7.6) 
Hyperplastic nodules 9.7 ~26.8 15.9 ~46 

(5.8-18.2) 
Tumors 14.1 16.5-19.5 11.6 ~33 40 

(5.7-26.4) 
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volume from about 50 mm 3 to more than 5000 mm\ and found that TLI decreased 
to about one-half, Ts increased less than twofold, Tc increased about 50%, and To 
increased from about 35 to about 200 h over this range of tumor size (Table 3). In 
contrast, studies of a transplantable mammary carcinoma HB in the C3H mouse at 
three phases of growth described as the exponential phase (7 days postimplant, 
'" 0.2 cm 3), the phase of growth retardation (21 days postimplant, ~ 10 cm 3), and 
the stationary phase (30 days postimplant, ~ 13.5 cm 3 ) [25] indicated that no 
significant changes in the cell cycle parameters or in the growth fraction were 
observed between 7 and 21 days. During this interval, the tumor doubling time 
increased from 36 to 178 h (Table 3). In these studies the authors specified that the 
cell cycle parameters and growth fraction were measured on the tumor cell 
population at the periphery of the tumor and did not reflect a change until growth 
had essentially ceased. 

Induced and Transplantable Mammary Tumors of the Rat 

Primary mammary adenocarcinomas ofthe Sprague-Dawley rat have been induced 
by administration of DMBA using the technique described by Huggins [60]. The 
DMBA-induced tumors are hormone responsive during early growth, but the 
hormone responsiveness decreases with time from administration of the carcinogen 
and, possibly, with tumor size. Kinetic parameters for the growing DMBA-induced 
tumors as a function of tumor size, for tumors regressed by ovariectomy and 
stimulated by administration of estradiol and progesterone, and for small tumors of 
a long-transplanted line derived from DMBA-induced primary tumors are shown 
in Table 4 [109, 110]. There was no significant change in the cell cycle parameters of 
the DMBA-induced tumors with tumor age or size. The cell cycle parameters for the 
transplanted mammary adenocarcinoma (Mam Ad 1/c) derived from a DMBA
induced tumor were similar to those for the induced tumors, but TLI was more than 
twice as high. In this system, as in the C3H tumors, the transplanted line grew more 
rapidly with a shorter To (1.8 days for small tumors compared with 7-10 days in the 
DMBA-induced tumors of similar size), and retardation of growth was evident 
when tumors were very advanced. 

Cell Population Kinetics of Perturbed Tumors 

The kinetic parameters measured in untreated tumors describe the dynamics of the 
cell population until perturbed by surgery, radiation, drug therapy, or other 
therapeutic or environmental insults. Growth rate of residual tumor may be 
decreased or, more likely, will be stimulated by perturbation [107,108,113]. 
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other trauma have been described in the clinical and experimental literature [20, 77, 
93]. Efforts to quantitate the effects of surgical excision of the primary tumor on 
growth rate, size, or number of metastatic foci led to conflicting results [73, 74, 77, 
98]. DeWys [33] described a synchronous slowing of the growth rate of primary 
Lewis lung tumor and metastases; the decreased growth rate of the metastases was 
reversed by surgical removal of the primary tumor. 

The effects of surgical excision of a primary implanted Lewis lung tumor on the 
cell population kinetics of established lung metastases was described by Simpson
Herren et al. [113]. She reported that TLI of the primary tumor and the 
spontaneous lung metastases decreased with time postimplant. When the primary 
tumor was excised on day 14 postimplant, TLI of the residual lung metastases were 
elevated within 48 h and did not decrease with time postimplant, but remained high 
until the mice were terminal (day 30 or later) (Fig. 3). The surgical procedure did not 
significantly change the cell cycle parameters in the residual lung metastases. Sham 
surgery, in this case blunt dissection of a section of skin similar in size and shape to 
that removed with a large subcutaneous tumor ( "" 2 cm diameter), but from the side 
of the mouse opposite to the tumor implant, resulted in elevation of TLI of both 
primary tumor and lung metastases [113]. 

The perturbations of cell population kinetics that resulted from surgical 
reduction of tumor mass were soon confirmed in experimental mammary tumors 
(Table 5). In a study of C3H mice bearing spontaneous mammary tumors, surgical 
excision of one tumor increased TLI of the second tumor twofold within 24 h. 
Bisection of the first tumor increased TLI of the residual tumor and the second 
tumor threefold [101]. Similar studies in C3H mice bearing doubly transplanted 
mammary tumors confirmed the stimulation, but the magnitude of the increase was 
less [55]. 

100 
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Fig. 3. Thymidine labeling indices of spontaneous Lewis lung metastases for intact mice 
(circles) and following surgical excision of the primary implanted tumors on day 14 (crosses). 
Pooled data [108, 113J 
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Table 5. Effects of surgical excision of a primary spontaneous or transplantable tumor on 
labeling of the residual tumor with CH] TdR or [ 1251] UdR 

TLI 

Oh 24 h post surgery 

Tumor Tumor 1 
system Tumor 1 (residual) Tumor 2 Reference 

Spontaneous C3H tumors (double); 
resect tumor 1 4.5 9.1 101 

Spontaneous C3H tumors (double); 
bisect tumor 1 a 3.7 11.3 11.7 101 

Transplanted C3H tumors (double); 
surgical excision 1 

Day 14 30 36 55 
Day 21 25 35 
Day 28 20 25 

a Only a portion of the first tumor was removed. 

Gorelik et al. [52] described cell proliferation in lung metastases measured by 
uptake of 125I-labeled iododeoxyuridine (e 25I] UdR) following surgical excision of 
intrafootpad-inoculated Lewis lung tumors and concluded that the degree of 
acceleration of growth in the metastases was related to the rate of growth of the 
primary tumors. 

Kinetic analysis of residual tumor demonstrated an increase in G F 18-42 h after 
surgical removal of a transplanted murine neuroblastoma, but the peak prolifer
ation in bone marrow cells was delayed 24-96 h [88]. Growth curves for lung 
metastases of transplanted neuroblastoma also indicated more rapid growth 
following surgical removal of the tumor-bearing leg [90]. 

Keller [65-67, 69] used the transplantable D-12 rat fibrosarcoma to investigate 
the effects of surgical intervention on the incidence and growth rate of micrometas
tases and macrometastases. He concluded that surgical removal of a primary tumor 
could produce metastases in a model where no metastases were observed in the 
intact animal. He further reported that partial hepatectomy in a tumor-bearing rat 
enhanced outgrowth of established macroscopic metastases in other sites, but 
concluded that "surgical intervention does not of itself seem to constitute a major 
tumor promoting component" [67,69]. The role of surgical intervention that does 
not involve removal of the primary tumor remains unclear, but the effect appears to 
be related either to the extent of surgery or to the tumor model. Simpson-Herren et 
al. [113] reported that sham surgery enhanced TLI of lung metastases from 
transplanted Lewis lung primary tumors, but no enhancement of cell proliferation 
was observed following sham surgery in the spontaneous C3H tumors [100]. 
Amputation of a non-tumor-bearing extremity, celiotomy, and celiotomy with 
partial hepatectomy enhanced the incidence of pulmonary metastases from Lewis 
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sarcoma T241 in C57BL/6JN mice, but only celiotomy with partial hepatectomy 
had an enhancing effect on metastasis of Cloud man S91 melanoma in (C x DBA/2) 
F 1 hybrids [96]. Schatten and Kramer [99] reported no acceleration of metastatic 
growth of S91 melanoma or DBA49 tumors as a result of amputation of a non
tumor-bearing leg, anesthesia, or cortisone administration. 

In contrast, Shapiro et al. [104] reported acceleration of growth of metastasis 
from Lewis lung carcinoma and B 16 melanoma by four anesthetic drugs. When rats 
were anesthetized with chloroform or ether, the percentage of animals with lung 
metastases from intravenously implanted Walker 256 cells was 64% and 55%, 
respectively, compared with 37% in the control and 46% in those animals given 
barbital sodium [2]. 

Effects of Irradiation 

The population kinetics of the recurring tumor following radiation therapy have 
been extensively investigated [18,27, 58, 59, 105, 106], but the kinetic changes that 
occur during the immediate posttreatment period are unclear. Tumor regression 
was apparent within the first day after irradiation of an experimental carcinoma, 
but did not occur for several days in sarcomas in studies by Denekamp and 
Thomlinson [27]. When these investigators measured the cell cycle phases and TLI 
in irradiated tumors at least ten cycles after treatment, no kinetic changes were 
found in the treated tumors. 

Local irradiation of a highly metastatic P388 rat sarcoma was reported to 
stimulate the growth of lung and lymph node metastases present at the time of 
treatment [121], but to cause an exponential decrease in dissemination of tumor 
cells from the irradiated tumor. van Peperzeel [122] observed a period of 
accelerated growth 3-6 days after X-irradiation of tumors in both humans and 
experimental animals; an increase in TLI preceded the increase in growth rate. He 
concluded that for most clinical tumors, daily treatment was nearly optimal, but 
other schedules might be better in very rapidly growing and very slowly growing 
tumors. 

Development of transplanted C3H mouse mammary tumors was significantly 
perturbed by irradiation of host tissues both before and after tumor transplantation 
[I]. This perturbation involved an extended latent period, a slower average growth 
rate, and greater variability of growth. In contrast, treatment of the mice by 
injection of radiation-killed tumor cells prior to implantation of a tumor reduced 
the latent period and increased the growth rate. 

Braunschweiger et al. [14] defined the response of the cell kinetic parameters of 
the TI699 transplantable mouse mammary tumor to radiation. The initial response 
phase (first 24 h) was characterized by a decrease in TLI, an increase in PDPI, and an 
increase in length of the S:'phase. 

The length of the second phase of decreased cell proliferation was dose 
dependent, followed by a recovery phase with increased TLI, increased PDPI, and 
return of the S-phase to normal length. The fourth phase of response was 
characterized by a reestablishment of normal proliferative patterns. 
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Of particular interest in therapy design was the observation that local irradi
ation might stimulate the growth of distant metastases. Kaplan [64] reported that 
irradiation of a primary Bagg-Jackson mammary carcinoma augmented its capac
ity for dissemination. Further, significantly more mice died with metastases 
following local irradiation of the 2661 carcinoma than following amputation of the 
tumor-bearing foot [28]. Using large (2 x 105 cells) and small implants (3 x 104 cells) 
in the left and right hindlimb to simulate primary and metastatic C3H mammary 
tumors, Fisher et al. [42,43] demonstrated an increase in TLI and a decrease in the 
estrogen receptor index (ERI) of the "metastatic" foci following irradiation of the 
primary tumor. The effect on each index was of a lesser magnitude than was 
observed following surgical removal of the primary tumor. Irradiation of the 
primary tumor 1, 3, or 5 days prior to surgical excision of the tumor eliminated the 
increase in TLI and the decrease in ERI that was observed in the secondary tumor 
foci in the surgery-only controls. Crile and Deodhar [24] reported that radiation 
destruction of Lewis (T241) fibrosarcoma in the footpads of C57/BL6 mice 
controlled distant metastatic appearance better than surgical amputation of the 
tumor-bearing foot. 

Effects of Chemotherapy 

The kinetic perturbations that result from administration of antineoplastic agents 
in vivo may be obscured by the presence of drug-damaged cells with limited 
proliferative capacity. Cells lethally damaged by alkylating agents or the nitrosour
eas may continue through several cycles of DNA synthesis prior to death and lysis 
[3,4]. Thus, kinetic data obtained during the early post-treatment period may be 
questionable. 

Extensive data from empirically designed therapeutic protocols have de
monstrated the importance of treatment schedules. Rational design of treatment 
schedules based on knowledge of the recovery kinetics of residual tumor have 
proved successful experimentally, but are difficult to apply clinically because the 
interval between treatment and recovery is dependent on tumor, drug, and dose. 

Using flow cytometric and auto radiographic techniques to analyze Adriamycin
perturbed C3H mouse mammary tumors (S102F), Dethlefsen et al. [32] found that 
a dose of 10 mg/kg Adriamycin did not induce tumor regression, but inhibited 
growth for 4-5 days. They reported that TLI of treated tumors was 29% of the 
control at 96 h after Adriamycin administration, and there was no increase in 
degenerate index. He concluded that the inhibition of tumor growth was due to 
extended cell cycle delay rather than cell killing. A dose of 5 mg/kg Adriamycin to 
rats bearing the 13762 mammary tumor resulted in growth inhibition of at least 3 
days and recovery of cell proliferation between days 4 and 7 [11]. Sequential 
chemotherapy with cyclophosphamide was most effective when it coincided with 
recovery of proliferative activity. 

When single doses of cyclophosphamide were administered to mice bearing 
C3H spontaneous mammary adenocarcinomas, or rats bearing the 13762 tran
splantable mammary tumors, increases in TLI or PDPI occurred within the first 
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24 h and coincided with periods of increased sensitivity to Adriamycin [10]. Similar 
studies with the T1699 transplantable mouse mammary tumor indicated that 
recovery of proliferative activity occurred 3 days after Adriamycin treatment 
(S mg/kg) and 6-7 days after cyclophosphamide treatment (100 mg/kg) [12]. 

Following administration of single doses of cyclophosphamide (60 mg/kg, i.p.) 
to C3HeB mice bearing transplanted C3H mammary tumors, depression of both 
TLI and GF were evident within the first day and were maximal in TLI at 3 days 
(41 % of control) and in GF at S days (S4% of control) [40]. By day 7, both 
parameters were returning to normal. Successive doses of cyclophosphamide given 
every 7 days failed to intensify the depression of TLI and GF, resulted in a lesser 
effect with each successive dose, and produced only a reduction in growth rate. 
When immunotherapy (Corynebacterium parvum) was administered 4 days after the 
cyclophosphamide rather than 3 days before or simultaneously, the depression of 
TLI and GF was more profound, the recovery less complete, and the tumors 
regressed. Cyclophosphamide (240 mg/kg) administered 3 days after surgical 
removal of transplanted C3H mammary tumors, when TLI was highest, had a more 
favorable effect than if given 7 days after surgery, when TLI had returned to normal 
[41]. When given prior to surgery, cyclophosphamide prevented the increase in TLI 
of residual tumor usually observed after surgery, and prolonged survival. If a small 
dose of cyclophosphamide (60 mg/kg) was given on the day of surgery, the increase 
in TLI of residual tumor at 24 h was greater than in the surgery-only control [41]. 
By the third and fourth day, TLI of residual tumor was lower than TLI of the 
surgery-only control, but was similar to TLI prior to treatment. 

Relevant to growth of cells that survive initial treatment with chemotherapy are 
the observations on lung colony formation from KHT cells injected intravenously 
into mice 1 day following treatment with various cytotoxic drugs given at 
approximately two-thirds the LD50/30 [19]. The number of lung colonies was 
increased 81-fold over the saline-treated control following cyclophosphamide 
(200 mg/kg), 6.6-fold following actinomycin D (0.27 mg/kg), and 3.6 fold following 
mithramycin treatment (1 mg/kg). Adriamycin (to mg/kg), methotrexate 
(50 mg/kg), 5-f1uorouracil (140 mg/kg), cytosine arabinoside 2500 mg/kg), and 
bleomycin (6 units/kg) had minimal or no effect on lung colony incidence. Further, 
Vollmer and Conley [124] reported that cyclophosphamide caused a dramatic 
increase in the number of lung tumor nodules from intravenous or intra-arterial 
injection of KHT cells in C3H/HcW mice, but were unable to document tumor 
promotion in brain, heart, kidney, adrenal, or ovary. These data suggest that 
noncurative therapy with cyclophosphamide may result in a higher incidence of 
metastases, owing to increased survival of residual tumor cells. 

Effects of Hyperthermia 

The incidence of metastasis of a transplantable C3H mouse mammary adeno
carcinoma was dramatically increased following application of heat to a local 
tumor for a period of time adequate to eradicate the local tumor [12S]. Enhanced 
dissemination of Yoshida sarcoma in rats as a result of local heating that failed to 



184 L. Simpson-Herren 

destroy the tumor completely was reported [34, 35]. Metastasis formation from 
Lewis lung carcinoma did not appear to be promoted by local heating, but was 
promoted by total body hyperthermia of mice [129]. 

Effects of Environmental Factors 

Factors other than scheduled therapy may perturb the cell kinetics of tumors. 
Nutritional deprivation significantly reduced the tumor volume and markedly 
suppressed TLI and PDPI of the T1699 transplantable mammary tumor and the 
C3H/HeJ spontaneous mammary tumor [117]. Refeeding promptly restored 
proliferative activity. Increased incidence of spontaneous tumors, increased in
cidence of metastases, or accelerated growth of tumor or metastases have been 
attributed to experimental burns [87], to mechanical trauma [8], to stress produced 
by environmental isolation or crowding [94], and to inescapable shock [115, 123]. 

Effects of Immunologic Perturbation 

Janik and Steel [61, 62] studied the kinetic changes in four transplantable tumor 
systems that resulted from perturbation of the host. Immunologic perturbation was 
accomplished by transfer of tumors into another host strain (e.g., implantation of a 
mouse tumor into rats), by immunization with radiation-killed tumor cells, by 
inoculation oftumor cell numbers below the doses required to induce tumors, or by 
treatment with Freund's complete adjuvant. In two instances where tumor growth 
was essentially arrested by the perturbation there was no significant change in 
duration of the cell cycle, but a reduction in the proportion of actively proliferating 
cells. 

Treatment of mice with anti-mouse lymphocyte serum resulted in a marked 
increase in the growth rate of the EMT6/M/ AC tumor at all tumor volumes [126]. 
In contrast, the length of the cell cycle and its phases were not significantly changed 
and the growth fraction was reduced. Thus, in spite of a decrease in the rate of cell 
production, the growth rate of the tumor increased. These investigators attributed 
this change to a marked decrease in the rate of cell loss. 

Effects of Hormonal Changes 

The C3H spontaneous and transplanted mammary adenocarcinomas are generally 
unresponsive to changes in the endocrine status of the host or to administration of 
estrogen and progesterone. However, the DMBA-induced mammary adeno
carcinoma in the Sprague-Dawley rat is responsive to the hormonal status of the 
host during the initial phases of growth and has been utilized to investigate the cell 
kinetic changes that occur. 

Combs et al. [23] reported that the proliferating fraction of DMBA-induced 
tumors varied systematically with the estrus cycle, the lowest fraction in proestrus 
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and the highest fraction in early diestrus. Ovariectomy of rats bearing growing 
DMBA-induced tumors resulted in a decrease in TLI to near 0 by day 14 after 
surgery [108, 113]. Regressed tumors that recurred were no longer hormone 
responsive. Daily administration of estradiol and progesterone to intact rats with 
growing tumors, or to rats bearing tumors regressed by ovariectomy, resulted in an 
increase in TLI (Fig. 4). 

Braunschweiger et al. demonstrated that administration of methylprednisolone 
or dexamethasone following surgery [16] or chemotherapy [9, 13, 15] produced a 
stasis in proliferative recovery of residual tumor. Bone marrow recovery following 
chemotherapy was not delayed by the corticosteroids, thus providing a rationale for 
minimizing marrow toxicity and maximizing antitumor effects of subsequent 
chemotherapy. 

Treatment of C3H/HeJ spontaneous mammary tumors with methylpredni
solone resulted in a temporary stasis of tumor growth with little or no regression in 
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Fig. 4. Thymidine labeling indices for DMBA-induced tumors in intact rats (control), and 
following administration of estradiol and progesterone. In the remaining groups, ovariec
tomy was performed on day 0 and TLI was measured in regressing tumors on days 3, 5, 7, and 
14. Tumors that were studied on day 91 recurred without treatment and were hormone 
unresponsive. Two groups of rats bearing tumors that regressed after ovariectomy were given 
17-f3-estradiol (2 tlg per rat per day) and progesterone (8 mg per rat per day) for 4 or 8 days. 
TLIs were measured 24 h after the final treatment [110] 



186 L. Simpson-Herren 

tumor volume. Further, a 50% decrease in TLI was observed 2 h after treatment, 
with no change in the growth fraction estimated by PDPI [15]. In vivo treatment of 
first-generation transplants of C3H/HeJ spontaneous tumors with dexamethasone 
or methylprednisolone (10 mg/kg every 12 h for three doses) resulted in inhibition 
of cell proliferation followed by a maximum in TLI 18-24 h after methylpredni
solone and 42-48 h after dexamethasone treatment. Administration of dexamethas
one every 12 h during the recovery period following surgical removal of a primary 
implanted RIF-l tumor of C3H/HeJ mice inhibited the increase in proliferative 
activity that was observed in the artifical lung metastases of control mice (no 
dexamethasone). Proliferative recovery was evident after cessation of treatment 
with dexamethasone [16]. 

Role of Recovery Kinetics in Cancer Therapy 

Most cancer treatment failures are attributable not to the local primary tumor, but 
to the secondary sites that are usually present at the time of diagnosis [69]. Thus, 
effective therapy for the residual tumor cells following surgical intervention, or 
possibly irradiation of the primary tumor, becomes the challenge of cancer therapy 
[97]. The recovery kinetics of tumor and host tissue following noncurative surgery, 
irradiation, or chemotherapy define the time frame for depression or stimulation of 
proliferative activity. Reduction of the tumor mass by surgery or radiation may 
stimulate growth of residual tumor by increasing GF. The diverse available data 
suggest that the consequences of surgical excision or radiation therapy for the 
primary tumor may be related to the type of tumor, size or number of metastatic 
foci present at the time oftreatment, the site ofthe foci, and the immune status of the 
host. The incidence of micrometastases apparently far exceeds the incidence of 
macroscopically evident metastases [70], but these small foci may be subject to 
control by the immune system of the host. If this is the case, then surgical excision of 
the primary tumor (Table 6) may yield apparent "cures" or dormancy of the 
metastases unless or until the host immune system is impaired [37]. Irradiation of 
the primary tumor may sufficiently impair host immunity to allow outgrowth of 
micrometastases. Metastatic foci that are macroscopic in size at the time of surgery 
or irradiation may be stimulated to more rapid growth. 

Chemotherapy usually produces a depression of proliferative activity followed 
by a recovery phase - the magnitude of the depression and the interval between 
treatment and recovery appears to be a function of GF of the tumor, the host, the 
drug, and the dose. When the low-GF C3H/HeJ spontaneous mammary tumor and 
the high-GF 13762 transplantable murine mammary adenocarcinoma were com
pared, important differences in the recovery kinetics were noted [to]. Following 
treatment with cyclophosphamide, TLI was suppressed in both tumors, but the 
interval between treatment and recovery of TLI was considerably longer in the 
high-GF 13762 tumor than in the low-GF C3H/HeJ model. Further, there was 
evidence that GF of the 13762 tumors did not increase significantly above the 
pretreatment value, possibly indicating an absence of recruitment of nonproliferat
ing cells. This observation suggests that kinetically directed therapeutic protocols 
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Table 6. Possible consequences of therapy for a local or primary tumor. (Adapted from 
[68]) 

Residual neoplastic cells Consequences of surgery or irradiation for localized tumor 

No~ Cure 
A few micrometastases Cure, dormancy or outgrowth of metastases 

(possibly as a function of host immune status) 
Micrometastases and 

macrometastases Outgrowth of metastases 
(possibly accelerated by primary therapy) 

may be useful in relatively sensitive high-GF tumors as well as the insensitive low
GF tumors. 

In the experimental systems the most effective chemotherapeutic schedules were 
those in which drugs were administered to coincide with the kinetic recovery from 
single agents alone. Less effective schedules were seen when the recovery peaks were 
avoided in administration of therapy. Cetrain specific anticancer agents, e.g., 
bleomycin, may be more effective when administered to avoid this peak. In a 
combined modality protocol, radiation should be administered just prior to the 
peak of recovery for maximum effectiveness [14, 29]. The experimental data 
support the hypothesis that the recovery kinetics of residual tumor cells can be 
utilized to improve the results of therapeutic protocols for disseminated cancer. 
Clearly evident is the need for more rigorous data to define the recovery kinetics 
under clinically relevant conditions. 
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Introduction 

It has long been appreciated that some metastatic breast cancers were susceptible to 
hormonal influences and would respond to hormonal manipulation. The discovery 
of steroid hormone receptors in some breast cancers permitted more accurate 
prediction of which tumors would respond to such hormonal manipulation. In 
recent years the prognostic importance of the estrogen receptor (ER) and pro
gesterone receptor (PR) content of primary breast cancers has become apparent. 
Today, hormone receptor status can aid in predicting the risk of relapse of a 
primary breast cancer, the anatomic sites at risk for such relapse, and overall 
survival risk. Furthermore, receptor status predicts which patients will benefit from 
adjuvant hormonal therapy. These data are reviewed in the first section of this 
chapter. Given the important association between the receptor status and the 
natural history of breast cancer, it would seem reasonable to expect that the ligands 
for these receptors, circulating estrogens and progesterones, would have a similar 
relationship with the course ofthis disease. As discussed in the second section of this 
chapter, however, there is no clear connection between specific circulating steroid 
hormones and either development or progression of breast cancer. Nonetheless, 
direct effects of steroid hormones on breast cancer cell lines have been demon
strated in vitro. 

The final section reviews recent progress in understanding the function and 
structure of receptor molecules. Using the techniques of molecular biology, the 
amino acid sequences for the various hormone receptor molecules have been 
determined and compared, yielding insights into their functional components. Such 
molecular probes may enable us to identify dysfunctional receptor molecules, a 
potential cause of the imperfect correlation between receptor content and clinical 
hormonal responsiveness. Furthermore, understanding the function of steroid 
hormone receptors at a molecular level may clarify the role that circulating 
hormones play in the pathogenesis and progression of breast cancer. 

Hormone Receptors as Clinical Indicators 

The first application of ER and PR determinations to the care of breast cancer 
patients was to aid in selection of those patients most likely to respond to hormonal 
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therapy. These biochemical assays have now been available for over a decade, and 
with time the relationship between tumor receptor status and prognosis has become 
apparent. Both ER and PR status have important relationships to prognosis in 
primary breast cancer. Not only the duration of disease-free survival after primary 
therapy, but also the sites at risk for relapse, survival after relapse, and overall 
survival can be correlated to receptor status. In this way, steroid receptor assays can 
provide both valuable guides to treatment and powerful predictors of future risk in 
breast cancer. 

Response of Metastatic Disease 

By 1974 it was clear that ER-positive metastatic breast cancer was more likely to 
respond to a variety of hormonal manipulations than ER-negative cancers [50]. 
Since PR is expressed by normal breast tissue in response to estrogenic stimulation, 
it was felt that PR might serve as a marker for an intact estrogen response 
mechanism in breast cancer. In this way PR determinations might enhance the 
ability of ER assays to predict hormonal responsiveness. Indeed, by 1979, a number 
of investigators had shown that ER and PR assays, when used in combination, 
could better predict the response of metastatic breast cancer to endocrine therapy 
[55]. 

When these data were pooled, an overall response rate of 77% for ER-positive, 
PR-positive tumors was seen, in contrast to only 11 % for ER-negative, PR-negative 
tumors. As could be predicted, ER-negative, PR-positive tumors were uncommon. 
Responses were also seen in 27% of patients with ER-positive, PR-negative breast 
cancer. Response by tumors lacking detectable PR might be due to: (a) inadequate 
estrogenic stimulation in postmenopausal women to cause PR expression; (b) false
negative PR determinations in premenopausal women because of receptor satura
tion by circulating progesterone; or (c) uncoupling of estrogen-dependent growth 
properties and PR expression in tumor cells. This uncoupling has recently been 
demonstrated in a breast cancer cell line [62]. 

Prognosis 

ER and PR status could also be immediately correlated with other prognostically 
important histologic features in breast cancer. Well-differentiated tumors, and 
those with low nuclear grade, prominent elastosis, minimal necrosis, and absent 
lymphocytic infiltration are more likely to be ER-positive [26]. In some series 
smaller tumors are more likely to be receptor-positive [16], but this relationship has 
not been found by all investigators. Older patients are more likely to be ER
positive, regardless of menopausal status. The frequency of PR-positive tumors also 
increases with age for both premenopausal and postmenopausal groups when 
considered separately, as shown in Table 1 [16]. Receptor status of the primary 
tumor is not related to the presence or number of axillary nodal metastases. 

The relationship of receptor status to prognostically important histologic 
characteristics suggested that ER and PR might be directly related to prognosis. In 
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Table 1. Age menopausal status, and proportion of receptor-positive tumors. (From San 
Antonio receptor data base) 

Age ER-positive (%) PR-positive (%) 
(years) Premenopausal Postmenopausal Premenopausal Postmenopausal 

25-30 26 41 
30-35 60 51 
35-40 61 36 52 33 
40-45 62 45 56 33 
45-50 75 60 66 32 
50-55 67 70 73 39 
55-60 75 49 
60-65 82 53 
65-70 85 59 
70-75 84 63 

1977 Knight et al. [43] first reported a relationship between ER status and both 
disease-free and overall survival in primary breast cancer. A similar worsening of 
prognosis in ER-negative stage I and II breast cancer patients was subsequently 
reported by a number of other groups [4, 77, 27, 56,13,47,61,1,3,35,54,71]. On 
the other hand, several studies have found either no relationship between ER and 
prognosis, or an initial survival advantage in the ER-positive group which was, 
however, lost after 4-5 years. 

PR has also been strongly correlated with outcome in a limited number of 
studies [58, 15, 25, 48, 10, 22]. In a cohort of 189 patients with stage II breast cancer 
treated with adjuvant chemotherapy, the relative importance of a variety of 
prognostic factors was assessed by multivariate analysis. Both the number of 
involved axillary nodes and the PR concentration had strong independent associ
ations with prognosis (P<O.OOOI), but the ER concentration provided no addi
tional prognostic information [15]. 

Those results suggested that ER and PR might have different prognostic 
importance in different subsets of primary breast cancer patients. Data from the San 
Antonio receptor data base, shown in Table 2, support this possibility. In 
multivariate analyses of both disease-free survival and overall survival of 1647 
stage I breast cancer patients, ER and tumor size are highly significant independent 
prognostic factors, but PR is not. In contrast, similar analyses of 1529 stage II breast 
cancer patients show the number of positive nodes, size of the primary tumors, and 
PR to be important prognostic factors. ER does not contribute independently to 
disease-free survival, but does have a significant independent relationship to overall 
survival [51]. 

One might conclude that ER and PR reflect different biologic characteristics in 
primary breast cancer. In stage I breast cancer, metastatic capability, perhaps 
associated with features such as high nuclear and histologic grades, high pro
liferative rate, and absent ER, may be most important. Interestingly, however, 
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Table 2a. Multivariate analysis of disease-free and overall sur
vival in 1647 stage I breast cancer patients. (Modified from 51) 

Prognostic factor Disease-free Overall 
survival (P) survival (P) 

Estrogen receptor <0.0001 0.0003 
Size of tumor 0.0002 0.0041 
Progesterone receptor 0.31 0.11 
Age of patient 0.78 0.64 

Table 2b. Multivariate analysis of disease-free and overall sur
vival in 1529 stage II breast cancer patients. (Modified from 51) 

Progonostic factor Disease-free Overall 
survival (P) survival (P) 

Number of positive nodes <0.0001 <0.0001 
Size of tumor <0.0001 0.0001 
Progesterone receptor 0.0001 0.0001 
Estrogen receptor 0.14 0.0017 
Age of paitent 0.90 0.062 

neither ER nor PR status is directly correlated with axillary node involvement [16]. 
Once metastatic capability is evident, i.e., in stage II disease, endocrine dependence 
as marked by PR expression becomes a more important prognostic determinant. 

Response to Adjuvant Hormonal Therapy 

Receptor determinations are useful not only in assessing risk in primary breast 
cancer, but also in predicting which patients will benefit from adjuvant hormonal 
therapy. Several large studies have randomized stage II breast cancer patients to 
adjuvant treatment with tamoxifen or no further therapy. Most studies in which 
receptor content of the primary tumor was measured have shown that tamoxifen
related improvement in disease-free survival occurred only in the receptor-positive 
subset of patients [60, 75, 47, 64]. Usually results were analyzed only in relation to 
ER status. In the Toronto-Edmonton Breast Cancer Study Group Trial, however, 
PR status was a stronger predictor of benefit from adjuvant antiestrogen therapy 
than was ER status [60]. In the large Nolvadex Adjuvant Trial Organisation Study 
[54] adjuvant therapy with tamoxifen resulted in improved disease-free and overall 
survival, regardless of ER status. It should be noted that ER results were available 
in less than half of all patients in this study, ER assays were not performed by central 
reference laboratories, and the PR status of these patients was not reported. 
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Further evidence that the receptor content of primary breast cancer can predict 
which patients will benefit from adjuvant hormonal therapy has come from trials 
which randomized patients between adjuvant chemotherapy alone and the same 
chemotherapy plus tamoxifen. Pearson [57] reported that improved disease-free 
survival was seen in the ER-positive subset of randomized stage II patients who 
received both chemotherapy and tamoxifen. In contrast, those ER-negative patients 
who received tamoxifen in addition to chemotherapy did slightly worse than those 
receiving chemotherapy alone. The National Surgical Adjuvant Breast Project 
Trial B-09 gave similar results: patients who received tamoxifen in addition to 
chemotherapy had a significant increase in disease-free survival if their primary 
tumor was ER-positive or PR-positive [25]. Younger patients with PR-negative 
tumors had a worsened overall survival if they were randomized to receive 
tamoxifen as well as chemotherapy. Here, as in the Toronto-Edmonton Trial [60], 
PR status was a stronger predictor of benefit from adjuvant hormonal therapy than 
was ER status. The Gynecological Adjuvant Breast Cancer Group also found that 
the addition of tamoxifen to adjuvant chemotherapy produced an increase in 
disease-free survival among ER-positive patients [41]. On the other hand, the 
Eastern Cooperative Oncology Group failed to find a difference in disease-free 
survival between women who received adjuvant chemotherapy or chemotherapy 
plus tamoxifen, regardless of receptor status [71]. 

Behavior of Metastatic Disease 

Even after relapse, the hormone receptor status continues to provide prognostic 
information. The initial site of relapse is much more likely to be osseous in 
ER-positive primary breast cancers [61]. In contrast, the first site of recurrence for 
ER-negative primary tumors is more commonly in the lungs, liver, or brain. In a 
smaller autopsy series, de la Monte et al. [20] showed that metastases to the thyroid 
and parathyroid glands were more common in receptor-positive breast cancers, 
whereas leptomeningeal spread was more characteristic of ER-negative tumors. 
Patients with ER-positive primary breast cancers have also been reported to have a 
longer duration of survival after relapse than those with ER-negative primary 
tumors [36]. 

It is important to note in this respect that the receptor content of a primary 
tumor may not always predict that of a subsequent metastasis, and that a change in 
receptor status may have prognostic importance. PR status in particular is likely to 
be discordant between a primary tumor and a later metastasis. In one study, 44% of 
initially PR-positive patients, and 56% of those who then received hormonal 
therapy, had PR-negative breast cancer in a subsequent biopsy [30]. Those patients 
who were initially PR-positive, but whose later biopsies were PR-negative, had a 
worse prognosis than those who continued to be PR-positive. 
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Hormones in Breast Cancer 

These correlative studies have shown that analysis of primary breast cancers for 
steroid receptor content can provide valuable prognostic information, but do not 
explain how the presence or absence of these receptors could affect the natural 
history of the disease. The interrelationship between receptor status, surgical stage, 
and prognosis suggests that perhaps ER and PR act as markers for other, as yet 
undescribed properties related to malignant progression; alternately, the degree of 
hormonal responsiveness of early breast cancer may directly influence its growth 
and spread, implying that the body's hormonal milieu has an important effect on 
cancer cells. The role of various hormones in the development and progression of 
breast cancer has been the subject of intensive study, but remains largely uncertain. 
This section will discuss circulating estrogen, progestins, and androgens, and the 
risk of breast cancer. 

Estrogens 

Estrogens have long been considered important in the development of breast 
cancer. Understanding of the precise role of estrogens in the cellular biology of 
breast cancer has lagged behind the therapeutic use of estrogens and antiestrogens, 
however. Current evidence of the importance of circulating estrogens in breast 
cancer includes epidemiologic data and studies involving human breast cancer cell 
lines. 

Lemon and co-workers [45] originally proposed that the roles of the three main 
estrogens - estrone (Ed, estradiol (E2)' and estriol (E3) - need to be considered; Cole 
and MacMahon [18] suggested the lifetime risk of breast cancer was reduced by an 
excess of E3 relative to El and E2 occurring during the years immediately after 
menarche. This hypothesis is consistent with the observation that early full-term 
pregnancies protect against breast cancer, since during the third trimester of 
pregnancy concentrations of E3 are greatly increased relative to El and E2. Cole et 
al. [17] observed that uniparous women have higher ratios of E3 to El and E2 than 
nulliparous women of similar age. This difference is evident only in women having 
their first child before the age of 24 years and during the follicular phase of the cycle. 
Among the youngest women, the differences in the E3 ratio between the parous and 
nulliparous were highly statistically significant. Despite this and other pieces of 
circumstantial epidemiologic evidence, the hypothesis that a high ratio of E3 to El 
and E2 protects against breast cancer remains controversial. 

Published epidemiologic studies have not indicated any definite relationships 
between breast cancer and the use of oral contraceptives. Two studies have reported 
a substantially increased risk for oral contraceptive users who had previous breast 
biopsies. Studies by Fasal and Paffenbarger [24] and Brinton et al. [8] noted an 
increased risk for previously biopsied postmenopausal women experiencing a 
natural menopause. On the other hand, a large number of both cohort and case
control5ltudies, including the landmark Cancer and Steroid Hormone Study (1986) 
[81], have detected no increased relative risk of breast cancer among women 
exposed to oral contraceptives, regardless of the duration of exposure. 
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Several case-control studies have examined users of postmenopausal estrogen 
supplements for an increased risk of breast cancer, but have been hampered by 
small numbers and limited data regarding dosage and duration of use [14,66]. A 
recent well-designed study found a 2.5-fold increased risk of breast cancer in women 
with intact ovaries who had taken a total estrogen dose in excess of 1500 mg. The 
increased risk could not be detected, however, in oophorectomized women. In 
women with surgically confirmed benign breast disease the relative risk rose to 4.8 
[65]. It is clear from the lack of consistent data that more large-scale studies of 
women receiving postmenopausal estrogens are urgently needed. 

The growth-stimulatory effects of E2 have been studied extensively in human 
breast cancer cell lines. The results of different investigators are not in complete 
harmony, owing to the differences in culture conditions; nonetheless, growth 
stimulation of human breast cancer cell lines has been reported by several authors. 
For example, Lippman et al. [46] reported a twofold stimulation of [3H] thymidine 
incorporation into the DNA of MCF-7 human breast cancer cells treated with 
estrogens. Moreover, E2 supplementation is essential for the growth ofMCF-7 cells 
in vivo, when these cells are inoculated into athymic nude mice [68, 79]. 

In addition to their mitogenic action, estrogens also modify the morphology of 
human breast cancer cells in vitro. A study by Vic and co-workers [73] clearly 
demonstrated (by scanning and transmission electron microscopy) that 10 nM E2 
increased surface microvilli and transformed the M CF -7 cells into a secretory 
phenotype. These effects were also observed in other estrogen-responsive human 
breast cancer cell lines (ZR-75 and T47-D), but not the BT-20 cell line, which lacks 
estrogen receptors. 

Estromedins. Besides a direct effect on cellular growth machinery, estrogens may 
induce the expression of enzymes involved in DNA synthesis or cell growth [9,2]. 
Furthermore, estrogens induce alterations in specific secreted proteins and growth 
factors. Lippman and co-workers have recently shown that secretion of insulin-like 
growth factor [37], and (X-transforming growth activity [21,5], is increased in 
response to estrogen stimulation. In addition, Rochefort et al. [74, 78] have 
identified a glycoprotein (Mr = 52 000) that stimulates replication ofMCF-7 cells in 
vitro. Estrogens may also affect the malignant phenotype by decreasing the 
production of growth factors and other proteins which would normally exert a 
negative effect on growth. Roberts et al. [63] have shown that fJ-transforming 
growth factor can inhibit the growth of M CF -7 breast cancer cells. Possible 
autocrine and paracrine effect of these estrogen-regulated proteins are the subject of 
ongoing research. 

Progesterone 

The role of progesterone in the etiology of breast cancer has received relatively less 
attention than that of estrogens. Several animal studies have found progesterone to 
be a carcinogen in rodents [53, 59]. However, Horwitz and McGuire [33] found 
that progesterone can stimulate tumor growth in rats only in cooperation with 
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estrogen. Ovariectomized-adrenalectomized rats bearing 7, 12-dimethyl
benz(a)anthracene-induced mammary tumors were treated, either with estradiol 
alone, or with estradiol plus progesterone, or were not treated. In animals 
withdrawn from all hormonal supplementation, 22 of 24 tumors regressed. When 
estradiol was discontinued in rats receiving estradiol and progesterone, 11 of 13 
tumors regressed rapidly. Conversely, when tumors growing on both estradiol and 
progesterone were switched to estradiol alone, 5 of 7 tumors continued to grow. 
Although progesterone may possibly enhance the induction of these tumors, it is 
not believed to playa major role in the growth of established tumors. 

In humans, however, most attention has been focused on progesterone's 
possible protective effect against estrogens. Because ER levels in the endometrium 
drop during the luteal phase, at a time of increased progesterone secretion, it has 
been proposed [31] that increased progesterone secretion has a protective effect 
against estrogenic stimulation. In fact, it has been hypothesized that estrogenic 
stimulation in the absence of sufficient progesterone secretion may provide a 
favorable environment for the development of breast cancer [70]. 

At the present time, there is very little epidemiologic evidence that inadequate 
corpus luteum function, with its associated low progesterone levels, increases the 
risk of breast cancer [44]. In fact, studies of women at high risk for breast cancer 
have generally not found these women to have abnormally low luteal progesterone 
levels. Thus, the role of progesterone in the etiology of breast cancer and the way it 
interacts with estrogens and other hormones is unclear, but remains an area of 
continued research interest. 

Androgens 

Interest in the involvement of androgenic hormones in breast cancer increased after 
the early work of Bulbrook and colleagues [11]. In a prospective study of normal 
women on the island of Guernsey, Bulbrook found that women who later 
developed breast cancer had been excreting low levels of androgen metabolites 
(11-deoxy-17 -oxosteroids and androsterone), particularly etiocholanolone, into the 
urine. It was observed that etiocholanolone excretion was lower in precancer cases 
than in controls. Similar data, demonstrating lower urinary excretion of androgen 
metabolites, have also been reported by others [52, 72]. 

From these data it is tempting to speculate that women with decreased 
production of adrenal androgens are at high risk for breast cancer. However, this 
cannot be the only explanation because Japanese women, who are at low risk for 
breast cancer, excrete lower levels for androgen metabolites than do British women, 
who are at high risk for breast cancer [12]. From these conflicting, but not 
necessarily contradictory results, it is obvious that the role of adrenal androgens in 
the etiology of breast cancer remains unclear. 
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Molecular Aspects of Steroid Hormone Receptors 

As the preceding sections reveal, there remain many poorly understood aspects of 
the interrelationships between circulating hormones, tumor hormone receptors, 
and the pathogenesis and natural history of breast cancer. Tumor receptor content 
is not a perfect predictor of hormonal responsiveness, and many receptor-positive 
tumors will not respond clinically to hormonal manipulation. Tumors which lack 
detectable receptors have a more aggressive natural history, but the normal growth 
of breast tissue is clearly dependent on both hormones and hormone receptors. 
Finally, the events that occur subsequent to the binding of ligand to ER and PR are 
incompletely described, even in tumor cells with intact hormone response mechan
isms. 

Proposed Function of Steroid Receptors 

The ER (M r = 65-70000) exists in low abundance in tissue-specific target cells, 
comprising 0.01 % of the total cellular proteins. The cellular localization of the 
human ER has been studied by immunocytochemical techniques with a variety of 
monoclonal antibodies produced against the human ER [29]. Data from several 
laboratories [69, 42] suggest that steroids may exert their effects by binding directly 
to an intranuclear receptor molecule that is weakly associated with nuclear 
components in the absence of ligand. Binding of hormone to its receptor results in a 
conversion of the receptor-steroid complex to a form that associates with high 
affinity to one or more nuclear components. The molecular nature of this 
association is not known, but it is suspected that, like other steroid receptors, the 
ligand-occupied ER recognizes specific DNA sequences upstream of the trans
criptional start sites of responsive genes. 

Steroid hormone receptors can thus be thought of as target-cell-specific gene
regulatory elements. The high affinity ligand binding measured by biochemical 
receptor assays may not always imply accurate and efficient function of the 
activated receptor molecules as regulators of gene expression. Defects in this 
regulatory function might explain the failure of some receptor-positive tumors to 
respond to hormonal therapy. To explore this possibility, the structure and function 
of steroid receptors must first be understood on a molecular level. 

Comparative Structure of Steroid Receptor Molecules 

Recent cloning of the human glucocorticoid receptor [32], human ER [76], chicken 
PR [38], and chicken ER [49] have allowed the comparison of both nucleic acid 
and amino acid sequences of these steroid receptors. Since many cell types contain 
receptors for more than one steroid hormone [34], differences in the structure of the 
receptor proteins are likely to explain the functional specificity of steroids in 
controlling responsive cellular machinery. Comparison of amino acid sequences 
between receptors in this way makes it possible to suggest regions of functional 
significance within the receptor proteins. 
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Human ER NH2 f------{ c, N COOH 

Chicken ER NH2 I-------i c, N 
COOH 

Human GR NH21---------i c, N 
COOH 

Chicken PR NH2 1---------1 c, N 
COOH 

v-erb A 
N 

NH2~COOH 

Fig. 1. Comparative amino acid sequences of chicken and human estrogen receptor (ER), 
glucocorticoid receptor (GR), and progesterone receptor (PR) proteins, and the protein 
coded for by the oncogene v-erb-A. Regions of homology are labeled C1 and Cz. The 
nonhomologous, putative "hinge" region is labeled N. (Modified from Maxwell et al. 1987 
[49J) 

The human and chicken ERs share on overall amino acid homology of 
approximately 75%. Another comparison [49] between chicken ER, human ER, 
human glucocorticoid, chicken PR, and the v-erb-A oncogene sequences shows an 
overall low homology « 20%), but significant regions of similarity. The best 
alignment of all the receptor sequences is illustrated in Fig. 1. This figure indicates 
that relative to the regions of significant homology, the carboxyl ends of the 
molecules are very well aligned while the proteins have heterogeneous amino 
termini. It was observed early on that both the human ER [28] and human 
glucocorticoid receptors [32] as well as chicken ER and PR [38] share a large 
degree of homology with the P75 gag-erb-A fusion product of the avian erythro
blastosis virus. (This fusion protein is incapable of erythroblast transformation, but 
blocks their maturation and potentiates the transforming action of v-erb B, an 
epidermal growth factor receptor-like oncogene.) Two regions of what is believed 
to be significant homology have been identified (Fig. 1), the first consensus region 
(Cd located in the central portion of the protein and the second region (C z) located 
more toward the carboxyl end of the protein. The C 1 region is a 72 amino acid 
sequence and has a high content of cysteine and basic amino acids. The positional 
conservation of these nine cysteine residues among all of the steroid receptors, 
including v-erb-A, suggests a possible functional importance. 

Several eukaryotic transcriptional regulatory factors contain histidine- and/or 
cysteine-rich motifs (similar to those seen in steroid receptors) which are believed to 
represent DNA-binding structures. For example, the Xenopus 5 S RNA trans
cription factor TFIIIA [49] contains a series of nine cysteine and histidine
containing motifs. These motifs are believed to fold into DNA-binding loops or 
"fingers," as a Zn2+ ion is bound between two pairs of cysteine (or histidine) 
residues. The amino acids between the two pairs of cysteines are thought to form a 
"finger" that contacts DNA by fitting into the major groove of the DNA helix. 
Recent evidence further supports the premise that these cysteine motifs do have 
DNA-binding activity when coordinating Zn2+ ions [40,6]. 
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The second region of high homology (C z) between the receptors is a stretch of62 
amino acids located on the carboxyl side of the C 1 region. This region is 98% 
conserved between the human and chicken ERs. The large number of conserved 
amino acids in this region may provide the structure for a hormone-binding pocket, 
with differences at some amino acid positions resulting in hormone specificity. 

Another interesting feature of the amino acid composition of the Cz region 
observed by O'Malley and co-workers [49J is the number of hydrophobic residues. 
Even though the amino acid homologies between the steroid receptors are lower 
in this region than C l' the hydropathicity plots are almost identical. 

In contrast, v-erb-A has a different hydropathicity plot, suggesting that the Cz 
domain is related to the function of these proteins as steroid receptors. It is this 
characteristic of the Cz domain which distinguishes the steroid receptors from the 
v-erb-A gene product. 

Regions of nonhomology such as region N between C 1 and Cz may also have 
functional significance. This corresponds to the region of lowest homology between 
the human and chicken ER. In addition, there is no homology between the 
receptors and v-erb-A in this region. Even though the boundaries of this non
homologous region may be both structurally and functionally important, its 
composition may be less critical. The distance between C 1 and Cz in the ERs is 108 
amino acids. Only a single amino acid deletion is necessary to allow for the exact 
alignment of the C 1 and Cz regions ofv-erb-A with the corresponding regions in the 
ER proteins. In the human glucocorticoid receptor [32J and chicken PR [19J, 17 
and 13 amino acid insertions, respectively, are required for alignment with ER. This 
seems to imply that the two conserved regions (C 1 and Czl function independently, 
rather than as a continuous unit. 

It is known that, on binding their cognate steroid hormones, the receptors 
become more tightly bound to the nucleus, presumably because their affinity for 
specific DNA sequences is increased [80]. The underlying mechanism is unknown, 
but may involve communication between the hormone-binding domain and the 
DNA-binding domains. The nonconserved (N) region between domains C 1 and Cz 
is predicted to have a highly coiled secondary structure, which could provide 
flexibility. Therefore, it is possible that the N region, acting as a hinge between C 1 

and C 2 , facilitates direct contact and communication between the latter two 
domains. This structural arrangement of two important functional domains 
separated by a hinge region has recently been described in prokaryotic and 
eukaryotic DNA-binding transcriptional regulatory proteins [7]. 

The availability of the cloned full-length ER will allow the function of ER in 
breast cancer to be established more precisely. Elucidation of those factors which 
control ER expression may help to explain why only a portion of breast cancers 
express ERs and how this expression can be modulated. The mechanism of steroid 
receptor action may be further elucidated by correlation of steroid receptor 
mutations with their effects on gene transcription, by the construction of chimeric 
receptors between the ER and glucocorticoid receptor or PR sequences, and by 
X-ray crystallographic analysis of the purified receptor. 
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Conclusion 

The expression of ER and PR are intimately related to the course of clinical breast 
cancer. In addition to providing useful predictive information on the likelihood that 
hormonal treatment will be successful, receptors can be used to estimate future risk 
of progression. The presence of hormone receptors does not, however, assure 
hormonal responsiveness in all cases. In fact, the reason why hormonal receptors 
should be so strongly predictive of the natural history of breast cancer is uncertain. 
Studies of the natural ligands for these receptors, circulating estrogens and 
progesterones, have not shed light on this question, though it is clear that some 
breast cancer cells are dependent on estrogens for growth in vitro. Recent 
investigations have begun to elucidate the molecular structure and define the 
functional components ofthese receptors, and may lead to a better understanding of 
the way in which estrogen, progesterone, and their receptors influence risk in breast 
cancer. 
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Introduction 

Analysis of (estrogen receptors) ER in human breast cancer has shown two main 
clinical applications: patient selection for endocrine therapy and prediction of the 
clinical course of the disease. Jensen and his colleagues [52] showed that breast 
cancer tissue possessed the same specific receptor mechanism for estrogen as did 
other estrogen target tissues. This work presented a working model of steroid action 
at the molecular level, applicable to female reproductive tissue including the breast. 
It was an extension of Folca's observation that breast cancer patients with 
a favorable response to adrenalectomy incorporated more radioactive hexestrol 
into their tumors in vivo than those who did not respond [30]. Such 
research contributed a mechanistic explanation for Beatson's observation [5] that 
oophorectomy caused tumor regression in two premenopausal patients with 
advanced breast cancer. 

Jensen's model states that response of target tissues to steroid hormones 
depends on the presence of specific, high affinity protein receptors in the cytoplasm, 
to which the activating hormone binds to exert an inductive effect on protein 
synthesis, including the ER themselves. They found that most, but not all women 
whose breast tumors contained receptors responded to endocrine ablation or 
hormone administration, whereas neither manipulation brought significant re
mission in patients with negligible amounts of receptors [49]. Others soon 
confirmed the results [69,72,93]. The ER status, then, met the need for a method of 
predicting which patients had a reasonable chance of hormonal treatment success 
[51]. 

Current thinking on this model of steroid hormone action, based on receptor
steroid complex translocation differs with respect to the nature and location of the 
receptor protein. There is evidence that unoccupied steroid receptors are nuclear 
proteins bound to some yet undefined nuclear components with low affinity which 
are extractable in low ionic strength homogenization media. This affinity to nuclear 
components is greatly increased after receptor conformational change due to 
interaction with the steroid hormone [35]. More recent immunocytochemical 
studies with monoclonal ER-specific antibodies support this concept [58]. 

The most common technique for receptor quantitation is based on steroid 
binding to radiolabeled ligands. Tumor tissue is homogenized and the supernatant 
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prepared is incubated with increasing concentrations of eHJ estradiol, with and 
without an estrogen analog which competitively inhibits high affinity specific 
binding of the eHJ estradiol. Serum furnishes components which have variable 
affinities and specificities for the ligand and thus interfere with receptor binding. 
This nonspecific binding is corrected for mathematically in the calculations of the 
number of binding sites. Dextran-coated charcoal is used to remove absorbed 
unbound or loosely bound estradiol. Results from scintillation counting of the 
charcoal supernatants, now containing bound estradiol in the presence and absence 
of the competitor, are expressed as specific estradiol binding per milligram protein. 
The EORTC Breast Cancer Cooperative Group [26J suggested this specific 
estradiol binding to be quantitatively more accurate when expressed on a per 
milligram cytosol protein basis, which corrects for serum protein contamination. 
The clinical classification by ER status is often unaltered, but if uncorrected, specific 
estradiol binding per tumor cell is underestimated. Furthermore, this quantitative 
base has been empirically found to have a strong correlation with results expressed 
on a per milligram DNA basis, the latter being a reflection of tumor epithelial 
cellularity [47]. Finally, a constant (KD) is derived which provides a measure of the 
affinity of the estrogen-receptor complex. 

The concern that conventional steroid binding assay technically cannot detect 
receptors already bound with endogenous or exogenous steroids has prompted the 
development of new methodologies using monoclonal antibodies to the ER protein. 
Two major areas have been intensely investigated. One is the biochemical enzyme 
immunoassay (ER-EIA) based on the "sandwich" principle, utilizing two mono
clonal ER-specific antibodies purified from the human breast cancer cell line MCF-
7 that react with separate and nonoverlapping antigenic sties on the receptor 
protein [36]. One of those specific antibodies (Ab 1) is attached to a polystyrene 
bead incubated with the tumor cytosol. Ab 1 associates with the free or estrogen
bound receptor. The tumor cytosol is further incubated with the second mono
clonal antibody (Ab 2) tagged with either radioactive iodine or sulfur or an enzyme 
such as peroxidase, and associates with the receptor Ab 1-bead at a different 
antigenic site on the receptor. The amount of bead-bound receptor is quantitated by 
scintillation counting (if the tag is radioactive iodine or sulfur) or by spectro
photometric assay (if the tag is peroxidase) [53]. Some apparent advantages of this 
assay include its simplicity relative to biochemical methods, less influence by 
receptor lability, and possibly better quality control [20]. Results from the ER-EIA 
have been shown to correlate well with the steroid binding assay [22, 55, 64]. 

The second use of monoclonal ER-specific antibodies is immunohistochemical 
determination of ER in fixed, frozen tissue sections. Localization of ER is visualized 
by the intensity and distribution of specific staining. The staining results from the 
presence of a bridging antibody (anti-rat IgG), which provides an attachment 
site for a peroxidase-anti peroxidase complex. The latter interacts with a substrate 
such as diaminobenzidine and hydrogen peroxide to produce a staining level 
that varies with the number of receptors present. This immunoperoxidase staining 
is frequently noted to be localized in the nucleus [59, 75]. Although evaluation 
of the staining is semiquantitative in nature, this method has demonstrated 
strong qualitative and quantitative correlations with the steroid binding assay, 
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as well as with patient prognosis for recurrence and survival [21]. 
In 1974 a gathering of twelve independent research groups produced a 

consensus that ER is a more reliable predictor of hormonal response than other 
diagnostic factors [70]. Despite different assay methods and different thresholds for 
a "significant" receptor level, patients classified ER + responded to endocrine 
therapy at a rate of 52%-58%, whereas ER - tumors responded at about 5% [77]. 
The independence of ER from other prognostic factors like nodal status, clinical 
stage, relapse-free survival, and location of primary, at least in stage II patients [19], 
was confirmed. 

Initial optimism about the clinical value of receptor status was tempered by a 
large proportion (up to 50%) of patients with ER + tumors who did not respond 
objectively. Contributing factors to this discrepancy may be methodological, 
including variation in results by different assay techniques [40], interlaboratory 
differences in cutoff points defining ER status [33], and in the reference parameters 
used to report quantity of receptors [37], as well as differences in judgment of 
objective responses [70]. 

Factors that Influence Receptor Measurement 

Tumor heterogeneity within an ER + tumor also influences potential response to 
hormonal treatment. The idea of heterogeneous cell populations in breast tumors is 
not new. McGuire and Chamness [76] reported that individual epithelial cells may 
or may not retain the functional characteristic of receptor production during 
malignant transformation. A particular tumor specimen may have enough re
ceptor-containing cells to yield a positive assay, but cells whose growth is not under 
hormonal control (i.e., ER - cells) may dominate and influence the clinical course 
while the ER + cells are selectively eliminated by hormonal therapy [62]. A 
microsample technique was recently used to examine intra tumoral regional vari
ability in ER levels, and results showed that the average coefficient of variation for 
intratumoral ER level was a striking 86%, and that 35% of overall ER + tumors 
lacked receptors in some regions of the sample [t03]. Measuring this type of 
heterogeneity of intratumor distribution of ERs is beyond the capacity of the 
conventional biochemical ER assay. 

Temporal ER stability in vivo also relates to tumor heterogeneity. An 85% 
concordance has generally been found in sequential determinations, independent of 
the length of elapsed time between assays. This indicates that ER status of the 
primary tumor can predict hormonal response of a recurrent lesion which may be 
inaccessible to biopsy [38]. In the absence of adjuvant therapy, the receptor 
phenotype rather than receptor quantity remains generally the same as before a 
recurrence, even though primary breast tumors are comprised of both ER + and 
ER - cells. A recent study by lakesz et al. [48] examined the effect of intervening 
therapy on receptor levels in subsequent biopsies. They reported reductions in both 
ER and progesterone receptor (PR) levels sufficient to change from positive to 
negative in patients who received endocrine intervention; this resulted in a 
discordance rate of 45%. The effect of intervening cytotoxic chemotherapy is less 
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clear [101J, since ER status changed at a rate of 32%, but PR status of the second 
biopsy did not. This and other studies reporting the trend of ER + conversion to 
ER - [46, 66, 85, 10 1 J support the hypothesis that selective pressure is exerted 
against ER + cells by hormonal therapy, resulting in receptor loss as the disease 
progresses and becomes more autonomous [62]. It must be emphasized that only 
nodal and soft tissue metastases were studied owing to their accessibility for biopsy. 
Those ER + tumors that tend to first metastasize to osseous sites [10J may not 
necessarily display similar receptor status conversion. 

Prospective studies are needed to clarify the clinical significance of receptor 
changes over time. The reliability of the receptor status of the primary tumor for 
therapeutic and prognostic purposes could then be ascertained. In addition to an 
adequate sample size, assay methodology for the sequential biopsies must be nearly 
identical for proper interpretation of results. An assessment of whether the receptor 
change is accompanied by increasing histologic differentiation would be informa
tive. It is unclear whether prognosis is different in patients whose tumors have 
undergone either a spontaneous or treatment-induced change from ER + to ER
status, as compared with patients with ER - tumors which remain ER - at the 
second biopsy. 

Several other factors influence the level of steroid hormone receptors. Both the 
incidence and quantity ofER in breast tumors are higher in postmenopausal than in 
premenopausal women [70, 107]. This relationship is confounded by age [14]. In 
fact, age but not menopausal status was significantly associated with ER concen
tration in a multiple regression analysis. Elwood and Godolphin [25J demon
strated that ER level becomes significantly higher with increasing age within both 
pre- and postmenopausal categories; patients of similar age (45-54 years old) had 
similar ER levels, regardless of menopausal status. After age is controlled for, ER 
status is found not to correlate with variables such as use of exogenous hormones, 
parity, age at first birth, ethnic origin, body weight, and family history of breast 
cancer. At variance with these results is a study by Lesser et al. [68J, who reported a 
statistically significant correlation between age and receptor level only in the 
postmenopausal group. Their failure to control for age as a confounding factor 
when correlating ER with other epidemiologic variables seriously biased the 
analyses. Well-known associations between ER status and contraceptive hormone 
usage and menopausal estrogen usage illustrate this point. Oral contraceptives are 
used by premenopausal and hence younger women, thus the age factor rather than 
the use of such hormones per se may be the primary contribution to the lower ER 
concentration. Similarly, lower ER levels seen in postmenopausal women who were 
estrogen users at diagnosis, compared with those who had used estrogens, but not 
at the time of diagnosis, may be due to relative age differences, with the latter being 
the older group. The significant association between race and ER status may also be 
an artifact of age. 

The mechanism that underlies the age-receptor relationships is not yet fully 
elucidated, although it is often said that masking of receptor sites by high 
endogenous estrogen level in the premenopausal state is partially responsible for 
the phenomenon [107]. This is not supported by Edery et al. [23J, who concluded 
that estrogen regulates its own receptor synthesis since estradiol concentration is 
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higher in ER + than ER - tumors. Receptor "masking" is also not supported by 
Saez et al. [89J, who suggested that lower ER in premenopausal women may be due 
to counteracting effects of cyclic progesterone on the stimulatory action of 
estrogens. It is possible that in the postmenopausal state where these cyclical 
variations of progesterone and estrogen are absent, syntheses of both ER and PR 
may be prompted by extraglandular origins of estrogens. In support of this concept, 
it was found that ER + / PR + postmenopausal women demonstrated a positive 
correlation between ER levels and circulating estrogens. Mason et al. [73J reported 
that plasma estrone, and to a lesser extent plasma estradiol, exhibit quantitative 
relationships with ER levels in postmenopausal women. All these results appear to 
conflict with the observation that patients with higher plasma estradiol have fewer 
numbers of binding sites [84]. Some concern had been raised regarding possible 
discrepancy between ER results on biopsy and mastectomy specimens. Receptors 
are thermolabile and may be more prone to degradation due to devascularization 
and warm ischemia during the mastectomy [39]. A recent examination of this 
problem, albeit with rather small numbers, has found that proper handling of 
mastectomy specimens resulted in ER determinations in good agreement with their 
biopsied counterparts [67]. 

A critical factor that inherently affects ER determination is the malignant 
epithelial cell content of the specimen. This epithelial cellularity is important since 
ER is found in tumor cells as opposed to stromal elements or nontumorous tissue 
[102]. The conventional biochemical assay homogenizes all cells in the tumor. 
Results are commonly expressed on a per milligram cytosol protein basis which at 
best approximates the amount of ER measured minus any non tumor cell protein 
that has varying affinity for the radiolabeled estradiol, without an accurate 
assessment of cellularity of the specimen. The consequence may be clinically 
significant if a false-negative assay is generated by a tumor specimen containing 
sparse numbers of ER + carcinoma cells [103]. This problem has been studied by a 
field-by-field graticule cell counting method [83J, and by semiquantitative estima
tion of the proportion of tumor cells in order to correct for measured ER [6,43]. 
These studies do not entirely reinforce each other. Howat et al. [43J found 
cellularity to be unrelated to the mere presence or absence of ER, but the highest ER 
values were found in the most cellular tumors, statistically significant in the 
postmenopausal and overall patient groups. Mumford et al. [83J reported a 
correlation between cellularity and ER concentration in postmenopausal, but not 
in premenopausal or in overall groups. 

Estrogen Receptors: Correlation with Pathology 

From a pathologist's point of view, histologic characteristics of a tumor are a 
measure of the cancer's anatomic extent and its biologic aggressiveness. A 
biochemist's view is that the presence of ER and/ or PR is evidence that the breast 
cancer cell, like its normal counterpart, has retained its dependence on estrogenic 
stimulation for growth, in contrast with one that might not produce the receptor 
because it has escaped hormone dependency [50]. The common belief is that the 
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greater the mimicry of normal breast epithelium, the less the anticipated biologic 
aggressiveness. A causal relationship cannot yet be ascribed to the presence of 
certain histologic features and ER in the primary tumor, but the question of 
whether there are correlations between the pathologist's findings and the 
biochemist's findings was posed as soon as the predictive importance of ER was 
realized. The earliest correlations tested were between ER and the two features: 
histologic type and histologic grade. There is no strong association between major 
histologic types and ER status, perhaps with the exception of variants such as 
lobular, tubular and papillary carcinomas that have a tendency to be ER + [28,43], 
and medullary carcinoma that associates with low or negative ER [94]. Significant 
correlations between ER status and cellular differentiation are usually found [28, 
80], even when this differentiation is expressed as an ultrastructural index that is 
different from histologic grading [65]. 

Three other morphological factors, elastosis, necrosis, and fibrosis have received 
attention. A positive correlation between the presence of elastosis and clinically 
significant amounts of ER is usually found [32]. A recent study found a direct 
quantitative relationship between the two, but refuted any prognostic significance 
of elastosis [87]. Tumors having marked necrosis tend to be ER -, as only viable 
cells harbor the receptors. Extensive necrosis may be indicative of aggressive 
growth and is one manifestation of vascular invasion. A marked degree of tumor 
necrosis in ductal carcinoma (not otherwise specified) is directly correlated with 
higher rates oflocoregional recurrence, metastases, or death [27]. Carter et al. [11] 
found that tumors with both necrosis and an infiltrating border associate with 
higher to-year mortality rate than circumscribed tumors without necrosis. The 
influence of tumor fibrosis on prognosis is uncertain, but a positive correlation 
between degree of fibrosis and ER content has been found [43]. In contrast to these 
histologic parameters, the anatomic extent of the primary disease, as indicated by 
clinical staging, primary tumor size, and nodal status is not correlated with ER. 

Correlation studies between tumor ER and the kinetics of cell proliferation, as 
measured by thymidine labeling index, have consistently shown an inverse relation
ship [95, tOO]. Thymidine labeling index also positively correlates with tumor size, 
nuclear anaplasia, tumor necrosis, and inflammatory cellular infiltration [78]. 
Theoretically, inability to retain ER and high rates of cellular replication are the 
results of tumor cell dedifferentiation [79]. The mean proportion of cells engaged in 
DNA synthesis (S-phase fraction) increases in ductal carcinoma as the tumor 
becomes more poorly differentiated, and this fraction is still higher in the 
predominantly ER - medullary carcinoma [81]. The prognostic role of cell kinetics 
was also confirmed, but it appears that while recurrence-free survival is better in all 
patients with low labeling index than in those with high labeling index, low labeling 
index confers overall survival advantage only in premenopausal and perimeno
pausal patients [96]. However, the number of postmenopausal patients examined 
was relatively small in this subset analysis (node-negative patients only). 

In contrast to the generally accepted relation between ER and response to 
hormonal therapy, no such agreement exists with regard to chemotherapy. 
Cytotoxic antineoplastic drugs are theoretically most effective against rapidly 
proliferating cells, and correlational studies demonstrate an inverse relationship 
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between ER status and in vitro thymidine labeling index. Hence, it was easy to 
assume that ER - tumors would be most likely to respond to cytotoxic chemo
therapy. Lippman et al. [71] reported a significantly higher response rate to 
chemotherapy among ER - than ER + patients, and were supported by others 
[54]. However, patients with ER + tumors have also been found to have superior 
response to chemotherapy [57, 82, 92]. Still others have found no significant 
differences [7,41,88]. 

Clarification of this unresolved controversy is needed since usual clinical 
practice is institution of chemotherapy to ER - patients since they are unlikely to 
respond to hormonal therapy. There are, however, contrary data which indicate 
that a subgroup of ER + patients would derive comparable benefit from chemo
therapy. Kiang [56] attributed the apparent contradiction in such responses to 
differences in patient population, and suggested prospective randomized studies of 
a large homogeneous population of patients with a standardized regimen of 
chemotherapy. Kiang had criticized Lippman for selectively including "life
threatening types of visceral involvement in patients with receptor-rich tumors" 
compared with less aggressive types of visceral involvement in those with receptor
poor tumors [57]. Although no such selection was obvious in Kiang's groups, half 
of their receptor-rich group was composed of patients whose receptor status was 
determined after hormonal therapy followed by chemotherapy [57]. Both Kiang 
and Lippman based their observations on metastatic tumors, which are not directly 
comparable to Hilf's or Bonadonna's results derived from primary tumors [7,41]. 

A major contributing factor to the controversy over the relationship between 
ER and the response to chemotherapy is the non uniformity of end events examined. 
Some studies used objective response criteria and others in recurrence rates [41]. A 
comparison of the responsiveness of ER + tumors versus ER - tumors lacks 
validity unless a control group with similar non-chemotherapy-treated patients 
exists [29]. There is also a need to distinguish between chemotherapy given in an 
adjuvant setting and that given for distant disease recurrence [16]. 

Considering the treatment of high risk breast cancer, one must be conscious of a 
distinction between the response and prolongation of survival. Response to 
cytotoxic chemotherapy does not lead to longer survival. If the question is "does ER 
predict for response to chemotherapy?" then a prospective study is needed with 
relatively long follow-up to assess the extent and duration of response. On the other 
hand, if the question is "does ER predict longer survival?" then a careful 
interpretation of survival plots will be needed as ER + patients may have better 
survival owing to the biologic nature of the tumor and not to the response to 
chemotherapy. 

The concept of "proportional gain" [16] is useful in casting new light on the 
problem that ER status may not predict for chemotherapeutic response until longer 
follow-up. Thus, ER + patients, representing a group with good prognosis, may 
have at any time a lesser treatment gain than the ER - group (poor prognosis), even 
though the proportional gain is the same. The absolute gain, which may be as great 
in the ER + as in the ER - group may not be evident until much later. Therefore, it 
is vital to make a clear distinction between a response and a survival improvement 
as a direct result of chemotherapy, as opposed to other factors, like biology of 
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disease, etc. For instance, premenopausal ER + patients may, in addition to a 
response to chemotherapy, also benefit from obliteration of ovarian function which 
may contribute to a longer recurrence-free survival, while in the ER - counterparts 
the response reflects the effects of chemotherapy itself. 

Another aspect that has been overlooked by past studies is the impact of 
dichotomized ER information. Quantitative ER may better predict chemothera
peutic results. If the relative proportion of ER + to ER - cells in a tumor is 
important in determining response, then simple ER status (positive or negative) 
would not adequately indicate the likelihood of response to chemotherapy. 
Therefore, if ER + tumors are stratified into concentration ranges, it is possible that 
patients in the low positive range may have different response to adjuvant 
chemotherapy from those in the high to very high level range. Such a hypothesis is 
suggested by the greater prognostic accuracy when ER is used quantitatively. Not 
only is the survival better in patients with increasing ER concentration, but a 
significant difference in survival exists also within the ER - tumors stratified into 
low negative (i.e., ER::::; 1) and high negative (i.e., 2::::;ER::::;9) categories [34]. 

Estrogen Receptor and Prognosis 

Present data indicate that ER status allows for discrimination of those patients at 
higher risk for disease recurrence, independent of certain clinical characteristics 
(menopausal status, size of primary, nodal status). A very high risk group of 
ER - patients with positive axillary nodes who might benefit from adjuvant 
therapy was defined [61, 74]. Subsequent studies also found ER + patients to have 
significantly longer recurrence-free survival, regardless oflymph node involvement 
[4, 15,63, 31]. 

More dissension arose among studies which examined subset behavior. The 
observation that a difference in the recurrence-free survival between ER + and 
ER - subgroups was seen only in the premenopausal group, regardless of nodal 
status [91], was contradicted by Crowe et al. [17] who found that, in ER + patients, 
recurrence-free survival was significantly longer only in the postmenopausal, node
negative group. Howat and Barnes [42] found, in the node-negative subgroup, no 
difference in recurrence rates between ER + and ER - patients. They also found 
that ER + patients with 1-3 nodes have a recurrence rate similar to patients with no 
nodes, while on the other hand, ER - patients with 1-3 nodes recurred at a higher 
rate. The recurrence rate, however, between ER + and ER - subgroups was no 
longer different when patients with ;;:: 4 nodes were examined. 

Other data suggest the futility of using ER to predict the risk of relapse. No 
difference was found in recurrence-free survival between ER + and ER - patients 
when analyzed by menopausal status [9], or by stage [97]. To confuse the issue, 
further differences which existed during early months of follow-up did not persist 
with later follow-up [2, 43, 90]. 

There is much greater agreement that ER positivity confers advantage to 
overall survival after initial surgery. ER + patients are found to have considerably 
longer survival than ER - patients [45, 98, 104]. Some studies had implied that 
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ER + patients experience longer survival because they respond favorably to hormo
nal therapy given at disease recurrence [3, 44]. Accordingly, ER + patients who 
did not demonstrate objective response to hormonal therapy have postrecurrence 
survival comparable to ER - patients [44, 106]. It is, however, arguable whether 
response is a direct and sole explanation for prolonged survival after recurrence, or 
whether patients defined to be ER + at primary diagnosis are prognostically better 
than ER - patients, even when hormonal therapy wa.s not given. One explanation 
for the lack of response to hormonal therapy in ER + patients may be the changes 
of receptor quantity over the course of the disease in some breast tumors. Another 
possibility is that an objective response to treatment is difficult to ascertain 
accurately in patients with nonmeasurable disease, i.e., bone metastases [99], that 
are more often disseminated from ER + primary tumors [to]. Therefore, the initial 
response to treatment may not necessarily reflect the long-term prognosis. 

Clark et al. have shown, in their multivariate analyses of stage II patients, that 
the positive nodes and PR concentration were the only two important predictors 
for recurrence-free survival, even though ER status and ER concentration were also 
significant when assessed in univariate analysis [12]. An additional set of patients 
(N = 229) with a different demographic profile who were not treated in a random
ized clinical trial was subsequently analyzed with the previous patient group 
(N = 189). Not only did ER status attain statistical significance as a predictor for 
recurrence-free survival, but it was actually more important than PR in predicting 
overall survival [13]. The significance of PR as a prognosticator has not always 
been confirmed [44,45], perhaps because cutoff points for defining PR-positivity 
have ranged from 5 to 15 fmol per milligram cytosol protein or greater. Studies have 
shown that improved recurrence-free survival was seen only in patients with PR + 
tumors who had received adjuvant CMF chemotherapy (cyclophosphamide, 
methotrexate, and 5-fluorouracil) [86], or adjuvant tamoxifen therapy when 
axillary nodes were positive [18]. 

Comments on Methodology of Studies Analyzing Data on Estrogen Receptors 

Despite the great volume of studies analyzing ER and the outcome, the issue is not 
entirely clear as most studies have some identifiable problem preventing clear 
conclusion. These shortcomings include small sample size, short follow up [60, 61], 
insufficient information on exclusion criteria, or testing from an old population 
with a high proportion of disease-nonspecific mortality [1]. 

Although most studies describe objective criteria for identifying recurrences and 
death, several are less accurate on the date of first recurrence - a time point in the 
clinical course often subject to observer variation [24]. In contrast, the date of death 
is usually confirmable from death certificates or autopsy reports. To achieve 
interstudy comparability, a cohort should be identified at a sufficiently early and 
uniform point in the natural history of the disease. A concern relates to the use of the 
date of primary surgery as opposed to the date of diagnosis to assemble such a 
cohort. Most studies are retrospective and the time from mastectomy is often 
chosen as a date of diagnosis, as in most instances it can be more conveniently 
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traced in the retrospective analysis. The trend in western Canada during the last 
decade is toward longer delay time between diagnosis and primary surgical 
treatment. With such a practice one must be aware that waiting time from diagnosis 
to mastectomy may vary widely such that interstudy comparisons of recurrence
free survival cannot be done reliably. Further complications arise if ER results from 
primary tumors and metastases are combined, such as in a study by Alanko et al. 
[3] who correlated recurrence-free survival with ER results from 84% of patients 
who had the assay on a primary tumor, and 16% on metastases. Criteria for 
defining ER positivity also vary greatly, from > 3.1 and 4.1 fmol per milligram 
cytosol protein for premenopausal and postmenopausal patients, respectively 
[105], to > 18 [8] and 20 [104]. 

Summary 

The presence as well as the quantity of ER in the primary breast tumor is 
informative of the potential biologic behavior of the tumor. The tendency of ER + 
tumors to be histologically better differentiated and to have a relatively lower 
growth rate, as compared with ER - tumors, is the basis for biologic differences 
which may influence the response to therapy and survival of breast cancer patients. 
Continued research on the elucidation of the subcellular localization of ER and 
their interaction with genomic entities will yield greater understanding of the 
relation between biology and clinical behavior. 

Since some of these factors are highly associated and the expression of one may 
depend on another, a multivariate analysis of 859 patients with complete data on 
prognostic variables was conducted. Nodal status was the important independent 
factor, but also TNM stage, ER concentration, and tumor necrosis were critical for 
survival predictions (Table 1), while the remaining factors have not provided further 
prognostic information. The combined effects of the four variables determines the 
wide range of outcome. The predicted 5-year survival for patients with TNM I 
ranged from 36% (N4+, loge [ER] =0, marked necrosis) to 96% (NO, loge [ER] 

Table 1. Cox model on overall survival (N = 859) by multivariate stepwise 
regression analysis 

Order of Variable Coefficient PI 
entry 

Nodal status: 1-3 nodes 0.47 OJlO9 
~4 nodes 1.17 <0.0001 

2 TNM stage: II 0.41 0.02 
III 1.14 <0.0001 
IV 2.06 <0.0001 

3 loge [ER] -0.22 <0.0001 
4 Marked necrosis 0.65 0.0003 
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Fig. 1. Predicted 5-year survival based on the Cox model shown in Table 1. Predicted curves 
are displayed on TNM stage, subdivided by nodal status, ER concentration, and 
marked/absent necrosis. Four ER concentrations are arbitrarily chosen to illustrate the effect 
of increasing ER quantity. [Shekk LM, Godolphin W (1988) Cancer Res 48: 5565-5569J 

= 6, no necrosis) and from 0% to 70% for the same cateogories in TNM IV (Fig. 1). 
The systematic application of such clinical, histopathologic, and tumor receptor 
information greatly aids in identifying the risk in patients who are otherwise 
considered to have comparably staged breast cancer. 

References 

1. Aamdal S, Bormer 0, Jorgensen 0, Host H, Eliassen G, Kaalhus 0, Pi hI A (1984) 
Estrogen receptors and long term prognosis in breast cancer. Cancer 53: 2525-2529 

2. Adami HO, Graggman S, Lindgren A, Sail strom J (1985) Prognostic implication of 
estrogen receptor content in breast cancer. Breast Cancer Res Treat 5: 293-300 

3. Alanko A, Heinonen E, Scheinin T, Tolppanen EM, Vihko R (1985) Significance of 
estrogen and progesterone receptors, disease-free interval, and site of first metastases on 
survival of breast cancer patients. Cancer 56: 1696-1700 

4. Allegra JC, Lippman ME, Simon R, Thompson EB, Barlock A, Green L, Huff KK, Do 
HM, Aitken SC, Warren R (1979) Association between steroid hormone receptor status 
and disease-free interval in breast cancer. Cancer Treat Rep 63: 1271-1277 

5. Beatson GT (1896) On the treatment of inoperable cases of carcinoma of the mamma: 
suggestions for a new method of treatment, with illustrative cases. Lancet ii: 104-107 

6. Black R, Prescott R, Bers K, Hawkins A, Stewart H, Forrest P (1983) Tumor cellularity, 
estrogen receptors and prognosis in breast cancer. Clin Oncol 9: 311-318 

7. Bonadonna G, Valagussa P, Tancini G, Di Fronzo G (1980) Estrogen receptor status 
and response to chemotherapy in early and advanced breast cancer. Cancer Chemother 
Pharmacol 4: 37-41 

8. Brooks JL, Ryan JA Jr, Bauermeister DE (1983) Prognostic significance of hormone 
receptors in early recurrence of breast cancer. Am J Surg 145: 599-603 



224 L.L. Shek and W. Godolphin 

9. Butler JA, Bretsky S, Menendez-Botet C, Kinne DW (1985) Estrogen receptor protein 
of breast cancer as a predictor of recurrence. Cancer 55: 1178-1181 

10. Campbell FC, Blarney RW, Elston CW, Nicholson RI, Griffiths K, Haybittle JL (1981) 
Oestrogen-receptor status and sites of metastasis in breast cancer. Br J Cancer 44: 
456-459 

11. Carter D, Pipkin RD, Shephards RH, Elkins RC, Abbey H (1978) Relationship of 
necrosis and tumor border to lymph node metastases and lO-year survival in 
carcinoma of the breast. Am J Surg Pathol 2: 39-46 

12. Clark GM, McGuire WL, Hubay CA, Pearson OH, Marshall JS (1983) Progesterone 
receptors as a prognostic factor in stage II breast cancer. N Engl J Med 309: 1343-
1347 

13. Clark GM, McGuire WL, Hubay CA, Pearson OH, Carter AC (1983) The importance 
of estrogen and progesterone receptor in primary breast cancer. In: Mirand EA, 
Hutchinson WB, Mihich E (eds) 13 th International cancer congress, part E. Cancer 
management Liss, New York, pp 183-190 

14. Clark GM, Osborne CK, McGuire WL (1984) Correlations between estrogen receptor, 
progesterone receptor, and patient characteristics in human breast cancer. J Clin Oncol 
2: 1102-1109 

15. Cooke T, George D, Shield R, Maynard P, Griffiths K (1979) Oestrogen receptors and 
prognosis in early breast cancer. Lancet i: 995-997 

16. Coppin CML, Swenerton KD (1983) Selective treatment in breast cancer. In: Stoll BS 
(ed) Cancer treatment: end point evaluation. Wiley, Chichester 

17. Crowe JA, Hubay CA, Pearson OH, Marshall JS, Rosenblatt J, Mansour EG, Hermann 
RE, Jones JC, Flynn WJ, McGuire WL: (1982) Estrogen receptor status as a prognostic 
indicator for stage I breast cancer patients. Breast Cancer Res Treat 2: 171-176 

18. Dembo AJ, Pritchard KI, De Boer G, Meakin JW, Boyd NF, Ambus U, Evans WK, 
Wilkinson RH, Bassett AA, Sutherland DJ, Mobbs BG (1985) Prognostic factors in 
postmenopausal women with axillary node positive breast cancer. Proc Annu Meet Am 
Soc Clin Oneol 4: 70 (abstr) 

19. DeSombre ER, Carbone PP, Jensen EV, McGuire WL, Wells SA, Witliff JL, Lipsett 
MB (1979) Steroid receptors in breast cancer. N Engl J Med 301: 1011-t012 

20. DeSombre ER, Greene GL, King WJ, Jensen EV (1984) Estrogen receptors, antibodies 
and hormone dependent cancer. In: Gurpide E, Calandra R, Levy C, Soto RJ (eds) 
Hormones and cancer. Liss, New York, pp 1-21 

21. DeSombre ER, Thorpe SM, Rose C, Blough RR, Andersen KW, Rasmussen BB, King 
WJ (1986) Prognostic usefulness of estrogen receptor immunocytochemical assays for 
human breast cancer. Cancer Res [Suppl] 46: 4256s-4264s 

22. Di Fronzo G, Miodini P, Brivio M, Cappelletti V, Coradini D, Granata G, Ronchi E 
(1986) Comparison of immunochemical and radioligand binding assays for estrogen 
receptors in human breast tumors. Cancer Res [Suppl] 46: 4278s-4281s 

23. Edery M, Goussard J, Dehennin L, Scholler R, Reiffsteck J, Drosdowsky MA (1981) 
Endogenous oestrogen-17 f3 concentration in breast tumours determined by mass 
fragmentography and by radioimmunoassay: relationship to receptor content. Eur J 
Cancer 17: 115-120 

24. Editorial (1984) Steroid receptors and prognosis of breast cancer. Lancet i: 887-888 
25. Elwood JM, Godolphin W (1980) Oestrogen receptors in breast tumors: associations 

with age, menopausal status and epidemiological and clinical features in 735 patients. 
Br J Cancer 42: 635-644 

26. EORTC Breast Cancer Cooperative Group (1973) Standards for the assessment of 
estrogen receptors in human breast cancer. Eur J Cancer 9: 379-381 



Overview of the Prognostic and Clinical Correlates of Steroid Hormone Receptors 225 

27. Fisher ER, Palekar AS, Gregorio RM, Redmond C, Fisher B (1978) Pathological 
findings from the National Surgical Adjuvant Breast Project (protocol no 4) IV. 
Significance of tumor necrosis. Hum Pathol 9: 523-530 

28. Fisher ER, Redmond CK, Liu H, Rockette H, Fisher B (1980) Correlation of estrogen 
receptor and pathologic characteristics of invasive breast cancer. Cancer 45: 349-353 

29. Fisher B, Redmond CK, Wickerham DL, Rockette HE, Brown A (1983) Relations of 
estrogen and/or progesterone receptor content of breast cancer to patient outcome 
following adjuvant chemotherapy. Breast Cancer Res Treat 3: 355-364 

30. Folca PJ, Glascock RF, Irvine WT (1961) Studies with tritium-labelled hexoestrol in 
advanced breast cancer: comparison oftissue accumulation of hexoestrol with response 
to bilateral adrenalectomy and oophorectomy. Lancet ii: 796-798 

31. Forrest APM, Black RB, Humeniuk V, Cant ELM, Hawkins RA, Prescott RJ, Roberts 
MM, Shivas AA, Stewart JH, Smith AF, Summerling M (1980) Preoperative assess
ment and staging of breast cancer: preliminary communications. J R Soc Med 73: 
561-566 

32. Glaubitz LC, Bowen JH, Cox EB, McCarty KS Jr (1984) Elastosis in human breast 
cancer. Correlation with sex steroid receptors and comparison with clinical outcome. 
Arch Pathol Lab Med 108: 27-30 

33. Godolphin W (1982) The clinical utility of estrogen receptor analyses. In: Burchiel SW, 
Rhodes BA, Friedman BE (eds) Tumor imaging. The radioimmunochemical detection 
of cancer. Masson, New York, pp 231-239 

34. Godolphin W, Elwood JM, Spinelli JJ (1981) Estrogen receptor quantitation and 
staging as complementary prognostic indicators in breast cancer: a study of 583 
patients. Int J Cancer 28: 677-683 

35. Gorski J, Welshons WV, Sakai D, Hansen J, Walent J, Kassis J, Schull H, Stack G, 
Campen C (1986) Evolution of a model of estrogen action. Recent Prog Horm Res 2: 
297-329 

36. Greene GL, Nolan C, Engler JP, Jensen EV (1980) Monoclonal antibodies to human 
estrogen receptors. Proc Natl Acad Sci USA 77: 5115-5119 

37. Hahnel R, Twaddle E (1978) Estradiol binding by human breast carcinoma cytosols: the 
influence of commonly used reference parameters on the results. Eur J Cancer 14: 
125-131 

38. Hahnel R, Twaddle E (1985) The relationship between estrogen receptors in primary 
and secondary breast carcinomas and in sequential primary breast carcinomas. Breast 
Cancer Res Treat 5: 155-163 

39. Hasson J, Luhan P A, Kohl MW (1981) Comparison of estrogen receptorlevels in breast 
cancer samples from mastectomy and frozen section specimens. Cancer 47: 138-139 

40. Heuson JC, Paridaens R, Sylvester R, Leclerq G (1981) Discrepancies between 
institutions in clinical correlations. In: Sarfaty GA, Nash AR, Keightley DD (eds) 
Estrogen receptor assays in breast cancer: laboratory discrepancies and quality 
assurance. Masson, New York, pp 1-19 

41. HilfR, Feldstein ML, Gibson SL, Savlov ED (1980) The relative importance of estrogen 
receptor analysis as a prognostic factor for recurrence or response to chemotherapy in 
women with breast cancer. Cancer 45: 1993-2000 

42. Howat JMT, Barnes DM (1981) Oestrogen receptor status and management of breast 
cancer. Lancet i: 1317 

43. Howat JMT, Barnes DM, Harris M, Swindell R (1983) The association of cytosol 
oestrogen and progesterone receptors with histological features of breast cancer and 
early recurrence of disease. Br J Cancer 47: 629-640 



226 L.L. Shek and W. Godolphin 

44. Howat JMT, Harris M, Swindell R, Barnes DM (1985) The effect of oestrogen and 
progesterone receptors on recurrence and survival in patients with carcinoma of the 
breast. Br J Cancer 51: 263-270 

45. Howell A, Harland RNL, Bramwell VHC, Swindell R, Barnes DM, Redford J, 
Wilkinson MJS, Crowther D, Selwood RA (1984) Steroid hormone receptors and 
survival after first relapse in breast cancer. Lancet i: 588-591 

46. Hull DF, Clark GM, Osborne CK, Chamness GC, Knight WA III, McGuire WL (1983) 
Multiple estrogen receptor assays in human breast cancer. Cancer Res 43: 
413-416 

47. Jacobson BE (1981) Investigation of estrogen receptor protein in human mammary 
carcinoma for the establishment of a routine clinical assay. Can J Med Technol43: 17-
33 

48. Jakesz R, Dittrich C, Hanusch J, Kolb R, Lenzhofer R, Moser K, Rainer H, Reiner G, 
Schemper M, Spona J (1985) Simultaneous and sequential determinations of steroid 
hormone receptors in human breast cancer. Ann Surg 201: 305-310 

49. Jensen EV (1974) Some newer endocrine aspects of breast cancer. N Engl J Med 291: 
1252-1254 

50. Jensen EV (1981) Hormone dependency of breast cancer. Cancer 47: 2319-2326 
51. Jensen EV, DeSombre ER (1977) The diagnostic implications of steroid binding in 

malignant tissues. Adv Clin Chern 19: 57-81 
52. Jensen EV, DeSombre ER, Jungblut PW (1967) Estrogen receptors in hormone 

responsive tissues and tumors. In: Wissler RW, Dao TL, Wood S Jr (eds) Endogenous 
factors influencing host-tumor balance. University of Chicago Press, Chicago 

53. Jensen EV, Greene GL, Closs LE, DeSombre ER, Nadji M (1982) Receptors re
considered: a 20-year perspective. Rec Prog Horm Res 38: 1-40 

54. Jonat W, Maass H (1978) Some Comments on the necessity ofreceptor determination 
in human breast cancer. Cancer Res 38: 4305-4306 

55. Jordan VC, Jacobson HI, Keenan EJ (1986) Determination of estrogen receptor in 
breast cancer using monoclonal antibody technology: results of multicenter study in the 
United States. Cancer Res [Suppl] 46: 4231s-4240s 

56. Kiang DT (1984) Correlation between estrogen receptor proteins and response to 
chemotherapy in patients with breast cancer. Cancer Treat Rep 68: 577-579 

57. Kiang DT, Frenning DH, Goldman AI, Ascensao VF, Kennedy BJ (1978) Estrogen 
receptors and responses to chemotherapy and hormonal therapy in advanced breast 
cancer. N Engl J Med 299: 1330-1334 

58. King WJ, Greene GL (1984) Monoclonal antibodies localize estrogen receptor in the 
nuclei of target cells. Nature 307: 745-747 

59. King WJ, DeSombre ER, Jensen EV, Greene GL (1985) Comparison of immunocyto
chemical and steroid-binding assays for estrogen receptors in human breast tumors. 
Cancer Res 45: 293-304 

60. Kinne DW, Ashikari R, Butler A, Menendez-Botet C, Rosen PP, Schwartz M (1981) 
Estrogen receptor protein in breast cancer as a predictor of recurrence. Cancer 10: 
2364-2367 

61. Knight WA III, Livingston RB, Gregory EJ, McGuire WL (1977) Estrogen receptor as 
an independent prognostic factor for early recurrence in breast cancer. Cancer Res 37: 
4669-4671 

62. Leake RE (1984) Clinical aspects of steroid receptor assays. Med Lab Sci 41: 257-261 
63. Leake RE, Laing L, McArdle C, Smith D (1981) Soluble and nuclear oestrogen receptor 

status in human breast cancer in relation to prognosis. Br J Cancer 43: 67-71 
64. Leclercq G, Bojar H, Goussard J, Nicholson RI, Pichon MF, Piffanelli A, Pousette A, 

Thorpe S, Lonsdorfer M (1986) Abbott monoclonal enzyme immunoassay measure-



Overview of the Prognostic and Clinical Correlates of Steroid Hormone Receptors 227 

ment of estrogen receptors in human breast cancer: a European multicenter study. 
Cancer Res [Suppl] 46: 4235s-4236s 

65. Le Doussal V, Pinchon MF, Pallud C, Hacene K, Gest J, Milgrom E (1984) 
Relationship between ultrastructure and receptor content of primary breast cancer. 
Histopathology 8: 89-103 

66. Lee YN (1982) Variability of steroid receptors in multiple biopsies of breast cancer: 
effect of systemic therapy. Breast Cancer Res Treat 2: 185-193 

67. Leight GS Jr, Wells SA Jr, McCarty KS Jr (1984) Sex steroid receptor concentration in 
breast carcinoma tissue: effect of devascularization during mastectomy. Surgery 95: 
256-260 

68. Lesser ML, Rosen PP, Senie RT, Duthie K, Menendez-Botet C, Schwartz MK (1981) 
Estrogen and progesterone receptors in breast carcinoma: correlations with epidemi
ology and pathology. Cancer 48: 299-309 

69. Leung BS, Fletcher WS, Lindell TD, Wood DC, Krippaehne WW (1973) Predictability 
of response to endocrine ablation in advanced breast carcinoma. A correlation to 
estrogen receptor and steroid sulfurylation. Arch Surg 106: 515-519 

70. Lippman ME (1976) Steroid hormone receptors in human malignancy. Life Sci 18: 
143-152 

71. Lippman ME, Allegra JC, Simon R, Barlock A, Green L, HuffKK, Do HM, Aitken Sc, 
Warren R (1978) The relationship between estrogen receptor and response rate to 
cytotoxic chemotherapy in metastatic breast cancer. N Engl J Med 298: 1223-1228 

72. Maass H, Engel B, Hohmeister H, Lehmann F, Trams G (1972) Estrogen receptors in 
human breast cancer tissue. Am J Obstet Gynecol 113: 377-382 

73. Mason RC, Miller WR, Hawkins RA (1985) Plasma oestrogens and oestrogen receptors 
in breast cancer patients. Br J Cancer 52: 793-796 

74. Maynard PV, Blarney RW, Elston CW, Haybittle JL, Griffiths K (1978) Estrogen 
receptor assay in primary breast cancer and early recurrence of the disease. Cancer Res 
38: 4292-4295 

75. McCarty KS Jr, Szabo E, Flowers JL, Cox EB, Leight GS, Miller L, Konrath J, Soper 
JT, Budwit DA, Creasman WT, Seigler HF, McCarty KS Sr (1986) Use of a monoclonal 
anti-estrogen receptor antibody in the immunohistochemical evaluation of human 
tumors. Cancer Res [Suppl] 46: 4244s-4248s 

76. McGuire WL, Chamness GC (1973) Role of estrogen receptor in breast cancer. Adv Exp 
Med Bioi 36: 113-136 

77. McGuire WL, Carbone PP, Vollmer EP (eds) (1975) Estrogen receptors in human 
breast cancer. Raven, New York, pp 1-9 

78. Meyer JS (1986) Cell kinetics in selection and stratification of patients for adjuvant 
therapy of breast carcinoma. NCI Monogr 1: 25-28 

79. Meyer JS, Rao BR, Stevens SC, White WL (1977) Low incidence of estrogen receptors 
in breast carcinomas with rapid rates of cellular replication. Cancer 40: 2290-
2298 

80. Millis R R (1980) Correlation of hormone receptors with pathological features in human 
breast cancer. Cancer 46: 2869-2871 

81. Moran R, Black M, Alpert L (1984) Correlation of cell-cycle kinetics, hormone 
receptors, histopathology and nodal status in human breast cancer. Cancer 54: 
1586-1590 

82. Mortimer J, Reimer R, Greenstreet R, Groppe C, Bukowski R (1981) Influence of 
estrogen receptor status on response to combination chemotherapy for recurrent breast 
cancer. Cancer Treat Rep 65: 763-766 



228 L.L. Shek and W. Godolphin 

83. Mumford CH, Elston CW, Campbell FC, Blarney RW, Johnson J, Nicholson RI, 
Griffiths K (1983) Tumor epithelial cellularity and quantitative oestrogen receptor 
values in primary breast cancer. Br J Cancer 47: 549-552 

84. Nagai R, Kataoka M, Kobayashi S, Ishihara K, Tobioka N, Nakashima K, Naruse M, 
Saito K, Sakuma S (1979) Estrogen and progesterone receptors in human breast cancer 
with concomitant assay of plasma 17 fj-estradiol, progesterone, and prolactin levels. 
Cancer Res 39: 1834-1840 

85. Raemaekers JM, Beex LV, Koenders AJ, Pieters GF, Smals AG, Benraad TH, 
Kloppenborg PW (1984) Concordance and discordance of estrogen and progestereone 
receptor content in sequential biopsies of patients with advanced breast cancer: relation 
to survival. Eur J Cancer Clin Oncol 20: 1011-1018 

86. Raemaekers JM, Beex LV, Pieters GF, Smals AG, Benraad TH, Klopenborg PW (1987) 
Progesterone receptor activity and relapse-free survival in patients with primary breast 
cancer: the role of adjuvant chemotherapy. Breast Cancer Res Treat 9: 191-199 

87. Rasmussen BB, Pedersen BV, Thorpe SM, Rose C (1985) Elastosis in relation to 
prognosis in primary breast carcinoma. Cancer Res 45: 1428-1430 

88. Rubens RD, King RJ, Sexton S, Minton MJ, Hayward JL (1980) Oestrogen receptor 
and response to cytotoxic chemotherapy in advanced breast cancer. Cancer Chern other 
Pharmacol 4: 43-45 

89. Saez S, Martin PM, Chouvet CD (1978) Estradiol and progesterone receptor levels in 
human breast adenocarcinoma in relation to plasma estrogen and progesterone levels. 
Cancer Res 38: 3468-3473 

90. Saez S, Cheix F, Asselain B (1983) Prognostic value of estrogen and progesterone 
receptors in primary breast cancer. Breast Cancer Res Treat 3: 345-354 

91. Samaan NA, Buzdar AU, Aldinger KA, Schultz PN, Yang KP, Romsdahl MM, Martin 
R (1981) Estrogen receptor: a prognostic factor in breast cancer. Cancer 47: 554-560 

92. Samal BA, Brooks SC, Cummings G, Franco L, Hire EA, Martino S, Singhakowinta A, 
Vaitkevicius VK (1980) Estrogen receptors and responsiveness of advanced breast 
cancer to chemotherapy. Cancer 46: 2925-2927 

93. Savlov ED, Wittliff JL, HilfR, Hall TC (1974) Correlations between certain biochemical 
properties of breast cancer and response to therapy: a preliminary report. Cancer 33: 
303-309 

94. Silfversward C, Gustafsson JA, Gustafsson SA, Humla S, Nordenskjold B, Wallgren A, 
Wrange 0 (1980) Estrogen receptor concentrations in 269 cases of histologically 
classified human breast cancer. Cancer 45: 2001-2005 

95. Silvestrini R, Daidone MG, DiFronzo G (1979) Relationship between proliferative 
activity and estrogen receptor in breast cancer. Cancer 44: 665-670 

96. Silvestrini R, Daidone MG, Gasparaini G (1985) Cell kinetics as a prognostic marker in 
node-negative breast cancer. Cancer 56: 1982-1987 

97. Skinner JR, Wanebo HJ, Betsill WL, Wilhelm MC, Drake CR, Macleod RM (1982) 
Evaluation of the pathologic and prognostic correlates of estrogen receptors in primary 
breast cancer. Ann Surg 196: 636-641 

98. Stewart JF, Rubens RD, Millis RR, King RJ, Hayward JL (1983) Steroid receptors and 
prognosis in operable (stage I and II) breast cancer. Eur J Cancer Clin On col 19: 
1381-1387 

99. Stoll BA (1985) Mechanisms in endocrine therapy of bone metastases. J R Soc Med 
[Suppl] 78: 11-14 

100. Straus MJ, Moran R, Muller RE, Wotiz HH (1982) Estrogen receptor heterogeneity 
and the relationship between estrogen receptor and the tritiated thymidine labeling 
index in human breast cancer. Oncology 39: 197-200 



Overview of the Prognostic and Clinical Correlates of Steroid Hormone Receptors 229 

101. Toma S, Leonessa F, Paridaens R (1985) The effects of therapy on estrogen receptors in 
breast cancer. J Steroid Biochem 23: 1105-1109 

102. Underwood JCE (1985) Oestrogen receptor status and cellular composition of breast 
cancer. Lancet i: 1274-1275 

103. van Netten JP, Algard FT, Coy P, Carlyle SJ, Brigden ML, Thornton KR, Peter S, 
Fraser T, To MP (1985) Heterogeneous estrogen receptor levels detected via multiple 
microsamples from individual breast cancers. Cancer 56: 2019-2024 

104. Vollenweider-Zerargui L, Barrelet L, Wong Y, Lermarchand-Beraud T, Gomez F 
(1986) The predictive value of estrogen and progesterone receptors' concentrations on 
the clinical behaviour of breast cancer in women: clinical correlation on 547 patients. 
Cancer 57: 1171-1180 

105. Walt AJ, Singhakowinta A, Brooks SC, Cortez A (1976) The surgical implications of 
estrophile protein estimations in carcinoma of the breast. Surgery 80: 506-512 

106. Williams MR, Todd JH, Nicholson RI, Elston CW, Blarney RW, Griffiths K (1986) 
Survival patterns in hormone treated advanced breast cancer. Br J Surg 73: 752-755 

107. Wittliff JL (1984) Steroid hormone receptors in breast cancer. Cancer [Suppl] 53: 
630-643 



Pathology 



Identification of Risk Factors by 
Conventional Pathologic and Some Ancillary Techniques 
in Women with Breast Cancer 

E.R. Fisher 

Institute of Pathology, Shadyside Hospital, Pittsburgh University, Pittsburgh, PA, USA 

Conventional Pathologic Discriminants of Risk 

In 1971 the National Surgical Adjuvant Breast Project (NSABP) initiated a 
protocol to evaluate whether total mastectomy with and without postoperative 
irradiation was as efficacious as radical mastectomy in the primary treatment of 
patients with stage I and II breast cancer. Patients were randomized so that those 
with clinically negative axillae were treated by either radical mastectomy, total 
(simple) mastectomy and irradiation including the axilla, or total mastectomy 
without axillary intervention. Those with clinically positive axillary nodes were also 
randomized into groups receiving either radical mastectomy or total mastectomy 
and irradiation. Accrual of 1665 evaluable patients was completed in 1974. No 
significant difference in survival has been noted 10 years after mastectomy in the 
various treatment arms of each of the two strata [21]. This collection represents one 
of the best available sources for exploring the natural history and pathologic 
discriminants or markers for the prognosis of breast cancer. 

Pathologic examination of all specimens was initially performed by pathologists 
of participating institutions according to guidelines established by a predesigned 
protocol [24]. Stained sections and blocks of the tumor, nipple, skin overlying the 
tumor, lymph nodes when present, and one randomly selected block from each of 
the four quadrants of breast were forwarded to the pathology headquarters for a 
detailed review, including special histologic and tinctorial features. A total of 38 
pathologic and 6 clinical characteristics were examined [24]. Preliminary analyses 
revealed at least 20 pathologic features which might influence survival. Attempts to 
rank these prognostic discriminants revealed the nodal status, as determined 
pathologically, to be the dominant factor in this regard. Further, it was observed 
that women with only 1-3 regional lymph nodes positive for metastases fared better 
than those with involvement of 4 or more. This latter group was subdivided into 
those with 4-6, 7-12, and 13 or more positive nodes since different 5-year treatment 
failure rates and survival were demonstrated in these various subgroups of the 4 or 
more nodal patients [18]. Because of the prognostic importance of nodal status and 
the recognition of an approximately 40% false-positive and false-negative error in 
clinical estimates, it was considered imperative to perform the analyses only on the 
614 patients subjected to radical mastectomy in whom the lymph nodes and other 
appropriate material were available for pathologic study. 

Ragaz/Ariel (Eds.), High-Risk Breast Cancer 
© Springer-Verlag Berlin· Heidelberg 1989 
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Disease-free survival for 10 years following mastectomy is strongly related to 
nodal status, and when positive, to the numbers of nodes containing metastases 
(Fig. 1) [31]. Inspection ofthe figure reveals that the curves of the various categories 
reach a relative plateau after 4-5 years. Indeed the differences in survival at 5 and 10 
years in the node-negative group was only 5%, in the 1-3 positive category it was 
8%, and in those with 4 or more nodal metastases only 2%. With the 5-year 
postoperative period as the "zero" point it becomes apparent that survival for 5 
years assures less risk for subsequent treatment failure, regardless of nodal status. 
This information gives credence to the value of 5-year estimates of survival in 
women with breast cancer. 

Although nodal status is clearly the dominant influence on survival it should be 
emphasized that some pathologic characteristics such as perineural tumor exten
sion, sinus histiocytosis, nipple involvement, and type of tumor border, which are 
found to be related to nodal status, are not found to be associated with treatment 
failure. It is therefore imprudent, as has been occasionally practiced, to conclude 
that because a marker is related to nodal status it is pari passu associated with 
survival. On the other hand, cancers which have been designated as types 1,2, and 4 
scar cancers (see later in this chapter) and the presence of tumor mucin reactive to 
the periodic acid-Schiff stain are related to treatment failure, but not nodal status. 
Similarly, in analyses in which nodal status is controlled, disease-free survival was 
found to be statistically greater for women whose tumors measured less than 2 cm 
than in those in whom the cancers exceeded this size. However, the magnitude of 
this difference was only 15% and no stepwise relationship to survival was noted for 
tumors larger than 2 cm. It has been estimated that approximately 10% of patients 
with large tumors would have been disease free if their tumors had been removed 
when less than 2 cm [22]. This information indicates that other biologic character-
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Fig. 1. Probability of disease-free survival according to number of regional nodal metastases 



Identification of Risk Factors in Women with Breast Cancer 235 

istics of the tumor as well as perhaps host factors may play a greater role in 
prognosis than size per se. 

When life tables of probability of disease-free survival were prepared according 
to nodal status, several significant characteristics were observed which allowed for 
further discrimination in these categories. As noted in Table 1 the presence of a 
germinal center predominance pattern (Fig. 2) in the regional nodes of women 

Table 1. Pathologic markers related to 10-year treatment fail
ure according to nodal category 

Absent 

Nodal germinal center predominance 
Histologic grade III 
1-3 Nodes 

None with significance 
~ 4 Nodes 

Tumor size ( > 2 cm) 
Histologic grade III 

Fig. 2. Regional lymph 
node exhibiting germinal 
center predominance, an 
adverse finding in the 
node-negative patient. 
x 25 

p 

0.004 
0.02 

0.01 
0.02 
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designated as stage I (absent nodal metastases) was an adverse finding at both 5 and 
10 years after mastectomy. Such a nodal appearance connotes humoral antibody 
formation. Whether this indeed occurs and represents evidence of blocking 
antibodies to cell-mediated immunity in this situation is speculative. Cancers 
estimated to be of high histologic grade (poorly differentiated) were also associated 
with treatment failure in the node-negative patient. A similar experience has been 
noted by others [3]. Several methods of grading breast cancers have been utilized. 
Our algorithm represents a simplified modification of these, emphasizing nuclear 
characteristics expressed as nuclear grade which is based on the most dedifferent
iated forms present and the presence or absence of tubular differentiation (Table 2) 
[24,27]. We have found this scheme to be highly reproducible. Since well
differentiated or grade I tumors of the breast are uncommon we have chosen to 
incorporate these with cancers of intermediate grade into one group regarded as 
being well differentiated. This simplification has proven to be practical and 
importantly minimizes observer error in distinguishing between grades 1 and 2, and 
between grades 2 and 3 (Fig. 3). Although estimation of nuclear grade alone or 
presence or absence of tubule formation may be utilized for assessments of 
differentiation, better discrimination is offered when the two are combined. as 
histologic grade, particularly at the 10th postoperative year. In our opinion most 
difficulty in grading tumors results from suboptimal technical preparation of slides 
for such evaluation. 

One of the dilemmas confronting those concerned with the treatment of patients 
with breast cancer is whether to administer adjuvant chemotherapy to patients with 
pathologic stage I disease. Reports have suggested that high risk stage I patients can 
be identified by the presence of lymphatic invasion [7, 61, 62, 70]. However, only 
two of the groups [7, 70] mention whether lymphatics in the vicinity of the 
dominant mass or in quadrants remote from the dominant mass were involved. 
This distinction is important since lymphatic extension into remote breast quad
rants represents a histologic manifestation of so-called inflammatory or rapidly 
progressive breast cancer, a form of the disease associated with an extremely high 
treatment failure rate and other ominous features. Also the sample sizes studied 
have been relatively small. A more disquieting concern relative to the role of 
intralymphatic extension as a discriminant is the lack of unanimity among 
pathologists concerning the recognition of this phenomenon [38]. It is true that 

Table 2. NSABP scheme for histologic grading of breast 
cancer 

Tubules (including Nuclear Histologic 
adenocystic forms) grade grade 

Pure, in part 1 1 
Pure, in part 2,3 2 
Absent 1 2 
Absent 2,3 3 
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Fig. 3. a The nuclei in this tubular carci
noma appear small, uniform, and without 
distinct nucleoi - nuclear grade 1. b The 
nuclei in this carcinoma appear uniform, but 
larger than in a. Occasional cells contain 
faint nucleoli - nuclear grade 2. c The nuclei 
in this carcinoma are larger and less uni
form than in a and b. Nucleoli are promi
nent and frequent mitoses are 
present - nuclear grade 3. x 400 

many breast cancers contain aggregates of tumor cells in tissue spaces which may 
simulate intralymphatic extension. However, this effect appears to be related to 
fixation, appearing more commonly in tissues preserved in formalin or alcohol than 
in Bouin's fluid or those fixatives containing heavy metals. Careful observation of 
these artifactual spaces reveals an absence of lining endothelia. Our experience has 
taught us to regard such questionable examples of this phenomenon as being 
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negative. True lymphatic extension is more clearly perceived at the periphery of the 
cancer. Our data reveals lymphatic extension to be more closely related to nodal 
metastases than treatment failure. Indeed, 33% of the tumors from patients 
surviving for 10 years possessed such extension, and others [15J have observed 
lymphatic extension in 63% of 25-year survivors. Lastly, it is not surprising to us 
that lymphatic extension does not appear as a significant discriminant for treatment 
failure when it is appreciated that nodal metastases measuring < 1.3 mm may be 
found in approxxmately one-quarter of cases by extended pathologic examination 
oflymph nodes regarded by conventional study as being negative [33]. Yet, survival 
is similar to that noted in patients with negative nodes examined by either 
conventional or extended methods. 

It is germane to inquire why the pathologic features noted here have not been 
utilized as a guide to the administration of chemotherapeutic agents in women with 
stage I disease. Their use was considered in the design of the node-negative NSABP 
protocols 13 and 14 which are now in progress. However, it was decided to 
randomize the patients of this relatively low risk group according to receptor status. 
It was recognized that many if not most practicing pathologists are unfamiliar with 
technique of histologic grading. Since values of estrogen and progesterone receptors 
reflected histologic features of differentiation (see later in this chapter), appraisal of 
these latter appeared to be more practical and objective. 

As observed at 5 years [28J, no pathologic discriminants or markers could be 
identified in patients in the 1-3 positive node category 10 years after mastectomy, 
although trends of a relationship of survi val to tumor size, histologic grade, and scar 
types were noted. The failure to detect any statistically significant discriminant for 
treatment failure in patients with 1-3 positive nodes is perplexing and enigmatic. 
Indeed, other analyses performed by us more often than not reveal associations in 
patients with absent or 4 or more nodal metastases, but not the 1-3 group. It is 
relevant in this regard, however, to recognize that the size of the nodal metastases in 
almost 25% of these patients is less than 1.3-2 mm. Such sizes have been noted to be 
associated with survival indistinguishable from that of patients without nodal 
metastases. This dilution of the 1-3 group contributes to this failure to detect any 
statistically significant prognostic discriminants in this group of patients. 

A tumor size> 2.0 cm as well as one that exhibits a high or most malignant 
histologic grade have been found to represent adverse discriminants of breast 
cancers accompanied by 4 or more nodal metastases. Unfortunately, the sample 
sizes were too small to explore these possible discriminants in the various 
subdivisions of the 4 or more nodal category. On the other hand, unlike the 5-year 
results [28J, tumor necrosis was no longer found to represent a prognostic 
characteristic in any nodal category in the 10th year. Except for the presence of 13 
or more nodal metastases and the presence of types 1, 2, and 4 scar cancers, no other 
characteristics were observed which might provide insight into which patients at 5 
years mayor may not exhibit treatment failure by the 10th postoperative year. 
There is evidence [26,48] that some cancers of breast may evolve from an otherwise 
banal lesion designated as nonencapsulated lesion or radial scar (Fig. 4). The 
frequency of such an event has been estimated to be about 35%-50%. Although five 
types of scar-related cancer can be identified, the more classical form which we 
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Fig. 4. a Low power appearance of so-called scar cancer l. The relatively acellular central 
core and peripheral spiculated infiltration of breast and fatty tissue is apparent. x 10. 
b Higher magnification of central core, demonstrating its acellular hyaloelastic nature which 
is also characteristic of the banal nonencapsulated sclerosing lesion or radial S"car of breast. 
x 100 

designate as type 1, and its variants, types 2 and 4, are associated with better 
treatment failure rates than other scar forms or those cancers lacking evidence of 
origin from the banal radial scar. Further, this survival appears independent of 
nodal status. The majority of the cancers comprising these scar types exhibit a 
prominent or marked tubular component. It is therefore not surprising that types I 
and 4 scar cancers have better survival rates since they are very well differentiated. 
Other histologic types of breast cancer, notably the mucinous and papillary forms 
in addition to tubular carcinoma, have been observed to exhibit more favorable 
treatment failure rates. The medullary, lobular invasive, infiltrating ductal carci
noma, not otherwise specified (NOS), and tubular combinations, as well as other 
combination tumor types, are intermediate in this regard, with the NOS having the 
worst prognosis. Multivariate analysis reveals that the influence of these various 
types of breast cancer on survival is more closely related to histologic grade than 
histologic type per se. 

The prognostic significance of recognizing blood vessel invasion in breast 
cancers is controversial. Reports reveal an incidence of such an extension in 
21 %-46%, although our own estimate of this event is only 4%. This dichotomy 
appears to be related to the criteria employed for its identification. It is important to 
note that in our studies we have relied on the more classical features of tumor 
thrombus, tumor covered by endothelial cells in a vascular space, or presence of 
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neoplastic cells in an unequivocal vein or capillary [24]. Recourse to elastic tissue 
stains has been made by all investigators, but it is our considered opinion that this 
technique, when applied to the breast for the identification of veins, unlike in the 
colon, does not greatly resolve this problem. This is due to the close similarity in the 
deposition of elastic fibers in mammary ducts and blood vessels. Some have 
regarded the presence of distorted and disoriented elastic fibers associated with 
tumor cell aggregates in the vicinity of the ductal-vascular bundles sufficient to 
connote blood vessel invasion. In another study, blood vessel invasion in "arteries 
and veins" was stated to be scored as positive [78]. Intra-arterial neoplastic 
extension has been conventionally regarded as a curiosity, and in our opinion when 
found represents an artifact. Our low estimates of blood vessel extension in breast 
carcinoma is admittedly conservative. Indeed, we have identified actual tumor cells 
in mammary vein blood in 26% of patients with stage I and II disease undergoing 
modified radical mastectomy [39]. The disparity in this and the histopathologic 
estimates is not surprising, since we have observed a similar difference in a 
comparison of the incidence of circulating tumor cells and histopathologic demon
stration of vascular extension in colorectal carcinoma [34]. Certainly, the biologic 
significance of such circulating tumor cells in breast carcinoma is not known and, if 
comparable to the experience with colorectal carcinoma, may not be prognostically 
significant [16]. Of course it should also be recalled that only about 50% of patients 
with angioinvasive thyroidal carcinoma will die of their disease, although diagnosis 
is based on the presence of blood vessel invasion. Indeed, not all tumor emboli 
represent metastases! 

Despite the range in purported incidence of blood vessel invasion in breast 
cancer, as well as the inability to relate tumor emboli to metastases, all studies 
suggest that blood vessel invasion represents an adverse pathologic discriminant for 
breast cancer. In our own data, such a phenomenon was observed in 13 or 3.6% of 
the cases without recurrence and only 28 (7.8%) of those with treatment failure. 
Again, although this characteristic appears in exploratory contingency tables to be 
related to nodal status and 10-year treatment failure, it loses its statistical 
significance in regard to the latter in node-adjusted life tables or when patients are 
stratified according to nodal category. This, of course, may be related to the 
relatively few examples of blood vessel invasion in the various subsets. Results of a 
study utilizing less stringent criteria for blood vessel invasion, which generated a 
higher incidence of this event, have failed to alter our conclusions concerning its 
prognostic significance. 

Conventional Pathologic Discriminants of Chemotherapeutic Responsiveness 

During the search for pathologic markers for survival in patients with breast cancer, 
information was being accumulated concerning the effectiveness of adjuvant 
chemotherapy in patients with stage II disease (regional nodal metastases). 
Noteworthy was the apparent responsiveness of premenopausal, but not postmeno
pausal, women to such treatment. Although a variety of reasons are advanced as 
possible explanations for this dichotomy, none appeared to be satisfactory. On the 
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other hand, our own pathologic studies had revealed that, generally, breast cancers 
in postmenopausal women were better differentiated than those in their younger 
counterparts [24]. The pathologic observation was consonant with the more 
frequent high estrogen receptor (ER) content of cancers in postmenopausal women. 
We demonstrated that this marker appeared to represent a biochemical reflection of 
tumor differentiation [25, 30]. Lastly, it has long been recognized that poorly 
differentiated neoplasms respond more favorably to radiation than well-differ
entiated forms, and many of the chemotherapeutic agents used were considered to 
possess at least some radiomimetic properties. These considerations prompted us to 
attempt to correlate the pathologic characteristics of the cancers in women 
receiving adjuvant chemotherapy with their response [29]. Patients with poorly 
differentiated tumors who were treated with L-phenylalanine mustard (P) with 
methotrexate (PM), and 5-fluorouracil (PMF) exhibited satistically greater survival 
as compared with control subjects (Figs. 5 and 6). Increase in survival was evident in 
women < 49 years as well as those> 50 years of age, and was particularly 
pronounced in those with 4 or more nodal metastases and whose tumors were 
poorly differentiated. No other independent discriminants were constantly found 
which allowed for such a discrimination of chemotherapeutic responsiveness. Thus, 
there are certain groups of postmenopausal women who do exhibit a response to 
chemotherapeutic agents, and general conclusions concerning the efficacy of such 
therapy may be misleading. Our results suggest that chemotherapy should be 
reserved for patients with poorly differentiated tumors, regardless of age. Con
versely, evidence is accumulating that well-differentiated tumors may be more 
responsive to endocrine manipulation [19]. 

Identification of the pathologic discriminants for disease-free survival and 
responsiveness to adjuvant therapy underscores the importance of the "routine" 
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pathologist's role in contributing to the care of patients with breast cancer, as well 
as the design of protocols for evaluating treatment schemes. Finally, it should be 
noted that the prognostic characteristics enumerated neither require any special or 
sophisticated techniques for their identification nor is the practice unduly time
consuming. 

Estrogen and Progesterone Receptors as Markers of Risk 
and their Relationship to Pathologic Discriminants 

The role of receptor status in the treatment and prognosis of patients with breast 
cancer is well recognized. Yet, the "power" of this marker may not be as strong as is 
commonly believed. Indeed, it has been estimated that approximately 65% of 
women whose cancers possess ER will exhibit a response to ablative or additive 
antiestrogen treatment, whereas 10% lacking this marker will do so [54]. It has 
been suggested that this relative inconsistency may be due to the importance of 
other receptors and markers, the heterogeneity of tumor cell populations, defective 
cytoplasmic receptor proteins, or their exclusively nuclear disposition [54]. It has 
also been suggested [73] that perhaps our definition of responsiveness may be 
unrealistic; and we have noted responsiveness to be more closely related to 
quantitative rather than qualitative assessments [20]. The relationship between 
receptors and responsiveness is improved to approximately 80% when both ER 
and progesterone receptors (PR) are positive [20, 53,66]. Although ER and PR are 
generally complementary, patient age has been consistently found to be more 
related to the former. Responsiveness to a chemotherapeutic regimen containing 
the antiestrogen tamoxifen appears to be more closely related to PR than ER in 
premenopausal women [20]. 
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Combined assays for both ER and PR have revealed a relatively high incidence 
of discordant values [23, 32]. In our experience 30% of assays appear discordant 
with 17% being ER + /PR - and 13% the converse [32]. It is uncertain whether 
these findings represent a methodological [71] error or actually an incomplete 
synthetic process in which PR is viewed as an end product of estrogen-dependent 
ER activity [46, 54]. However, cancers with discordant receptors lack pathologic 
features noted in those cancers containing concordant ER and PR [32]. Further, 
life table analyses (Fig. 7) have revealed disease-free survival of women whose 
cancers had discordant values to be intermediate between that of women in whom 
these markers were ER + /PR + and ER - /PR - [32]. This information suggests 
that a discordant receptor status is more indicative of an aberration of ER 
metabolism or a biologic phenomenon rather than a methodological error. 

Attempts to assess the consistency of ER determinations in a primary breast 
cancer have disclosed similar values in 76-84% of such cancers that have been 
sequentially studied [67, 69]. Agreement of ER status has also been noted between 
the primary growth and nodal metastases in 62%-86% [67, 69, 77]. Assays 
performed on other metastases have revealed ER values comparable to the primary 
cancer in 74% of instances, despite variable time intervals between such assess
ments [69]. It has been estimated that approximately one-third of all positive ER 
assays will become negative after chemotherapy or endocrine therapy [2, 67, 77]. 

The question arises whether receptors represent independent discriminants or 
biochemical reflections of identifiable pathologic characteristics of breast cancers. 
The more frequent incidence of such markers in cancers in women > 50 years, a 
group in which breast cancers are generally better differentiated than those in 
younger women « 49) [24], might be cited as being suggestive in this regard. 
Further, as noted previously in this chapter, responsiveness to chemotherapy has 
been found to be more frequent in younger than older women, whereas endocrine 
therapy appears more effective in women > 50 years [20]. These variations in 
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response have also been found to be related to pathologic features reflecting tumor 
differentiation [20, 29]. 

Correlation of ER status and the pathologic characteristics of breast cancers 
have almost universally revealed significant associations between the former and 
features of tumor differentiation [1, 25, 30, 50, 63] as well as other techniques 
reflecting this phenomenon, viz., tumor labeling index [59], ultrastructural charac
teristics [76], and DNA content [37]. Similar pathologic associations have now 
been observed with PR as well as ER. ER + jPR + cancers, when compared with 
those in which both receptors are negative, have been noted to possess low (best 
differentiated) nuclear and histologic grades, mild or absent lymphoid infiltration, 
absent necrosis, and moderate or marked elastosis in descending order of signifi
cance when ranked by logistic regression analyses [32]. Between 70% and 80% of 
positive ER or PR values can be predicted when four or five conforming pathologic 
features are found. Nuclear grade alone is predictive in approximately 70% of 
instances. Most studies have revealed the lobular invasive and tubular types of 
breast cancer to be related to a positive receptor status, whereas the medullary 
variant is often negative. In our experience these relationships appear to be more 
closely related to the degree of differentiation of these tumor types rather than their 
identifying structural or topographic appearances. 

Studies of the interrelationship of nodal and receptor status have been 
inconsistent [9, 14, 19, 41, 49, 66]. Our own investigation in this regard has 
disclosed little or no association between negative ERjPR and increasing numbers 
of nodal metastases [23, 32]. Whether ERjPR status will allow for the recognition 
of stage I patients who will benefit from adjuvant therapy has not been conclusively 
demonstrated. Randomized clinical trials addressing this issue are now in progress. 

Interestingly, histograms depicting the frequency of well- and poorly differ
entiated nuclear grades and quantitative measurements of ER and PR have 
confirmed the reliability of clinically regarding cancers with> 10 fmol/mg as being 
positive [32]. Further, the frequency of well-differentiated nuclei was found to be 
directly related to amounts of these receptors. It is not surprising therefore to 
recognize that the outcome as well as responsiveness of patients treated with the 
antiestrogen tamoxifen correlate with both receptor status and nuclear grade. 
However, multivariate analysis in that situation does reveal that these markers may 
exert an independent influence. The outcome of patients with cancer containing 
positive receptor values, but poorly differentiated nuclear grade or the converse was 
poorer than those in whom both types of markers were favorable, but better than 
those in whom cancers were receptor-negative and nuclear grades poor [19]. 

Discriminants of Risk as Revealed by Tumor DNA Content and Growth Rates 

It would appear inarguable that careful conventional pathologic examination of the 
breast cancer specimen provides significant information regarding prognosis and 
therapy. Although ER and PR appear to be complementary to histopathologic 
assessments of tumor differentiation, vis-a-vis nuclear and histologic grades, 
as noted previously, in some situations they appear to represent independent 



Identification of Risk Factors in Women with Breast Cancer 245 

variables. This experience reflects the utility of multiple markers in assessing 
prognosis and therapy of patients with breast cancer. 

That alterations in nuclear DNA characterize many cancer cells has long been 
recognized. Further, some early studies utilizing Feulgen cytomicrospectrophoto
metry have suggested a relationship between DNA abnormalities and survival in 
patients with breast cancer [4]. Techniques for exploring cell cycle kinetics have 
also been utilized by a number of investigators to obtain more precise information 
concerning the growth rate of breast cancers. That variation in this characteristic 
occurs among breast cancers and may have prognostic value has been appreciated 
by physicians caring for patients with this disease, and indeed several schemes have 
evolved for making such a clinical appraisal [11, 12]. One of the most commonly 
employed methods for assessing the growth rate of cancers utilizes the in vitro 
incubation of tritiated thymidine with tumor tissue and subsequent micro radio
autography, the result being expressed as thymidine labeling index (TLI). Studies by 
Meyer and co-workers [56, 57, 58] have revealed that TLI correlates well with the 
histopathologic characteristics reflecting differentiation and receptor status as well 
as survival. However, this group more recently [58] regarded TLI as a weak 
predictor of metastases. Some have suggested that TLI may be similar to, if not a 
more significant prognostic discriminant than nodal status or pathologic features of 
tumor differentiation [72, 75]. These apparent inconsistencies as well as the need to 
identify predictive markers warrant further investigation of the kinetics as well as 
DNA abnormalities of breast cancer cells. 

One of the more recent and obviously popular techniques for identifying DNA 
composition and growth rates of breast cancer is flow cytometry. The reader is 
referred to several overviews concerning the basic methodology and general 
application of this technique [8, 10, 45, 52]. Its principal attractions are that it 
represents a departure from the subjectivity of conventional pathologic assess
ments; it has the capability of quantitatively assessing these parameters; and at least 
in some hands is easily performed. With apparently only one exception [40] thus 
far, ploidy and growth rate expressed as S-phase or proliferative index have been 
found to be closely correlated. A similar concordance might be noted in regards to 
TLI and flow cytometric determinations [51]. This information suggests that the 
degree of aggressiveness of a cancer, if indeed ploidy relates to such a phenomenon, 
and growth rate, reflected by S-phase, or proliferative index, are not independent. 
Such a conclusion would represent a "violation" of Foulds' [36] "rules" 2 and 3 
which offer that characteristics of a tumor such as biologic activity and size may 
progress independently [51]. It does not, however, in the author's opinion, totally 
vitiate the significance of Foulds' averments concerning tumor progression. 

The extant literature relating to the use of flow cytometry in studying breast 
cancer reveals notable inconsistencies in results, surprisingly small sample sizes 
studied, and a certain vagueness of terminology. For instance, some investigators 
designate "abnormal" DNA as representing aneuploidy. Yet from a classical 
standpoint, aneuploidy refers to a chromosome number that is not an exact 
multiple of the haploid 23. It is difficult to determine from some reports whether the 
"aneuploidy" observed represents polyploidy (an exact multiple of the haploid 
number) or true aneuploidy. So-called aneuploidy has been found to occur in 
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50%-90% of breast cancer studies [6, 8, 13, 17, 35, 40, 44, 55, 60, 74]. Individual 
cancers may exhibit a variety of chromosomal aberrations. Thus, the technique may 
quantitatively, as well as qualitatively express the heterogeneous composition of 
breast cancers [68]. Interestingly, ploidy has not been observed to change in time 
when primary tumors have been studied by multiple biopsies [5, 6]. Similarly, 
tumor ploidy as well as S-phase or growth rates appear to be concordant in primary 
and metastatic sites [47, 64]. Ploidy has been noted to be correlated with 
morphological assessment of differentiation in all but one study [6] in which this 
parameter has been assessed. It is therefore not surprising that poorly differentiated 
types of breast cancers such as the medullary form are frequently aneuploid, 
whereas the well-differentiated tubular and mucinous varieties are often diploid. On 
the other hand, no consistent relationships between ploidy and nodal status, tumor 
size, patient age, or menopausal or receptor status have been noted. The few studies 
relating ploidy to disease-free survival have disclosed fewer recurrences of disease 
with diploid tumors in menopausal women [44] or those with cancers measuring 
less than 2 cm [17]. In the former study Cox's regression analysis failed to disclose 
the DNA index to be independent of lymph node status as a prognostic dis
criminant. Kinetic information expressed as S-phase or proliferative index has also 
been found to correlate with morphological expression of tumor differentiation; 
faster growing tumors more frequently being poorly differentiated [6, 47,51,65]. A 
negative ER, but not PR [51], has also been observed to be associated with faster 
growing cancers. No correlation of S-phase tumor size, nodal status, or number of 
positive nodes has been found. 

It should be evident that the data thus far derived from flow cytometic studies 
are quite inconsistent as well as incomplete. There is no scrutable evidence as yet 
concerning the direct relationship of chromosomal abnormalities and growth rates 
of tumors to survival. Investigations in this regard have been limited by relatively 
small numbers of cases, and the follow-up periods of observation have been 
relatively short (4 years or less). It is expected, however, that the application of 
techniques [42, 43] allowing for determinations on archival material, vis-a-vis 
paraffin-embedded tumor tissue, will alleviate this shortcoming. Whether determi
nations of ploidy or DNA content and growth rates by flow cytometry represent 
singular, independent markers or a more arcane manner of measuring those found 
by conventional pathologic examination and/or ER and PR assessment and tumor 
labeling in vitro remains to be demonstrated. 

Our own introduction to the use of flow cytometry for the study of breast 
cancers raises some doubt that the technique is as "easy" as some maintain. This 
may limit its widespread use. Despite these caveats, there is little doubt that flow 
cytometry in a research setting should provide additional insight into the biologic 
characteristics of tumor growth and behavior, and hopefully therapy. 
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The Role of Mammographic Screening 
in the Control of Breast Cancer: An Overview 

L. Tabar 

Mammography Department, Central Hospital, 79 182 Falun, Sweden 

Introduction 

Breast cancer is not only the common malignancy of women, accounting for 
24%-25% of all female malignancies, but its incidence is rising. As we have no clear 
understanding of the aetiology of breast cancer, primary prevention is not possible. 
To date, there is no method that effectively defines those women who will develop 
breast cancer. Roberts et al. reported "When all risk factors were combined, 48% of 
all women fell into a 'high risk' category, but only 55% of the cancers were in this 
group. We conclude, that selective screening of high risk groups is not a viable 
alternative to population screening" [9]. 

Efforts to control breast cancer have been primarily directed at improving 
therapy. Recent review articles have emphasized the importance of prevention 
rather than treatment, stating " ... some 35 years of intense effort focused largely on 
improving treatment must be judged as a qualified failure. Results have not been 
what they were intended and expected to be" [2]. "A shift in research emphasis, 
from research on treatment to research on prevention, seems necessary if sub
stantial progress against cancer is to be forthcoming," and "there are many grounds 
for believing that when any major disease is tackled on a national scale, the chief 
effort should be to prevent its occurrence. To put most of the effort into treatment is 
to deny all precedent" [3]. 

Since we cannot prevent the occurrence of breast cancer, the only hope that 
mortality from breast cancer can be reduced is to diagnose and treat this disease at a 
stage when the balance between the tumor and the host is more favourable; removal 
of the cancer while it is still in its early stages is the most promising way to achieve a 
significant change in the current breast cancer situation (secondary prevention). 

The only diagnostic method which has the ability to detect breast cancer at an 
early stage with high sensitivity is superb quality mammography interpreted by a 
well-trained radiologist. The cases presented in Figs. 1 and 2 demonstrate the 
mammographic appearance of an invasive ductal carcinoma of less than 1.0 cm 
(Fig. 1) and a ductal carcinoma in situ with minimal invasion (Fig. 2). 

The evidence that regular mammographic examination of asymptomatic 
women can bring about a significant decrease in breast cancer mortality can be 
considered as one of the important achievements in modern medicine, since there 
are only a few forms of established breast cancer which can be effectively controlled. 

Ragaz/Ariel (Eds.), High-Risk Breast Cancer 
© Springer·Verlag Berlin· Heidelberg 1989 
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Fig. I. Mammography of the right breast, cranioeaudal projection, 4 em from the nipple, in 
the medial half of the breast, there is a 9 x 9 mm solitary, stellate lesion, mammographically 
characteristic of a malignant tumor. Histology: invasive ductal carcinoma, 10 mm diameter 

Fig. 2. a Right breast, detail of the mediolateral oblique projection; 4 em from the nipple, in 
the upper half of the breast, there is a small cluster of calcifications. b Mierofocus 
magnification of the calcification group seen in 2a. Mammographically malignant-type 
calcifications. c Operative specimen radiograph. Histology: comedocarcinoma with minimal 
invasion 
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The large-scale, randomized, controlled trials carried out in the United States [10] 
and Sweden [12], and also the nonrandomized studies in Holland [4, 13] and Italy 
[8] provided evidence that the course of breast cancer could be altered by 
diagnosing and treating it at an earlier stage. 

The Health Insurance Plan of Greater New York (HIP) Study 

This prospective, randomized, controlled trial was an outstanding contribution to 
the efforts to control cancer. The study was scientifically designed to determine the 
impact of combined physical examination and mammography on mortality from 
breast cancer and was carried out during the years 1963-69. The study group 
consisted of 31 000 women aged 40-64 at randomization. Participating women were 
invited to attend screening with mammography and physical examination of the 
breast. A total of 20 166 (66.7%) participated in the first round of screening; the 
women were asked to attend three additional annual follow-ups. In all, 11971 
(39.6%) attended all four screenings. The control group of 31000 individually 
randomized, age-matched women was not offered the screening examination. The 
possible biases of early detection (lead-time bias, length-biased sampling, selection 
bias, etc.) could not render the screening results invalid since the study was 
randomized and controlled and the end point was mortality from breast cancer. 
The significantly reduced mortality from breast cancer in the study group as 
compared with the control group, reported by S. Shapiro, P. Strax and L. Venet, 
[12] in 1971 has been maintained through 18 years of follow-up [11]. The recent 
update also confirmed mortality reduction for screened women aged 40-49. The 
HIP study has clearly answered the question it set out to investigate. It demon
strated that the natural history of breast cancer could be altered through early 
detection and therefore interest in breast cancer screening has been greatly 
stimulated. 

The Swedish Kopparberg (W)-Ostergotland (E) Trial (W-E Study) 

The results of the HIP study awoke considerable interest in Sweden and this was 
soon followed by a request for mass screening with mammography. Additionally, a 
successful pilot study in Sandviken, Sweden showed the advantages of a simple and 
effective screening procedure [7]. The National Board of Health and Welfare of 
Sweden considered the initiation of an additional trial to be important, since there 
remained many unanswered questions. In fact, new studies were needed to 
determine the reproducibility of the results in different settings, the relative 
contributions of physical examination and mammography, the cost: benefit and 
risk: benefit ratios with modern, screen-film mammography. Additionally, the 
potential effect of screening on mortality from breast cancer varies considerably in 
different countries since there are great differences in the annual age-adjusted breast 
cancer mortality rates among different countries. 
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For these reasons a population-based, randomized, controlled trial was started 
in two Swedish counties; in Kopparberg (W), 1977, and in Ostergotland (E), 1978, to 
investigate the impact of single-view mammographic screening upon mortality 
from breast cancer. A total of 134867 women, 40-74 years old at randomization 
were enrolled into the study and were divided at random into two groups. The 
design and methodology of the trial have been described elsewhere [13]. The 
similarities and differences between the HIP study and the Swedish W-E trial are 
summarized in Table 1. 

By the end of 1984 there was a highly significant reduction (25%) in the absolute 
rate of stage II or more advanced cancers (P <0.001). By the end of 1984 there was a 
31 % reduction in breast cancer mortality in the study group (invited to screening) 
as opposed to the control group (P < 0.013, two-sided test). This was accompanied 
by a highly significant reduction (P<O.OOI) in the rate of stage II and more 
advanced breast cancers (25%). Both these differences began to emerge some 4 
years after the randomization and have subsequently increased in magnitude. To 
date, the W-E study is the only randomized controlled trial using mammography as 
the sole screening modality that has demonstrated a significant decrease in 
mortality from breast cancer [13]. 

Detailed examination of the study revealed the following interesting observ
ations: one-third of the breast cancer deaths in the study group occurred among 
those women who did not attend screening; the risk of dying from breast cancer was 
2.4- to 2.9-fold higher among the nonattenders than in the control group. The 
decrease in breast cancer mortality was more than 60% among women who were 
screened as compared with those never screened. Evaluation of the data from 
Kopparberg county showed that the interval cancer group had the same case 
fatality rate as the control group. These data confirmed and extended the findings 
from the HIP study and the data contradict the hypothesis that the prognosis is 
worse in interval cancer than in breast cancer diagnosed in clinically referred 
patient material. Therefore, our observations do not support the suggestion of 
aggressive management of interval cancer [5]. The mortality from all causes other 
than breast cancer is the same (relative risk = t .00) in both the study and the control 
group, for both counties combined. 

Nonrandomized Studies with Published Data 

To date, three such studies have been reported. Two from the Netherlands and one 
from Italy. All of them used the matched case-control method to determine the 
relative risk of dying from breast cancer among women who were screened 
compared with women who were never screened. The relative risk was calculated to 
be 0.30 (95% confidence interval o. t 3, 0.70) in the Utrecht study and 0.48 (95% 
confidence interval 0.23, 1.00) in the Nijmegen study, both from the Netherlands. 
The relative risk of dying from breast cancer in the study period for "screened versus 
never screened women" was 0.53 (95% confidence interval 0.29, 0.95) in Florence, 
Italy [4, 14, 8]. 



0"
' 

::r
 

.., 
C1> 

"
'o

..
e
n

..
, 

o
~
~
:
:
r
 

a 
..... 

C1> 
C1> 

C1> 
P

o
..

'"
 

~
 

C1> 
C1> 

('
)(

')
::

r;
1:

:S
~ 

§
e
;
~
C
1
>
:
"
(
;
l
 

C1> 
~
 

~
 
-

'" 
.....

 
.....

 
::r

 

(') 
C1> 

-.
 :

:r 
C1> 

0.
. 

.., 
C1> 

.., 
""

1 
t.

f)
 

-
.
 

""
1 

~
 

. 
'
<
~
C
1
>
C
:
:
:
:
S
 

~
 

.., 
C

 ::
s 

0.
. 

ct>
 

(l
) 

_
_

 • 
0 

a
g

v
;-

c
ta

 
'" 

_ 
. 

.., 
0.

. 
N

· 
§
:
:
s
~
~
a
 

~
 
~
 -

s· 
.. 

(')
 

...
.. 

(')
 

OC
I 

(')
 

s:
::

:r
0

o
..

0 
_

C
1

>
::

S
o

::
S

 
..... 

'" 
..... 

a 
..... 

s:: 
C1

>:
:J.

 
a 

(
;
l
"
,
0
"
'
~
-

'" 
2" 

S
::

s 
n 

~0
..
C1
>0
..
0.
. 

=-
~.
 S

 n
 S

f 
(') 

~
 

C1> 
:
:
r
~
 

.....
 
:
:
s
~
 

(') 
::s 

::r
 ~
 

'" 
oO

"C
1>

O
" 

.....
 

a 
:;. 

(;l 
P 

£ 
0"

,C
1>

'O
 

.....
 

::s 
s· 

(;l 
a 

g"
 8

 
C1> 

~
 

0.
. 

.....
 

.., 
s
(;

l§
g

"
i!

5
 

_
.;

!:
 

a::
:.; 

(;l 
::s 

..
 

-.
 "

 
C1> 

=:
IlO

"':
::-

:::
S:

:S
 

s:: 
~
 -<

 °
 -. 

C1> 
~
 

.....
 

::s 
::

s:
:s

.o
 

OC
I 

8 
c.

 s
:: 

'Cil
 

'" 
~
 

('I
> 

f"
""

f"
 

...
...

.. 

f
"
"
'+

-
O

O
 

s:::
: 

::r
 0

.. 
c.

 (
;l 

Q
..

 
C1> 

-.
 °

 '0 
(;

i. 
a 

~F
. 

°
 '" 

~(
;l
:;
.f
t§

 
S"

~C
1>

0.
.0

..
 

~
~
Q
.
.
8
~
 

-< 
~ 

~.
 ~

 
~ 

::
j>
aO
Cl
S"
~ 

°
 °

 ::s 
_

'<
 

a 
~
 
v;

.~
. 

s· 

o = ~ J8"
 

~
 ;" FE
 

T
ab

le
 1

. 
S

im
il

ar
it

ie
s 

an
d

 d
if

fe
re

nc
es

 b
et

w
ee

n 
th

e 
H

IP
 s

tu
dy

 a
nd

 t
he

 S
w

ed
is

h 
W

-E
 t

ri
al

 

S
tu

dy
 s

iz
e 

B
as

is
 f

or
 r

an
do

m
iz

at
io

n 
A

ge
 l

im
it

s 
(y

ea
rs

) 
L

en
gt

h 
o

f i
nt

er
va

l 
be

tw
ee

n 
tw

o 
co

ns
ec

ut
iv

e 
ex

am
in

at
io

ns
 

E
xa

m
in

at
io

n 
m

et
ho

d 

A
tt

en
da

nc
e 

ra
te

 a
t 

1s
t s

cr
ee

ni
ng

 
A

tt
en

da
nc

e 
ra

te
 a

t 
2n

d,
 3

rd
, e

tc
. 

sc
re

en
in

gs
 

H
IP

 s
tu

dy
 

S
tu

dy
 g

ro
up

: 
31

 0
00

 
C

on
tr

ol
 g

ro
up

: 
31

00
0 

In
di

vi
du

al
 b

as
is

 
40

-6
4 

1 
ye

ar
 

P
hy

si
ca

l 
ex

am
in

at
io

n 
an

d
 

co
m

pl
et

e 
m

am
m

og
ra

ph
y 

66
.7

%
 

A
tt

en
da

nc
e 

at
 a

ll 
4 

sc
re

en
in

gs
: 

39
.6

%
 

S
w

ed
is

h 
W

-E
 s

tu
dy

 

S
tu

dy
 g

ro
up

: 
78

08
5 

C
on

tr
ol

 g
ro

up
: 

56
78

2 
S

m
al

l 
ad

m
in

is
tr

at
iv

e 
un

it
s 

40
-7

4 
A

ge
 4

0-
49

 a
t 

ra
nd

om
iz

at
io

n:
 2

4 
m

on
th

s 
A

ge
 5

0-
74

 a
t 

ra
nd

om
iz

at
io

n:
 3

3 
m

on
th

s 
N

o
 p

hy
si

ca
l 

ex
am

in
at

io
n 

Si
ng

le
-v

ie
w

 (
m

ed
io

la
te

ra
l 

ob
li

qu
e)

 
m

am
m

og
ra

ph
y 

89
.2

%
 

2n
d 

sc
re

en
in

g:
 8

3.
3%

 
3r

d 
sc

re
en

in
g:

 8
4.

0%
 

..., ::r
 

o ~
 

o 0- o .....
, ?::
 

~
 a a o 0<

/ ... ~ '0
 

::r
 

i'i
. 

V
l 

!"
l ~ :s 5·
 

0<
/ 5·
 

ET
 

o n o a ... 2- o .....
, 

c
; 

@
 

~ n ~ :s ~
 ... tv
 

V
I 

-.
J
 



258 1. Tabar 

Evaluation of the Available Data 

The results of the two randomized, controlled trials, the HIP study and the W-E 
trial, provided evidence that early detection of breast cancer alters the natural 
history of the disease. The W-E study in Sweden also demonstrated that breast 
cancer mortality could be reduced by using mammography as the only screening 
method. The results of the three nonrandomized, controlled trials provide further 
evidence that the course of breast cancer could be altered by early detection and 
treatment. 

After the results of these studies were published, great interest in mammo
graphic screening was generated in several countries. The immediate practical 
questions were the age limits (who should be screened) and the length of interval 
between two consecutive screening examinations (how often should women be 
screened). The HIP and the W-E studies have demonstrated that screening is 
effective in women aged 40-64 (HIP) and 40-74 (W-E). Neither of these studies was 
designed to evaluate any particular age subgroups. The HIP study was designed to 
determine the efficacy of screening women aged 40-64 years at entry and the 
decision on sample size was based on this objective. Accordingly, age-specific 
comparisons are subject to large sampling error and the study samples have little 
power to detect even sizable differences [11]. 

Consequently, any conclusions about the effect of screening on age subgroups 
are unjustified. If there is a need to find out whether screening is effective in a 
particular age subgroup, then a study has to be designed and carried out specifically 
to answer this question. 

It has only recently become clear how the patient's age at the time of diagnosis 
influences mortality from breast cancer [1, 6]. Prognosis of breast cancer is best 
when the diagnosis is made on women in their 40s; it is significantly worse when the 
diagnosis is made in the 50-59 age group and progressively deteriorates with 
advancing age. These results may help to explain the age-specific effect of screening 
on mortality observed in both the HIP and the W-E studies. Because it takes breast 
cancer a longer time to kill women in the 40-49 age group, the difference in 
mortality will not be discernible at 5 or 6 years of follow-up. On the contrary, the 
poor survival rates in women over 50 accelerate the emergence of the mortality 
difference between the study and control groups. 

A thorough review of the available data and a better understanding of the 
disease indicate that the long-term benefit of screening is evident in all age 
subgroups. Therefore, there is no justification for eliminating any age subgroup 
from screening. 

The long interscreening interval in the W-E study made it possible to examine 
how long it would take for the breast cancer incidence in the screened population to 
return to the expected incidence, seen in the popUlation of women without 
screening. When analysing the proportional interval cancer rate and the rate of 
advanced cancers at the time of second, third and subsequent screenings, we can 
estimate the "optimum interval time" between two consecutive screenings. As the 
interval cancer rate returns to the rate in the control group more rapidly in women 
under 50 than in women over 50, the recommended length of interval for screening 
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women aged 40-50 should be shorter (12-18 months) than for women over 50 
(should not exceed 2 years). 

Principal Requirements in Screen-Film Mammography 

When mammography is properly performed and interpreted screening has a high 
sensitivity and specificity. Poor mammographic technique and/or inadequate 
interpretation will result in low sensitivity and specificity. This will cause the 
greatest harm to screening results, lowering the cost effectiveness and raising the 
risk: benefit ratio. Not only will many cancers be missed, but there will also be a 
large number of false-positive cases, with the resulting unnecessary recalls and 
biopsies. In the first round of screening of the W -E stud y the cancer per biopsy ratio 
was one to two and from the second round of screening the ratio has increased to 
three cancers in every four biopsies. 

Screen-film mammography involves a chain of events. The final product, the 
mammogram, cannot be better than the weakest link in the chain. These links are 
the following: 

1. The dedicated mammography unit, specially designed and constructed for 
mammography. There are a number of dedicated mammography machines, 
which provide the potential of producing a state-of-the-art mammogram. 

2. The use of mammographic screen-film combinations leads to a dramatic 
reduction in radiation dose and a considerable improvement in diagnostic image 
quality. 

3. The dedicated film processor. Being a soft tissue examination method, mammo
graphy is most sensitive to variations in exposure and processing. In order to 
differentiate the subtle soft tissue density differences on the mammogram, a high 
contrast image is needed. Mammographic films need more aggressive processing 
than most other radiologic films. Film processing is generally the weakest and 
most troublesome link in the chain of the mammographic system. 

4. The specially trained X-ray technician. Positioning of the patient so that as much 
of the breast as possible appears on the film, and so that the breast is compressed 
to as thin a layer as possible without pain, is no easy task to perform. 

5. The chain is forged and maintained by the radiologist who has a special interest 
and training in mammography. It is the responsibility of the radiologist: (a) to 
select the proper equipment and screen-film combination; (b) to ensure that the 
correctly exposed film is also properly processed; (c) to arrange special training in 
mammography for the technician; and (d) to obtain the necessary education and 
training and to keep it up to date. 
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Conclusion 

Mammography is a noninvasive examination which is relatively easy to perform. It 
is simple, acceptable to the patient, has a high sensitivity and specificity, is 
reproducible, cost effective and has a very low risk: benefit ratio. The radiation risk 
is only hypothetical, while the benefit is well established. There are few, if any, 
diagnostic methods which have been evaluated by the strict criteria that mammo
graphy as a screening method has already undergone. 

We are now faced with the challenge of applying this method on a wide scale, as 
one of the most successful interventions in controlling breast cancer. But the 
personnel responsible for undertaking the examination have to be adequately 
trained. Women should understand the benefits they can gain from regular 
mammographic screening and examination, so that they will be sufficiently 
motivated to attend. Women should be informed about these considerable achieve
ments of modern medicine; they should also be aware that the smaller cancers 
detected at mammographic examination can often be removed by breast
conserving surgery or treated by less radical methods. 
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The Role of Screening Mammography 
in Determining Risk in Breast Lesions 

A.B. Miller 
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University of Toronto, Toronto, Canada 

Introduction 

Screening is generally defined as "the presumptive identification of unrecognized 
disease or defect by the application of tests, examinations or other procedures that 
can be applied rapidly." A screening test is not intended to be diagnostic, rather a 
positive finding will need to be confirmed by special diagnostic procedures [26]. 

In the context of screening for breast cancer, mammography is usually and 
correctly described as the most sensitive screening test. However, in practice, the 
main objective of screening involves the detection of an abnormality and separating 
those in a population who have the abnormality from those who do not. Our 
approach should preferably be to apply the appropriate screening test and manage 
those with a detected abnormality in such a way that the probability of death from 
breast cancer is substantially reduced. We will not do this simply by detecting breast 
cancers, but by identifying the women who are destined to develop breast cancer 
and whose breast cancers would cause death if these cancers were not found as a 
result of screening. In the context of this volume, high risk breast cancer is regarded 
as breast cancer with a high probability of resulting in death. Most, but not all, 
breast cancers if untreated will result in death, but with many breast cancers, 
modern treatment will prevent or postpone death from the disease. The hope with 
screening is that an appreciable additional proportion of breast cancers will be 
detected at such a stage in their natural history that death which would have 
otherwise occurred in the absence of screening will be prevented. 

In practice, therefore, screening is likely to be beneficial for only a relatively 
small proportion of any population. Those women who are destined never to 
develop breast cancer will not benefit, unless reassurance that at the time of 
screening they do not have detectable breast cancer is regarded as some form of 
benefit. Women in this group who will be disadvantaged as a result of screening are 
those in whom an abnormality is detected which is subsequently shown not to be 
due to breast cancer, but for whom a biopsy is performed. 

For those women destined to develop breast cancer, only one group will benefit; 
those in whom breast cancer is found at an early stage in the natural history of the 
disease who would otherwise have died in the absence of early detection. Those who 
would never have died, even if not detected until the normal stage in the natural 
history, those whose breast cancers will inevitably result in death in spite of early 

Ragaz/Ariel (Eds.), High-Risk Breast Cancer 
© Springer-Verlag Berlin· Heidelberg 1989 



The Role of Screening Mammography in Determining Risk in Breast Lesions 263 

detection, and those who are found to have breast cancer, but in whom, in practice, 
breast cancer would have never presented because it was growing so slowly that it 
would not be detected before the woman died of a competing cause, will also 
achieve no benefit. Indeed, there is a subsegment among these groups who may 
suffer a disadvantage, namely those whose cancers are initially missed by screening 
who are falsely reassured that they do not have cancer, but who are subsequently 
found to have it, possibly at a later stage in the natural history than if they had never 
been screened. 

In this chapter I shall concentrate on the role of screening mammography in 
relation to those cancers destined to cause death, but where death will be prevented 
by earlier treatment following mammographic detection. Inevitably, it will be 
necessary where data are available to compare the role of mammography with 
other screening modalities, particularly physical examination of the breast. I shall 
draw on published experience where available and also the experience in the 
ongoing National Breast Screening Study in Canada [14]. Before directly add
ressing these issues, however, it is necessary to discuss some of the methodological 
problems which confound interpretation of some of the data available in the 
literature. 

Biases Associated with Screening 

There are four basic screening biases that I shall discuss in relation to mammogra
phy; (a) lead time; (b) length bias; (c) overdiagnosis bias; and (d) selection bias [12]. 
In practice, these biases operate only in relation to use of survival as a measure of 
effect. Survival is defined as the probability that the person will remain alive after a 
defined interval in relation to the total group being considered with a disease. This is 
the inverse of case fatality. The preferred measure to evaluate the effect of screening 
is mortality [17]. Mortality is defined as the proportion of a defined population 
who die of the disease in question in a defined time period. These two terms are 
often considered interchangeable, but they clearly are not. The probability of 
detection of a disease is influenced by screening. Hence, if you take as your 
denominator for assessing the proportion who remain alive or die of the disease 
those detected, inevitably there are going to be differences associated with the action 
of screening if survival or case fatality is used as the measure. If, however, you use 
mortality as your measure, then whether or not disease is detected in the population 
is irrelevant in terms of the outcome, as basically you are looking at the numbers of 
deaths from the disease of interest, in this case breast cancer, in relation to the total 
population who have the opportunity to be screened. It is, however, of importance 
to discuss these biases related to survival as many have become confused by the 
arguments surrounding them, especially in relation to mammography. 

Lead time is defined as the interval between the time of detection by screening 
and the time at which the disease would have been diagnosed in the absence of 
screening. In other words, if the period by which screening advances diagnosis is 
pushed back 1 year, then inevitably persons diagnosed by mammography will 
survive 1 year longer, even if there is no long-term benefit. The amount oflead time 
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gained as a result ofthe use of mammography is difficult to assess in a population in 
which more than one screening modality is used, but in studies in which only 
mammography has been used the lead time for mammography itself can be 
determined. In most studies such calculations suggest that on average lesions 
diagnosed by mammography are found between 1 and 3 years earlier than they 
normally would be [9]. In general, the impression is that the lesions diagnosed by 
mammography alone, as distinct from those that would have been diagnosed if, for 
example, physical examination had been used, have a longer lead time. Thus, 
survival is better, but this does not necessarily demonstrate that the eventual 
outcome will be better. 

Length bias relates to the fact that screening tests tend to identify selectively the 
slowly developing abnormalities in the population and miss the rapidly progressive 
abnormalities that are more likely to present with symptoms before the initiation of 
the program or between screening examinations. This bias has perhaps been 
particularly associated with mammographic screening. It is indeed common 
experience that the lesions identified by mammographic screening are smaller, and 
are less likely to have involved nodes. Often in retrospect, if a series of films are 
available, lesions might have been detected one or two examinations prior to the 
point of actual diagnosis, or perhaps even earlier. This has raised the question in 
many people's minds as to whether mammography does indeed identify the high 
risk lesions. I shall return to this issue later in this chapter. 

An extreme example of length bias is what is called overdiagnosis bias. This 
simply relates to the possibility that screening may bring to light lesions which 
would never have presented in the woman's lifetime in the absence of screening. We 
are basically referring here either to extremely slowly progressive lesions or to 
lesions which in the absence of screening might have eventually regressed. The idea 
that cancer might regress in an individual may be surprising, but there are 
indications, especially from studies which have evaluated screening for cancer of the 
cervix [4], and also screening for lung cancer [10] that overdiagnosis, at least within 
the first 8-9 years of a screening program, can be a major feature. 

The fourth bias is selection bias. This is primarily related to the type of person 
who enters a screening program and is not directly related to mammography. 
People volunteer for screening and they may have characteristics that differ from 
the general population. One characteristic which has to be remembered, even for 
breast cancer, is that although women may volunteer because they have risk factors 
for breast cancer they tend to be more health conscious. Such women might have 
done very much better than the general population in the absence of screening. 
Selection bias may not only be influenced by the woman, but by her physician who 
may playa part in the decision whether a woman receives mammography. 

Research on Screening 

Because ofthe screening biases just discussed, assessment of the results of screening 
by mammography or any other modality cannot be made by assessment of survival. 
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To assess mortality usually requires a specially designed investigation. This is not 
the place to discuss the design of such studies in detail except to note that the best 
method that we have available currently for assessing the results of any approach to 
screening is the randomized controlled trial, similar to the use of the randomized 
trial as a means of assessing new therapy [17]. A randomized trial to assess 
screening can either be based on women who present for screening who are then 
randomized to be screened or not - this is basically the design used in the National 
Breast Screening Study in Canada [14]; or randomization is performed to invite 
women to attend for screening or not. The latter was the design used in the 
pioneering HIP study [20], and in the Swedish W-E randomized trial discussed by 
Tabar in this volume. Randomization may be either individually based, as in the 
HIP study and the National Breast Screening Study in Canada, or may be based on 
the randomization of clusters as in Sweden. 

An alternative to the randomized trial which can be used in the evaluation of 
programs started without randomization as part oftheir design is to perform a case
control assessment. In this approach, deaths from breast cancer that occur in the 
community are identified, together with corresponding controls in the same 
community who have not died; their use of the screening procedure, for example, 
mammography, are compared [19]. If the cases and controls were comparable in all 
other respects, finding a lower frequency of screening in those who died compared 
with the controls would be evidence in favor of a benefit from screening. The 
difficulty with this approach is the complexity of separating out the various biases 
associated with selection, including the possibility of greater risk of the disease and 
greater health consciousness in those who select screening. It is, therefore, a less 
satisfactory approach than the randomized trial approach which is simply un
influenced by most of these biases. 

An even less satisfactory approach is to evaluate trends in mortality from breast 
cancer in areas where screening has been performed compared with nonscreened 
areas. This is the approach, for example, being used in the trial in the United 
Kingdom [24]. The difficulty here is that other influences could affect the outcome 
while very large groups would have to be studied in order to obtain the same power 
as from a randomized trial. 

In considering all these approaches, it will be apparent that death is our end 
point, case detection is simply inappropriate because of the screening biases 
discussed. However, an intermediate step which has so far really only been used in 
the Swedish study is to assess the prevalence of advanced disease over the period in 
which screening operates in the screened community compared with the non
screened [23]. In the Swedish trial this approach showed that after an initial 
increase in the amount of advanced disease in the screened group compared with 
the control, there was a crossover with the amount of advanced disease accumu
lating less rapidly in the screened group than in the control. This, in fact, proved to 
be a predictor of the eventual mortality reduction in the screened group. This 
approach has not yet been used in other studies though it is being evaluated 
as a possible indication of future benefit in the National Breast Screening 
Study. 
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Results of Screening with Mammography: Review 

There are basically four questions to address. The first one is, does the use of 
mammography result in a reduction in mortality from breast cancer? As will be 
seen, the answer to this is an unequivocal yes. The second one, and particularly 
critical is, whether mammography is better than other approaches to breast cancer 
screening in reducing deaths from breast cancer. The answer to this question is 
currently unknown though it is being evaluated in the National Breast Screening 
Study in Canada, and there are signs that the contribution of mammography could 
be less than many imagined. The third one is, does the use of mammography result 
also in the detection of advanced breast cancer as distinct from early breast cancer? 
The answer to this question is yes. The fourth one is, does the use of mammography 
result in a reduction of advanced breast cancer because the lesions which would 
have developed into advanced breast cancer (and thus considered high risk) are 
found earlier, thus preventing the development of advanced disease? The answer, at 
least from the Swedish study [23], also seems to be yes. Superimposed on these 
questions are queries whether mammography should be used for every age group 
and how often it should be used for screening. These are largely operational 
questions and I will address them in the final section of this chapter. I shall draw 
largely on the experience in the HIP study of Greater New York, the European 
studies, especially the Swedish study, and our own National Breast Screening Study 
in Canada. 

HIP Study 

In the I8-year results of the HIP study now available it is clear that screening by a 
combination of mammography plus physical examination reduces mortality from 
breast cancer. The reduction appears to occur in every age group included in the 
study, though with a delay in the reduction in mortality in women under the age of 
50 of 5-8 years after screening compared with the appearance of a benefit in older 
women about 3 years after screening was started [22]. 

The difficulty with the HIP study is that it used the combination ofmammogra
phy and physical examination, the mammography being relatively less efficient in 
detecting breast cancer than it has become subsequently. There are several 
indications from the study, however, that the physical examination at least 
contributed to the mortality reduction seen, particularly in women under the age of 
50. The first is the proportion of lesions found on screening by the two modalities 
(Table 1). This table, based as it must be on case detection, emphasizes the 
important contribution of physical examination to the yield from screening. It has 
been calculated that this contribution might amount to as much as 70% of the 
mortality reduction [2, 5]. 

Two other observations support an inference that the reduction in mortality 
was due to the earlier detection of advanced disease with a major contribution from 
the physical examination component of the screen. The first was the early benefit 
seen in women over the age of 50 first detected at 3 years, a benefit that became 
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Table 1. Breast cancer cases histologically confirmed by modality of detection 
on screening, HIP study. (Source: Shapiro et al. [22]) 

Percentage detected by: 
Age at 
entry Mammography Clinical Mammography 
(years) Total alone alone and clinical 

40-49 40 25 58 18 
50-59 67 39 40 21 
60-64 25 32 36 32 
All ages 132 33 45 22 

maximal 7 years after the initiation of screening [21]. This early impact of screening 
must mean that relatively rapidly progressive disease was affected by the screening 
process. Walter and Day [28], modeled the lead time distribution and found the 
best fit with an exponential distribution. This gave an estimate of a mean lead time 
of 1.7 years (20 months), corresponding to approximately 44% of cases with a 
duration ofless than 1 year and 5% with a duration of more than 5 years. It seems 
unlikely that the cases with a longer than average lead time, many of which were 
probably identified by mammography, could have contributed to an early mortality 
reduction. The implication is that screening for breast cancer reduces the risk of 
death in patients whose disease is detected somewhat late in its natural history. The 
second observation which tends to confirm this is that the survival of patients with 
stage II disease was better in the study group than for stage II patients in the control 
group [21]. Although some of this survival advantage might have been due to lead 
time it is striking that the survival advantage seems greater for stage II than for 
stage I disease, whereas lead time would have been expected to have most impact on 
stage I disease. This seems to suggest once again that there was a real benefit from 
the earlier detection of advanced disease, even in those patients with large tumors 
and involved nodes. 

Swedish and Canadian Studies 

The fact that screening incorporating modern mammography will advance the 
point of diagnosis of patients with advanced disease was confirmed by the initial 
results from Sweden [23]. In the Swedish study, after the first screening rounds, 
more women were found to have advanced breast cancer in the study group than in 
the control group. That mammography, even when used in combination with 
physical examination, contributes to this process, has been confirmed by the results 
of the initial screening in the National Breast Screening Study in Canada. Table 2 
illustrates this. Two things are obvious. First, more cancers are found when 
mammography is used, but second, in absolute number terms, more are found with 
involved nodes, especially in women aged 40-49. This therefore raises the possibility 
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Table 2. Preliminary findings for nodal involvement in breast cancers detected 
at the first screen in the National Breast Screening Study 

Number of nodes involved 
Age 
(years) Allocation 0 1-3 ~4 NA Total 

40-49 MX+PX 69 16 24 12 121 
PX alone 50 21 7 15 93 

50-59 MX+PX 97 26 10 30 163 
PX alone 48 16 15 7 86 

NA, not available; MX, mammography; PX, physical examination. 

that mammography will contribute to a mortality reduction, not just by finding 
disease at an earlier stage before nodes are involved, but by finding the advanced 
disease at an earlier stage in its natural history. It is indeed possible that the tumor 
burden in such women will be lower than if this disease had been allowed to 
progress and present in the normal way. In an era when adjuvant chemotherapy will 
be used for such patients if they are premenopausal, and adjuvant hormonal 
therapy ifthey are postmenopausal, it is quite possible that a combination of earlier 
detection by screening and earlier treatment with adjuvant therapy could eventu
ally result in an important reduction in mortality. It is too early to tell from the 
National Breast Screening Study in Canada whether this expectation will be 
realized, though a definite answer to this question should be available within a few 
years. 

Other Screening Data 

None of the other screening studies have done more than just confirm the findings 
from the HIP and Swedish studies. The case-control analyses of the population 
programs in the Netherlands and in Italy [6,16, 27J have demonstrated that, as for 
the initial results in both the Swedish and HIP studies, an early effect of screening 
with mammography cannot be expected in women under the age of 50, but an 
important reduction in mortality is detectable within 5-7 years for women over the 
age of 50. None ofthese studies, however, contribute to answering the question as to 
whether or not mammography is adding significantly to the benefit that coule be 
achieved by physical examination. The National Breast Screening Study is the only 
study designed to answer this question, but again we will have to wait for the 
mortality results, the next few years being critical. 

There is, however, one other aspect of the use of mammography in relation to 
high risk lesions for which the National Breast Screening Study is helping to 
provide at least a partial early answer. It is well recognized that in all screening 
programs cancers occur between screens. These may be a result either of the 
continued growth of cancers which were detectable, but not detected on the 
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previous screen, or of cancers that were growing so rapidly that they became 
detectable clinically in the intervals between the screens. Evaluations of the 
sensitivity of mammography in the National Breast Screening Study have shown 
over all centers a sensitivity of first-screen mammography of 75% [3]. This 
assessment of sensitivity of mammography capitalized on our use of a reference 
radiologist who was able to make an independent assessment of the extent that 
cancers found at the second screen or which presented as interval cancers were, in 
fact, detectable at the first screen. Of the total number of 76 cancers missed on 
mammography, 62% were found on physical examination at the first screen, but 
not detected on mammography. 

This rather classical approach to sensitivity does not in fact fully evaluate the 
question of the sensitivity of mammography in preventing interval cancers. To do 
so requires an approach described by Day [7], capitalizing on the fact that we have 
a control group in the National Breast Screening Study. Very simply, as in the 
National Breast Screening Study we have two groups of equal size, the sensitivity of 
mammography in preventing interval cancers is determined by a comparison of the 
number of interval cancers found in the group given mammography and the 
number in the group in which mammography was not allocated. There were 38 
interval cancers in the mammography group compared with 52 in the control. 
Therefore, the sensitivity of first-screen mammography in preventing interval 
cancers over the next 12 months was only 27%. 

This confirms that there is an element of breast cancer which is rapidly 
progressive, which presumably is more likely to result in death, which presents as an 
interval cancer between screens, and which is not found by mammography. To the 
extent that these high risk breast cancers dominate the subsequent occurrence of 
deaths from breast cancer, mammography will imperfectly prevent mortality from 
breast cancer. 

Future Prospects for Mammography 

Even though mammography is not the final answer in our attempts to find a 
curative approach to breast cancer, there is no question that in the short term, 
screening by either mammography alone or with physical examination has been 
demonstrated to result in a significant reduction in mortality from breast cancer in 
all studies in women over the age of 50. So far, such benefit has been seen only after 
prolonged follow-up of the HIP study in women aged 40-49. This led the VICC 
workshop on screening to conclude that in countries where breast cancer is 
common and where the necessary resources are available, screening by mammogra
phy alone or mammography plus physical examination is applicable as public 
health policy [8]. The VICC group, a WHO group [15], and an earlier VICC 
group [13], have however emphasized the critical necessity for exquisite attention 
to detail in performance of mammography to ensure high quality examination. 
Indeed, as emphasized by Tabar [23], there is a danger with mammography that 
attention will be paid to the wrong abnormalities, so that those lesions which really 
are high risk will be ignored unless appropriate attention is paid to the technical 
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aspect of mammographic screening and the radiologist is adequately trained in the 
perception of abnormalities as well as in their diagnosis. 

In Europe, as evidenced by the policy decisions taken in Sweden and the United 
Kingdom [25], screening programs are now being introduced incorporating 
mammography alone. In the United States, the approach so far adopted is to 
recommend the introduction of mammography together with annual physical 
examination [1, 11]. However, as the UICC group have pointed out [8], the extent 
to which physical examination contributes to mortality reduction when both 
modalities are used or whether physical examination provides additional benefit 
over and above mammography is still a research issue. This research issue is in fact 
only being indirectly addressed by the National Breast Screening Study which, in 
women aged 50-59, is evaluating the extent to which mammography adds to a 
presumed benefit from physical examination and the teaching of breast self
examination (BSE). This presumption of benefit has largely come from our 
assessment of the results of the HIP study. Because of our design in this age group, 
i.e., we have no un screened group, we will not be able to assess directly the benefit of 
physical examination and BSE when used alone. We will only be able to determine 
whether or not a significant effect of the addition of mammography is seen in a total 
sample size of just under 40000 women randomized into the two groups. However, 
in our view this is a practical question in the context of North America, and badly 
needs answering. 

The implications of the introduction of breast cancer screening are many. When 
mammography is used not only is it necessary to have the appropriate equipment 
for high quality mammographic screening, well-trained technicians, and highly 
trained radiologists to interpret the films, it is also necessary to have the expertise 
available to diagnose the impalpable lesions that will be found. Rowen et al. [18] 
described their experience with the use of needle localization biopsy in occult breast 
cancers detected by mammography. Much of this experience was derived from the 
National Breast Screening Study and has led them to be more cautious in their use 
of biopsy for certain classes of abnormalities identified on mammography. The 
availability of more modern mammography machines that permit coned-down, 
compression magnification mammography, will, however, facilitate the use of 
diagnostic mammography in reducing unnecessary biopsies and detecting infiltra
ting cancers. The WHO group [15] as well as the British task force [25], 
emphasized the importance of having such centers available. In Europe, it would be 
easier to ensure that all women detected on screening are referred to such centers for 
diagnosis. In North America, we will have to be content with a process whereby 
centers with experience in screening build up their expertise and therefore attract 
the relevant patients by referral. 

Summary 

Our main objective in screening is to find patients with the high risk lesions sooner. 
Mammography, providing it is given with the necessary skills and diagnostic 
facilities available, can be a major contributor to this aim. We cannot yet be certain 



The Role of Screening Mammography in Determining Risk in Breast Lesions 271 

that mammography is essential as a component of the screening process, and 
therefore some will wish to delay the initiation of screening policies until this aspect 
has been answered by the National Breast Screening Study. Many, however, will be 
content to go with the evidence now available, being prepared to modify their policy 
in the light of the evidence as it is derived from the ongoing studies in Europe and 
Canada. Most, as in the United Kingdom [25] will recognize as did the VICC 
group [8], however, that the greatest initial benefit will be obtained by concentra
ting screening on women aged 50-69. 
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Introduction 

In recent years the development of monoclonal antibodies has revolutionized our 
understanding of the fundamental nature of human tumors. Not only have they 
provided the pathologist with probes to study functional and structural properties 
of tissue, but they have also provided the clinician with further prognostic 
information on which to base management decisions, and more recently have been 
used therapeutically as modulators for drug targeting. 

Since Kohler and Milstein [52] first developed the methodology of generating 
monoclonal antibodies, a large number of antibodies directed toward breast tumor 
antigens have been produced (Table 1). However, nearly all of these antibodies are 
tumor associated rather than tumor specific and this, of course, limits their 
therapeutic potential. Nevertheless, these probes have helped in identifying import
ant biologic and biochemical differences between normal and neoplastic tissue, and 
in detecting metastases at an earlier stage in their evolution, at the micrometastatic 
stage. 

In this chapter, the clinical utilization of monoclonal antibodies will be 
discussed, with particular emphasis on the detection of micrometastases in bone 
marrow of patients with primary breast cancer, and the prognostic value of 
detecting these tumor cells at such an early stage. 

Clinical Utilization of Monoclonal Antibodies 

Detection of Premalignant Breast Disease 

The differentiation of proliferative but benign disease from ductal carcinoma in situ 
may be difficult. However, structural changes do occur and have been recognized 
increasingly with antisera to myoepithelial cells (myosin) [42] basement membrane 
(laminin and type IV collagen) [1, 77, 40], and epithelial cells (keratin) [40]. The 
basement membrane is intact in benign breast disease with the myoepithelial cells 
surrounding the lesion; however, in carcinoma in situ the myoepithelial cells 
become attenuated and fewer in number while the basement membrane remains 
intact. In invasive carcinoma fragmentation of the basement membrane occurs and 
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Table 1. Monoclonal antibodies to human breast 

Immunogen Monoclonal Antigenic Reference 
antibody determinant 

Milk fat globule Anti-EMA [81] 
membrane E29 265-400000 gp [19] 

HMFGI, HMFGII High mol. wt. gp [2,9] 
M3, M8, M18, M24 Unknown [34,62] 
67-D-II Unknown [72] 
MAM series High mol. wt. gp [42] 
III D5 42-57000 gp [53] 
LICR-LON-Lc28 Unknown [78] 
LICR-LON-TWI9.5 42-82000 [78] 
LICR-LON-HIM 53-82000 [78] 

Mammary 
carcinoma B72-3 220-400 000 gp [65] 
metastases [12] 

[76] 
B6.2 90000 gp [12] 

[76] 
Bl.l 180000 gp [13] 
DF3 330000 gp [54] 
NCRC II >400000 gp [28] 
LICR-LON-19.2 Unknown [78] 

Breast carcinoma MBrl, 2, 3 Unknown [63] 
cell lines MCF7 [58] 

MCF7 24-17-1, 2 90, I 00 000 gp [83] 
MCF7 F36/22 Unknown [67] 
MCF7 UCD/AB6.11 54,56000 gp [6] 
MCF7 AB/3 Unknown [46] 
MCF73BI8 Unknown [92] 
MCF715A8 Unknown [92] 
MCF7 LICR-LON-39.8 Unknown [78] 
MCF7 LICR-LON-59.2 Unknown [78] 
BT201O-3D2 126000 gp [80] 
ZR751 H59 30000 gp [91] 

Receptors H222 Estrogen [39] 
receptor [60] 

D547Sp, Estrogen [39] 
receptor 

D75P3 [70] 
Anti-EGF Epidermal [75] 

growth factor 
receptor 

LR-3 Laminin [43] 
receptor 
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Table 1 (continued) 

Immunogen Monoclonal Antigenic Reference 
antibody determinant 

PR Progesterone [4] 

Intermediate CAM 5.2 52000 [57] 
filaments 50,43,39000 
(keratins) AE-l, 3 40-67000 [18] 

Human lymph MBE6 Unknown [82] 
nodes CLWH 5 Unknown [35] 

the myoepithelial cells can no longer be demonstrated [40,27]. Of further interest is 
the recent development of two monoclonal antibodies, LICR-LON-59.2 and 19.2, 
which react with myoepithelial and basement membranes respectively. The former 
also reacts with the majority of breast carcinomas and the latter reacts with tumor 
cell lines in culture but not carcinoma cells from breast biopsies [78]. Although 
epithelial-directed antibodies stain both normal breast and breast carcinoma, there 
are several antisera that are made against breast differentiation antigens, and these 
appear to react differentially to benign and malignant tissues such that the 
deposition of the antigen is cytoplasmic in malignant cells and more membranous 
or luminal in most benign cells [6]; the exact significance of this is uncertain. 

Monoclonal Antisera and Tumor Differentiation 

While there is preliminary evidence that monoclonal antibodies will be useful in 
determining the state of differentiation of a particular tumor, very little information 
has been obtained regarding antigen expression and its relationship to metastatic 
spread, and to overall prognosis. 

Monoclonal antibodies reactive with breast carcinoma can be categorized 
broadly on the basis of the immunogen used to produce the antibody, as shown in 
Table 1. Most of these antibodies can also be found on other carcinoma cells, but 
each antibody has certain distinguishing features such as the location of the antigen 
within the tumor cell, the proportion of positively reacting breast tumors to 
nonmammary tumors, and the degree of reactivity with normal tissues. 

One outstanding observation is the universal heterogeneity of expression of the 
antigen or epitopes being detected within a tumor to a particular antibody [79, 34, 
44, 25]. This phenomenon does not appear to be cell cycle dependent [26] and as 
yet the degree of heterogeneity has not been shown to be of prognostic significance. 
The intensity of staining is not generally thought to be related to prognosis, but a 
study using a monoclonal antibody raised against human mammary carcinoma 
cells, NCRC 11, has shown an association between high staining intensity and good 
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prognosis [29]. Attempts continue to produce monoclonal antisera that have a 
tissue distribution confined to breast or breast tumors, and which are expressed 
homogeneously [78]. 

The presence of estrogen receptors in human breast tissue is known to provide 
important information regarding the likelihood that a particular patient will 
respond to endocrine manipulation [55], and this in turn affects the overall survival 
[45, 90]. The recent development of a monoclonal antibody to estrogen receptors 
[39], the assay of which compares favorably with the more commonly used 
biochemical analysis [60], has enabled a direct comparison of various histopatho
logic features and the presence or absence of receptors. An extensive study by 
Berger et al. [3] has shown a relationship between positive receptor status and well
differentiated tumors, smaller tumor cell size, lower levels of either tumor necrosis 
or lymphocytic infiltration, and the presence of tubular formation. Furthermore, 
because only small amounts of tissue are required for the immunocytochemical 
analysis, receptor status can be estimated on needle aspirates from the primary 
tumor and from accessible metastatic disease [61], thus providing important 
information with minimal inconvenience to the patient. Progesterone receptors also 
provide prognostic information, and a monoclonal antibody for their detection is 
currently being evaluated in our laboratory [4]. 

Detection of Metastases 

The detection of metastases from breast cancer, either in suspected metastatic 
disease, such as in the presence of effusions or ascites, in lymph nodes at the time of 
primary surgery, or in the attempt to identify disease recurrence when the tumor 
load is small, can be difficult by conventional histochemical or cytochemical stains 
alone. 

The cytodiagnosis of malignancy in serous effusions is currently based on strict 
morphological criteria, and depends on being able to distinguish tumor cells from 
reactive mesothelial cells, and also to identify rare events or tumor cells occurring 
singly. Various studies have confirmed the usefulness of monoclonal antibodies, 
including HMFG2 [31] and more recently B 72.3 [49, 59], in improving the 
identification of tumor cells. 

It is well established that the presence of axillary nodal involvement is the most 
important prognostic factor in primary operable breast cancer [32, 30], and a 
decision on whether or not to start a particular patient on adjuvant therapy is 
frequently based on this information. However, it is also known that approximately 
15%-20% of patients with negative nodes relapse within 10 years [74], and that 
while serial sections improve the detection of micrometastases no effect on survival 
is seen [33, 89]. Applying immunohistochemical techniques to this situation has 
shown that not only is the detection rate of involved nodes increased [86], but their 
presence is of prognostic significance [85]. 

Currently, biochemical markers in serum are unhelpful in predicting recurrent 
disease in patients with breast cancer [8,15,57]. The use of monoclonal antibodies 
to detect tumor-associated antigens in serum may eventually be helpful in the early 
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detection of tumor masses, monitoring for disease recurrence, or monitoring 
therapy. Recent studies have included the evaluation of DF3 [65], HMFG 1 and 2 
[24,6], and Ca antigen [37]. However, none of these are specific or sensitive enough 
to be of routine use, although further analyses using cocktails of monoclonal 
antibodies are currently being evaluated [84]. 

Radioimmunolocalization 

A major aim in the new approach toward the staging of newly diagnosed breast 
cancer has been to use radioisotopes attached to monoclonal antibodies to permit 
noninvasive axillary staging and tumor localization. However, there are many 
unanswered questions regarding the use of these conjugates in the in vivo imaging. 
These include the use of an immunoglobulin versus the immunoreactive fragments, 
dose and route of administration, specific activity of the radiolabeled monoclonal 
antibody, the amount of antigen present on a given tumor, the depth, site, size, and 
degree of vascularization of the tumor, the choice of radio nuclide, the metabolism 
and clearance of the antibody-radionuclide complex, the appearance of human 
immunoglobulin-specific antibodies, and the presence of circulating tumor antigen. 
There has been limited success so far in breast cancer, but one study by Rainsbury et 
al. [71] using M8labeled with indium, confirmed the presence of skeletal metastases 
in ten patients with radiologically proven bone metastases. M8labeled with indium 
also localized the primary tumor, but not soft tissue metastases. Progress in 
radioimmunolocalization in other cancers, such as ovarian [38], and colonic [64], 
may provide the basis for technologic advances in breast imaging. 

Detection of Micrometastases in Bone Marrow 
of Patients with Primary Breast Cancer l 

Introduction 

Most patients with breast cancer present with apparently local disease, as measured 
by conventional techniques. However, within 5 years approximately 40% of these 
patients will relapse and die, regardless of the initial surgical procedure, or whether 
or not the patient receives radiotherapy. It is therefore widely believed that breast 
cancer is disseminated at presentation, and that our conventional staging methods 
are insensitive. 

The skeleton is the commonest site of distant metastases from carcinoma of the 
breast [48], and is frequently the first organ in which metastases are detected. 

1 These studies were examined and approved by the ethical review boards of both the Royal 
Marsden Hospital, Sutton and Fulham Road, and St. George's Hospital, Tooting. In 
addition, all patients signed a form consenting to the procedure after being informed of the 
purpose and risks of the study. 
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However, only approximately 50% of lesions demonstrated at postmortem are 
detected radiologically, and metastases less than 1.5 cm are frequently not seen. The 
bone marrow is the logical site to look for early evidence of disease, but 
conventional cytology can detect tumor cells in marrow of patients without overt 
bone metastases in only about I %, and this is only increased to about 28% in 
patients with overt skeletal metastases [73]. With the advent of immunocytochem
istry, the ability to detect not only small foci of cells, but also single cells has been 
greatly increased [21, 22], such that tumor cells were found in marrow of patients 
with breast cancer in the absence of metastatic disease on routine staging. 
Furthermore, by increasing the number of marrow sites examined a higher number 
of tumor cells could be detected [16]. 

Accordingly, the study was extended to examine multiple marrow aspirates 
from patients with apparently local disease taken at the time of their initial surgery. 
The findings were related to various known prognostic factors and the subsequent 
course of their disease documented. In addition, in a series of patients, multiple 
marrow aspirates were repeated at some time after surgery, but before overt relapse, 
to determine the fate of these cells and the influence that adjuvant therapy may have 
on their presence. 

The immunocytochemical probe used in all these studies was a polyclonal 
antibody, anti-epithelial membrane antigen (anti-EMA) which is a rabbit anti
serum raised against human milk fat globule membranes [4 I, 66]. EMA is widely 
distributed in epithelial tissues and tumors derived from them, but its expression is 
generally absent from normal and neoplastic hematopoietic, lymphoid, osseous, 
and other connective tissue. Occasionally a weak nonspecific staining of normal 
bone marrow cells, in particular plasma cells, has been noted [22, 23, 68], however, 
these cells are usually easily distinguishable morphologically from tumor cells. 
Anti-EMA was kindly provided by Dr. M.G. Ormerod (Institute for Cancer 
Research, London). 

Relation of Bone Marrow Micrometastases to Other Prognostic Factors 

Of the 350 patients who entered the study between July 198 I and August 1987, 89 
(25.4%) were found to have tumor cells in their bone marrow (Fig. I). A relationship 
was found between the presence of these cells and T stage (P < 0.00 I), pathologic 
size (P < 0.00t), node-positivity (P=0.005), peritumoral vascular invasion 
(P < 0.00 I), and estrogen receptor-positivity (P = 0.04), but not menopausal status 
(Table 2). No tumor cells were found in peripheral blood taken at the same time as 
the bone marrow. The actual number of tumor cells found per patient showed very 
little relation to any of these prognostic factors. 

The association of tumor cells in bone marrow and invasion by tumor cells of 
lymphatics and blood vessels within the primary tumor is of particular interest. 
Vascular invasion is known to be an independent prognostic variable, depicting a 
poor outlook for patients in whom it can be demonstrated [5, 20]. Invasion into 
these channels may represent a means of access for the tumor cells into the 
circulation. 
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b 
Fig. la, b. Anti-EMA staining of bone marrow tumor cells. The bone marrow smears have 
been stained by the indirect method with anti-EMA and anti-rabbit alkaline phosphatase as 
the secondary antibody. The reaction is visualized with the chromogen fast red, and the 
normal bone marrow cells are counterstained blue with hemalum. a Clump of anti-EMA
positive cells in bone marrow with the morphological characteristics of tumor cells, x 40. 
b Single anti-EMA-positive cell. The staining pattern is granular in appearance, a feature 
often seen with immunocytochemical staining, x 1760 
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Table 2. Relation of micro metastases to prognostic factors 

Total Micrometastases No micro metastases p' 
(n) (%) 

T stage 
TO-T2 254 48 19 206 81 

<0.001 
TJ-T4 96 41 43 55 57 

Pathologic size (cm) 
<2 108 16 15 92 85 
2-5 204 63 31 141 69 0.01 

(trend) 
>5 15 4 27 11 73 
Missing 
values 23 6 17 

Nodal status 
-ve 170 32 19 138 81 
+ve 150 49 33 101 67 0.005 
Not done 30 8 22 

Vascular invasion 
Not seen 208 33 16 175 84 
+ve 142 56 39 86 61 <0.001 

Estrogen receptor 
-ve 108 36 33 72 67 
+ve 224 51 23 173 77 0.041 
Not done 18 2 16 

Menopausal status 
Pre- 92 25 27 67 73 

0.655 
Post- 258 64 25 194 75 

a p > 0.05 not significant. 

Of further interest is the association of micrometastases with positive estrogen 
receptors; recent reports have shown a correlation between the presence of estrogen 
receptors and the development of bone metastases as the initial site of distant 
spread [14, 90]. 



The Role of Antibodies in Assessing Risk in Breast Cancer 283 

100 

w 90 
(J) 
Q 
'< 80 -l 
W 
Q: 

co 70 
z 
...... 60 co 
>-
l- SO ..... 
;::; 

40 en 
'< en 
co 30 Q: 
Q 

'" 20 

10 

0 

0 

74 
212 

46 
l55 

2 

P < 0.005 

34 
llO 

3 

l8 
42 

4 

YE~RS SINCE SURGERY 

2 
6 

5 6 

Fig. 2. Distant relapse-free interval according to the presence or absence of micro metastases 
at the time of initial surgery. Full line micrometastases-positive; broken line micrometastases
negative. The number of patients at risk is shown along the x axis 

Relation of Micrometastases to Relapse and Survival 

The medium duration offollow-up is 34.5 months (range 1-68 months), and there 
have been a total of 97 relapses. Of these relapses, 75 (77%) are at distant sites; 33 
(37%) have occurred in the patients With micrometastases, and 42 (16%) in the 261 
patients without. The relapse-free interval is shorter in patients with micro
metastases (Fig. 2, P < 0.005), and this difference still exists iflocal as well as distant 
relapses are taken into account (P < 0.005). The number of cells stained does not 
appear to be useful in predicting relapse; patients with 20 or more tumor cells 
relapse at a similar rate to those with less than 20. 

To investigate whether the presence of micro metastases is a significant predictor 
of relapse independent of other prognostic factors a Cox multiple regression 
analysis has been performed (Table 3A); pathologic size is clearly an important 
independent prognostic factor, but the presence of micrometastases is not. 

When time to relapse in bone is considered, those patients with micro metastases 
relapse at a faster rate than those without (Fig. 3, P < 0.005). The Cox regression 
analysis for relapse in bone is similar for all distant relapses, but the predictive effect 
of micrometastases is now significant (Table 3B). 

To date a total of 42 patients (12%) have died: 17/89 (19%) of the patients with 
micrometastases and 25/261 (10%) of the patients without micrometastases. Death 
was due to metastatic disease in 16 and 20 patients, respectively. This difference is 
significant (P < 0.05). However, once relapse has occurred at any distant site, the 
time from first relapse to death is not statistically different between the two groups. 

Thus, the finding of tumor cells in bone marrow predicts a poor prognosis, and 
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Fig. 3. Probability of first relapse in bone according to the presence or absence of 
micrometastases at the time of initial surgery. Full line micrometastases-positive; broken line 
micrometastases-negative. The number of patients at risk is shown along the x axis 

examined from the traditional 8 to 20 has not increased either the incidence of 
tumor cells (about 25%) or the number of tumor cells found per patient. It is 
possible that the development of more specific monoclonal antibodies that can be 
used in the "cocktail" will improve the detection rate. 

This technique thus provides a more rational strategy for preventing the 
evolution of symptomatic bone metastases by treatment with adjuvant chemother
apy or endocrine therapy. In addition, intensive therapy may be warranted for 
patients who have micrometastases, but a major concern is the possibility of 
reinfusing micrometastases in autologous marrow rescue procedures. A variety of 
techniques have been devised for depleting tumor cells from bone marrow 
harvested for autologous transplantation; initial experience with a monoclonal 
antibody toxin conjugate, LICR-LON-Fib 75/Abrin A-Chain [7J on patients with 
advanced breast cancer confirmed that in theory this was a possible approach in 
terms of comparable bone marrow recovery time in patients who received 
treatment and in unrelated marrow, but the relapse-free interval was not increased 
[\7]. This suggests the method may be more applicable to patients with limited 
disease, such as patients with poor prognosis primary breast cancer with micro
metastatic bone marrow involvement. 
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The Fate of Bone Marrow Micrometastases 

To determine the fate of these tumor cells found at the time of initial surgery, both in 
patients receiving and not receiving adjuvant therapy, multiple bone marrow 
aspirates were repeated in 82 patients at a median time of 18 months after surgery, 
but prior to overt relapse. In both treated and untreated patients micrometastases 
were found in only 2% and 3% of patients, respectively (Table 4). However, when 
multiple aspirates were taken from patients with local recurrence, the incidence of 
micrometastases was 19%, and this rose to 30% in patients with disease at distant 
sites other than bone, and to 100% in patients with radiologically proven bone 
disease (Fig. 4). 

These results suggest that many of the micrometastases from breast cancer 
patients are the result of "shedding" of cells from the primary tumor; some of these 
cells are viable with proliferative potential while others are nonviable. Thus, once 
the tumor is removed, the continual source of shedding cells is also removed. 
Subsequently, the viable tumor cells probably proliferate at a variable rate, some die 
and others remain at such low levels that our current techniques are not sufficiently 
sensitive to detect them. 

Previous investigations into the fate of circulating tumor cells have been based 
on tumor-bearing animal models. These have shown that the development of 
metastases is an inefficient process in terms of cancer cell economics because the 
number of circulating cancer cells from many tumors is considerably higher than 
the resulting metastases [87, 88, 36]. This may also explain why the actual number 
of tumor cells found in bone marrow at the time of surgery is related neither to poor 
prognostic factors nor to the subsequent development of metastases. The technique, 
although providing valuable information regarding the natural history of breast 
cancer, is insufficiently sensitive to provide accurate monitoring of adjuvant 
therapy in breast cancer patients. 

Table 4. Repeat bone marrow aspirates in untreated patients 
and patients on adjuvant therapy 

Group Total Subsequently 
positive 
(n) (%) 

I 

A) Adjuvant therapy 
Micrometastases + ve 11 1 9 
Micrometastases - ve 34 0 0 

B) Untreated 
Micrometastases + ve 10 1 10 
Micrometastases - ve 27 0 0 

Total 82 2 2 



The Role of Antibodies in Assessing Risk in Breast Cancer 287 

100 
10/10 

90 

80 

70 

% 60 

PATIENTS 50 

40 

30 49/191 

20 

1/24 

0 

PRESENTATION INTER - LOCAL FIRST RELAPSE 
MEDIATE RELAPSE RELAPSE IN 

NON-BONE BONE 

Fig. 4. The histograms show the incidence of micro metastases in patients with breast cancer 
at various stages of development of their disease. The percentage of patients with micro
metastases who did not receive adjuvant therapy after the initial surgery is compared with the 
incidence of micrometastases after surgery, but before overt relapse. This in turn is compared 
with the incidence of micrometastases in patients with local recurrence, distant recurrence 
not in bone, and bony metastatic disease 

Future Prospects for Therapy with Monoclonal Antibodies 

The production of monoclonal antibodies directed toward the tumor cell surface 
gave most investigators initial hope that these agents could be used for tumor cell 
killing. However, as with radioimmunolocalization, numerous problems have been 
encountered. These include tumor cell antigenic modulation, anti-mouse antibody 
generation by the patient, antibody penetration to the tumor, and antigenic 
heterogeneity. The latter may be overcome to some degree with the use of several 
monoclonal antibodies used simultaneously or sequentially. 

Preliminary work in model xenograft breast cancer systems with two mono
clonal antibodies resulted in a rapid reduction of the tumor to 25% of the 
pretreatment volume, but the effect lasted only 4-30 days and regrowth ofthe tumor 
then took place [10]. More recently, in another animal study, a cocktail of 
monoclonal antibodies caused a very significant arrest of growth in breast 
carcinomas compared with nonmammary carcinomas, thus confirming the breast 
specificity of the cocktail. Furthermore, no toxic effects related to the administra
tion of the antibodies were observed [11]. Clearly, their effectiveness could be 
improved by conjugating them with cytotoxic drugs, vegetable toxins, and/or 
radioactive elements. 

The depletion of tumor cells from bone marrow in breast cancer patients has 
already been discussed. Considerable success has been achieved in patients with 



288 J.L. Mansi and R.c. Coombes 

neuroblastoma in which a panel of monoclonal antibodies selectively binds to 
neuroblastoma cells in bone marrow; subsequently, microspheres coated with the 
secondary antibody are added to the system which bind to the antibody-coated 
tumor cells. The cells are then separated from the normal bone marrow constituents 
by samarium-cobalt magnets [50, 51]. This method has been shown to be efficient 
in removing tumor cells from bone marrow, and could be of use in patients with 
breast cancer. 

Anti-idiotype monoclonal antibodies represent a novel approach to cancer 
therapy. This involves stimulation of the patient's own immune system with an 
experimentally derived anti-idiotype monoclonal antibody. The patient, in turn, 
produces antibodies directed against endogenous tissue-associated antigens. 
Although progress has been made in other malignancies, the application to breast 
cancer is at a very early stage. 

Another exciting aspect of monoclonal antibody production lies in the devel
opment of human monoclonal antibodies derived from the patient's own tumor 
[47]. Theoretically, the actual advantages of this would be that less of an immune 
response will be elicited following repeated inoculations compared with the Fab 
fragment of a mouse immunoglobulin, and that they may recognize epitopes that 
the mouse immune system does not. Unfortunately, the technology to achieve 
clinically meaningful results is not yet fully developed. 

Conclusions 

Monoclonal antibodies are now available to aid in the understanding of the 
functional and structural differences between normal and neoplastic breast cells. 
Many have a role as probes in the detection of metastases, but as yet none are 
sensitive or specific enough to provide the clinician with a serum tumor marker to 
detect early disease recurrence. A major step forward in understanding the biology 
of breast cancer has been the detection of tumor cells in bone marrow of patients 
with primary breast cancer when taken at the time of initial surgery and stained 
immunocytochemically; not only are these cells associated with other poor 
prognostic factors, but they predict for the development of subsequent bone disease. 
The results oflonger follow-up are awaited with interest. The future development of 
more specific monoclonal antibodies and technical advances in their use in 
radioimmunolocalization and targeting will hopefully revolutionize the manage
ment of breast cancer which remains a depressing disease to treat. 
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Introduction 

The antigenic heterogeneity that is known to occur on the surface of breast 
carcinoma cells is reflected by the immunological reactions observed and reported 
in patients with breast carcinoma [14, 24, 47, 62, 65]. As a result of these 
observations, both free and immune complex-bound tumor-immune reactants have 
been detected [56, 57, 59-63, 65, 66, 69]. Examples of these tumor- and host
interactive immune components include: breast carcinoma-associated antigens, 
tumor-associated antibodies, and their respective immune complexes. Subsequent 
advances in technology, including the determination of circulating immune com
plexes, the extraction of tumor-associated antigens from circulating immune 
complexes, and the use of monoclonal antibodies have made possible the detection, 
isolation, and characterization of human mammary-epithelial antigens in patients 
with benign and malignant breast disease [56, 61, 63 and F. A. Salinas, Ragaz, and 
R.L. Ceriani, unpublished results]. Monoclonal antibodies have been produced 
against breast carcinoma-associated antigens, breast tumor cell lines, membrane
enriched extracts of breast carcinoma metastases, and mammary tissue-specific 
antigens [II, 24, 26, 38, 50, 51, 78]. Subsequent use of monoclonal antibodies in 
therapy [8], immunodetection, diagnosis [50, 66], prognosis [4, 13,61,66], and 
other clinical applications in breast carcinoma have been recently reviewed 
[40,66]. 

The relationship of tumor burden to circulating immune complexes has also 
demonstrated useful clinical correlations, both in breast carcinoma and in other 
solid tumor types [9, 61, 66 and F.A. Salinas, 1. Ragaz, and R.L. Ceriani, 
unpublished results]. Efforts have been made to explain the apparent lack of 
consistency in relating immune complex concentration to clinical status and to 
further clarify the immunopathogenetic and modulatory roles of both free and 
bound immune complexes in cancer patients [56, 62, 67 and F.A. Salinas, 1. Ragaz 
and R.L. Ceriani, unpublished results]. The following paragraphs will highlight the 
impact that circulating immune complexes have as tumor markers in the clinical 
assessment of cancer patients at high risk for recurrence, in the evaluation of 
postsurgical follow-up and in the monitoring of tumor burden changes. Ceriani et 
al. [11, 12], Taylor-Papadimitriou et al. [78] and, more recently, Salinas et al. [61] 
have characterized differentiating human mammary-epithelial antigens and have 
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demonstrated their heterogeneity. Use of monoclonal antibodies prepared against 
human mammary-epithelial antigens of milk fat globule membrane has enabled 
detailed analysis of antigenic heterogeneity and quantitative reactive similarities of 
breast carcinoma-associated antigens detected in sera and in circulating immune 
complexes from breast carcinoma patients [56, 60]. Using a solid-phase assay we 
have recently demonstrated that these antigens are related to the extent of tumor 
burden and to the size and concentration of circulating immune complexes in the 
serum of patients with benign and malignant breast disease. The solid-phase assay 
also facilitated demonstration of differential expression of several breast carcinoma
associated antigens even within a tumor mass [I, 16,26, 78]. These observations 
indicate that measurement of breast carcinoma-associated antigens to monitor the 
course of disease is a method that shows great promise, particularly if changes in 
their levels, as shown by solid-phase assay, prove to antedate objective clinical 
evidence of tumor burden changes [56,61]. 

In a retrospective study, 159 patients with histopathological confirmation of 
breast carcinoma were assigned to groups on the basis of objective evaluable tumor 
burden, as previously described [66]. Group 1 included 65 patients with no 
evidence of residual disease at 4-6 weeks after surgical excision of all known 
carcinoma; group 2 comprised 43 patients with limited recurrent disease confined to 
the chest wall with a tumor mass estimated at less than 5 g; group 3 consisted of 46 
patients known to have advanced regional or distal metastatic disease, with 
estimated tumor mass of more than 5 g. Serial sample determinations were 
performed on 36 patients selected on the basis of known objective clinical episodes 
of tumor burden changes. 

All patients were participants in the breast carcinoma program of the Cancer 
Control Agency of British Columbia. They were evaluated at 1- to 3-monthly 
intervals for objective evidence of tumor burden reduction, stabilization, or increase 
according to criteria reported elsewhere [56, 61]. Assessment of response was done 
independently from results of immune reactants. The results from 40-60 sera per 
each tumor burden group were analyzed and compared. 

Such assessment was performed using an independent paired difference rank 
analysis, Mann-Whitney - test, or X 2 analysis [72]. In addition, 55 patients who had 
benign breast disease with biopsy-proven diagnosis of fibrocystic disease or 
fibroadenoma were similarly evaluated. For comparison, 70 control serum samples 
from healthy nonhospitalized volunteers (35 males, 35 females) with no known 
medical illness were selected from the serum bank maintained at the Cancer 
Control Agency of British Columbia. Also included were serum samples from 
pretested patients with malignant melanoma, osteosarcoma, and colon and ovarian 
carcinoma. 

In view of the reported advantages of evaluating multiple serum markers, and in 
order to examine how they relate to breast carcinoma-associated antigen, patients 
were monitored concurrently with a panel of markers including carcinoembryonic 
antigen, anti-xenogeneic oncofetal antigens (XOF A) by isotopic antiglobulin test 
[57, 60, 67J and circulating immune complexes by fetal liver cell, Raji, or SCt Q 
radioimmunoassays (See Appendix) [56, 62, 68J 
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Clinical Role of Immune Reactants in Benign Breast Disease 

Breast carcinoma has a long natural history and thus any attempt to define the role 
of a given marker will be seriously limited by the length of follow-up required to 
monitor the outcome in patients with benign breast disease. 

It is well known that the distinction between benign breast disease and minimal 
breast cancer is not always clearly detected. Minimal breast carcinoma refers to a 
definite group of intraductal, lobular in situ or invasive cancers 0.5 cm or less in 
diameter [83]. Structural changes occurring during the transition from benign to 
malignant include changes in the basal membrane and in the quantity and density 
of myoepithelial cells [20]. The incidence of breast cancer in women with 
histologically confirmed benign breast disease is 2-3 times greater than the general 
population [30]. Hence, women who have undergone a breast biopsy for benign 
disease have an increased risk of breast carcinoma. 

Extensive studies concerning risk factors for breast cancer in women with 
benign breast disease have been conducted by the Vanderbilt University Group [19, 
49]. Their results, based on more than 10000 reevaluated breast biopsies, indicated 
that women having proliferative disease without atypical hyperplasia had twice the 
risk of women with non-proliferative lesions. The risk in women with atypical 
hyperplasia (atypia) was 5 times that in women with non-proliferative lesions, while 
in women with atypia associated with a family history of breast cancer the risk was 
found to be increased 11 times. In addition, and contrary to established findings, 
this study demonstrated that the majority of women (70%) who undergo breast 
biopsy for a benign condition without proliferative disease are not at increased risk 
of cancer [19]. 

An evaluation of serum markers was performed in patients with benign breast 
disease in order to estimate their role in predicting the risk of breast carcinoma [60]. 
Among the markers, selected serum immune reactants played a prominent role. The 
concentration, size, and composition of associated circulating immune complexes 
and antibodies has been determined in single sample sera of 55 patients with benign 
breast disease, and in 159 breast carcinoma patients grouped according to objective 
measurable tumor burden [58, 66 and F.A. Salinas, 1. Ragaz, and R.L. Ceriani, 
unpublished results]. 

Significant correlations (P<O.OI) with tumor burden in patients with breast 
carcinoma were also detected when FLC, Raji, and SCIQ assays for determination 
of circulating immune complexes were compared. Each of the three circulating 
immune complex evaluation assays discriminated between sera from breast cancer 
patients and normal control sera (P<0.01) and between breast cancer patients and 
55 patients with biopsy-proven fibrocystic disease or fibroadenoma. Sucrose 
gradient fractionation demonstrated a large (25S) peak size of circulating immune 
complexes, similar in patients with benign breast disease and in group 1 breast 
cancer patients (no residual disease) [55, 60, 65, and F.A. Salinas, J. Ragaz, and R. L. 
Ceriani, unpublished results]. Furthermore, in our recent update, 20 of 35 (57%) 
samples of the patients with benign breast disease had a significant (P < 0.04) 
increase in free breast cancer-associated antigen levels as compared with back
ground levels (20 ng/ml) observed in 70 normal controls [56, 61]. 
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In summary, evidence using immunological approaches in addition to morpho
logic, biochemical and epidemiological methods is accumulating which may clarify 
the transition from "late" benign to 'initial" malignant breast disease. This renewed 
emphasis will result in increased knowledge about the biology of breast disease as 
well as a better understanding and improved management of high risk benign 
breast disease. 

Significance of Immune Reactants in Established Invasive Breast Carcinoma 

In previous reports we emphasized the need to develop clinically reliable tumor 
markers to monitor tumor burden, in particular to predict disease recurrence and 
response to treatment [56,63,66,67]. In a recent discussion by Hellman and Harris 
it was noted that "perhaps the most important problem facing clinical breast cancer 
research at this time is the development of more sophisticated markers within the 
primary tumor which predict for metastatic spread and which allow the appropriate 
treatment for the individual patient" [26]. In this regard, the measurement of breast 
carcinoma-associated antigens in the patients' serum by the use of single or a 
mixture (cocktail) of monoclonal antibodies has recently shown itself to be of use in 
early detection and even prediction of tumor metastasis [17,23,61,81]. While 
successful clinical validation of any single such marker appears to be elusive, at 
present the use of two or more markers in combination appears to be a prevailing 
trend. Some of the efforts of clinical research in this area will be reviewed in the 
following paragraphs. 

Correlation of Circulating Immune Complexes with Tumor Burden 

The frequency and extent of elevation of circulating immune complexes varied for 
each test performed, but proved to be significantly different from the 5% noted for 
normal controls and the 4% elevation observed in samples of patients with benign 
breast disease. In fact, each of the three assays for circulating immune complexes 
discriminated between cancer patients and normal controls (P < 0.01, Mann
Whitney V test), and notably between patients with breast cancer and benign 
disease (P<O.OI). 

To further understand the observed relationship between levels of circulating 
immune complexes and tumor burden, retrospective serial determinations were 
performed on 57 patients with breast cancer, with a follow-up of 11-48 months 
(median 35). Of these 57 patients, 39 were receiving standard adjuvant chemother
apy (consisting of cyclophosphamide, methotrexate and 5-fluorouracil), while the 
remaining 18 were receiving radiotherapy and/or hormonal therapy in line with 
institutional treatment policies. The results showed an overall inverse trend with 
tumor burden: while fluctuating decreased levels of circulating immune complexes 
correlated with increasing tumor burden, the levels were unchanged for patients 
who remained clinically stable, were increased moderately (three-fold) for those 
achieving objective responses, and reduced maximally (more than six-fold) for those 



Immune Reactants in Patients with High-Risk Breast Carcinoma 299 

who progressed from limited tumor burden to advanced disease. Overall, the 
magnitude of changes in the level of circulating immune complexes reflected the 
tumor burden: greater changes in level antedated larger increases in tumor burden. 

Further analysis of extracted breast cancer-associated antigens and of monoclo
nal antibodies Mc 3 and Mc 8 showed the following interactions with tumor burden 
in sera from breast carcinoma patients. Immune complexes of patients from Group 
3 were close to or at antigen:antibody equivalence; in Group 2, there was relative 
antigen excess, while in Group 1, relative antibody excess was observed [56, 61, 65]. 

Correlation of Breast Cancer-Associated Antigen with Tumor Burden 

Sera of 135 patients with breast cancer, 20 each with osteosarcoma and malignant 
melanoma, 10 with colon carcinoma, 10 with ovarian carcinoma, 35 with benign 
breast disease and 70 controls were evaluated for circulating breast cancer
associated antigen concentration by use of a three-step radioligand assay. The 
results using monoclonal antibody Mc 8 as the detection agent showed significantly 
elevated values (mean 105 ng/ml, P < 0.001) of breast cancer-associated antigen in 
102 of 135 (76%) patients with breast cancer compared to background levels in each 
of 20 patients with sarcoma and malignant melanoma and in 70 normal control 
subjects. Levels of this antigen were also significantly elevated (P < 0.04) in 20 of 35 
(57%) tested samples of patients with benign breast disease. Conversely, minimal 
increases were observed in samples of patients with solid tumors other than breast 
cancer. 

In an analysis of samples grouped by tumor burden, patients with breast cancer 
showed elevated antigen concentration (mean = 197 ng/ml) in 95% of instances in 
Group 2, three-fold higher values than that observed in Group 1 patients (65% 
elevation), and four-fold higher values than that observed in patients from Group 3 
(65% elevation) [56, 61]. 

Role of Immune Complexes in Prognosis of Breast Cancer 

As circulating immune complexes have been shown to be a sensitive monitor of 
tumor burden, our group has examined their potential predictive value for disease
free and overall survival. Follow-up time in 57 patients with breast cancer was 1-4 
years (median 3 years) [59]. Prognostic variables used in the analysis at diagnosis 
and during follow-up included age, parity and performance status, tumor burden, 
carcino embryonic antigen, anti-XOFA antibody, sialic acid, number of axillary 
lymph nodes involved, estrogen receptor status, and length of both disease-free 
interval and overall survival. The results confirmed that changes in immune 
complexes antedated clinical objective increase or reduction in tumor burden. 
Conversely, immune complex levels were unchanged in patients who remained 
clinically stable. Furthermore, using a univariate analysis circulating immune 
complexes proved to be significant predictors, at diagnosis, of disease-free interval 
(P <0.009) and overall survival (P <0.009). In addition, using a multivariate 
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analysis during patients' follow-up, tumor burden and immune complex levels 
proved to be independent predictors of disease-free interval (P < 0.026) and overall 
survival (P < 0.048). Hence, in addition to more frequently used prognostic factors, 
circulating immune complexes may also be important markers of risk in patients 
with breast cancer. 

Role of Breast Cancer-Associated Antigens in the Prediction 
of Relapse and Disease Recurrence 

As breast carcinoma-associated antigens have been shown to be a sensitive marker 
for tumor burden changes in breast cancer patients, further studies on these 
antigens' potential predictive value for the assessment of disease-free interval and 
overall survival were performed. Such an evaluation of breast carcinoma-associated 
antigens with emphasis on its predictive value for disease recurrence and relapse 
was conducted in a retrospective study [58,61]. Other variables under study which 
were considered at diagnosis included: age, parity status, performance status, tumor 
burden, carcinoembryonic antigen (CEA), circulating immune complexes, sialic 
acid, anti-XOFA, axillary lymph nodes involved, estrogen receptors, disease-free 
interval, overall survival and survival status. In total, 60 eligible breast carcinoma 
patients were included, 41 undergoing adjuvant chemotherapy and 19 receiving 
hormonal therapy and/or radiotherapy. Results from a univariate analysis of the 19 
factors considered demonstrated that tumor burden was the only significant 
predictor of disease-free interval (P<0.009) and of overall survival (P<0.009) as 
assessed at diagnosis. A similar analysis performed during follow-up identified 
breast carcinoma-associated antigens and circulating immune complex as the only 
predictors of disease-free interval (P<0.0061) and overall survival (P<O.OOOOI). 
Using a multivariate analysis that allows for control of selected variables, further 
analysis of the prognostic role of breast carcinoma-associated antigens was 
performed. During patient's follow-up, circulating immune complexes, tumor 
burden and breast carcinoma-associated antigens were the only independent 
predictors of disease-free interval (P < 0.0031) and overall survival (P < 0.0033). In 
summary, the tumor marker role of circulating immune complexes, tumor burden 
and breast carcinoma-associated antigens emerged as a latent valuable clinical tool 
for predicting metastatic spread. These markers appears also to be of benefit in both 
selecting appropriate treatment for individual patients and identifying risk groups 
during clinical trials. 

Diagnostic Aspects of Monoclonal Antibodies: Radioimmunolocalization 

The clinical utilization of monoclonal antibodies (MAb) in breast and other cancer 
types has also included the following approaches: (a) assessment of the transition 
from benign to malignant breast disease, (b) determination of hormonal receptor 
status from a small sample of breast tissue obtained by fine needle aspirate 



Immune Reactants in Patients with High-Risk Breast Carcinoma 301 

procedure, and (c) radioimmunodetection of micrometastasis, including localiz
ation of tumor cells in bone marrow aspirates. 

The early in situ detection and therapy of carcinoma lesions remains one of the 
goals of MAb clinical application. The detection of metastasis and noninvasive 
staging of lymph node involvement in the management of breast carcinoma and 
other tumor types by use of radiolabeled MAb directed to tumor-associated 
antigens are presently being studied in ongoing clinical trials [6, 14-16,29,33,41, 
52,68, 74]. In recent years this technique has evolved into an effective methodology 
for cancer imaging by scintigraphy. Selection of the optimal imaging agent requires 
consideration of the isotope and structural form of the antibody in addition to 
specificity to be taken into account. It is not clear whether radioiodine, 111 In, or 
99Tc attached to MAb will be the optimal agent for diagnosis in a given clinical 
situation [6]. The detection of MAb with a differential ratio of uptake in tumor 
versus a range of normal tissue is difficult to obtain in some unresected lesions. 
These data are needed for the dosimetry calculations which would be required if 
radio labeled MAb were to be used therapeutically. The fact that no one MAb 
detects all carcinoma lesions indicates that a mixture of several may be more 
efficacious in both in situ detection and therapy trials [15]. Other points of 
importance include the amount of free and bound antigen, the clearance and 
pharmacokinetics of the MAb isotope involved, and the route, dose, and specific 
activity of the labeled MAb used. Whether intact MAb have better pharma
cokinetic properties than do proteolytic fragments for radioimmunodiagnosis and 
biolocalization appears to depend on the intended use [6, 10]. Most studies until 
now have concentrated on assessing the different variables involved in achieving 
optimal localization profiles by use of athymic mice bearing human tumor models. 
The clinical phase I trials of radioimmunolocalization presently using radio labeled 
MAb directed against human tumor-associated antigen include ovarian, breast and 
gastrointestinal tumors [21, 22, 25, 27, 80J, malignant melanoma [6, 34J, and colon 
carcinoma [42, 45]. 

Therapeutic Role of Immune Reactants 

The objective of the manipulation of immune reactants in therapy has been to 
reinstate an effective immunity in the tumor-bearing host. It has become clear that 
the complexities of the deranged immune regulatory factors involved are yet to be 
fully clarified. Therapeutic approaches to be reviewed here include the removal of 
circulating immune complexes and the multiple use of monoclonal antibodies in 
cancer therapy. 

Circulating Immune Complexes 

Many approaches to remove specific and nonspecific blocking factors from 
patients' sera have been directed toward removal of circulating immune complexes. 
The use of plasmaphoresis [31, 57, 66, 71J and/or immunoabsorption of extra-
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corporeal protein A have resulted in subjective and objective clinical responses in 
tumor-bearing patients and in experimental animals. These attempts stimulated 
clinical trials for cancer therapy in animals [28, 32, 63, 78, 83] and in humans [2, 3, 
37, 38, 39, 43, 53, 78] with advanced carcinomas including breast, colon, lung and 
other types. 

Main side effects on immunoabsorption treatment as evaluated by Phase I 
studies ranged from lethal [43] to severe but manageable [38, 39, 53, 54, 79]. The 
most frequently noted side effects included fever, chills, hypotension, tachycardia, 
and bronchospasm. Reported response rates ranged from 0% [43] to 60% [79] in 
series involving five or more breast cancer patients. 

The removal of circulating immune complexes and other factors that inhibit the 
host anti-tumor immunity appears to be a promising approach to cancer therapy. 
Several groups have documented in vitro and in vivo tumor response to protein A
bearing material in a variety of experimental and clinical approaches. Whether the 
demonstrated in vivo and in vitro tumor responses are effects of the protein A 
materials used during the immunoabsorption procedures, or are due to the removal 
of blocking factors, complement activation, or action of additional bioreacting 
components, remains to be determined. As yet, plasma immunoabsorption in 
clinical human cancer patients has not achieved the beneficial effects noted in 
animal studies. Data from feline leukemia studies have provided a clear-cut 
correlation between lowered circulating immune complex levels and clinical 
response. Although some provocative results have been documented in humans 
[66], the value of and mechanisms involved in this form of therapy still remain to be 
validated. 

Monoclonal Antibodies 

Until recently, the most important limitation on the use of antibodies as therapeutic 
agents was their impurity and heterogeneity. During the last decade, however, the 
advent of novel MAb technology has accelerated the development of unlimited 
quantities of homogeneous antibodies of defined specificity, thus eliminating a 
major precluding obstacle to new attempts to explore the potential of antibody 
therapy. The list of problems to be encountered in immunotherapy of cancer with 
MAb include: lack of specificity, in vivo deposition, class and fragments, coupling 
and delivering, circulating free antigen and antibody, antigenic modulation, and 
host response to foreign antibody [35]. As progress in the clinical setting has 
evolved, the relevance of these problems to a successful therapy has become quite 
evident. 

Because most ofthe MAb against human tumor-cell antigens have been made in 
mice, host reaction to foreign antibodies is an important problem encoun
tered in patients. A review of the MAb prepared against breast carcinoma 
demonstrated that most of them are directed towards breast cancer-associated 
antigens or tissue differentiation antigens. While there are many problems involved 
in the use of mouse immunoglobulins as therapeutic agents in man, the knowledge 
gained from mouse monoclonal mechanisms has provided valid essential insight 
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into their clinical therapeutic application. These preliminary steps may prove a 
valuable means to accruing information while we await the forthcoming 
human-human MAb. While each of the reagents listed below carried its own 
therapeutic capabilities as well as its own intrinsic toxicity, the testing ofMAb alone 
or conjugated to radioisotopes, toxins, or chemotherapeutic drugs has proceeded in 
clinical trials. The results have demonstrated limited toxicity accounted for by doses 
of up to 1500 mg of mouse MAb administered to humans. Previous reviews with 
detailed information concerning the assessment of MAb therapy in animal tumor 
models are available [22, 34, 35, 48]. 

Earlier clinical trials have been conducted mainly with leukemia and lymphoma 
patients, including a few studies testing patients with solid tumors (malignant 
melanoma and gastro-intestinal carcinomas) [7, 18,45, 55, 70, 75, 77, 85]. 
MAb have been used as therapeutic agents either alone or as carriers of isotopes, 
toxins, chemotherapeutic agents, or a combination of these. The bulk of research in 
this area is at the stage of phase I clinical trial. Most of the clinical studies of solid 
tumors have concentrated on MAb prepared against gastrointestinal tumors [70], 
colon and gastric carcinomas [18], malignant melanoma [45,77,82], cutaneous T
cell lymphomas (55) and small-cell carcinoma of the lung [75]. So far, breast 
carcinoma has not been frequently selected for clinical immunotherapy trials [7]. 

Immunotoxins 

The basic rationale of the immunotoxin approach to therapy is to link a toxic agent 
to a MAb in an attempt to destroy targeted cancer cells but leave normal cells 
unharmed. The term "immunotoxin" has been used to refer to a cell-binding 
antibody or antigen covalently bound to a plant or bacterial toxin. The toxin may 
be the whole molecule or a polypeptide portion carrying the toxic activity [84]. The 
most commonly used plant toxin is ricin. Other toxin moieties in use are ricin-R, 
ricin-R A chain, diphtheria toxin, abrin, and gelonin. In order for an immunotoxin 
to be effective, antitumor antibodies must promote the delivery of a toxin to sites of 
biological activity specifically within the cell [84, 85]. For a detailed description of 
the mechanisms of action, the preparation, testing of efficacy, induction of specific 
immunologic unresponsiveness, and other possibilities for modulating the immune 
response, the readers are referred to reviews on the topic [82, 84]. From the point of 
view of more direct clinical applications, the use of immunonotoxins in vitro to 
purge or eradicate either tumor cells from bone marrow or T cells from allogeneic 
marrow before marrow transplantation represents a novel approach to cancer 
therapy [45, 72]. In addition to conjugation of a toxin to an antibody, it is also 
possible to encapsulate the toxin in a liposome for delivery across the cell 
membrane [36]. 

The therapeutic potential of immunotoxin (anti-DNP antibody-ricin A chain 
conjugate) treatment in conjunction with chemotherapy (doxorubicin, cyclophos
phamide) is indicated by an antineoplastic synergistic effect reported in exper
imental leukemia [73]. The suitability of a conjugate of MAb WTl and ricin A 
chain has been tested for purging bone marrow of leukemic T cells during 
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autologous transplantation in T-cell acute lymphocytic leukemia. The results 
indicated that under conditions rendering maximal killing of leukemic cells, there 
was no toxicity to multipotential progenitors in normal human bone marrow [46]. 
Problems still to be solved in this area included the relative organ toxicity (intestine 
and reticuloendothelial system), the problem of cross-reaction with normal antigen, 
and adequate access of immunotoxins to the cells of solid tumors [85]. Other 
problems requiring attention are tumor cell heterogeneity and antigen modulation, 
and the concentration of antigen in circulation (antigenemia) as discussed earlier 
[84]. 

In summary, tumor-reactive antibodies conjugated to toxins have been used to 
eradicate tumor cells in vitro and in vivo. These immunotoxins proved to be 
effective in killing experimental leukemic cells in infiltrated bone marrow. Selective 
use of immunotoxins, with or without liposome encapsulation, should be regarded 
as an effective way of improving chemotherapy regimes. Preliminary results from 
clinical trials presently in progress are forthcoming in the near future. 

Perspectives for the Future 

As the advances in technology are being further transferred into the clinical setting, 
there is an increased potential for immune reactants to be used as therapeutic tools 
in the clinical management of cancer patients. The utilization of tumor-associated 
antigens, measured alone or in cocktail combinations, is likely to be useful in the 
monitoring of high-risk patients with benign breast disease or cancer patients at 
high risk of relapse. Another area of application for monitoring both antigen and 
immune complex concentration in patients' sera is related to their role in 
neutralizing of MAb alone or infused as a form of immunotherapy. Long-range 
goals for the parenteral use of immunotoxins include the killing of cancer cells in 
vivo and the modulation of the immune response for therapeutic purposes [36, 84]. 
Insofar as imaging, immunodetection, and immunotherapy are concerned, it is 
likely that in the future these procedures will be performed more frequently, and 
using metal chelates. A relative advantage of the metal chelates compared to the 
large number of isotopes to be used is their stability, which makes them well suited 
to commercially available kit production. The refinement of human-human 
monoclonal antibodies against human tumor-associated antigens will undoubtedly 
be advantageous to the full establishment of this modality as an element of 
treatment for cancer in most sites. 

Detailed findings from ongoing clinical trials concerning the therapeutic value, 
mechanisms of action, and idiosyncrasies of each treatment must be awaited before 
any of these modalities can be fully accepted as effective against cancer. 

Appendix: Background and Techniques for Evaluating Immune Reactants 

A brief description of the methodology used is listed below; references for a full 
account of each technique are cited. 
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Aggregated Human Gamma Globulin (AHG) and Monomeric IgG. Human IgG was 
prepared by DEAE-52 cellulose fractionation as reported earlier [64]. A WHO 
standard-reference preparation of AHG, kindly provided by Dr. P. Spath, WHO, 
Berne, Switzerland, was used for standardization of the circulating immune 
complexes standard curve. 

Characterization of Immune Reactants by Sodiumdodecylsulfate Polyacrylamide Gel 
Electrophoresis (SDS-PAGE): Tube Gel Procedure. Duplicate samples of radio
iodinated circulating immune complexes and breast carcinoma-associated antigens 
were analyzed on 3%-10% gradient (w/v) polyacrylamide gels with and without 2-
mercaptoethanol as described earlier [58]. Gels were either evaluated by auto
radiography, using Kodak XARS X-ray film, staining with Coomassie brilliant 
blue, and scanning with a model 620 densitometer (Bio-Rad Laboratory), or sliced a 
l-mm intervals for determination of radioactivity using a gamma-ray spectrometer. 

Slab Gel Western Blot Analysis. Slab gels SDS-PAGE were performed essentially 
as reported [58, 61, 66]. Briefly, treated samples were applied to a 4% (w/v) stacking 
gel over a 10% (w/v) slab gel. After electrophoresis, transfer of breast carcinoma
associated antigens from gel to nitrocellulose paper was achieved by use of Bio-Rad 
Trans-Blot Cell according to manufacturers' instructions. Thereafter, 1 ml serially 
diluted Mc 3 or Mc 8 was added to samples, which were then washed, followed by 
peroxidase-conjugated goat anti-mouse IgG enzyme-linked immunodetection. 

The resulting band intensities were measured by densitometer, Model 620 (Bio
Rad). 

Quantitation of Circulating Immune Complexes. Determination of circulating 
immune complexes was performed by the fetal liver cell radioimmunoassay (FLC
RIA), the Raji cell radioimmunoassay (RAJI-RIA), and the solid-phase CIQ 
radioimmunoassay (SCI Q-RIA), essentially as described earlier [61, 64, 66]. The 
uptake of an optimal amount of 125I-Iabeled anti-human IgG was referred in each 
case to an AHG standard curve. The concentration of immune complexes was 
expressed as microgram AHG equivalents per milliliter (J-Lg AHG/ml) of serum. A 
doubling of the level of circulating immune complexes was considered to be a 
significant change. This figure was chosen on the basis of our reported combined 
inter- and intra-assay coefficient of variation = 5.5% [64], analyzed using the 
technique of Statland et al. [76] to minimize the cost of misclassifications. 

Determination of Circulating Immune Complex Size. Circulating immune complex 
size was determined by use of a 5%-35% (w/v) isopyknic sucrose gradient in 
phosphate buffer saline, pH 7.2, formed in 5 ml cellulose nitrate tubes as described 
earlier [64]. Fractions containing circulating immune complex aggregates with an 
estimated size of 7 -9S, 10-17S, 18-20S, 21-24S, 25-27S, and > 28S were pooled for 
analysis. Subsequent evaluation of immune complexes in collected fractionated 
samples provided an indication of the size range of the complexes occurring, and an 
estimation of their respective Ag: Ab composition [65]. 
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Techniques for the Isolation of Breast Carcinoma-Associated Antigens. Breast 
carcinoma-associated antigens have been isolated as free or bound forms from the 
sera of selected breast carcinoma patients in order to achieve further discriminatory 
capacity. Free circulating antigens have been isolated by use of MAb coated 
immunobead procedure. Circulating immune complex-bound breast carcinoma
associated antigens have been isolated by the polyethylene glycol and the Raji cell 
techniques from sera with increased (three- to five-fold above normal control sera) 
circulating immune complex concentration [55, 61]. 

In Vitro Model of Tumor Burden Change. The interaction ofMc 3, Mc 8, or isolated 
breast carcinoma-associated antigen with sera from selected breast carcinoma 
patients was studied by use of an in vitro test. This procedure is also that used to 
generate and dissociate immune complexes [61,64]. Using this model, changes in 
the size of circulating immune complexes were examined by titration of either Mc 3 
or Mc 8 with sera from selected Group 1,2, and 3 patients followed by circulating 
immune complex determination. Furthermore, this in vitro test was used to 
simulate defined increases in tumor burden by addition of breast carcinoma
associated antigen to autologous (self) or allogeneic (non-self) patients' sera. The in 
vitro test consisted of incubating 50 III of selected patients' sera (diluted 1: 8 with 
PBS) with isolated 1251-labeled breast carcinoma-associated antigen (1Ilg) for 17 h 
at 4°C. In preliminary experiments this concentration of antigen was determined to 
render maximal immune complex size changes [64, 68]. The reaction mixture was 
analyzed for changes in circulating immune complex size by SDS-PAGE. 

Three-Step Radioligand Assay. This radioimmunoassay was performed essentially 
as previously described [61,62]. Purified breast carcinoma-associated antigen was 
used as standard antigen at 1-100 ng in 50 III of normal control sera. Test sera from 
cancer patients and controls were similarly prepared (50 Ill, undiluted) and incu
bated with packed MAb coated Sepharose 4B immunobeads (100 Ill; Pharmacia, 
Uppsala, Sweden). Immunobeads were then washed and reacted with biotin
conjugated Mc 8. The beads were washed again, incubated with 125I-labeled avidin, 
and after further washings their radioactivity was determined. The least detectable 
concentration of breast carcinoma-associated antigen was 10 ng/ml serum with a 
combined intra- and interassay coefficient of variation of 9%. The cut-off value 
( < 20 ng/ml serum) used for classification of results as either normal or elevated was 
selected on the basis of preliminary results as analyzed by the Statland et al. [76] 
technique to minimize the cost of misclassifications. 
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Introduction 

The normal proliferation of breast epithelium at the time of puberty is dependent on 
increasing ovarian estrogen concentrations. Breast cancers also appear to be 
regulated by estrogens. Approximately 60% of metastatic breast tumors express 
estrogen receptors (ERs), and 50% of these can be treated effectively with hormonal 
manipulation. Risk factors for breast cancer include early menarche, nulliparity, 
increased height or weight, and late menopause, all suggestive that prolonged 
estrogen exposure unopposed by progesterone may be important in breast cancer 
development [122]. 

Although estrogens have been implicated as the most significant epidemiologic 
risk, clearly other factors have been linked to an increased risk of breast cancer. 
Racial differences, environmental factors, and dietary habits are associated with 
varying rates of breast cancer. Asian women have a lower incidence of breast cancer 
when compared with women in the United States, but this difference is substantially 
decreased in first-generation daughters raised in the United States, perhaps owing 
to dietary or environmental factors [124]. Dietary fat, hair dyes, and alcohol 
consumption have been linked to an increased incidence of breast cancer 
[131,84, 171,208, 141,210]. These factors may be directly carcinogenic, however it 
is possible that they may act via direct or indirect estrogen effects. It also seems 
possible that other important growth-regulatory factors are perturbed by these 
environmental factors. 

At the time of diagnosis, ERs cannot be found in 30%-40% of breast cancers 
and these are not growth regulated by hormonal manipulation. These ER-negative 
tumors are generally the more aggressive [24, 110, 130]. This observation is 
paralleled by studies performed on human breast cancer cells in vitro. Most cell 
lines have been established from metastatic sites, and some express the ER. Some of 
these ER + lines require estrogen to survive in culture and to form tumors in 
athymic mice, and can be inhibited by antiestrogens [123,145,48,37,181,119,152, 
105, 34]. Other cell lines are ER - and can grow in culture and in athymic mice 
without added estrogens. These cells cannot be growth inhibited by antiestrogens 
[65]. Presumably breast cancers, and cell lines derived from metastatic breast 
cancers, originally arose from normal breast epithelium that was growth responsive 
to estrogens. During the events that lead to malignant transformation, some cancers 
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continue to be responsive to estrogens. However, other cancers lose this respon
siveness, perhaps by constitutively expressing estrogen-induced growth-regulatory 
factors, or are transformed by events that bypass estrogen-induced pathways. 

Therefore, estrogens are important in normal breast development and are 
implicated in the pathogenesis of breast cancer. Several hypotheses involving 
estrogens as a growth-regulatory factor in breast cancer can be made: 

1. Estrogens directly stimulate growth of normal breast epithelium and cancer. 
Estrogens, either acting alone or in concert with other factors, can initiate and 
maintain the malignant phenotype. Estrogens stimulate transcription of genes 
that are important in maintenance of the malignant state. 

2. Once cancer is established, estrogens continue to stimulate cell growth, in part 
via proteins that act in an autocrine or paracrine fashion to cause stimulation of 
quiescent cells and continued proliferation of cells that are already in cycle. 

3. Hormone-responsive cancer may be converted to hormone-unresponsive cancer 
by constitutive expression of some of these autocrine or paracrine growth 
factors. 

4. During normal breast development, breast epithelium reaches maturity, and 
does not continue to proliferate uncheked, despite continued systemic exposure 
to estrogen. This suggests that expression of negative regulatory factors may be 
important in establishement of the normal mammary gland. Estrogen stimu
lation may overwhelm or cause the loss of these negative regulatory factors. 

Several model systems may be used to examine these hypotheses. Epidemologic 
studies in human populations have identified risk factors important in the 
development of breast cancers. Identifying a cause-and-effect relationship from 
these kinds of data, however, is impossible. Spontaneous breast cancers and 
chemically induced breast cancers can be studied in animal systems. Many basic 
observations on breast cancer regulation have been made in the rodent system. For 
example, rodent mammary cancer can be initiated by injections of methylnitros
ourea (an alkylating agent) or by a single feeding of dimethyl benzanthracene (a 
polycyclic hydrocarbon). These tumors express ERs and respond to estrogens and 
antiestrogens in a fashion analogous to human cancer. Therefore, this carcinogen
induced system can be used to study the effects of pharmacologic agents, hormonal 
manipulation, and environmental factors on the growth of breast cancer. However, 
carcinogen-induced rodent breast cancers are predominantly prolactin dependent, 
while human cancers are generally estrogen dependent. While rodent breast cancers 
may be an extremely useful system to study, they may be in many aspects different 
from breast cancer development and growth regulation in the human [100,205]. 

One way to identify and characterize the proposed growth factors and events is 
to examine the hormone-responsive and hormone-unresponsive human breast 
caner cell lines in vitro. With this system, many valid observations have been made 
on the growth regulation of breast cancer. However, there is variety oflimitations to 
this system, and the results must be interpreted carefully. The breast cancer cell lines 
have been derived primarily from metastatic sites and carried in culture for many 
years. When the cells are first placed in culture most go through a "crisis" and the 
majority of cells die. The surviving cells are therefore a subclone of cells from the 
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original cancer that have been selected for their ability to grow in vitro, and may not 
be representative of the growth characteristics of the entire tumor. It is also possible 
that prolonged tissue culture induces phenotypic and/or genotypic changes in the 
cell line. Although the cell lines vary in their ability to form tumors and to 
metastasize in the athymic mouse, they all possessed these characteristics in their 
human host. Therefore, it is likely that the biology of cell lines in culture is only an 
approximation of human tumor biology. 

When a tumor is placed in culture, it is removed from its stromal influences. It is 
becoming increasingly clear that stromal factors modulate some aspects of the 
malignant and normal cell [75, 137]. For example, in the mouse system, isografting 
of fetal salivary mesenchyma into adult mammary glands resulted in the outgrowth 
of nodules that are morphologically similar to salivary glands. In addition, the 
salivary gland mesenchyma accelerated the formation of cancers induced by 
carcinogens or by virus [165]. These mesenchyma-epithelium interactions have 
also been demonstrated in the gastrointestinal tract. Mouse stomach epithelia 
grown in contact with intestinal mesenchyma in an intact animal causes the 
stomach to take on many characteristics of the normal intestinal epithelium [164]. 
Therefore, it is clear that stromal factors influence the development of their 
overlying epithelium, and these interactions cannot be studied in a culture system 
utilizing only malignant epithelium. 

Despite these caveats, the in vitro tissue culture system can be utilized to isolate 
malignant human breast cancer cells and examine their growth regulation. This 
chapter will review some of the steroidal and polypeptide growth-regulatory 
factors, as well as potential therapeutic benefits based on manipulation of these 
factors. 

Estrogen and Estrogen Receptor 

The effects of estrogen are mediated through the intracellular ERs [184,97]. ERs 
are localized in the nucleus and exist there in both unoccupied and occupied forms 
[215,61,108,206]. When the receptor binds to its ligand, the complex probably 
interacts with DNA and chromatin, but this interaction is poorly understood 
[149,11]. Recent cDNA cloning of the ER from MCF-7 show that the putative 
DNA-binding region of the ERs shares strong homology with glucocorticoid and 
thyroid hormone receptors, the latter of which is the cellular homolog of an acutely 
transforming avian erythroblastosis virus (v-erb-A) [202, 73, 74]. 

Through the interaction of estrogen with its receptor, a large variety of 
biochemical events are induced. Estrogen is a mitogen for breast cancer cells and 
many enzymes involved in DNA synthesis are induced, including DNA polymerase, 
thymidine and uridine kinases, thymidylate synthetase, carbamyl phosphate syn
thetase, aspartate transcarbamylase, dihydroorotase, and dihydrofolate reductase 
[62,3,4]. There is evidence that both thymidine kinase and dihydrofolate reductase 
are regulated at the mRNA level [45,103]. The net effect of these induced enzymes 
is to stimulate DNA synthesis as measured by thymidine incorporation [2], by both 
de novo and scavenger pathways. 
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Estrogens also cause an induction of secreted peptides, including some well
characterized proteins such as plasminogen activator and collagenolytic enzymes 
[35, 101]. Induced proteases and collagenases may be important in allowing the 
cancer to digest its surrounding stroma, thereby increasing the cancer's invasive and 
metastatic potential. It also seem possible that the proteases serve to process growth 
factor precursors (such as prepro-IGF-I) or to release other growth factors from 
their binding protein. 

Estrogens also increase the expression of laminin receptor on the surface of the 
hormone-responsive cell line MCF-7. Laminin is a component of the basement 
membrane and laminin receptors mediate the attachment of the cells to the 
basement membrane. This interaction is likely to be important in invasion of the 
cancer. Estrogen-treated cells showed greater binding to laminin, increased migra
tion toward laminin, a greater ability to proliferate in an artificial basement 
membrane matrix, and an increased ability to traverse an artificial basement 
membrane [6]. Estrogens induce changes in the cytoskeleton and adhesion 
structures of breast cancer cells as well as cell ruffling, as noted by scanning electron 
microscopy [168]. These findings suggest that estrogen can induce increased cell
basement membrane interactions with a resultant increase in invasiveness. 

Other secreted proteins are less well characterized, but include a 24 K dalton 
protein described by McGuire [41, 1], 52 K and 160 K dalton glycoproteins 
described by Rochefort [207, 157], a 39 K dalton glycoprotein complex [32], and a 
7 K dalton protein [95] identified by Cham bon by analyzing estrogen-induced 
mRNA species (pS2). The 52 K dalton glycoprotein appears to have cathepsin D
like activity and is mitogenic for MCF-7; it will be discussed in a later section 
[36, 199, 157]. The level of expression of the 24 K dalton protein correlates well 
with the presence of ER [1], however its function is not known. The pS2 expression 
is restricted to breast cancer cells, and its transcription is induced by estrogens in 
MCF -7, although it does not share nucleotide sequence homology with other 
estrogen-responsive genes [38]. The functions of the 160 K, 39 K, and 7 K dalton 
proteins are not understood. However, expression of the 160 K and 7 K dalton 
proteins is not tightly coupled to growth regulation as suggested by experiments 
with antiestrogen-resistant M CF -7 clones [30, 33]. In these cells, the two proteins 
are equally decreased by antiestrogen in both antiestrogen-sensitive and antiestro
gen-insensitive cells. In addition, both proteins are induced by estrogen in an MCF-
7 variant that is growth arrested by estrogen [49]. Therefore, the expression of these 
proteins is regulated by estrogen, but it does not appear that this regulation is 
important in the regulation of growth. 

Although estrogens induce a plethora of effects in breast cancer cells, it is not 
clear which, if any, of these are the proximal event in malignant transformation, or if 
the events are critical to the maintenance or progression of the malignant 
phenotype. One experimental approach to this problem utilizes isolation and 
characterization of estrogen-induced factors in a defined serum-free in vitro system. 
This has produced some evidence which suggests that hormones other than 
estrogens are also important in growth regulation. First, many other trophic 
substances can be growth-stimulatory for breast cancer in culture, and their specific 
receptors are expressed. These include glucocorticoids, androgens, progestins, 
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thyroid hormone, vitamin D, retinoids, epidermal growth factor, insulin-like 
growth factor I and II, calcitonin, and prolactin [121,63, 71, 136]. Second, the 
initial growth rate of breast cancer cells in culture is proportional to the number of 
cells plated, suggesting that these cells may produce auto stimulatory substances 
[94]. Third, in vitro estrogen-dependent cell lines can be made to grow without 
estrogen if the medium is supplemented with optimal concentrations of other 
growth hormones or conditioned media from estrogen-treated cells [92, 58, 200]. 
Fourth, in vivo estrogen does not have to be systemically released to be effective. 
When athymic mice are injected with human breast cancer cells that require 
estrogen for tumor formation, estrogen released locally from a pellet can substitute 
for systemic estrogen [90]. This suggests that tumor formation does not necessarily 
require systemically derived estrogen-induced growth factors. One interpretation of 
this experiment is that locally released estrogen stimulates the production of 
autocrine or paracrine growth factors. If these factors are indeed secreted by the 
breast cancer cells in response to estrogen, then it would be possible to isolate them 
from media conditioned by isolated cells. 

For these reasons, our laboratory has examined serum-free conditioned 
medium from MCF -7 cells in order to identify proteins secreted by the cells in 
response to estrogen [7]. When this medium is harvested, filtered, dialyzed against 
1 M acetic acid, lyophilized, and reconstituted in phosphate-buffered saline, 99.98% 
of the estrogen is removed. The medium however remains growth-stimulatory in 
vitro. Concentrated medium infused into ovariectomized athymic mice can parti
ally replace estrogen in causing tumor formation by MCF -7. This effect is probably 
not due to estrogen, as the uterine weights of the mice did not change. The tumors 
induced by conditioned medium were smaller than those stimulated by estrogen, 
and tended to regress, while those that were estrogen-stimulated continued to grow 
in size [60]. 

These observations suggest that conditioned medium contains factors other 
than estrogen that can stimulate tumor formation. Column chromatography and 
radioimmunoassay have shown that a variety of polypeptide hormones are secreted 
into the media, including IGF-I-related activity, TGF-o:, PDGF, and TGF-f3. These 
and other factors will be discussed in the next few sections. 

Transforming Growth Factor 0: 

TGF-o: is a 7 K dalton polypeptide protein initially isolated from fibroblasts 
transformed by Moloney murine sarcoma virus [52]. The murine form shares 40% 
amino acid homology with epidermal growth factor, and both EGF and TGF-o: 
apparently act through EGF receptor, as media conditioned by murine sarcoma 
virus-transformed cells will compete with 125I-Iabeled EGF for binding to a 
common cell surface receptor [126,125,188,53,56]. Normal rat fetal tissues, 
placenta, and bovine anterior pituitary produce TGF-o: [185,155, 129, 193, 111]. 
The normal functions ofTGF-o: and EGF are similar. They are both mitogenic for 
human epidermal cells and fibroblasts, cause precocious eyelid opening in newborn 
mice, and cause cell ruffling [53, 127]. However TG F -0: is a more potent mediator of 
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bone resorption, calcium release from bone, and neovascularization than EGF 
[173,91]. 

TGF-O( is synthesized as a 19 K dalton transmembrane precursor protein and 
inserted into the endoplasmic reticulum. While there, the molecule is cleaved by 
proteases in several different sites to release mature TGF-O( into the secretory 
vesicles to be released into the extracellular space. Glycosylation also occurs in the 
endoplasmic reticulum, but it is unclear if this is important in secretion. Because of 
the differential protease cleavage and glycosylation, a larger glycosylated form and 
a smaller species can be found in conditioned media. The intracellular portion is 
palmitoylated and stays associated with the plasma membrane, its function may be 
to serve as an anchor for the entire protein [29]. 

Several human tumors have been reported to express TGF-O( [169, 57, 54], and 
TGF-O( activity can be found in the urine and serum of cancer patients 
[175,106,192,107]. TGF-O( cDNA, under the influence of SV40 promotor, can 
transform murine fibroblasts and cause tumor formation in athymic mice (this 
occurs presumably because of the creation of an autocrine loop) [159]. However, 
anti-EGF receptor antibodies have been unable to block growth of a TGF-O(
secreting melanoma line [114]. This may be due to the low level of EGF receptor 
expression on the surface of these cells. 

TGF-O( activity can be assayed by its ability, together with TGF-p, to cause 
anchorage-independent growth in normal rat kidney (NRK) cells. [189] Condi
tioned media obtained from estrogen-treated MCF -7 and other breast cancers 
contain TGF-O( activity in the NRK assay [167,147,197]. MCF-7 acid-treated 
conditioned medium contains two principal peaks of activity that correspond to 
30 K and 7 K dalton species. Each of the peaks contains TGF-O( activity as 
determined by NRK colony assay. Radioreceptor assay with A431 squamous 
carcinoma cells, a rich source ofEGF receptor, shows that conditioned media from 
estrogen-treated MCF-7 cells produce binding activity. In addition, a radioimmun
oassay using a TG F -O(-specific antibody demonstrates the presence of the ligand in 
conditioned media. Immunoprecipitation with a polyclonal antibody of meta
bolically labeled conditioned media shows that there are multiple immunoreactive 
species at 30 K dalton, and these species are lost when incubated with unlabeled 7 K 
dalton TGF-O(. However, the 30 K dalton form is significantly larger than the 
mature purified human 7 K dalton species or the 17 K -19 K dalton precursor 
protein. It is unclear if this 30 K dalton protein represents a product obtained by 
alternative mRNA splicing, posttranscriptional modification, or perhaps a novel 
TG F -O(-related protein [13]. 

Estrogen treatment induces the 30 K dalton protein in the ER + lines MCF -7, 
T47-D, and ZR-75-1 by 2- to 8-fold, depending on the culture conditions [13]. The 
induction of TGF-O( by estrogen has been confirmed by radioreceptor assay [12]. 

The 4.8 kilobase (kb) mRNA species is found in MCF-7 and some other breast 
cancer cell lines. There is also a less abundant 1.6 kb message of uncertain origin. 
The mRNA abundance is increased 2-6-fold by estrogen in ER cell lines. This 
induction occurs as early as 6 h after estrogen exposure and remains stable over 6 
days. ER- cell lines also express the mRNA although the message was undetectable 
in the carcinosarcoma cell line, Hs578T. In vivo estrogen regulation of mRNA levels 
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has been shown with MCF -7 xenografts implanted in nude mice. Withdrawal of 
estrogen in this system causes a decrease in the TGF-IX message. After withdrawal 
for 10 days, mRNA levels were 2.5-fold less than in estrogen-treated MCF-7 
xenografts. mRNA obtained from human breast cancer shows that 70% of 
specimens contain detectable message. This did not apparently correlate with ER 
status [12,14]. Normal rapidly proliferating breast epithelial cells also express 
TGF-IX, while nonproliferating tissue expresses low levels. This suggests that TGF-IX 
is important in proliferation of both normal and malignant tissue [197]. 

Since TGF-IX probably acts via EGF receptor, it seems possible that TGF-IX
EGF receptor interactions could be the basis for an autocrine loop. The EGF 
receptor is a 170 K dalton glycoprotein that, like other growth factor receptors, has 
tyrosine kinase activity in its intracellular domain [44, 196]. It has been detected in 
human and rodent breast cancer biopsies, malignant cell lines, and normal cells 
[66,50, 144]. Antibodies directed against EGF receptor can cause a decrease in 
MCF-7 estrogen-stimulated monolayer growth during the first 5 days of treatment. 
This inhibition, however, is lost with longer culture intervals; it is also lost when 
TGF-IX is added to the anti-EGF receptor antibody. Anti-TGF-IX antibody can 
inhibit M CF -7 colony formation. 

Therefore, some breast cancers and breast cancer cell lines secrete a 30 K dalton 
protein that has TGF-IX-like activity and EGF receptor is expressed in these cell 
lines. Tumors, tumor cell lines, and normal breast epithelial cell lines express TG F-IX 
mRNA. Estrogen regulates mRNA level and subsequent protein secretion in the ER 
+ MCF-7 cell line. Since these cell lines also express low levels of EGF receptor, 
one interpretation of the data is that TGF-IX behaves as an estrogen-induced 
autocrine growth factor for breast cancer. However, the interruption of this putative 
autocrine loop by anti-TGF-IX antibody and anti-EGF receptor antibody is not 
completely growth-inhibitory, implying the existence of other factors important in 
growth regulation. In addition, normal proliferating breast epithelium expresses 
high levels of TGF-IX mRNA. There is also no consistent relationship between 
expression ofTGF-1X mRNA and ER in tumors. However, EGF has been linked to 
tumor progression in a variety of model systems. 

In mice that have a high incidence of spontaneous breast tumors, removal of the 
submandibular glands (a rich source of EGF) reduces the rate of tumor formation 
[115]. It is also possible that TGF-IX is a paracrine factor secreted by surrounding 
stromal tissue to stimulate growth of the cancer. It is interesting to note that TGF-IX 
and EGF have been isolated from human milk [148,216]. It appears that TGF-IX 
can regulate the growth of breast cancer cells in vivo, although the precise 
mechanisms remain to be defined. 

Insulin-like Growth Factors 

Insulin-like growth fctors (IGF-I and IGF-II) represent two members of a family 
that have similar biologic activities: stimulation of sulfate incorporation into 
cartilage, insulin-like activity, and mitogenic activity. They are closely related to 
insulin, with similar A and B domains, and have 47% identity with insulin [15, 20]. 
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There is an analogous c domain, but this length is different in IGF-I and IGF-II 
and, unlike insulin, is not excised from the mature form found in the circulation. 
IGF-I and IGF-II share 60% amino acid homology [213]. IGF-I is expressed 
primarily in adult liver and fibroblasts, but immunoreactive IGF-I can be found in 
human milk and semen [18, 17,47, 172]. In situ hybridization of human fetal tissues 
with oligonucleotide probes demonstrates hybridization in many tissues of mesen
chymal origin. IGF-II is primarily expressed in fetal tissue and is thought to be the 
primary mediator of fetal growth; its role in the adult is not entirely clear [77]. In 
serum, both IGF-I and IGF-II are complexed with binding proteins that render 
them biologically inactive [139,23]. 

IGF-I acts through a receptor analogous to the insulin receptor; that is, a 
heterotetramer with two extracellular iX-chains and two fJ-chains that span the cell 
membrane. The fJ-chains have tyrosine kinase activity. Although IGF-I and IGF-II 
are homologous polypeptides, it is surprising that the putative IGF-II receptor is 
quite dissimilar. The IGF-II receptor is a single polypeptide chain and, unlke 
several other growth factor receptors, is not a tyrosine kinase. Either ligand can 
bind to either receptor, although the affinity for their own receptor is higher. IGF-I 
and IGF-II can also bind to insulin receptor, but with a much lower affinity 
[150, 195]. 

Both IGF-I and IGF-II have been cloned from liver libraries. The IGF-I cDNA 
probe hybridizes with as many as six different length mRNA species in both tumor 
and normal tissues. The IGF-II probe hybridizes weakly with a single 5.3 kb 
message in liver, but size differences have been reported in different tissues and 
tumors [20, 96, 161, 19]. 

Breast cancer cell lines have IGF-I receptor [71], and authentic IGF-I 
stimulates monolayer growth in these cells [87]. Immunoreactive IGF-I activity 
can be found in media conditioned by several breast cancer cell lines. The highest 
levels of activity are in the estrogen-unresponsive cell lines. Normal IGF -I is a 7.6 K 
dalton protein, but it is tightly associated with serum-binding proteins, increasing 
the size of the protein to 150 K -200 K dalton. After acid gel filtration of conditioned 
media, the size of the complex is 30 K-50 K dalton, and this is significantly larger 
than mature IGF-I. However, after acid/ethanol extraction, conditioned media 
contain a substance that comigrates within a fraction of authentic IGF-I on column 
chromatography. Immunoreactive IGF -I secretion in MCF -7 is induced 2- to 3-
fold by estrogen [87, 16]. EGF, TGF-iX, and insulin also stimulate immunoreactive 
IGF-I production in these cells. Cycloheximide will block estrogen-induced in
creases in immunoreactive IGF-I, suggesting that estrogen induces de novo 
synthesis of immunoreactive IGF-I [88,89]. 

Poly-A-selected RNA hybridized to IGF-I cDNA probe yields a pattern that 
reveals multiple species of RNA, but a 300 base pairs message is similar to that seen 
in human liver [87]. Estrogen does not appear to increase the level of IGF-I 
message [89]. Other cancers that have been reported to produce IGF-I included 
colon, hemangiosarcoma, liposarcoma, and lung [132, 190]. Because of the mul
tiple transcript sizes noted, it is not entirely clear if breast cancer, or any other 
cancers, secrete authentic IGF-I or a closely related polypeptide hormone. 
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The predominant form of IGF-II that exists in the serum is 7.6 K dalton, 
however, a 10 K dalton form also exists [78,80]. The 10 K dalton form has been 
found in cerebrospinal fluid, amniotic fluid, pituitary, and brain. IGF-II cDNA 
hybridizes to mRNA form normal adult granulosa cells of the ovary, liver, and 
brain, while many fetal tissues seem to produce IGF-II. Some human cancers, 
including colon cancer, liposarcoma, rhabdomyosarcoma, Wilms' tumor, hepatob
lastoma, and pheochromocytoma, have been reported to express IGF-II 
[190,79,151,174]. 

There is some evidence that IGF-II may be expressed in human breast cancer. 
Some breast cancer cell lines bind IGF-II in a fashion suggesting that IGF-II 
receptor may be present on these cells, additionally IGF -II stimulates thymidine 
incorporation in these cells [85]. IGF -II stimulates the proliferation of T47D cells 
in culture and allows tumor formation in the athymic mouse. T47D also contains 
mRNA for IGF-II [85, 146]. It is possible that these effects are due to the ability of 
IGF-II to stimulate IGF-I receptor. Work from our laboratory suggests that 
authentic IGF-II is expressed in some breast cancer cell lines and tumors [212]. 

Therefore, hormone responsive and unresponsive cell lines secrete an IGF-I, 
and perhaps an IGF-II, like material. In hormone responsive cell lines, the IGF-I 
secretion can be increased by estrogen treatment. Recent evidence suggests that 
factors can be isolated from human platelets and uterine tissue by Bio-Gel P-lO 
chromatography and reverse phase HPLC that can stimulate cultured estrogen 
receptor positive M CF -7 cells. These factors have had their partial amino acid 
sequence determined, and found to share homology with IGF-I and IGF-II, yet 
appear to be truncated IGFs or fragments of unique polypeptides. They are also 10 
to 100 times more potent than authentic IGF-I [102, 142]. Therefore the evidence 
suggests that IGFs are likely important factors in the growth regulation of breast 
cancer, however the exact species of IGF remains to be defined. 

Platelet-Derived Growth Factor 

PDGF was originally isolated from the IX-granules of blood platelets, and is known 
to be a mitogen as well as a chemotactic factor for fibroblasts and smooth muscle 
cells [9]. PDGF exists as a dimer with two polypeptide subunits, PDGF-A and 
PDGF-B, and is active as a heterodimer or homodimer [203,99,8]. PDGF, in 
fibroblast systems, is a "competency factor" and allows density-arrested fibroblasts 
to enter a new wave of DNA synthesis. Once stimulated, the cell can become 
responsive to "progression factors," such as IGF-I and EGF, and can continue 
tra versing the cell cycle [160, 162b]. PDG F -B chain is the cellular homolog of a 
viral oncogene, v-sis of simian sarcoma virus, which is transforming in fibroblasts 
[203, 98, 118]. PDG F expression has been noted in a variety of cultured tumors, 
most notably in sarcomas and gliomas [22,82, 140]. PDGF acts through its 
receptor, which is a tyrosine kinase [64, 211]. However, in many human tumors, the 
number of receptors is lower than that in normal cells, suggesting that in those 
malignancies, there is a downregulation of PDGF receptor. Alternatively, PDGF 
receptors are internalized as the cell is stimulated [86,83]. Since PDGF receptor 
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cannot be found in some human tumors, PDGF may act primarily on the stroma as 
a paracrine factor. However, in fibroblast systems PDGF-specific antibody will 
inhibit proliferation and transformation. This suggests that PDGF can act as an 
autocrine growth factor [160]. However, in some instances PDGF is apparently not 
secreted by the cell, but remains associated with the membrane. This may suggest 
that PDGF can transform without release into the medium [153]. In these 
instances, PDGF-specific antibodies may not inhibit proliferation. Treatment of 
fibroblasts with PDGF can also stimulate the secretion of other growth factors, 
such as IGF-I [42]. 

Breast cancer cell lines secrete PDGF-related substance that can stimulate 
growth of mouse fibroblasts in platelet-poor plasma. Immunoprecipitation of 
metabolically labeled MCF-7 and MDA-MB-231 demonstrates a 28 K and 14 K 
dalton protein in both cellular extracts and conditioned media. When this protein is 
eluted from nonreducing gels, its activity is blocked with PDGF -specific antiserum. 
mRNA isolated from both cell lines detects PDGF-A and PDGF-B message, and 
estrogen treatment of MCF-7 increases both A- and B-chain mRNA 
[31,81,163,21]. However, PDGF receptor has not been found in human breast 
cancer cells. 

Although in several model systems PDGF is thought to represent an autocrine 
growth factor, it is not clear that PDGF acts this way in breast cancer. In breast 
cancer, the evidence suggests that PDGF may act as an estrogen-regulated 
paracrine growth factor. In this model, PDGF produced by breast cancer would 
stimulate surrounding fibroblasts and perhaps other stromal tissues. This would 
lead to proliferation, and possibly release of other growth factors by the stromal 
tissues that would stimulate growth of the cancer. 

Transforming Growth Factor 13 

TGF-f3 was originally described as a factor stimulating the anchorage-independent 
growth of non-transformed AKR-2B and NRK cells; however, TGF-C( or EGF 
must also be present to stimulate NRK cells [183, 135, 154]. TGF-f3 is distinguished 
from TGF-C( because it does not compete with EGF for receptor binding, and later 
isolation of the cDNA showed different nucleotide sequences [55]. TGF-f3 is 
composed of two 12 K dalton chains linked by disulfide bonds, and recent evidence 
suggests that there may be two different porcine TGF-f3 chains that can form two 
homodimers or a heterodimer, giving rise to TGF-f31, TGF-f32, and TGF-f3 1.2. 
There are likely three cell surface receptors for TGF-f3, 280 K, 65 K, and 85 K 
dalton [40]. TGF -13 is an unusual growth factor; in some systems it is stimulatory, 
but in other systems it appears to be growth-inhibitory [191, 156]. It has been 
suggested that these different properties relate to the type ofTGF-f3 receptor-ligand 
interaction. Specifically, stimulation of the 280 K dalton receptor by TGF-f31 or 
TGF-f32 generates a growth-inhibitory signal. The function of the lower molecular 
weight receptors is uncertain [40, 128]. TGF-f3 has also been shown to be involved 
in the processes of normal development and wound healing, it seems likely that 
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these effects may be mediated through more than one receptor-ligand interaction 
[128]. 

TGF-p is growth-inhibitory for breast cancer cells, and breast cancer cells 
secrete TGF-p into the media. Concentrated conditioned media obtained from 
MCF-7 breast cancer cells together with EGF cause anchorage-independent 
growth of NRK cells. Serial dilution of the conditioned media gave a response curve 
parallel to one obtained from authentic platelet-derived TGF-f3. Radioreceptor 
assays show that material from conditioned media binds competitively with 
authentic TGF-f3 to the A549 lung carcinoma cell, and the displacement curve of 
conditioned media is similar to that of TG F -f3. Immunoprecipitation of conditioned 
media shows that the material comigrates with authentic TGF-f3. When this 
material is acid-dialyzed and fractionated by gel exclusion chromatography, a high 
and low molecular weight activity is seen that is identical in size to acid-dialyzed 
TGF-f3. mRNA obtained from MCF-7 expresses an expected single-sized 2.5 kb 
message. These data confirm that MCF-7 produces authentic TGF-f3 [55, 109]. 

In MCF-7 cells, the production ofTGF-f3 is coupled to hormonally controlled 
growth regulation. Secretion of TGF-f3 is enhanced by growth-inhibitory anties
trogens and dexamethasone, while growth-stimulatory insulin and estradiol de
crease secretion. In an antiestrogen-resistant MCF -7 variant, this increase in 
production ofTGF-f3 can no longer be seen, suggesting that the level ofTGF-f3 in 
conditioned media is coupled to growth regulation. Increased production ofTGF-f3 
by antiestrogens appears to be mediated via the ER. Increasing amounts of estrogen 
added to antiestrogen decrease the amount ofTGF-f3 production, suggesting that 
competition for the ER by an agonist will reverse the antiestrogen binding and 
decrease TGF-f3 production. The mechanism of increased TGF-f3 production is 
likely to be posttranscriptional, as estrogen and antiestrogen treatment do not 
change the level of TGF -f3 mRNA in Northern or slot-blot analysis. The intracellu
lar pools of TGF-f3 are not altered by hormone stimulation as the amount of 
immunofluorescent TGF-f3 does not change with hormonal treatment. Degrada
tion of secreted TGF-f3 does not appear to be altered either, as radiolabeled TGF-p 
added to conditioned media is not digested after 6 h [109]. 

TG F -f3 can also regulate the growth of estrogen-unresponsive cell lines. 
Receptor for TGF-f3 can be detected on ail cell lines. Monolayer growth of MDA
MB-231, an ER negative and highly tumorigenic ceil line, can be inhibited by TGF
f3 or by conditioned media obtained from antiestrogen-treated MCF-7. Use of high 
density MCF -7 as a feeder layer for MDA-MB-231 inhibits anchorage-independent 
colony formation by 20%, and when antiestrogens are added, the inhibition is 
doubled. Antiestrogen treatment of MDA-MB-231 alone does not cause growth 
inhibition. These effects are primarily due to TGF-f3, as antibody directed against 
TG F -f3 can restore normal growth in MDA-MB-231 treated with conditioned 
media from MCF-7 [109]. 

In summary, TGF -f3 secretion by an ER cell line is under hormonal control. A 
hormone-unresponsive cell line also has high affinity receptors for TGF-f3. How
ever, unlike TGF -:1 or IGF -related protein, TGF-f3 appears to be a negative growth 
regulator, and may act in an autocrine or paracrine fashion. The overall growth of 
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breast cancer may therefore be under the control of both positive and negative 
autocrine/paracrine factors. 

52 K Dalton Protein 

Rochefort and colleagues have identified a 52 K dalton protein that is secreted into 
the culture media of ER + cell lines [157]. This protein has been purified to 
homogeneity and is a cathepsin D-like protease bearing mannose-6-phosphate 
signals. The protein can be taken up by M CF -7 cells and processed into a 34 K 
dalton protein. Purified 52 K dalton protein is growth-stimulatory, and may 
account for 40% of the mitogenic effects of estrogen [36, 199]. It is increased by 
estrogen stimulation of the ER + cell lines, and this is accompanied by an increase 
in its mRNA levels. It is constitutively synthesized by ER - cell lines. It appears to 
degrade proteoglycan and extracellular matrix. Clinical studies suggest that its 
expression correlates with poor patient outcome and with the presence of lymph 
node metastases [157]. 

However, the role of 52 K dalton protein in growth regulation is not entirely 
clear. In some antiestrogen-resistant cell variants, 52 K dalton protein is inducible 
by tamoxifen [49]. In other antiestrogen-resistant MCF -7 clones, decreased level of 
the protein is seen when treated with antiestrogens, yet cell growth is not inhibited 
[30, 33]. This suggests that the 52 K dalton protein is regulated by estrogen, but 
may not be important in the regulation of cell growth. 

Mammary Tumor-Derived Growth Factor 

Human mammary tumor-derived growth factor (h. MTGF) has been purified from 
human breast cancers and is a heat- and acid-labile 16 K dalton protein. It is 
mitogenic for human foreskin fibroblasts and some human breast cancer cell lines. 
It has been suggested that h. MTGF has an affinity for heparin, and it may act as a 
stimulant for both epithelial cells and stromal elements [162a]. Of note is that h. 
MTGF may belong to the family of fibroblast growth factors (FGF). These factors 
are of similar molecular size (16 K-18 K dalton) and bind heparin. FGF has been 
isolated from many tissues, particularly from the brain and from neural tissues. 
FGFs are mitogenic for fibroblasts and vascular endothelial cells and are thought 
to be angiogenic factors [67, 133]. Therefore, h.MTGF may be an angiogenic factor 
for breast cancer, allowing neovascularization of the solid breast cancer. 

Autocrine Motility Factor 

Other factors may act to increase the metastatic potential of breast cancer. 
Autocrine motility factor (AMF) is a 55 K dalton protein isolated from a human 
melanoma cell line. AMF is a chemotactic protein for tumor cells and is not an 
attractant for neutrophils. It stimulates the random motility of the producer cells 
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and binds to the cell membrane. It is not known to be related to any other peptides, 
and its activity cannot be replaced or blocked by EGF or TGF-f). ras-transformed 
NIH3T3 cells produce large amounts of AMF and can also respond to the factor 
[120]. 

AMF has also been isolated from the human breast cancer cell line MDA-MB-
435. AMF produced by MDA-MB-435 stimulates the random motility of the 
producer cells. This is accompanied by alterations in cell shape and pseudopodia 
extension. These pseudopodia express laminin and fibronectin recognition re
ceptors at a 20-fold greater concentration than plasma membrane from un
stimulated cells [76]. Therefore, besides growth-regulatory peptides, breast cancer 
cells produce autocrine factors that lead to increased motility and potentially 
increased invasiveness. 

Other Factors 

Mammary-derived growth factor (MDGF-I) is a 62 K dalton protein that has been 
purified from human milk. MDGF-I can also be found in conditioned media from 
human breast cancer cell lines and in extracts prepared from biopsies of breast 
cancer [10]. Its effect on NRK cells is to increase collagen synthesis. MDGF-I is 
mitogenic for mouse mammary cells, and also increases the synthesis of collagen 
and laminin. In ovariectomized mice, MDGF-I and estrogens act synergistically to 
increase growth in ductal and alveolar cells. MDGF-I may be important in causing 
deposition of collagen by stromal cells in the early development of breast cancer 
[166]. 

Growth factors mediate their effects through their receptors, so regulation of 
receptor is likely to be important in growth regulation. EGF receptor is expressed in 
greater numbers in ER-celllines, and these lines are not responsive to estrogens. 
This increase in expression is in part due to increased transcription in these cell 
lines. There is no evidence for gene amplification. The significance of the inverse 
relationship between ER level and EGF receptor level is still unclear; however, it is 
possible that the two receptors interact in some fashion [50]. A homologous 
oncogene (neu, c-erb-B2, HER2) has been found in breast cancer, and amplification 
of this gene has been correlated with advanced disease and poor patient outcome in 
several studies [177,.198,43]. It seems probable that c-erb-B2 codes for a growth 
factor receptor; however, the nature of its ligand has not yet been determined. 

Other investigators have found that human serum is inhibitory to the growth of 
ER + human breast cancer in culture. The cell lines T47-DA8 and C7MCF7-173 
are dependent on estrogen to form tumors in athymic mice, yet estrogen added to 
serum-free conditioned media does not accelerate their growth. These cell lines are 
inhibited by addition of 10% charcoal-dextran-stripped human female serum. This 
serum inhibition is concentration dependent. Similar inhibitory activity is seen in 
charcoal-dextran-stripped fetal bovine serum. This inhibition can be overcome by 
adding estrogen to the culture media, and androgens, glucocorticoids, and pro
gestins do not alter the inhibition. This inhibitory activity is reversed by very low (3 
x 10 - 11 M) concentrations of estradiol, suggesting that the inhibitory activity is 
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not simply due to estrogen-binding proteins [180,28, 179]. It is possible that these 
effects are due to TGF-p, but further characterization of these inhibitory factors 
may yield new negative regulatory factors. 

Establishment of Estrogen Independence 

The preceding sections have dealt with growth factors that are secreted by the cell, 
and some of these factors (TGF-a, IGF-I-related peptide, TGF-p, 52 K dalton 
protein) have already been shown to be regulated by estrogen. It is clear that not all 
human breast cancers respond to estrogen, and many clinical samples do not have 
ER. As proposed in the introduction, estrogen may act as an important proximal 
step in the generation of cancer, however maintenance of the malignant phenotype 
may bypass estrogen-related events. Constitutive expression of previously estrogen
regulated growth factors could be one way to maintain malignancy. 

Our laboratory has performed calcium phosphate transfection ofv-Ha-ras into 
the estrogen-responsive cell line, M CF -7 to examine the events associated with 
estrogen-independent tumor growth [104]. The cellular homolog of v-Ha-ras is c
Ha-ras and is activated in a variety of human tumors [204, 186]. In breast cancer, 
however, there is not consistent evidence for c-Ha-ras activation or amplification. 
In the carcinosarcoma cell line Hs578T, c-Ha-ras has been found to be activated by 
point mutation (codon 12) while a cell line derived from the normal breast elements 
of the same patient did not display this mutation. However, other studies of DNA
extracted from tumor tissue have demonstrated an allelic loss ofthe c-Ha-ras locus 
without evidence of mutation, gene rearrangement, or amplification, and this is 
associated with ras expression at the mRNA level [113, 72, 187,43]. In the rat, 
formation of tumors by nitrosomethylurea causes tumors with point mutations in 
the Ha-ras locus [214]. It seems possible that Ha-ras activation may be a common 
feature of breast cancer, but has not yet been detected. Recent work in other cancer 
systems suggests that in order to define point mutations in ras, techniques more 
sensitive than those applied thus far to breast cancer must be used [26, 68, 27]. 

The protein product of v-Ha-ras is p21, which is bound to the inner surface of 
the plasma membrane and is a weak GTPase. GTPases are important in signal 
transduction of receptor-ligand interactions, and it is thought that activated ras 
reduces the level of GTPase activity, thereby allowing continued stimulation by 
GTP [182]. The p21 ras protein has been detected in malignant and benign breast 
tissue [143]. 

MCF-7 cells stably transfected with v-Ha-ras lose much of their estrogen 
requirement for growth. M CF -7ras is tumorigenic in 85 % of inoculated castrated 
female nude mice, while the parent MCF-7 has an absolute requirement for 
estrogen in this system [104]. MCF-7ras secretes 3 to 5-fold more TGF-a, 
immunoreactive IGF-I, and TGF-p than the nontransformed parent line. Condi
tioned medium from MCF-7ras was mitogenic for the parent MCF-7. There is no 
change in PDGF production. MCF-7ras still expresses ER, and quantities of EGF 
receptor and IGF-I receptor are not significantly changed. MCF-7ras also ex
presses laminin receptor at a level comparable to estrogen-stimulated cells, and is 
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more invasive in vitro [6]. MCF-7 ras is less responsive to estrogen, TGF-a, or 
IGF-I [59]. 

These data suggest that introduction of an oncogene product into an estrogen
responsive cell line can stimulate tumorigenesis without further estrogen stimula
tion. This increase in tumorigenesis is accompanied by an increased constitutive 
production of several polypeptide growth factors. This suggests that agents other 
than estrogen can be growth-regulatory, and estrogen can be bypassed entirely in 
this model system. It is possible that establishment of estrogen independence in vivo 
may be due to further, as yet undefined, oncogene activation. 

Therapeutic Implications 

By understanding factors involved in the growth regulation of breast cancer, 
perhaps more rational therapeutic agents can be designed. The use of antiestrogens 
to exploit the estrogen dependence of some breast cancers is an example of 
designing treatment strategies based on observations of the biology of breast 
cancer. In this chapter several potential growth-promoting and growth-inhibiting 
factors have been outlined. It has been proposed that some of these factors act as 
autocrine or paracrine stimuli. Interruption of a potential autocrine loop could 
modulate breast cancer growth. 

The most direct method of interrupting an autocrine loop would be to 
synthesize a pharmacologic agent that binds to, but does not stimulate, the 
receptor, as has been done with the antiestrogens. An "anti-IGF" or "anti-TGF-a" 
agent could compete with the authentic growth factor for the receptor to cause 
a decrease in receptor-stimulated second messages. However, synthesizing a 
polypeptide that could remain stable in serum may be difficult, owing to the 
many serum proteases. In addition, many normal cells express IGF or EGF 
receptor, and interference with normal receptor function may have unforeseen 
conseq uences. 

By characterizing the growth factors involved in breast cancer, it may also be 
possible to synthesize a fusion protein consisting of a toxin coupled to a growth 
factor. Since many receptor-ligand complexes are internalized within the cell, this 
would allow the toxin a specific access to the cell which it would not have normally. 
Current in vitro work is proceeding with EGF and TGF-a coupled to Pseudomonas 
exotoxin or ricin A chain [5,39]. Identifying specific breast cancer growth factors 
could lead to similar fusion proteins that would be directed against the tumor. 

Interfering with receptor-ligand binding with an antibody is a strategy that has 
been employed with varying degrees of success in the treatment of human cancer. 
Anti-Tac in T-cell leukemia/lymphoma is an example of this strategy [201]. 
Antibodies directed against growth factors are also undergoing clinical testing 
(anti-bombesin in small cell lung cancer) [46]. Both of these therapies were designed 
to interfere with a putative autocrine loop, and it is still too early to evaluate 
therapeutic results. Similar anti-receptor antibodies could be employed in breast 
cancer; however, it is most clear if all human breast cancers express enough specific 
receptor to make this strategy successful. Many "specific" anti-tumor antibodies 
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have been developed against cell surface antigens and then coupled with radioactive 
or toxic moieties [69, 112, 158]. Anti-receptor antibody could be coupled with these 
agents, just as the growth factors themselves can be made toxic, to deliver more 
specific radiotherapy or toxin therapy to the tumor. Again, the limiatations relate to 
the abundance and specificity of growth factor receptors expressed in breast cancer, 
although initial attempts at synthesizing immunotoxins directed against breast 
cancer cell surface antigens have been made [25, 117]. 

Most growth factor receptors (IGF receptor, EGF receptor) are tyrosine 
kinases, and it appears that tyrosine phosphorylation is the important first step in 
triggering the effects of growth factor-receptor interaction. Tyrosine kinase in
hibitors are currently being tested in vitro [138, 194]. By interfering with generation 
of the second messenger, these inhibitors could also be growth-inhibitory in human 
breast cancer. 

Since, by definition, autocrine growth factors are produced by the cancer, agents 
could be used to interfere with the transcription of these growth factors. Several 
systems utilizing anti-sense RNA (RNA introduced into the cell of opposite polarity 
to the coding sequence of interest) have shown that the protein product can be 
interfered with, and resultant phenotypic changes occur in the cell [93,209,51]. In 
experimental systems, this has usually been accomplished by introduction of either 
an entire anti-sense gene or a fragment of the gene, with resultant chromosomal 
integration of the foreign DNA. It would be extremely difficult to target tumor cells 
for gene introduction, but similar results could be obtained if the anti-sense RNA 
were given parenterally and then taken up by the cells. Stabilization of the anti
sense RNA can be partially accomplished by the production of RNA synthesized 
with methylphosphonates. These compounds resist ribonucleases in the serum or 
intracellular space, and experimentally have been shown to be active [178]. In this 
manner, specific genes and gene products could be targeted to decrease breast 
cancer growth. 

Some of the growth factors implicated in growth regulation of breast cancer 
were originally described in systems investigating normal growth. The 
hypothalamic-pituitary control oflGF-1 synthesis is well known. Growth hormone 
increases I G F -I secretion and growth hormone release is under the control of both 
positive and negative regulatory releasing hormones. Somatostatin inhibits growth 
hormone secretion, and can decrease IGF-I levels. If immunoreactive IGF-I derived 
from breast cancer cells is under hormonal control, then somatostatin may be able 
to inhibit its production and control tumor growth. somatostatin has been used in 
some sarcomas, with experimental evidence of tumor response [116, 134, 170]. 

Finally, a direct way of decreasing the growth of a cancer is to identify growth
inhibitory factors. As previously mentioned, TGF-{3, and perhaps other unidentified 
serum components, are growth-inhibitory for breast cancer cells in culture. If these 
proteins are also active in vivo, then a simple way to arrest growth would be to 
supply these substances in pharmacologic doses. Another member of the TGF-{3 
family is Mullerian inhibitory substance [128]. This compound may have some 
therapeutic activity against ovarian cancer [70]. In an analogous way, inhibitory 
substances could be given to breast cancer patients. 
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Introduction 

The choice of endocrine therapy and chemotherapy used in the treatment of breast 
cancer is largely empirically derived, based on data obtained from clinical trials 
[32]. However, patients with the same tumor pathology may not respond to the 
same cytotoxic drugs. Steroid hormone receptors, used to predict hormone 
responsiveness of breast tumors, greatly improve the probability of response, but 
does not ensure that a patient will benefit from endocrine manipulations. In
appropriate treatments result in valuable time lost for alternative therapy and 
unnecessary suffering from side effects of antineoplastic agents. A major aspect of 
breast cancer biology responsible for therapeutic failures is tumor heterogeneity; 
tumors contain varying numbers of hormone- and drug-responsive and hormone
and drug-resistant cells [47]. 

It would be of obvious clinical value to develop an assay that would lead to 
selection of the most effective treatment for the individual patient. To be clinically 
applicable, the assay must be rapid, simple, and inexpensive. To be valid, the assay 
must correlate positively with patient response. 

Much information has accrued from assays with human tumor cell lines, but 
this cannot be used to predict drug response in patients; it only indicates the 
potential effects of antineoplastic agents as each patient's tumor is unique. It has 
recently been reported that drug sensitivities of cells from tumors passaged several 
times correlate with clinical responses [2, 50]. However, these assays take 4-6 weeks 
to complete. Furthermore, cell lines developed from a given tumor may not respond 
to drugs in the same way as the original tumor cell population [6], just as drug 
sensitivities between primary tumors and metastases may vary [128]. 

To eliminate the potential problems associated with tumor cell lines, in vitro 
assays have been designed to identify the sensitivities of freshly obtained human 
tumor specimens to therapeutic agents. This chapter does not attempt to review the 
details of in vitro predictive sensitivity tests nor to present an extensive review of the 
literature [21, 103], but to give an overview of current assays, an to describe our 
model for predictive testing of human breast carcinomas. 

Scientists have been developing in vitro assays to determine sensitivities offresh 
tumor specimens to antineoplastic agents for the past 30 years. A variety of 
techniques have been utilized to measure drug-induced cytotoxicity of cells in 
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explant culture or cell culture, including morphological criteria [140J, inhibition of 
cellular metabolism [22J, inhibition of radioactive precursor incorporation [8J, and 
reduced ability of isolated cells to form colonies [15, 43]. Current assays can be 
divided into three broad groups based on the time required to complete the assay. 
Short-term assays measure cell responses to drugs immediately following drug 
exposure and are completed in a matter of hours [39, 79, 105]. Medium-term assays 
measure cell ~ensitivities to drugs following a recovery period after drug treatment 
and generally take a few days [63, 86, 139]. Long-term assays determine cell growth 
14-21 days following drug treatment [15, 102, 112]. 

Short-Term Assays 

In most short-term assays, cells in suspension [39, 105, 127J or tumor fragments 
[16J are incubated with a cytotoxic drug for 3 h. For the last hour, a radioactive 
precursor of DNA or RNA is added to determine drug interference with nucleic acid 
precursor incorporation. A variation of the short-term assay provides for a longer 
drug exposure time [145]. Cell suspensions are incubated with drugs for 24 h, 
followed by a I-h exposure to eHJ TdR (tritiated thymidine). Response to 
hormones has been determined by incubating tumor fragments with hormones for 
48 h and measuring [3HJ TdR incorporation at different trtnes throughout this 
period [94]. Although the inhibition of nucleic acid precursor incorporation during 
or immediately after drug exposure does not necessarily imply cell death, positive 
correlations with clinical responses have been reported [16, 39, 79, 94J and are 
similar to those reported for clonogenic assays (discussed later in this chapter). 

Medium- Term Assays 

Medium-term assays generally utilize monolayer cultures [86, 139]. An antitumor 
drug is added to the culture medium for 1-2 days. Following removal of the drug, 
the cells are allowed to recover for a period of 1-2 days before the effects of the drug 
are determined. Alternatively, isolated cells may be maintained in soft agar 
(discussed later in this chapter) and growth determined by labeled nucleoside 
incorporation following a recovery period after drug exposure. This takes advan
tage of the specificity of soft agar for tumor cells while permitting a shorter time for 
completion of the assay than colony counting [61, 119]. A medium-term assay in 
which cells are cultured over an agar base in a liquid top layer allows the cells to be 
harvested directly without having to be released from the gel [35, 125, 45]. 
Theoretically, the recovery period following exposure to cytotoxic agents allows for 
a more accurate measurement of cell viability than determining inhibition of nucleic 
acid precursor incorporation immediately after drug treatment. Several determin
ants of cytotoxicity are utilized in medium-term tests, such as cell counts [69, 49J, 
dye exclusion tests [59, 134J, inhibition of nucleic acid precursor incorporation 
[119,98, 115, 125, 57J, and inhibition of protein precursor incorporation [70, 20, 
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136, 6, 34, 63, 139]. Good correlations between these assays and clinical responses 
have been demonstrated [70, 49, 136, 17]. 

Some investigators use multicellular spheroids rather than monolayer cultures 
for in vitro assays as the former reproduce the three-dimensional architecture of 
solid tumors in vivo [10,88,64]. Spheroids are formed from single-cell suspensions 
in spinner flasks [118J, or from cells seeded onto nonadhesive surfaces [144,42]. 
Recently, boluses of tumor cells have been embedded in collagen gel matrices to 
preserve tumor architecture [83, 84]. This three-dimensional arrangement allows 
for different microenvironments and metabolic gradients to be established that 
likely approximate those in solid tumors in vivo [10, 125]. The cells in the inner 
regions of the spheroid are exposed to different concentrations of therapeutic agents 
and for different lengths of time from those in the outer regions. Not only is it more 
difficult for cytotoxic agents to penetrate cells in the center of the spheroid, but also 
the cells are more resistant to these agents, since there is a decrease in growth rate 
resulting from oxygen and nutrient deficiencies and an accumulation of catabolic 
products. This is similar to poorly vascularized areas in solid tumors. Hypoxic cells 
of inner cell layers have been shown to be radioresistant [106, 40]. They may also 
respond differently to chemotherapeutic agents compared with cells receiving 
sufficient oxygen [40]. 

Organ cultures or tumor fragments [94, 77, 16, 84, 111, 135J are utilized to 
preserve cell-matrix and cell-cell interactions in vivo. The use of pieces of tissue also 
eliminates the trauma of tissue dissociation. However, tumor pieces may contain a 
considerable amount of stroma, and are not necessarily representative of the entire 
tumor. 

Long-Term Assays 

The application of cell cloning [95J for in vitro predictive sensitivity assays was 
demonstrated with mouse myeloma cells [93]. Modifications of this technique have 
resulted in long-term cIonogenic assays for human solid tumors with soft agar [15, 
43, 102J, agarose [65J, or methylcellulose [12]. Following tumor dissociation, the 
cell suspension is incubated for 1 h in the presence of chemotherapeutic agents. The 
cells are then seeded as isolated cells in a semisolid medium. Cytotoxicity of drugs is 
determined by measuring the number of colonies that arise from the single cells after 
14-21 days in culture. 

The clonogenic assay is based on the assumption that only a small percentage of 
the total tumor cell population, the stem cells, maintain the growth of the tumor and 
it is the stem cells that have the ability to form colonies in a semisolid medium. 
Proponents of the clonogenic assay suggest that a predictive sensitivity test should 
measure the effects of therapeutic agents only on the stem cell population. Assessing 
drug effects on all cell types within a tumor is misleading since most of the tumor cell 
population has a limited number of potential divisions. Positive correlations 
between clonogenic assay results and clinical responses have been demonstrated, 
ranging from 56% to 84% for predicting patient response, and from 76% to 100% 
for predicting patient resistance [131]. 
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Although the clonogenic assay has proven to be a very useful tool in predictive 
sensitivity testing, less than 50% of human tumors produce sufficient colonies for 
assessing responses to therapeutic agents [109, 7, 123]. Passaging of cells before 
assay has been shown to enhance the cloning efficiency [100]. However, this 
prolongs the assay, which already requires 2-3 weeks to complete, and increases the 
probability of cellular alterations in drug sensitivities. Additional methodological 
problems have been identified [109, 123]. Preparation of single-cell suspensions is 
difficult and clumps of cells may be mistaken for colonies. The definition of a colony 
is arbitrary, generally ranging from 30 to 50 cells. Counting colonies is subjective 
and will be difficult to automate. A variety of nonmalignant tissues can also grow in 
soft agar [115], including fibrocystic breast tissue [130, 104]. Therefore, the assay 
may not be measuring clonal growth of the stem cell population alone. Further
more, the culture conditions are far removed from the in vivo situation, permitting 
the measurement of drug effects on only a small popUlation of cells within a tumor 
that has the capacity to proliferate as isolated cells in a semisolid matrix. This may 
not be relevant to the treatment of solid tumors, most of which are heterogeneous. 
The presence of mixed populations of cells within a tumor has been shown to 
influence the sensitivities of cells to therapeutic agents [82]. 

The percentage of breast carcinomas that can grow in the soft agar clonogenic 
assay is low [110, 130, 104]. Furthermore, there is a poor correlation between re
sponses to drugs in the clonogenic assay and risk factors for breast cancer and clinical 
responses to chemotherapy [104, 57, 23]. The responses of breast cancer cell lines to 
hormones suggest that the assay may be useful for predicting hormone sensitivities 
of fresh breast cancer specimens [37, 31]. However, under the present conditions, 
there appears to be little correlation between exposure to hormones of fresh 
specimens in vitro and hormone treatment in vivo [23, 90, 132]. There may be 
potential for the use of the c1onogenic assay in predicting sensitivities of breast 
cancers as recent modifications of culture conditions have resulted in improved 
correlations with clinical disease [52, 55]. 

Smith et al. [112] have developed a clonogenic assay for human breast cancers 
that uses second-passage cells grown on irradiated fibroblast feeder layers in 
conditioned medium. This has greatly improved the plating efficiency of these 
tumors. Additionally, they have shown that cells from normal breast tissue grow in 
this system and their responses to therapeutic agents are similar to those of cells 
from tumor tissue from the same patient and suggest that a patient's normal cells 
may be cultured to determine drug sensitivities of their malignant counterparts 
[113]. However, correlations with clinical responses have yet to be determined. 

Proposed Assay for Breast Carcinomas 

Breast cancers are compfised of a heterogeneous population of cells, and tumor 
heterogeneity contributes to the growth kinetics [47] and drug sensitivities [82, 81] 
of tumors. Thus, a representative sample of the tumor cell population should be 
cultured in order to maintain heterogeneity. For this reason, we have concentrated 
on developing a monolayer culture system to measure hormone and drug 
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sensitivities of breast cancers. As discussed already, monolayer cultures do not 
retain the three-dimensional architecture of tumors in vivo as do spheroids or 
tumor fragments; however, relatively high seeding densities permit cell-cell inter
actions and cell growth fractions that approximate conditions in vivo [33]. 
Interactions between subpopulations affecting drug sensitivities in monolayer 
culture have been described [82]. The importance of the seeding density is further 
demonstrated by studies showing that cells in monolayer culture in a logarithmic 
phase of growth respond to anticancer agents differently from those in a stationary 
growth phase [24]. 

Substrates 

Conventional monolayer cultures maintained on plastic or glass substrates are not 
appropriate for drug sensitivity testing of both normal and malignant mammary 
epithelium since the cells do not grow well and the cultures are quickly overgrown 
with fibroblasts [18, 97]. Recently, a defined medium has been developed for the 
continuous growth of human breast epithelial cells in monolayer culture [44]. Also, 
it has been demonstrated that breast epithelium will grow continuously in medium 
containing low calcium levels [116]. These culture systems may prove useful for 
drug sensitivity assays. However, it must be considered that optimal conditions for 
growth of cells in culture are not necessarily those that permit the continuous 
growth of cells, nor those that encourage maximal growth, but conditions that are 
comparable to those experienced by the cells in vivo. Measuring the response of 
tumor cells to therapeutic agents in the absenc of factors present in vivo disregards 
the fact that tumor behavior is correlated with its environment [107, 82, 80]. 

Collagen gel matrices more closely simulate the in vivo situation than do 
artificial substrates. We [25, 26, 27, 28, 30] and others [41,68,137,141,143] have 
demonstrated that normal and malignant mammary epithelial cells can grow and 
express differentiated functions comparable to counterpart cells in vivo when 
maintained on or in hydrated collagen matrices. Furthermore, tumor cells can 
retain their states of malignant progression [66, 30]. For development of an in vitro 
sensitivity assay, we have utilized a collagen substrate, but it has been necessary to 
use a dehydrated collagen matrix for the assay to be clinically feasible [27]. Further 
modifications may also be required to minimize errors in chemosensitivity testing. 
However, this culture system should be applicable to studying the effects of 
hormones and drugs on breast cancer cell survival. 

Medium Constituents 

An appropriate nutrient environment is also required for chemosensitivity testing. 
Defined media containing hormones and growth factors and animal sera
supplemented media are used to stimulate cell growth [107, 4, 142, 92, 44]. 
However, these media may be inadequate for determining the effects of therapeutic 
agents on cells in culture if they are deficient in factors that influence cell-drug 
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interactions in vivo. Therefore, we suggest the medium in which the cultured cells 
are grown should include the patient's serum since this serum may provide host 
factors that influence regulation of cell growth and interact with therapeutic agents. 

Procedures and Results 

Our procedure for preparing human mammary epithelial cells for culture is briefly 
outlined. Mammary tissue is dissociated in collagenase and hyaluronidase followed 
by differential centrifugation of the cell suspension to select for a highly enriched 
population of epithelial cells. Single cells or small cell aggregates are collected by 
filtration through a 1S0-pm Nitex filter. Autoradiographic analysis of eH] TdR 
incorporation into DNA has demonstrated that the epithelial cells grow on 
collagen gels while fibroblast growth is restricted, comparable to the growth 
properties of these cell types in vivo (Fig. 1) [27]. We have demonstrated that 
normal and malignant human breast epithelium have different growth properties 
when cultured (a) in a defined medium designed specifically for the growth of human 
mammary cells [44], (b) in medium containing fetal bovine serum, and (c) in 
medium containing human serum. Medium containing human serum is superior to 

Fig. I. Autoradiograph of human mammary tumor cells cultured on a collagen gel in the 
presence of 5% human serum. Following a 24-h exposure to 1 .uCijml eHJ TdR, the nuclei of 
cells forming the epithelial sheet are labeled [27J 
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the other media in supporting attachment and growth of these cells (Fig. 2) [27]. 
Human serum from all donors tested is superior to the other media in supporting 
growth, however, there is significant variation in the ability of different human 
serum samples to support the growth of cells from a given tumor [27], indicating 
the importance of using the serum of the patient from whom the tissue is excised. 
Similar results are obtained with dehydrated collagen substrates. 

The experiments to be described demonstrate that cells cultured in different 
media show considerable variability in their response to the same cytotoxic agent. 
The protocol for testing the sensitivities of cells to chemotherapeutic agents is as 
follows [27]. Cells are seeded at a density of 2 x 105 cells/cm2 onto dehydrated 
collagen-coated wells of a 96-well dish. Drugs at concentrations pharmacologically 
achievable in vivo and one-tenth of this level, are added to 1-day-old cultures. After 
drug exposure for 24 h, the cultures are allowed a recovery period in drug-free 
medium for 48 h, then incubated with [3H] TdR for 24 h. Cytotoxicity is measured 
by inhibition of [3H] TdR incorporation into DNA. The results are expressed as a 
percentage of untreated controls. The sensitivities to three chemotherapeutic 
agents, Adriamycin (AD), melphalan (MEL), and 5-fluorouracil (5-FU), of breast 
tumor cells cultured in different media is shown in Fig. 3 [27]. The cytotoxicity of all 
three drugs on cells from patients t and 2 was consistently greater in the presence of 
the patient's serum than fetal bovine serum (Fig. 3a-c). Cells from patient 3 cultured 
in the patient's serum varied in their sensitivities to the lower concentrations of AD 
and MEL from those cultured in defined medium (Fig. 3d, e). Precursor incorpor
ation into DNA by AD of cells from patient 3 was inhibited by 5-FU in the patient's 

Fig. 2. Growth of human mammary 
tumor cells cultured on collagen gels in 
defined medium (triangles), medium sup
plemented with 5% fetal bovine serum 
(circles), or medium containing 5% 
human serum (squares). Medium contain
ing human serum was superior to the 
other media in supporting growth of 
these cells [27] 
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Fig. 3a-j. Variations in chemosensitivities of human mammary tumor cells cultured on 
dehydrated collagen matrices in different media. a-c cells from patients 1 (circles) and 2 
(squares), maintained in serum from the patient (full lines) or fetal bovine serum (broken lines), 
d-f cells from patients 3 (circles) and 4 (squares), maintained in serum from the patient (full 
lines) or defined medium (broken lines), g-i cells from patients 5 (circles) and 6 (squares), 
maintained in serum from the patient (full lines) or serum from a normal human donor 
(broken lines). Cells were exposed to Adriamycin (a, d, g), melphalan (b, e, h), and 
5-fluorouracil (c, f, i) [27J 

serum, but not in defined medium (Fig. 3f). AD and MEL were more toxic to cells of 
patient 4 in defined medium than in the patient's serum (Fig. 3d,e). Inhibition of 
precursor incorporation into DNA of cells from patient 5 was greater in serum from 
a normal human donor than in the patient's serum (Fig. 3g), whereas the reverse was 
true for the effects of MEL (Fig. 3h). The variability in response of the same cells to 
the same chemotherapeutic agent cultured in different media illustrates the caution 
that must be exercised in extrapolating data obtained in vitro to the in vivo 
situation. Although the validity of using the patient's serum for predictive sensitivity 
tests must be confirmed by clinical correlations, this serum should provide optimal 
conditions for such assays since it provides an environment more closely simulating 
in vivo conditions than do other media. 

We are also utilizing this in vitro assay to determine the effects of combination 
endocrine therapy and chemotherapy on breast carcinoma cells (J. T. Emerman and 
A. W. ToIcher 1988, unpublished work). Cortisol, known to influence human 
mammary epithelial cell growth in culture [120, 36, 62], is used in the experiments 
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described later. Cultures are incubated with the hormone for the length of the assay 
in the presence of the patient's serum, which is treated with dextran-charcoal to 
remove endogenous steroids. Inhibition of cell growth by cortisol decreased cell 
sensitivity to the cytotoxic effects of AD (Fig. 4a). In contrast, if cortisol stimulated 
cell growth, the cells were more responsive to the inhibitory effects of AD (Fig. 4b). 
This supports other studies demonstrating that the growth-promoting effects of 
hormones enhance cell kill by chemotherapeutic agents [14, 67, 71, 54]. 

Problems with In Vitro Assays 

Although there are positive correlations between in vitro sensltlVlty tests and 
clinical responses, one can still not predict with confidence the most appropriate 
form of treatment for individual cancer patients. There are several problems that 
plague in vitro assays in general that no doubt contribute to discrepancies between 
results in culture and in vivo. The appropriate drug concentrations and exposure 
times in culture that reflect those in vivo are not known. This is further complicated 
by the fact that drug concentrations within a tumor, although lower than those 
measured in plasma, are unknown and will vary in different regions of the tumor 
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Fig. 4a,b. Effect of cortisol (F; 3 I1g/ml) on the inhibition of CH] TdR incorporation into 
DNA by Adriamycin (AD) in human mammary tumor cells. Cells were grown on dehydrated 
collagen matrices in medium containing 5% dextran-charcoal-treated serum from the 
patient, plus or minus F. a decreased cell growth induced by F resulted in increased 
resistance to AD cytotoxicity, b stimulation of cell growth by F increased the sensitivity of the 
cells to AD 
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and between tumors, depending on vascularization. Current data indicate that 
clinically relevant concentrations in vitro appear to be approximately one-tenth of 
the peak plasma concentration [1, 7, 98]. Higher concentrations may predict 
resistance, but may also produce false-positive responses [101, 85, 1]. The use of 
high drug concentrations in vitro, however, may identify those tumors that are not 
sensitive at low concentrations, but are sensitive at high concentrations. This could 
lead to selection of high dose drug treatment or regional administration of drugs 
[19, 91, 117, 129]. Ideally, a range of concentrations should be used to plot a dose
response curve, but this is usually not feasible, owing to an insufficient number of 
tumor cells for assay. 

An accurate assessment of cytotoxic activity of cell-cycle-dependent drugs, 
drugs with a prolonged plasma half-life, and those administered daily may require a 
prolonged exposure time in culture of 24-48 h [1, 33, 86, 7, 78]. However, 
continuous exposure in vitro does not take into account host conversion, detoxific
ation, and elimination [100]. 

Hormone and drug effects on metabolic processes may synchronize the cell 
popUlation, producing false-negative or false-positive results [72, 5, 73, 89, 96]. On 
the other hand, the consequences of interference with a metabolic pathway may not 
be observed at the time of drug exposure [72, 86, 98, 138]. Therefore, it would 
appear that a recovery period is necessary following drug exposure. The length of 
the recovery period may vary, however, depending on the effect of the drug on the 
metabolic pathway in question. Good correlations with inhibition of protein 
precursors and clinical responses have been observed, with a recovery period of24 h 
following drug treatment [34, 17,86, 121]. For measuring inhibition of nucleic acid 
precursor incorporation, a recovery period of 48-96 h produces maximum effects [9, 
51, 72, 119]. Owing to their mode of action, antimetabolites such as methotrexate 
and 5-FU initially increase eH] TdR incorporation into DNA. A decrease in [3H] 
TdR is not observed until 72 h after exposure in vitro [34, 87, 76, 33, 119]. 

Certain drugs such as cyclophosphamide require activation to form cytotoxic 
metabolites [3]. Cytotoxic metabolites may be added directly to culture, or assays 
must be modified to activate compounds such as that described by Alley et al. [3J, in 
which tumor cells are cocultured with rat hepatocytes. Although estrogen does not 
require bioactivation, it does not appear to act directly on human breast epithelium 
to stimulate proliferation [56, 80,46]. It interacts with other factors present in vivo 
to produce growth-promoting agents for mammary cells. Therefore, the response of 
breast cancer cells in primary culture to estrogen may not accurately reflect the 
response in vivo. 

In vitro assays must measure cell survival rather than metabolic inhibition. 
Antitumor agents can decrease cell proliferation in two ways: cell kill and delayed 
transit through the mitotic cycle [9, 51, 72,119]. An increased doubling time of the 
popUlation may produce results indistinguishable from those obtained by popu
lations whose cells are actually killed. However, cell survival determinations such as 
counting viable cells or clones require large numbers of cells and are time and labor 
intensive. The procedures are, therefore, clinically unfeasible. Other tests that 
monitor the sensitivities of tumors to therapeutic agents and that are rapid and 
easiiy automated must be utilized. Precursor incorporation with [3H] nucleosides 
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and [3HJ amino acids has been shown to reflect changes in cell number and 
clonogenic survival [119, 86, 92, 98, 114, 138, 57J and correlate positively with 
clinical response [72, 94, 114, 122]. In contrast, other investigators have 
shown that changes in eHJ TdR incorporation do not necessarily affect the 
proliferative potential of cells [126, 98, 58]. Colorimetric assays have been used to 
evaluate growth inhibition by antineoplastic agents. Intensity of hematoxylin
stained cells [75J or methylene blue-parafuchsin-stained cells [108J as well as dye 
exclusion tests [134J appear to give an accurate tneasure of cell number. Reduction 
of tetrazolium-based compounds by cell lines to a blue formazen product shows a 
good correlation with colony counts [II]. Other end points that may assess drug 
effects are being investigated, such as utilization of radiolabeled glucose [132J and 
flow cytometric analysis of cellular perturbations [48]. End points for in vitro 
assessment of cell death that reflect in vivo cell kill will ultimately be identified by 
correlating sensitiveities of cells in vitro with clinical responses. It is possible that 
using a single index of response may not give an accurate measure of cell death, and 
two or more parameters may be required. 

Single-drug regimens are rarely used in clinical treatment. For most solid tumors, 
chemotherapeutic protocols generally involve 3-5 drugs. Drugs are selected for 
combination treatments based on their differences in mode of action, but this does 
not necessarily correlate with the biological responses of cells to drug combinations. 
In vitro sensitivity assays should be able to identify appropriate combination 
treatments for individual patients, but must be modified to accommodate multiple 
drug testing. To date, there have been few reports on the effects of drug combina
tions in vitro due to the requirement for large numbers of cells [1, 74, 60]. 

In addition to combination drug protocols, combination endocrine therapy and 
chemotherapy is used in breast cancer treatment, since the mechanism of action of 
hormones and cytotoxic drugs are different. Initially, it was assumed that endocrine 
treatment would eliminate the hormone-responsive cells while cytotoxic drugs 
would kill the cells not affected by the hormonal environment. However, it soon 
became apparent that if chemotherapy is most effective on cycling populations of 
cells and the hormone-responsive cells are the more rapidly growing cells in a 
heterogeneous tumor, there may be little benefit to combination therapy. Recent 
data have indicated that the modifying influences of hormones on tumor growth 
and metabolism may interfere with the cytotoxic effects of chemotherapeutic agents 
[133,5,29,89, 13,38,53]. This is likely responsible for the conflicting results of 
hormone-drug combination therapy [99]. However, these studies have also demon
strated that the therapeutic efficacy of chemotherapeutic agents may be enhanced 
by utilizing the effects of hormones on tumor growth to increase the sensitivities of 
tumors to these agents. It has also recently been shown that the growth-stimulating 
effects of growth factors and hormones in vitro that result in an increase in the 
number of proliferating celis, increase cell sensitivity to chemotherapeutic agents 
([67,71, 54J, 1. T. Emerman and A.W. Tolcher 1988, unpublished work). These 
studies suggest that growth stimulation as well as growth inhibition by hormones 
should be incorporated into hormone-drug regimens. Much work remains to be 
done in this area to determine how combination endocrine therapy and chemother
apy can be used to its best advantage in clinical cancer treatment. 
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Concluding Remarks 

Although it may be some time before the limitations of in vitro assays are overcome, 
research in this area is vital. An in vitro assay that can predict the sensitivities of 
tumor cells to hormones and drugs will permit a rapid assessment of the benefits of 
therapeutic agents for individual patients. It will also provide a greater insight into 
drug-drug and hormone-drug interactions for rational design of combination 
therapies. In addition, an in vitro assay can be used to determine the potency of new 
antitumor agents [124]. 

To be beneficial to the clinical management of cancer, an in vitro assay must 
ultimately result in improved survival rates. After the validity of an assay has been 
confirmed by retrospective studies, randomized, prospective clinical trials are 
needed to demonstrate the value of an assay compared with other assays and 
empirical derivations. We expect that an in vitro assay that most closely simulates 
in vivo conditions has the greatest chance for success in predictive sensitivity 
testing. However, in the final analysis, methodology is not important; clinical 
relevance is important. We must not give up the prospect of developing a clinically 
relevant assay that will contribute to improving the quality and quantity of life of 
cancer patients and to preventing the needless suffering caused by inappropriate 
therapies. 
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Introduction 

Cancer cytogenetics is a rapidly growing field that has made significant contribu
tions to our understanding of the genetic mechanisms of neoplasia. It has confirmed 
the clonal nature of malignant disease and has demonstrated that most if not all 
cancers are characterized by alterations in chromosome number and structure. The 
knowledge that there is concordance between the common sites of cancer-specific 
chromosomal changes and the location of normal genes and oncogenes involved in 
the control of cell proliferative activities has contributed to our current under
standing of the chromosomal basis of neoplasia [50]. 

The major application of chromosome analysis has been in the investigation of 
hematopoietic malignancies. The majority of acute and chronic leukemias have 
been shown to have clonal chromosomal abnormalities, many of which are specific 
for certain subtypes of disease. Similar findings have been recently demonstrated in 
the non-Hodgkin's lymphomas. The identification of these "non random" 
chromosomal abnormalities has provided important diagnostic and prognostic 
information to the pathologist and clinician, as well as a focus for current 
research. 

The valuable information arising from the chromosomal investigation of the 
leukemias and lymphomas has kindled new interest in the cytogenetics of solid 
tumors. These cancers have not received the same amount of attention, primarily 
owing to technical difficulties associated with obtaining meta phases from solid 
tumor tissue. Recent improvements in methodology, however, have permitted 
successful analysis of numerous types of solid tumor. This effort holds promise to 
provide the same kind of diagnostic and prognostic information that has accrued 
with the hematopoietic malignancies. With regards to breast cancer, there is a 
strong potential that chromosome investigation may be of value in defining 
different subtypes of disease and in predicting patient outcome. 

Before discussing in detail the role of cancer cytogenetics in relation to solid 
tumors and breast cancer in particular, a perspective on the general field of 
cytogenetics will be provided, including a brief outline of chromosome morphology 
and nomenclature and a review of the established findings in leukemia and 
lymphoma. 
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Chromosome Morphology and Nomenclature 

The human chromosome complement can be analyzed during the metaphase stage 
of cell division with a photomicroscope. The normal structure of human chromo
somes is determined by their DNA and protein composition and its interaction with 
the methods of cell fixation and staining used in the laboratory. Each chromosome 
is composed oftwo sister chromatids, consisting of identical molecules of DNA. The 
chromatids are held together at a localized constriction called the centromere. The 
location of the centromere varies along the length of each chromosome and serves 
as an identifying feature. For identification purposes, each chromosome can be 
divided into the short or p arm and a longer q arm, determined by the position of 
the centomere. A variety of special staining techniques are used to produce an 
alternating dark and light stain pattern along the length of the chromosome arms 
[36]. This banding pattern is constant for each normal chromosome and from one 
person to the next. The number of bands visible on each chromosome is dependent 
on the stage of metaphase at which the cell was fixed, with more bands being evident 
in late prophase and early metaphase than in late metaphase. The techniques 
utilized to reveal a greater number of chromosome bands are called high resolution 
banding [49]. A numbering system has been devised to identify each band on all of 
the chromosomes [18]. An individual chromosome can therefore be identified by its 
size, the location of the centromere, and the length and the characteristic banding 
pattern of the p and q arms. These features can also be utilized to interpret the 
makeup of structurally rearranged chromosomes. A normal human karyotype and 
a pictorial representation of the banding pattern of chromosome 1 are provided in 
Figs. 1 and 2. 

The normal chromosome complement, or diploid number, in humans is 46, 
consisting of 22 pairs of autosomes and one pair of sex chromosomes. In cytogenetic 
nomenclature this is designated 46,XY and 46,XX for males and females, 
respectively. In cancer cells, change from the normal chromosome complement can 
result from a variety of mechanisms involving gain or loss of chromosomes or 
alterations in chromosome structure. Such alterations are not compatible with 
normal cell function and are only viable in neoplastic cells. 

An abnormal, or aneuploid, chromosome number in a cell may arise from 
chromosome loss or duplication, usually the consequence of mitotic errors such as 
nondisjunction, endoreduplication, or cell fusion. If the resultant total chromosome 
number is less than 46, it is termed hypodiploidy, and if more than 46, hyper
diploidy. Structural changes result from multiple chromosome breaks with rejoi
ning of the broken segments into abnormal chromosome configurations, thereby 
producing an alteration in the banding pattern of the affected chromosomes. With 
good quality chromosome preparations and high resolution banding, precise 
identification of the sites of breakage, or breakpoints, on the involved chromosomes 
is possible. If the new chromosome cannot be identified by its band pattern, it is 
called a marker. 

In cytogenetic nomenclature, an abnormality is described following the total 
chromosome number and sex designation, with chromosome gains or losses noted 
with either a+or a-sign, i.e., 47, XX, +8. Rearrangements are designated by an 
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Fig. I. A normal G-banded human karyotype: 250-band stage 

abbreviation for the particular type of change found, with the affected chromo
somes designated within brackets and separated by a semicolon. The breakpoint 
sites are then defined, i.e. 46,XY,t(9;22)(q34;qll) describes a translocation 
between chromosome 9 and 22, involving breakpoint sites 9q34 and 22q 11, 
respectively. 

During chromosome analysis of bone marrow or tumor tissue, the chromo
somes of 25 or more metaphases are fully counted and analyzed to identify any cell 
line with a numerical or structural deviation from normal. A consistent alteration, 
defined as two or more cells with the same change, identifies the presence of a 
malignant clone. 

Cancer Cytogenetics: History 

The belief that chromosomes play an important role in the etiology of neoplasia was 
established in the early years of this century. This was most eloquently expressed in 
the 1914 monograph of Theodor Boveri [5]. His observations were consistent with 
the more recently proposed theories that cancer is a clonal disorder and that 
alteration in the genetic material, such as by chromosomal rearrangement, is a basic 
underlying mechanism in the genesis of cancer. The profound nature of his 
hypotheses, however, were not to be fully appreciated for another 50 years. 

The development of cancer cytogenetics during the first half of this century was 
hampered by technical problems which precluded reliable chromosome counts or 
analysis of chromosome morphology. The development of tissue culture techniq ues 
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Fig. 2 . . A pictorial representation (idiogram) of high 
resolution banding of chromosome 1 showing the 
relationship between subbands at different stages of 
chromosome condensation 

and improved cell fixation methods in the 1950s contributed greatly to improved 
chromosome preparations. Until the late 1960s, however chromosomes were 
stained by a solid staining method which permitted counting and grouping 
according to size and shape, but the detection of the most structural chromosomal 
rearrangements was not possible. Many of the early cancer investigations, therefore, 
revealed numerical abnormalities, but failed to identify the individual chromosomes 
involved or any recurrent rearrangements. 

In 1960, Nowell and Hungerford identified in the bone marrow of seven patients 
with chronic myelogenous leukemia (CML) the presence of a common structural 
abnormality, initially thought to be a deleted G group chromosome [26]. In 1972, 
with the use of banding techniques this so-called Philadelphia (Ph l ) chromosome 
was shown to be the result of a reciprocal translocation between chromosomes 9 
and 22 [30]. This was the first demonstration of a "non random" chromosomal 
abnormality associated with a specific disease and gave new impetus to the field of 
cancer cytogenetics. 
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Cancer Cytogenetics: General 

The chromosomal changes encountered in human cancer consist of primary 
karyotypic changes that are related to the basic etiology of the disease and 
secondary changes that arise subsequently as the disease progresses [34]. Primary 
chromosomal changes are associated with early neoplastic events and are specific 
for a particular subtype of cancer, while secondary changes are nonspecifically 
associated with disease progression. Both are considered to playa crucial role in the 
behavior of the malignant cells. 

Primary karyotypic changes are usually structural alterations such as trans
locations, inversions, and deletions. These are intra- and interchromosomal alter
ations resulting from chromosomal breakage and reunion. The net effect is the 
relocation of genes into abnormal chromosomal positions. There is a growing body 
of evidence that implicates one of the breakpoints in a rearrangement as the site of a 
proto-oncogene [19] which becomes abnormally activated when relocated into the 
vicinity of a transcriptionally active gene involved in the control of cell proliferation 
or differentiaion [20]. 

Secondary changes are usually additional numerical or structural changes that 
are superimposed upon primary structural rearrangements and arise sequentially as 
the malignant clone evolves. This occurs in all types of malignancies in a nonspecific 
manner, with greater degrees of karyotypic complexity being characteristic of 
advanced cancer. The progressive acquisition of secondary cytogenetic abnormal
ities, termed clonal evolution, produces an alteration of chromosomal dosage which 
may confer selective growth advantages. This is modulated by selection pressures 
and paralleled by biological alterations in the malignant clone such as increased 
invasiveness, development of drug resistance, or transformation to more aggressive 
disease. 

Two other types of chromosomal abnormalities of importance in cancer 
cytogenetics are the chromosomal sites of gene amplification and fragile sites. Gene 
amplification is manifested as additional chromosomal material in the form of small 
acentric fragments, called double minutes (DM), or an expanded area within a 
chromosome region which stains in a homogeneous manner, termed homogene
ously stained regions (HSR) [8]. These are often seen in advanced and aggressive 
neoplasms and are a reflection of selection pressures on individual genes. In a 
number of instances the amplified sequences have been shown to involve either 
oncogenes or genes for drug resistance. Fragile sites are chromosomal regions that 
are prone to breakage and rearrangement [23]. They are inherited in a mendelian 
fashion and may be cytogenetic windows onto transcriptionally active genes or sites 
of viral DNA insertion. A number of fragile sites have been mapped to the location 
of common cancer-associated breakpoints. Under the appropriate conditions, they 
may predispose the carrier ofthe fragile site to a structural rearrangement that plays 
a role in the initiation of cancer. Confirmation of an instrumental role in 
carcinogenesis, however, has yet to be proven. 

The accumulation of a large amount of cytogenetic data from the hematopoietic 
malignancies and some solid tumors has led to the appreciation that there is a 
limited number of chromosomal breakpoint sites involved in cancer [25]. It is 
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suspected that many of these sites harbor genes important in the development of a 
malignancy. The recent demonstration of concordance between the common 
cancer-related breakpoints and the loci of cell growth control genes, oncogenes, and 
fragile sites has provided the basis for the present theory of the chromosomal basis 
of neoplasia [50]. 

Chromosomes in Leukemia and Lymphoma 

A brief review of the chromosomal findings in the leukemias and lymphomas will 
highlight some of the principles of the chromosomal involvement in cancer, 
including primary and secondary changes, clonal evolution, diagnostic and pro
gnostic correlations, and the interaction of oncogenes with cell-type-specific 
functional genes. 

Chronic myelogenous leukemia (CML) has been most extensively studied and 
the patterns of chromosomal involvement are well characterized [32]. In the 
chronic phase of CML, 95% of patients have a translocation involving chromo
somes 9 and 22: t(9;22) (q34;qll). Some patients have additional changes during 
the chronic phase, but this becomes more prevalent as the disease transforms into 
the acute phase, when most patients develop additional chromosomal changes 
within the t (9; 22) clone, i.e., + 8, + 19, duplication of the Ph! or of 17 q. The 
detection of t (9; 22) and the presence or absence of clonal evolution is of value in 
confirming the diagnosis and predicting disease stage and patient prognosis. 

Molecular DNA investigation has demonstrated that in all cases of true CML 
the c-abl oncogene located at band 9q 34 is translocated onto chromosome 22 at 
band q 11 into the midst of a gene called the bcr gene, the function of which is not yet 
known [9]. This produces a functional chimeric gene on the PhI chromosome that 
is transcibed and translated into a novel protein with protein kinase activity. This 
abnormal protein has homology with the transforming protein product of the v-abl 
oncogene, and is believed to playa crucial role in the initiation and progression of 
CML. 

The chromosomal investigation of the acute leukemias has proven of value for 
confirmation of diagnosis, provision of prognostic information, and for monitoring 
of remission and relapse. In acute lymphoblastic leukemia (ALL), up to 90% of 
patients can be shown to have a chromosomal abnormality at disease presentation 
and the karyotype is an independent prognostic indicator, regardless of other 
clinical parameters [45, 4]. The two most important types of abnormality are: 

1. Hyperdiploidy, associated with the best prognosis within the entire group of 
ALL subtypes (and is an exception to the rule that a complex abnormal 
karyotype is associated with aggressive disease); 

2. Translocation, conferring an especially poor prognosis. The translocations 
involve either a primitive stem cell (t (9; 22), t (4; 11)) or a highly proliferative cell 
(t(8; 14)) which does not respond to standard chemotherapy [46] (Table 1). 

The majority of patients with acute myelogenous leukemia (AML) have chromo
somal abnormalities [51], most commonly nonspecific alterations such as + 8, - 7, 
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Table 1. Chromosomal abnormalities associated with acute lymphoblastic leukemia 

Clonal abnormality Fab morphology Prognosis 

Hyperdiploidy (50-70 chromosomes) ALL-Lt, L2 Good 
Normal or near diploid ALL-Lt, L2 Medium 
Hypodiploidy ALL-Lt, L2 Poor 
Translocations Poor 

t(4; 11) ALL-Lt, L2 
t(9;22) ALL-Lt, L2 
t(8; 14) ALL-L3 
t (1; 19) pre-B ALL 

Table 2. Chromosome abnormalities associated with acute myelogenous leukemia 

Clonal abnormality Fab morphology Prognosis 

+ 8 or other simple alterations all subtypes Medium 
Translocations 

t(8;21) AML-M2 (20%) Good 
t(15; 17) AML-M3 (100%) Good 
inv(16) AML-M4 (25%) Good 
t(9; 11) AML-M5 Poor 
t (6; 9) AML-M2, M4 Poor 
t(9;22) CML-BC Poor 
inv(3) or 
t (3; 3) AML and thrombo-

cytosis Poor? 
Complex or multiple abnormalities All subtypes Poor 

or complex karyotypic changes. A number of specific rearrangements associated 
with a specific morphological subtype of disease have also been defined which have 
important prognostic correlations (Table 2). With the recent availability of different 
types of treatment for acute leukemia, chromosome analysis has become an 
essential tool to identify subgroups of patients who may require different therapeu
tic protocols or alternative treatment such as bone marrow transplantation. 

In malignant lymphoma, the prognosis may be influenced by the type of specific 
chromosomal rearrangement as well as by the presence or absence of clonal 
evolution [24]. A translocation (14; 18) is found in the majority of cases of follicular 
lymphomas, while other translocations (t(ll; 14), t(8; 14)) are associated with 
diffuse lymphomas. These rearrangements characteristically involve the loci of the 
B-cell immunoglobulin genes or the T-cell receptor genes which become re
combined with known or suspected oncogenes [38]. These genetic recombinations 
are believed to play an important role in the biology of these malignancies. 
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Chromosomes in Solid Tumors 

In contrast to the large amount of information available on the chromosomal 
abnormalities in the hematopoietic malignancies, similar information for solid 
tumors has been slow to accumulate. Great difficulty has been experienced in 
obtaining good quality metaphases from cells of most solid tumors, and the 
complexity of the karyotypic changes encountered usually renders detailed analysis 
impossible. 

To avoid these difficulties, attention was initially directed toward the analysis of 
malignant effusions and of permanent cell lines which provide a ready source of 
metaphases in fluid suspension. Effusions, however, represent metastatic disease 
from advanced and invasive carcinomas which have established complex karyoty
pes and are of limited value in the detection of primary chromosomal changes. 
Permanent cell lines, although convenient for cytogenetic analysis, are not easily 
established, especially from tumors that have not already metastasized. There has 
been limited success in establishing cell lines from some of the commoner cancers, 
including breast, prostate, and pancreatic cancer. The significance of the chromo
some abnormalities identified in permanent cell lines, in relation to whether 
acquired in vivo or in vitro, provides an additional element of confusion. 

Significant improvements in the processing of solid tumor tissue for chromo
some analysis have been developed in the last few years [41]. These include 
mechanical and enzymatic disaggregation techniques which reduce the solid tissue 
to single cells or cell clusters which provide more numerous metaphases; the use of 
slides or plastic dishes coated with collagen or extracellular matrix to promote cell 
adherence and growth; and the use of improved media with growth factors and 
hormones. These improvements in cell culture have contributed to an improved 
success rate in solid tumor chromosome analysis. 

The common solid tumors of childhood are the most intensively studied to date. 
Retinoblastoma, which occurs in both sporadic and hereditary form, is occasionally 
associated with a small interstitial deletion on chromosome 13 (13q14). This may be 
evident only in the tumor cells of sporadic cases, or may be found in both tumor and 
normal somatic cells of some patients with the familial form of this cancer [3, 7]. 
Similarly, Wilms' tumor arising in patients with congenital defects of the iris 
(aniridia), is often associated with a deletion of the short arm of chromosome 11 
(llp13) [28]. Additional chromosomal changes, if present, provide evidence of 
aggressive disease that may not be apparent from the histologic features [10]. 

The chromosomal deletions associated with retinoblastoma and Wilms' tumor 
have demonstrated that loss or inactivation of normal genes on one chromosome, 
by a variety of potential mechanisms, may allow the expression of a malignant 
recessive allele present on the homologous chromosome [21, 6]. This is consistent 
with the "two-hit" theory of carcinogenesis developed by Knudson [22], and with 
the autosomal dominant pattern of inheritance of these hereditary cancers. 

Neuroblastoma, which also occurs in familial and sporadic form, is also 
frequently found to have chromosome rearrangements. These usually involve 
structural alterations of the distal p arm of chromosome 1 [17]. The rearrange
ments of 1 p involve breakage at a variety of different regions, and therefore may 
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represent secondary changes involved in tumor progression. Multiple karyotypic 
abnormalities and DMs and HSRs are common in the more advanced and 
aggressive forms of neuroblastoma [14]. An oncogene similar to c-myc has been 
demonstrated to be amplified in neuroblastoma [35]. These n-myc amplified 
sequences can be identified within the HSRs [12]. From a prognostic standpoint, 
the demonstration of a normal karyotype or minor abnormalities has been 
correlated with early or treatment-responsive disease, while the presence of complex 
changes, DMs and HSRs, and molecular evidence of n-myc amplification, is 
predictive of an unresponsive and aggressive form of the disease [37]. 

Two other childhood tumors, Ewing's sarcoma and alveolar rhabdomyosar
coma, have been shown to have nonrandom chromosomal abnormalities [2,42]. 
The identification of these respective rearrangements is of practical value in the 
differential diagnosis of these tumors from others with similar morphological 
features. 

A number of adult tumors have been found to have specific chromosomal 
changes. The first identified was meningioma, being characterized by partial or 
complete loss of chromosome 22 [52]. The majority of cases have this abnormality, 
alone or with additional karyotypic changes. Simple monosomy 22 usually predicts 
a benign disease course, whereas those patients with more complex changes have a 
poorer prognosIs. 

Bladder cancer has been extensively investigated. The specific involvement of 
chromosome 1 and 11 is suspected, owing to recurrent observations of their 
association with this type of cancer [33]. Superficial, noninvasive lesions usually 
have a normal karyotype, but those with a chromosomal abnormality have a higher 
propensity to recurrence and more aggressive behavior. Bulky, invasive disease is 
always associated with complex abnormal karyotypes. 

A number of other tumors have been shown to have specific chromosome 
involvement, at least in certain subtypes of the disease. In small cell carcinoma of 
lung, a 3p deletion or translocation is commonly found [44]. In a familial form of 
renal cell cancer, the site of the karyotypic changes may be on chromosome 3 [27]. 
Synovial sarcoma has recently been found associated with a translocation involving 
chromosomes X and 18 [43]. Other tumors have been extensively studied, including 
melanoma, colonic, ovarian, and endometrial carcinoma. An in-depth discussion of 
the cytogenetics of solid tumors can be found in more comprehensive reviews [31, 
34]. 

Chromosomes in Breast Cancer 

Of the many types of human solid tumors, breast carcinoma has received the most 
attention in an effort to identify any specific chromosomal changes that may be 
associated with disease etiology, with specific subtypes of disease, or with clinical 
behavior. Owing to the inherently low mitotic rate of breast cancer cells in vivo, it 
has proven very difficult to obtain metaphases from primary tumors. Many of the 
initial studies were performed on cell effusions or cell lines prior to the use of 
chromosome banding, and therefore the results are mainly of historical interest. The 
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accumulated data from these pre banding studies have been reviewed by Sandberg 
[31]. It was established that almost all primary or metastatic lesions had complex 
karyotypes with chromosome counts in the 60-90 range, including numerous 
marker chromosomes. A small percentage had karyotypes in the near diploid range. 
Follow-up studies demonstrated that those patients with a near diploid karyotype 
had a survival advantage over patients with more complex karyotypic changes [1]. 
Information with regards to the identification of specific changes or breakpoint sites 
was not provided. 

The more recent studies of breast cancer, utilizing a variety of preparative 
techniques on primary lesions, malignant effusions, and cell lines with chromosome 
banding methods have confirmed these general findings and permitted the identifi
cation of the extra and rearranged chromosomes involved. It was determined that 
certain chromosomes and breakpoint regions are over-represented and may be 
specifically associated with breast cancer. The results of these studies have been 
reviewed by Trent [40]. The possible nonrandom involvement of chromosomes 1,6, 
7, and 11 has been implicated. Chromosome 1 appears to be consistently abnormal 
in all cases, owing to either duplication or structural rearrangement affecting the q 
arm. It must be stated, however, that chromosome 1 is also commonly abnormal in 
other solid tumors and that such changes may be associated nonspecifically with 
tumor progression. Also, chromosomes 6, 7, and 11 were frequently abnormal, as a 
result of duplication, loss, deletion, translocation, or other rearrangement. There is, 
however, no consistency in involvement of any chromosome from one study to 
another, and the breakage sites on each suspect chromosome were scattered widely 
with no consistency from one case to another. Although these results have provided 
interesting and promising information, clearly a much larger number of cases will 
have to be thoroughly studied before any disease-specific breakpoint sites can be 
confirmed. 

A number of interesting reports have appeared since the review by Trent in 1985 
[40]. These are larger studies which have utilized direct analysis or short-term 
cultures applied to primary lesions or cell effusions. Smith et al. have utilized a 
special culture system with disaggregation techniques and specifically designed 
media including insulin, triiodothyrronine, epidermal growth factor, and condi
tioned media [39]. Successful culture of both benign and malignant breast epithelial 
cells has been confirmed by phenotypic markers. As these markers do not 
differentiate benign from malignant cells, an "invasion assay" was devised based on 
the ability of malignant cells to penetrate and invade a denuded amnion basement 
membrane layer. When this assay is used to confirm the malignant nature of the 
cultured cells, a majority of cases with "invasive" cells were shown to have diploid 
karyotypes. This confirmed the findings of their previous study in which the 
majority of cells in short-term cultures of breast carcinomas were diploid [48]. 
These results raise the question as to whether the acquisition of an abnormal 
karyotype is necessarily a primary tumorigenic event, and suggest that it may be 
indicative of malignant progression only. The authors admit that some unknown 
selection process, either within the culture system or in vivo, may be influencing 
their culture results. This method has shown, however, that diploid cells present in 
breast tumors may be capable of invasive growth. 
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Wolman et al. have also determined that chromosome aberrations in breast 
cancer cells evolve over time in culture, thereby questioning the relevance of 
cultured preparations to the in vivo situation [47]. In contrast, Gebhart et aI., with 
the use of parallel investigation of fresh tissue from the patient and of specimens 
kept in culture, have demonstrated that the chromosomal changes follow predic
table and parallel patterns of evolution in each situation [16]. Their short-term 
cultures of primary lesions and of cell effusions also detected near diploid and 
hyperdiploid karyotypes and confirmed the nonrandom involvement of previously 
implicated chromosomes. A novel approach of seeking the cytogenetic equivalents 
of gene amplification was also employed. Previous studies had correlated the 
presence of DMs with disease aggressiveness and patient outcome [15]. The 
authors were able to detect DMs in almost half of their cases and were able to 
correlate this with clinical behavior. 

Until recently very few studies had been conducted with direct analysis of in 
vivo metaphases to avoid the problems of cultured specimens. Rodgers et al. [29] 
investigated 51 primary lesions by direct harvest of in vivo metaphases. Their 
technique yielded a 37% success rate in obtaining analyzable metaphases, with an 
additional 13% of cultures providing only countable metaphases. Nine cases in the 
near diploid range could be analyzed in detail. This revealed that all had a 
duplication of the terminal portion of the 1q arm arising by a variety of 
mechanisms. There was also frequent loss of chromosome 16 in both the near 
diploid and more aneuploid cases. The cases with the simplest karyotypes 
contained only a 1q marker and monosomy 16. The authors speculate that 
chromosome 1 may be involved in tumor initiation or progression by increased 
gene dosage effect, i.e., of oncogenes, and that chromosome 16 may also be 
implicated as a primary tumorigenic event in breast cancer. Ferti-Passantono
poulou et al. have also used a direct technique to investigate five cases of breast 
cancer. They found recurrent involvement of chromosome 1 and 11, but did not 
detect monosomy 16 in any of their cases [13]. 

The cytogenetics laboratory of the Cancer Control Agency of British Columbia 
has been involved in a developmental study of the cytogenetic aspects of breast 
cancer, utilizing a culture technique for benign and malignant breast epithelial cells 
developed by Emerman et al. [11]. This culture system uses mechanical and 
enzymatic disaggregation to produce single cells and cell clusters that are cultured 
on collagen-coated slides or in semisolid suspension. An important feature of the 
defined culture media is the inclusion of normal human serum and the omission of 
fetal calf serum. This provides the option of utilizing the patient's own serum for 
individual cultures. The cells can also be frozen for reculturing at a later date. The 
growing cells obtained by this technique have been confirmed to be breast epithelial 
cells by phenotypic marker studies. This culture system has provided high quality 
meta phases for cytogenetic analysis using in situ harvest of cultures on collagen
coated slides. We have obtained consistently analyzable metaphases from both 
benign and malignant specimens. A trypsinized harvest or harvest of meta phases 
from the semisolid suspension cultures would also be feasible. 

The further development of these short-term culture methods for chromosome 
analysis of breast cancer will permit the prospective investigation of a series of 
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breast cancer patients with correlation of results with histology and clinical staging. 
In addition, a high yield of chromosome abnormalities may permit a search for 
breast cancer-specific breakpoint sites or for specific karyotypic changes such as 
D Ms which may correlate with disease subtype and prognosis. Of great interest will 
be the possibility of examining specific disease stages, such as preinvasive lesions 
and atypias to detect the presence of chromosomal changes for the purpose of 
screening and diagnosis. The renewable source of cells provides an important 
advantage to this system, allowing comparative studies using different meth
odologies with correlation over time by in vivo and in vitro analysis. It may be 
possible to correlate the chromosomal findings with the results from DNA flow 
cytometry and DNA studies performed on both the original and cultured specimen. 

Despite these recent developments with direct analysis and short-term culture of 
breast cancer specimens, a number of questions remain unresolved. Will further 
experience with the direct technique be rewarded with a higher success rate? The 
high failure rate associated with direct metaphase preparation results in the loss of 
potentially important information that might be obtained through utilization of 
additional techniques such as short-term culture. There may be a biologic reason 
for the high failure rates and for the present lack of correlation of the chromosome 
results with the outcome of breast cancer; however, the growing experience with 
other solid tumors would suggest that these are primarily technical problems that 
will be overcome as more specimens are analyzed with improved methodology. 
With regards to short-term cultures, will a significant proportion of patients prove 
to have diploid or near diploid karyotypes, and will this correlate with early disease 
or a SUbtype of disease with different clinical behavior? Will the addition of growth 
factors and hormones to the culture media result in selective growth of certain cell 
lines or subclones within the malignant population which may bias the cytogenetic 
results? These questions will serve to stimulate additional investigation in this field, 
most likely by a combination of direct analysis and short-term culture. The 
experience with the hematopoietic malignancies has shown that the identification 
of the disease-specific chromosome abnormalities that we now recognize resulted 
from the improved success rate obtained with the combination of direct, short-term 
cultures and high resolution banding techniques. This should also prove to be the 
case with solid tumors. 

Conclusions 

The value of chromosome analysis in breast cancer has yet to be determined. A 
primary chromosomal lesion characterized as typical and selectively specific for 
breast cancer has not been found. This will require the investigation of a larger 
number of specimens by a combination of methods. Even primary changes 
associated with breast cancer are not detected, valuable information will be 
obtained of importance in patient prognosis and management, as it has with the 
hematopoietic malignancies. The use of standard chromosome analysis, in combi
nation with DNA analysis for oncogene involvement and DNA flow cytometry will 
provide new insights into the basic biology of breast cancer in the near future. 
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