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ABSTRACT

Background Cyclin E, a regulator of the cell cycle,
affects the behavior of breast-cancer cells. We inves-
tigated whether levels of cyclin E in the tumor correlat-
ed with survival among patients with breast cancer.

Methods Tumor tissue from 395 patients with breast
cancer was assayed for cyclin E, cyclin D1, cyclin D3,
and the HER-2/neu oncogene with the use of Western
blot analysis. Full-length, low-molecular-weight, and
total cyclin E were measured. Immunohistochemical
assessments of cyclin E were also made of 256 tumors.
We sought correlations between levels of these mo-
lecular markers and disease-specific and overall sur-
vival.

Results The median follow-up was 6.4 years. A high
level of the low-molecular-weight isoforms of cyclin E,
as detected by Western blotting, correlated strongly
with disease-specific survival whether axillary lymph
nodes were negative or positive for metastases (P<
0.001). Among 114 patients with stage | breast cancer,
none of the 102 patients with low levels of cyclin E in
the tumor had died of breast cancer by five years after
diagnosis, whereas all 12 patients with a high level of
low-molecular-weight cyclin E had died of breast can-
cer within that period. In multivariate analysis, a high
total cyclin E level or high levels of the low-molecular-
weight forms of cyclin E were significantly correlated
with poor outcome. The hazard ratio for death from
breast cancer for patients with high total cyclin E levels
as compared with those with low total cyclin E levels
was 13.3 — about eight times as high as the hazard
ratios associated with other independent clinical and
pathological risk factors.

Conclusions Levels of total cyclin E and low-molec-
ular-weight cyclin E in tumor tissue, as measured by
Western blot assay, correlate strongly with survival in
patients with breast cancer. (N Engl J Med 2002;347:
1566-75.)

Copyright © 2002 Massachusetts Medical Society.

1566 - N Engl ] Med, Vol. 347, No. 20 - November 14, 2002 -

HE prognosis in patients with newly diag-
nosed breast cancer is determined primarily
by the presence or absence of metastases in
draining axillary lymph nodes.! However, in
approximately one third of women with breast cancer
who have negative lymph nodes, the disease recurs,
and about one third of patients with positive lymph
nodes are free of recurrence 10 years after local-
regional therapy.2? These data highlight the need for
more sensitive and specific prognostic indicators.

A number of biologic factors have been used to re-
fine risk categories in breast cancer. We have focused
on the role of cyclin E in determining the virulence
and metastatic potential of tumor cells.#8 In normal
dividing cells, cyclin E regulates the transition from
the G, phase to the S phase®19; a high level of the cyc-
lin E protein accelerates the transition through the
G, phase 1112

The cyclin E gene is amplified and the cyclin E pro-
tein is often constitutively expressed in breast-cancer
cell lines.6:8:13.14¢ Some of these lines overexpress not
only the full-length 50-kD cyclin E protein, but also
up to five low-molecular-weight isoforms of cyclin E
(ranging in size from 34 to 49 kD).6%15 These iso-
forms, which lack the amino terminus, are hyperactive,
as compared with the full-length protein, in phospho-
rylating substrates and inducing progression from the
G, phase to the S phase.!6

Previous studies of the prognostic importance of
cyclin E in breast cancer have yielded contradictory
results.1”18 In a retrospective analysis of 278 patients
with breast cancer, Porter et al. found that overexpres-
sion of the full-length cyclin E protein and low levels
of the cyclin-dependent kinase inhibitor p27 correlat-
ed with poor survival among patients with node-neg-
ative disease.!® By contrast, in a study of 157 patients
with breast cancer, Donnellan et al. reported that the
correlation between high levels of cyclin E in the tu-
mor cells and poor outcome lost its significance in a
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multivariate analysis.!” The antibody to cyclin E used
for immunohistochemical analysis in these studies can-
not reliably detect the low-molecular-weight forms
of cyclin E. Western blotting with an anti—cyclin E
antibody targeted against the C-terminal domain of
the protein, however, permits detection of both the
full-length and low-molecular-weight isoforms of cyc-
lin E.o8.16

To determine whether levels of these isoforms are
associated with outcomes in patients with breast can-
cer,”1921 cyclin E and its low-molecular-weight iso-
forms were measured by Western blotting in samples
of breast-cancer tissue from 395 patients and by im-
munohistochemical techniques in samples from a sub-
group of 256 patients. The levels were compared with
established factors that predict disease-specific and
overall survival. Total cyclin E levels and the level of
low-molecular-weight forms of cyclin E as measured
by Western blotting but not by immunohistochemical
analysis proved to be strongly associated with survival
among patients with breast cancer.

METHODS

Tissue Samples and Study Patients

Tumor tissue was obtained from a centralized reference laborato-
ry (Quantitative Diagnostic Laboratories). A total of 430 samples
consisting of a minimum of 100 mg of breast-cancer tissue were
available. Each patient had received a diagnosis of breast cancer be-
tween 1990 and 1995 at 1 of 12 hospitals in the Chicago area. Spec-
imens were shipped to the Wadsworth Center research laboratories
for Western blot analysis. This study was approved by the institu-
tional review board of the Wadsworth Center.

The reference laboratory also provided base-line pathological and
demographic data (obtained from the individual hospitals), as well
as the steroid-receptor status, the DNA index, and the proliferation
index (as described below). Information concerning clinical staging
and survival was obtained from the tumor registries of each hospital.
Patients whose death was clearly documented to be due to breast
cancer were considered to have died of breast cancer; other deaths
were considered not to have been caused by breast cancer. The data
presented here are from 395 patients for whom data on outcome
were available.

Hormone-Receptor, DNA, and Proliferation Assays

The procedures for the hormone-receptor and proliferation assays
have been described elsewhere.222¢ Specimens were scored as pos-
itive for estrogen receptors or progesterone receptors if they con-
tained at least 11 fmol of specific binding sites per milligram of
protein.22 Specimens were considered to have a moderate-to-high
proliferative index if 7 percent or more of the nuclei were labeled
with anti—-Ki-67 antibody.2* DNA ploidy values were determined
by means of image cytometric measurements of nuclear DNA
content. 2526

Western Blot Assays

Levels of full-length cyclin E, its low-molecular-weight isoforms,
cyclin D1, cyclin D3, and the HER-2/%en oncogene were evalu-
ated by Western blot analysis of lysates prepared from specimens of
frozen tumor tissue as previously described.??” The primary anti-
bodies used were as follows: monoclonal antibody HE12 to cyc-
lin E,?8 targeting the C-terminal epitope of the protein, diluted 1:
10; polyclonal antibody to HER-2/zex (Oncogene Science), di-

luted 1:30; monoclonal antibodies to cyclin D1 and proliferating-
cell nuclear antigen (Santa Cruz Biotechnology), diluted 1:250;
monoclonal antibody to cyclin D3 (Transduction Laboratories), di-
luted 1:100; and actin monoclonal antibody (Boehringer—Mann-
heim) at a concentration of 0.63 ug per milliliter. Equivalent
amounts of protein from two control cell lines (normal mammary
epithelial cells and breast-cancer cells) were included on each gel as
internal laboratory standards.

The protein levels in the Western blots were measured by densi-
tometric scanning of the corresponding bands with the use of IP-
Lab Gel software (Scanalytics). On the basis of the densitometric
values, the amounts of cyclin D1, full-length cyclin E, low-molec-
ular-weight cyclin E, and total (full-length plus low-molecular-
weight) cyclin E were scored as low (less than or equal to the level
of protein found in normal breast epithelium) or high (higher than
in the normal-cell controls). Specifically, cyclin E values were given
a score of 0 to 3 (for full-length) and 0 to 10 (for low-molecular-
weight and total) on the basis of the densitometric values and were
then distributed into two clusters — high and low, as compared with
values obtained from normal tissues. For full-length cyclin E, ex-
pression was scored as high if the value was at least 0.5 (i.e., higher
than the highest value for normal breast epithelium); a total of 14
normal tissue samples were examined. For both low-molecular-
weight and total cyclin E, specimens with values of 1.2 or higher
were classified as high. All normal-cell controls were negative for
cyclin D3 and HER-2/zen. On Western blotting, densitometric val-
ues for these proteins clustered into three groups and were scored
as negative, low level, or high level. Densitometric values for actin
were used to standardize for equal protein loading among the sam-
ples assayed. The Western blot analysis and scoring of the aforemen-
tioned biologic markers were performed by investigators who were
unaware of the patients” outcomes.

Immunohistochemical Studies

A subgroup of 256 samples of tumor tissue were available for
immunohistochemical analysis with the use of an affinity-purified
polyclonal antibody to cyclin E.5 We used the C-terminal peptide
corresponding to amino acids 381 to 411 of cyclin EL'¢ as an an-
tigen in the affinity purification. This polyclonal antibody is against
the same epitope as monoclonal HE12 antibody and can be used in
Western blots to detect both the full-length and low-molecular-
weight isoforms of cyclin E.578 Snap-frozen tissues were embedded
in Optimal Cutting Temperature compound, sectioned at 5-um in-
tervals, placed on coated slides, fixed, and stained for cyclin E as pre-
viously described.222¢ At least two representative tissue sections from
cach patient with breast cancer were examined. Each was scored
from 0 to 10 on the basis of the intensity of staining and the per-
centage of tumor cells stained. In 15 cases, sections of normal tissue
were tested along with tumor tissue. Scores for normal breast-cell
controls ranged from 0 to 2. The tumor samples were then des-
ignated as having either low cyclin E levels (less than or equal to
the level of protein found in normal breast epithelium, indicated
by a score of less than or equal to 2) or high cyclin E levels (higher
than the level in normal-cell controls, indicated by a score of more
than 2). Immunohistochemical analysis and scoring were per-
formed at Quantitative Diagnostic Laboratories by an investiga-
tor who was unaware of the results of Western blot analysis and
of patient outcome.

Statistical Analysis

Overall survival was calculated from the date of surgical excision
of the primary tumor to the date of death or last follow-up. For dis-
case-specific survival, data for patients who died from causes other
than breast cancer were censored at the time of death. Overall sur-
vival and disease-specific survival curves were computed by the Kap-
lan—Meier method.?? Error bars shown on the curves are 95 percent
confidence intervals calculated according to the method of Green-
wood.30
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Univariate analyses of disease-specific survival according to levels
of total and low-molecular-weight cyclin E and other factors (age,
tumor size, nodal status, clinical stage, and various biologic mark-
ers) were performed with the use of a two-sided log-rank test.3!
A multivariate analysis of disease-specific survival was performed
with the use of the Cox proportional-hazards model3! with both
forward and backward stepwise inclusion of factors, with an inclu-
sion criterion of P<0.05 and an exclusion criterion of P>0.05. Each
model was fitted twice, once by a predominantly forward procedure
in which the initial model contained only a constant term and once
by a predominantly backward procedure in which all factors were
included in the model at the first step. For both procedures, addi-
tion and removal of terms were considered at each step.

RESULTS
Characteristics of the Patients

The median age of the study population was 64
years (range, 29 to 95). The majority (92 percent) had
stage I, II, or III breast cancer. A total of 67 percent
of the total study population and 50 percent of pa-
tients with stage I disease had received adjuvant ther-
apy. After a median follow-up of 6.4 years (range, 1.5
to 11.0), 121 of the 395 patients (30.6 percent) had
died of breast cancer. The 5- and 10-year disease-spe-
cific survival rates for the entire cohort of patients were
71 percent and 62 percent, respectively. Overall sur-
vival was 66 percent at 5 years and 47 percent at 10
years. The results of the univariate analysis of disease-
specific survival and overall survival according to clin-
ical factors and biologic markers are shown in Table 1.
As expected, there was a significant association be-
tween clinical stage and outcome.

Biologic Markers

A representative Western blot analysis for cyclin E,
cyclin D1, and proliferating-cell nuclear antigen in tis-
sue samples from 10 patients with breast cancer at var-
ious stages is shown in Figure 1A. The three patients
with high levels of the low-molecular-weight forms
of cyclin E (Patients 2, 6, and 10) died of breast can-
cer 21, 16, and 14 months after diagnosis, respective-
ly, whereas the other seven patients, with undetect-
able or low levels of low-molecular-weight forms of
cyclin E, were alive at the time of the last follow-up
(57 to 75 months after diagnosis), with no evidence
of disease. Figure 1B shows expression of cyclin E in
11 patients with early-stage breast cancer. Tissue from
Patients 2, 3, 6, 7, and 8 had a low level of cyclin E,
and these patients were free of disease at the time of
last follow-up (99 to 108 months after diagnosis). Pa-
tient 1 died of unrelated causes and had no evidence
of disease 23 months after diagnosis. Breast-cancer
tissue from the remaining patients had high levels of
the low-molecular-weight forms of cyclin E, and these
patients died from breast cancer between 33 and 65
months after diagnosis. Some tumors (those of Pa-
tient 2 in Fig. 1A and Patient 5 in Fig. 1B) had high
levels of the low-molecular-weight forms of cyclin E
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but low levels of full-length cyclin E protein. In the
entire cohort, there were 10 such patients, 9 of whom
died of breast cancer, with a median survival of 1 year
(range, 1 month to 6.9 years).

Univariate Analyses

The five-year overall survival and the five-year dis-
case-specific survival were significantly longer among
patients with low levels of low-molecular-weight, full-
length, or total cyclin E than among patients whose
tumors had high levels of these proteins (P<<0.001 by
the log-rank test) (Table 1 and Fig. 2). Figures 2A and
2D show disease-specific survival and overall survival,
respectively, according to the level of total cyclin E in
the tumor (low or high). The absence of cyclin D1
(Fig. 2B and 2E) and of cyclin D3 (Fig. 2C and 2F)
was also associated with improved disease-specific and
overall survival, but the correlations were less striking
than those for cyclin E.

Cyclin E and Stage of Disease

The proportion of tumors with high levels of cyc-
lin E increased with increasing stage of disease (P<<
0.001 by the chi-square test; data not shown). Figure
3A shows disease-specific survival according to clinical
stage and total cyclin E level as determined by Western
blotting. In patients with stage I, II, or III breast
cancer, a high total cyclin E level was strongly linked
to disease-specific survival, but this was not the case
among patients with stage IV disease (P=0.35) (Fig.
3D). Of the 114 patients with stage I disease, 12 had
a recurrence of breast cancer and died of breast cancer,
with a median time to death of 4.1 years (range, 1 to
7). All 12 — and only those 12 of the 114 patients
— had a high level of cyclin E in their tumors (Fig.
3A). In contrast, analysis of stage-specific survival ac-
cording to the cyclin E level measured by immunohis-
tochemical analysis showed a significant association
only among patients with stage III disease (data not
shown).

Proportional-Hazards Modeling

We performed proportional-hazards modeling of
disease-specific survival and overall survival according
to Western blotting and immunohistochemical meas-
ures of cyclin E. When they were included individually
in separate models, all measures were significantly as-
sociated with disease-specific survival and overall sur-
vival. High levels of total cyclin E and high levels of
low-molecular-weight cyclin E were associated with
hazard ratios for death from breast cancer of 33.0 and
20.8, respectively, whereas the hazard ratio for death
from breast cancer among patients with high levels of
cyclin E as measured by immunohistochemical analy-
sis was 2.90. When all four of these measures of cyc-
lin E were included simultaneously in a proportional-
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TABLE 1. RESULTS OF UNIVARIATE ANALYSIS OF PROGNOSTIC FACTORS.*

No. oF 5-YR DISEASE-SPECIFIC
FAcTOR PATIENTST SURVIVAL 5-YR OVERALL SURVIVAL

% (95% CI) P VALUE % (95% CI) P VALUE

Age 0.74 <0.001
<50 yr 92 69 (58-77) 67 (56-76)
=50 yr 296 71 (66-76) 70 (65-75)

Size of tumor <0.001 <0.001
T1 147 87 (80-92) 81 (74-87)

T2 169 75 (68-81) 69 (61-75)
T3 45 41 (27-56) 39 (24-53)
T4 33 24 (11-40) 24 (11-40)

Nodal status <0.001 <0.001
NO 228 86 (81-90) 81 (75-85)

N1 139 54 (45-62) 49 (40-57)
N2 or N3 28 34 (17-51) 32 (16-49)

Stage of disease <0.001 <0.001
1 114 91 (84-95) 85 (77-90)

IIA 125 83 (75-88) 78 (70-84)
IIB 66 70 (58-80) 63 (50-73)
IITA 29 50 (31-67) 44 (26-61)
111B 28 29 (14-406) 29 (14-46)
v 33 15 (5-29) 15 (5-29)

Estrogen-receptor status <0.001 <0.001
Positive 234 78 (71-82) 71 (64-76)

Negative 156 61 (53-65) 56 (48-63)

Progesterone-receptor status <0.001 <0.001
Positive 200 83 (77-87) 76 (69-81)

Negative 190 59 (51-65) 56 (48-63)

Ploidy 0.02 0.02
Diploid 112 81 (72-87) 76 (66-83)
Aneuploid 249 67 (60-72) 62 (55-68)

Proliferation index <0.001 <0.001
Negative 141 85 (78-90) 79 (71-85)

Low 83 65 (54-74) 61 (50-71)
High 171 63 (55-70) 58 (50-65)

HER-2/nen level <0.001 <0.001
Negative 233 82 (78-86) 77 (71-82)

Low 29 72 (51-85) 68 (47-82)
High 117 51 (41-60) 46 (37-55)

Cyclin D1 <0.001 <0.001
Negative 192 79 (72-84) 73 (66-78)

Positive 194 63 (56-70) 59 (52-66)

Cyclin D3 level <0.01 0.02
Negative 209 76 (70-82) 72 (65-77)

Low 63 71 (57-80) 61 (48-72)
High 115 62 (52-70) 59 (49-67)

Low-molecular-weight cyclin E level <0.001 <0.001
Low 289 91 (87-94) 84 (80-88)

High 106 17 (10-25) 17 (10-25)

Full-length cyclin E level <0.001 <0.001
Low 270 93 (89-95) 86 (81-89)

High 125 25 (17-33) 24 (17-33)

Total cyclin E level <0.001 <0.001
Low 268 95 (91-97) 87 (83-91)

High 127 22 (15-30) 22 (15-30)

Cyclin E level, according to <0.001 <0.001

immunohistochemical analysis
Low 120 81 (72-87) 75 (67-82)
High 136 59 (50-67) 56 (47-64)

*P values for each variable were calculated by the log-rank test. CI denotes confidence interval.

TAnalyses were limited to patients for whom data were available.
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Figure 1. Western Blots of Tumor Tissue.

In Panel A, whole-cell lysates were extracted from 10 samples of infiltrating ductal carcinoma. Patient 1 had stage | disease and had
no evidence of disease at last follow-up; Patient 2 had stage |IB disease and died; Patient 3 had stage IIA disease and had no evi-
dence of disease at last follow-up; Patient 4 had stage IIA disease and had no evidence of disease at last follow-up; Patient 5 had
stage | disease and had no evidence of disease at last follow-up; Patient 6 had stage IlIB disease and died; Patient 7 had stage | disease
and had no evidence of disease at last follow-up; Patient 8 had stage IIA disease and had no evidence of disease at last follow-up;
Patient 9 had stage IIB disease and had no evidence of disease at last follow-up; and Patient 10 had stage 1B disease and died. Each
lane contained 50 g of protein extract and was incubated with the indicated antibody. The control lanes represent a cultured normal
mammary epithelial cell line (76N) and a cultured breast-cancer cell line (MDA-MB-157). PCNA denotes proliferating-cell nuclear anti-
gen. In Panel B, whole-cell lysates were extracted from breast-cancer tissues from 11 patients with stage | or stage Il breast cancer.
Each lane contained 50 g of protein extract and was incubated with the indicated antibody. Patient 1 died of other causes 23 months
after diagnosis. Patients 2, 3, 6, 7, and 8 were alive without evidence of disease 99 to 108 months after diagnosis, whereas Patients
4,5,9,10, and 11 died of breast cancer 33 to 65 months after diagnosis.
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Figure 2. Kaplan—Meier Estimates of Disease-Specific Survival (Panels A, B, and C) and Overall Survival (Panels D, E, and F) for All
395 Patients.

Patients are grouped according to high or low total cyclin E levels (Panels A and D), and the presence or absence of cyclin D1
(Panels B and E) or cyclin D3 (Panels C and F), as determined by Western blot analysis. The numbers of patients at risk in each
group are shown in Table 1. I bars represent the 95 percent confidence intervals.

hazards model fitted to the data from the 256 patients | measured by Western blotting in the subgroup of pa-
with immunohistochemical data, only the associations | tients who had low levels of cyclin E as measured by

with the total cyclin E level and the low-molecular- | immunohistochemical analysis. Among 120 patients
weight cyclin E level as measured by Western blot | with low cyclin E levels as scored by immunohisto-
analysis retained statistical significance. The associa- | chemical analysis, we identified 21 with elevated levels
tions with the levels of total cyclin E and low-molec- | of cyclin E on Western blot assays. The five-year dis-

ular-weight cyclin E, but not the association with the | ecase-specific survival rate among these patients was
level of full-length cyclin E, retained significance when | 19 percent (95 percent confidence interval, 5 to 39).
a model containing these factors was fitted to the data | Conversely, of 136 patients with high scores for cyc-

from all 395 patients. lin E as judged by immunohistochemical analysis, 74

had low cyclin E levels as measured by Western blot
Immunohistochemical Analysis assay. These 74 patients had a five-year disease-specific
versus Western Blot Analysis survival rate of 91 percent (95 percent confidence in-

We next compared immunohistochemical analysis | terval, 82 to 96) (Fig. 4C and 4F).
with Western blotting for measurement of cyclin E.

Figures 4A and 4D show disease-specific survival and Multivariate Analysis

overall survival, respectively, for patients with low or The results of the multivariate analysis of factors
high values of cyclin E as measured by immunohisto- | predictive of disease-specific survival and overall sur-
chemical analysis. In Figures 4B and 4E, disease-spe- | vival are presented in Table 2. For these analyses, all
cific survival and overall survival, respectively, are plot- | factors shown in Table 1 were initially included in

ted for patients with high or low levels of cyclin E as | the model as potential risk factors. Factors for which
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Figure 3. Kaplan—-Meier Estimates of Disease-Specific Survival According to Total Cyclin E Expression, as Measured by Western

Blot Analysis.

The numbers of patients at risk in each group are shown in Table 1. I bars represent the 95 percent confidence intervals.

there were missing data (e.g., cyclin E level as meas-
ured by immunohistochemical analysis and ploidy)
and that were not selected by the stepwise procedure
were subsequently omitted, and the stepwise proce-
dure was repeated in order to obtain the final model.
The forward and backward stepwise procedures both
led to the same final model, shown in Table 2. A high
total cyclin E level was strongly associated with poor
outcome, with a hazard ratio for death from breast
cancer of 13.3. For high levels of the low-molecular-
weight isoforms of cyclin E, the hazard ratio for death
from breast cancer was 2.1. Although positive lymph
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nodes, negative estrogen-receptor status, and late-stage
disease remained significant predictors of death from
breast cancer, the association with a high cyclin E lev-
el was substantially stronger. Associations of death
from breast cancer with cyclin E scores according to
immunohistochemical analysis and with levels of cyc-
lin D1, cyclin D3, and HER-2/zen did not reach sta-
tistical significance in the multivariate analysis.

DISCUSSION

In this retrospective study, we examined the cor-
relation between levels of cyclin E and its low-molec-
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Figure 4. Kaplan—Meier Estimates of Disease-Specific Survival and Overall Survival among Patients with Immunohistochemical

Data on Cyclin E.

Survival among all 256 patients with data is shown in Panels A and D. The same patients are also grouped according to cyclin E
levels (high or low), as measured by Western blotting. Panel B shows estimates of disease-specific survival and Panel E estimates
of overall survival as a function of total cyclin E levels as determined by Western blot analysis in the subgroup of patients with low
cyclin E levels as measured by immunohistochemical analysis. Panel C shows estimates of disease-specific survival and Panel F
estimates of overall survival as a function of total cyclin E levels as determined by Western blot analysis in the subgroup of patients
with high cyclin E levels as measured by immunohistochemical analysis. The numbers of patients at risk in each group are shown

in Table 1. T bars represent the 95 percent conf

idence intervals.

TABLE 2. INDEPENDENT FACTORS PREDICTIVE OF DEATH FROM BREAST CANCER

AND DEATH FROM ANY CAUSE.*

FacTor

High level of low-molecular:
cyclin E

High total cyclin E level

Positive nodes

Stage IIIB-IV disease

Negative estrogen-receptor status

DEATH FROM BREAST CANCER

HAZARD RATIO Iy
(95% CI) VALUE
-weight 2.1 (1.1-4.0) 0.02
13.3 (5.8-30.2) <0.001
1.8 (1.2-2.8) 0.007
1.7 (1.1-2.5) 0.01
1.8 (1.3-2.7) 0.001

DEATH FROM ANY CAUSE

HAZARD RATIO Iy
(95% CI) VALUE
2.2(1.2-4.2) 0.01
4.3 (2.2-8.4) <0.001
1.5(1.1-2.2) 0.02
1.7 (1.2-2.5) 0.004
1.6 (1.1-2.2) 0.006

*P values were derived from the Cox proportional-hazards model, with simultaneous inclusion of
all factors shown. CI denotes confidence interval.
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ular-weight forms in breast-cancer tissue and survival
in patients with breast cancer. We found that the haz-
ard ratio for death due to breast cancer in patients
with high levels of total cyclin E in the tumor was
higher than the hazard ratios associated with any oth-
er biologic marker we examined; it was more than
seven times as high as the hazard ratio associated with
lymph-node metastases. We also found that estrogen-
and progesterone-receptor status and levels of HER-2/
neu, cyclin D1, and cyclin D3 significantly correlated
with disease-specific survival, but in a multivariate
analysis, the cyclin E level was most closely associated
with outcome. All patients with stage I disease and
a high cyclin E level as determined by Western blot
analysis died of breast cancer.

Previous investigations of the prognostic value of
cyclin E levels in breast-cancer tissue have produced
conflicting data. These studies used immunohisto-
chemical techniques,!”!® but tumor cells often over-
express low-molecular-weight forms of cyclin E7 that
lack the amino terminal targeted by the antibodies
used in most immunohistochemical assays. In our im-
munohistochemical analysis of cyclin E, we used an
antibody against the C terminal of the protein that
recognizes both the full-length and the low-molec-
ular-weight forms of cyclin E that are detectable by
Western blot analysis.> However, we found discord-
ance in 37 percent of the samples between the results
of immunohistochemical analysis and those of West-
ern blot assays, even though the two antibodies used
in these assays targeted the same epitope of cyclin E.
Since both antibodies target the same region of the
protein, the reason for the difference in the ability of
immunohistochemical analysis and Western blotting
to assess cyclin E status reliably is not entirely clear.

The prognostic significance of cyclin E may be the
result of some of its biologic functions. The low-
molecular-weight forms of cyclin E are constitutively
expressed in breast cancer and facilitate the transition
from the G, phase to the S phase more effectively than
the full-length form of the protein.®16 Constitutive
overexpression of cyclin E (but not cyclin D1 or cyc-
lin A) in immortalized rat-embryo fibroblasts and
human breast epithelial cells has been shown to cause
chromosomal instability.32 In about 10 percent of
transgenic mice that express human cyclin E; mam-
mary carcinoma develops, demonstrating that cyclin
E has oncogenic potential.3? Finally, elastase, which
mediates cleavage of cyclin E into its low-molecular-
weight isoforms,!6 has also been implicated in tumor
invasion and development of the metastatic pheno-
type.3* This spectrum of biologic activity suggests that
cyclin E may have multiple roles in the development
and outcome of breast cancer.

In summary, in this retrospective analysis, we found
high levels of low-molecular-weight and total cyclin E,
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as measured by Western blotting, to be sensitive and
specific prognostic indicators in patients with breast
cancer. Our results are encouraging, but they must
be validated in a prospective trial before they can be
applied clinically. The development of molecular stag-
ing of breast cancer may have important implications
for treatment, particularly in patients with early-stage
disease, many of whom currently receive toxic system-
ic treatment with little benefit.
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CORRECTION

Cyclin E and Survival in Patients with Breast Cancer

Cyclin E and Survival in Patients with Breast Cancer . On page 1572,
the curves in Figure 3C were incorrect. The corrected Panel C ap-
pears below.
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