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The objective of this study was to examine the association
between the immunohistochemical Ki67 labeling index (IHC
Ki67), Ki67 mRNA expression level, and first-generation gene sig-
natures in a cohort of breast cancer patients. We assessed associ-
ations between IHC Ki67 and first-generation gene signatures in
a panel of 39 tumor samples, using an oligonucleotide micro-
array. Gene expression analyses included Ki67 alone (MKi67), 21-
gene signature, mitosis kinome score signature, and genomic
grade index. Correlation coefficients were calculated by Spear-
man’s rank correlation test. In all cases, IHC Ki67, MKi67, and
three genetic markers were highly correlated (p, 0.71-0.97). Estro-
gen receptor (ER)-positive cases showed strong correlations
between IHC Ki67 and other signatures (p, 0.79-0.83). The ER-
negative cases showed slightly lower correlations (p, 0.58-0.73).
In ER-positive cases, the low IHC Ki67 group showed significantly
longer relapse-free survival than the high IHC Ki67 group
(P = 0.007). This difference was confirmed by multivariate analy-
sis. Our data indicate that IHC Ki67 shows similar predictive
power for proliferation in ER-positive cancers as genomic
markers. Further study of IHC Ki67 is needed to define prognostic
factors and predictive factors for chemotherapy using central
laboratory assessment. (Cancer Sci 2012; 103: 1508-1512)

I mmunohistochemical assessment of Ki67 labeling index
(IHC Ki67) has been described as a prognostic and predic-
tive marker for breast cancer. However, Ki67 is not included
in routine clinical decision-making due to a lack of clarity
regarding how Ki67 measurement and thresholds should influ-
ence clinical decisions."

According to the recent St. Gallen consensus conference, the
Ki67 labeling index is chiefly important in the distinction
between ‘luminal A’ and ‘luminal B (HER2-negative)’ subtypes,
and Ki67 was described as a predictive marker for chemother-
apy.® However, guidelines of the American Society of Clinical
Oncology do not include Ki67 in the list of required routine bio-
logical markers.® Recent studies have addressed the use of IHC
in breast cancer to include assessment of the proliferation mar-
ker Ki67, leading to more refined definitions of good and poor
prognosis in estrogen receptor (ER)-positive cancers.”

Several genetic prognostic markers have been described for
breast cancer, and at least two of them (the 21-gene recurrence
score and the 70-gene prognostic signature) are commercially
available and increasingly used in clinical practice.”” '? These
markers were developed from and validated in a mixed cohort
of patients, including both ER-positive and ER-negative can-
cers as well as low and high histological grade tumors.
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However, use of genetic markers is 50 times more expensive
than THC Ki67 and histological grading. Assessment using
IHC Ki67 and histological grading is also predictive for
prognosis and sensitivity to chemotherapy, and perhaps to
endocrine therapy. These features are also associated with
the first-generation genomic prognostic assays, which
invariably include many genes that capture clinical phenotype
information.'*'4)

One of our co-authors previously showed that genetic mark-
ers and Ki67 mRNA expression (mRNA Ki67) had similar
predictive power for both prognosis and sensitivity to chemo-
therapy.“s) However, few clinical datasets provide information
on correlations between genomic markers, mRNA Ki67, and
IHC Ki67 in the same cohort of patients with survival data.

We hypothesized that THC Ki67 had similar predictive
power for prognosis as some first-generation gene signatures
and mRNA Ki67 alone. The objective of this study was to
explore associations between IHC Ki67, mRNA Ki67, and var-
ious first-generation gene signatures in a cohort of patients
who had long-term follow-up for survival.

Patients and Methods

Sample analyses. A total of 39 samples, including 39 inva-
sive ductal carcinomas, were selected for study. None of the
patients received preoperative adjuvant hormone therapy or
chemotherapy. This study was approved by an institutional eth-
ics committee, and all patients provided written informed con-
sent. The samples showed the following IHC phenotypes:
6.9% ER(+)/HER2(+); 8.6% ER(—)/HER2(—); 14.8% ER(—)/
HER2(+); and 69.7% ER(+)/HER2(—). Ten samples from each
category were serially collected, snap frozen in liquid nitrogen,
and stored at —80°C for microarray analysis. However, in this
analysis, we excluded one ER(—) and HER2(+) ductal carci-
noma in situ, because this type of carcinoma has a different
tumor biology. The remaining samples were fixed in 10% for-
malin for 48 h, embedded in paraffin, and subjected to THC
analysis as described below.

Immunohistochemistry and pathological evaluation. Estrogen
receptor expression was stained using an automated staining
system (Benchmark; Ventana Japan, Yokohama, Japan), and
HER2 expression was detected using HercepTest (DakoCyto-
mation, Carpinteria, CA, USA) in accordance with the manu-
facturer’s instructions, and the use of positive and negative
controls. Antibodies used included anti-Ki-67 (clone MIB-1;
DakoCytomation). Both ER and progesterone receptor (PgR)
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were evaluated as positive when positive cells accounted for
more than 10% in an evaluated area. The Ki67 labeling index
was evaluated as a percentage of positive cells among 500
cancer cells. All samples were evaluated pathologically accord-
ing to World Health Organization classification standards"'®
and the Scarff-Bloom—Richardson gradmg system.!”

Microarray analy5|s Detalls of the microarray analysis were
described previously."® Total RNA was isolated by phenol—
chloroform extraction (Sepazol-I; Wako Pure Chemical Indus-
tries, Osaka, Japan) from 100—200 mg fresh frozen tissue.
Extracted RNA was reverse transcribed to cDNA using T7-oli-
go-dT primer (Qiagen, Valencia, CA, USA) and converted to
double-stranded DNA, which was used for synthesis of biotin-
labeled cRNA using a MEGAscript Kit (Ambion, Austin, TX,
USA). The cRNA was fragmented and hybridized to oligonu-
cleotide microarray chips (GeneChips U95Av2; Affymetrix,
Santa Clara, CA, USA), which contained 12 558 genes. Probe
arrays were stained with streptavidin—phycoerythrin (Molecular
Probes, Eugene, OR, USA) and scanned. Signal intensities were
captured using Affymetrix GeneChip Expression Analysis Soft-
ware (LIMS 5.0) according to the supplier’s standard procedures,
and analyzed with Microsoft Excel (Redmond, WA, USA).

Complete gene expression data are available in the Gene
Expression Omnibus under accession number GSE6367.
Expression data were normalized using the MASS algorithm
and log2 transformed. We assessed associations between THC
Ki67 and first-generation gene signatures, including MKI67
(419_ at) 21 -gene mgnature( ) mitosis kinome score signature
(MKS),"'” and genomic grade index (GGD.YY If one gene
has two or more probe sets, we retained only one probe set
with the highest average gene expression. For the 21-gene
signature we used only Ki67, STK15, Survivin, CCNBI, and
MYBL?2 out of the 21 genes; these genes are all related to
proliferation. In order to simplify genomic markers with dis-
tinct complex algorisms and compare multiple genomic mark-
ers with IHC Ki67 levels, we calculated average gene
expressions for the 21-gene signature, MKS, and GGI based
on algorism normalized MAS5 log2 converted mRNA gene
expression data.

Statistical methods. To assess the relationship between IHC
Ki67 and survival outcomes, survival curves were calculated
by the Kaplan—Meier method and compared with the log-rank
test according to IHC Ki67. Cases were divided into two
groups (high and low IHC Ki67) based on the median value of
IHC Ki67. Relapse-free survival (RFS) was defined as the time
from the diagnosis to relapse. Overall survival (OS) was
defined as the time from diagnosis to death. Survival was right
censored at 10 years.

To assess the prognostic power of IHC Ki67 and other clini-
copathological covariates, we applied a proportional hazards
model by Cox’s regression analysis to estimate hazard ratios
and 95% confidence intervals for RFS. In multivariate analysis,
to identify a model that best fit the dataset, we adopted the
Akaike information criterion stepwise variable selection method.
Statistical analyses were carried out using BRB-ArrayTools
version 4.1.0 (http:/linus.nci.nih.gov/BRB-ArrayTools.html)
and R software version 2.7.2 (http://www.r-project.org). Two-
sided P-values < 0.05 were considered statistically significant.

Results

Patients and treatments. Samples from 39 patients were ana-
lyzed in this study. Patient characteristics are shown in
Table 1. Median age at diagnosis was 51 years. Treatments
included adjuvant chemotherapy (32 patients) and endocrine
therapy (21 patients).

Associations between IHC Ki67, mRNA Ki67, and various first-
generation gene signatures. We compared the five markers and
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Table 1. Characteristics of breast cancer patients who participated in
this study (n = 39; median age at diagnosis, 51 years)

Covariates Number of samples
T stage
1 17
2 13
3 8
4 1
N stage
0 20
1 16
2 1
3 2
Unknown 1
Estrogen receptor status
Positive 20
Negative 19
HER2 status
Positive 19
Negative 20

Histological grade
| 11

1l 10

1 17
Adjuvant chemotherapy

Yes 32

No 7
Adjuvant endocrine therapy

Yes 21

No 18

tumor grade using the Wilcoxon test (Fig. 1). Across the five
markers, there were consistently significant differences
between grades 3 and 1 and between grades 3 and 2, whereas
there was no significant difference between grades 1 and 2.
This result indicated that the power of IHC to capture grade
information is similar to that of genomic markers.

We also created a scatter plot matrix of the five markers and
calculated correlation coefficients using Spearman’s rank cor-
relation test. When we plotted without any adjustment for ER
status, IHC Ki67 and genomic markers were highly correlated
(p, 0.71-0.78) (Fig. 2). All genomic markers were also highly
correlated with each other (p, 0.87-0.97). The same analysis in
ER-positive cancers (n = 20) revealed similarly high correla-
tions between IHC Ki67 and other genomic signatures (p, 0.77
—0.83) (Fig. S1). In ER-negative cancers (n = 19), correlation
coefficients between IHC Ki67 and genomic markers were
somewhat lower (p, 0.58-0.73) (Fig. S2). These results sug-
gested that IHC Ki67 had predictive power for proliferation
similar to that of genomic markers, and that MKI67-mRNA
gene expression level alone has similar predictive power to
genomic markers with multiple genes. Moreover, IHC Ki67
information was more informative in ER-positive cancers than
in ER-negative cancers, probably because all ER-negative
cases show similarly high proliferative rates.

Recurrence-free and overall survival by IHC Ki67. We next ana-
lyzed the relationship between IHC Ki67 and survival. When
we assessed RFS and OS without any adjustment based on ER
status, there was no significant difference in RFS or OS
between high Ki67 and low Ki67 (P = 0.445 and P = 0.622,
respectively) (Fig. S3). The high Ki67 group showed a trend
toward longer OS compared to low Ki67. However, assessment
based on ER status revealed that in ER-positive cases, high
Ki67 was associated with significantly longer RFS (P = 0.007)
(Fig. S4), whereas ER-negative cases were unaffected by IHC
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Fig. 1.

Boxplots with immunohistochemical (IHC) (using anti-Ki-670 clone, MIB-1) and genomic markers by breast cancer grade (n = 39). P-val-

ues were calculated by the Wilcoxon test. GGI, genomic grade index; MKi67, Ki67 alone; MKS, mitosis kinome score signature.
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Fig. 2.
MKi67, Ki67 alone; MKS, mitosis kinome score signature.

Ki67 (P = 0.734) (Fig. S5). These results suggest that THC
Ki67 can serve as a prognostic marker in ER-positive but not
ER-negative cases.

Table 2 shows the Cox proportional hazards model for
10-year RFS. In univariate analysis, nodal status, histologi-
cal grade, and type of surgery showed significant differ-
ences, and in multivariate analysis, progesterone receptor
status, nodal status, type of surgery, and IHC Ki67 still
had significant differences. This result further supports a
role for IHC Ki67 as a prognostic marker in breast cancer
patients.

Discussion

Our data show that IHC Ki67 had similar predictive power
for proliferation as genomic markers with multiple genes and
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Scatter plot matrix for all breast tumor samples (n = 39). GGI, genomic grade index; IHC Ki67, immunohistochemical Ki67 labeling index;

using only one gene (Ki67). Furthermore, ITHC Ki67 was
more informative in ER-positive cancers than in ER-negative
cancers.

Our data suggest that histological grade might still be a use-
ful prognostic marker. Across the five markers, there were
consistent significant differences between grades 3 and 1 and
between grades 3 and 2. However, in stepwise multivariate
analysis, grade was excluded and THC Ki67 was retained, indi-
cating that the two parameters have similar prognostic power.
The other covariates, including PgR status, tumor size, nodal
status, and type of surgery, may have distinct prognostic
power independent of proliferative markers such as histologi-
cal grade and THC Ki67. Iwamoto er al."> reported similar
results indicating that clinical variables remained predictive of
survival or chemotherapy response independent of genetic
markers.
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Table 2. Cox proportional hazards model for 10-year recurrence-free survival in breast cancer patients (n = 39)

Univariate analysis

Multivariate analysis

Clinicopathological markers

Hazard ratio Cl 95% P-value Hazard ratio Cl 95% P-value
Estrogen receptor 0.948 0.34-2.62 0.917 -
Positive (vs negative)
Progesterone receptor 1.34 0.49-3.71 0.570 7.79 1.65-39.78 0.009
Positive (vs negative)
HER2 1.57 0.56-4.42 0.392 -
Negative (vs positive)
Tt 2.60 0.92-7.37 0.072 0.15 0.03-0.73 0.019
3+4(vs+1+2)
Nt 6.06 1.70-21.67 0.006 26.42 4.53-154.12 <0.001
1-3 (vs 0)
Histological grade 7.36 0.97-56.08 0.054 -
3(vs1+2)
Age 0.68 0.25-1.88 0.459 -
High (vs low)
Type of surgery 3.32 1.05-10.47 0.040 7.95 1.77-35.77 0.007
Mastectomy (vs lumpectomy)
Ki67+ 1.63 0.58-4.57 0.358 15.67 2.61-94.24 0.003
High (vs low)

tClinical tumor size and nodal status according to TNM staging system. tMedian value for Ki67 = 38.6%. Bold values indicate significance level.

Cl, confidence interval; HER2, human epidermal growth factor receptor 2.

As a well-established cell proliferation marker in breast can-
cer, IHC Ki67 is an excellent candidate biomarker for luminal
B tumors in ER-positive cases.” Two meta-analyses have
shown a statistically significant association between high Ki67
expression and increased risk of breast cancer relapse and
death.®*?" However, lack of clarity regarding Ki67 measure-
ment procedures and cut-off points has hindered clinical appli-
cation of IHC Ki67."

Our data suggest that IHC Ki67 is correlated closely with
first-generation genomic markers. Other recent studies confirm
the conclusion that IHC Ki67 has similar predictive power for
proliferation as genomic markers. Cuzick and colleagues
reported that four standard IHC assays (ER, PgR, HER2, and
Ki67) carried out in a high quality laboratory can provide
prognostic information similar to that provided by the 21-gene
signature, in endocrine-treated ER-positive breast cancer
patients, using material from the ATAC trial.*¥ This approach
has wide applicability and could extend the circumstances in
which improved prognostic information is routinely avail-
able.”’ Thus far, only IHC assays for ER, PgR, and HER2
have been widely adopted.

Williams and colleagues reported that assays using IHC
markers of proliferation, such as Ki67, are easy and quick to
carry out, relatively inexpensive, and correlate closely with the
21-gene signature.*” However, further research using vali-
dated methods is necessary before widespread adoption®® in
clinical laboratory settings. If validated, IHC Ki67 expression
at $US30 per test represents an economical means of
testing.*>

In some cases, we obtained discordant results between IHC
Ki67 and the 21-gene score and other genomic markers. When
multiple different genomic prognostic tests, IHC Ki67, and his-
tological grade are used clinically and applied to the same
case, discordant results can increase confusion in clinical deci-
sion making. When multiple predictors are applied to the same
case, despite similar predictive performances, discordant risk
predictions frequently occur. Currently, in such cases, we can-
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not identify the superior prognostic marker or predictor of sen-
sitivity to chemotherapy.

Limitations of our study include small sample size and
methods of collection of samples. We collected 10 samples
from cases in four categories. Our study might include bias of
collection. Also, genomic markers with multiple genes were
assessed by average gene expression based on data normalized
using the MASS algorithm, and log 2-converted mRNA gene
expression data, a departure from the original methods used in
similar published reports.(15 )

For determining prognosis and predicting sensitivity to
chemotherapy, gene expression profiling (by, for example, the
21-gene or 70-gene signatures) remains the gold standard.
Nevertheless, we suggest that THC Ki67 could emerge as a
cost-effective alternative, defined and validated for worldwide
clinical diagnostic use.

In conclusion, our data show that THC Ki67 shows predic-
tive power for proliferation similar to that of genomic markers
in ER-positive cancers. It is possible that IHC Ki67 could
replace genetic markers for predicting prognosis and sensitivity
to chemotherapy in the clinic. However, a lack of clarity
regarding THC Ki67 measurement and cut-off points hinders
clinical application. A prospective clinical trial of IHC Ki67 is
needed to assess its prognostic value and ability to predict sen-
sitivity to chemotherapy using central laboratory assessment.
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Additional Supporting Information may be found in the online version of this article:

Fig. S1. Scatter plot matrix for estrogen receptor-positive breast cancer cases (n = 20). GGI, genomic grade index; IHC Ki67, immunohistochemi-
cal Ki67 labeling index; MKi67, Ki67 alone; MKS, mitosis kinome score signature.

Fig. S2. Scatter plot matrix for estrogen receptor-negative breast cancer cases (n = 19). GGI, genomic grade index; IHC Ki67, immunohistochemi-
cal Ki67 labeling index; MKi67, Ki67 alone; MKS, mitosis kinome score signature.

Fig. S3. Kaplan—Meier curves by immunohistochemical Ki67 labeling index for all breast cancer cases (n = 39).

Fig. S4. Kaplan—Meier curves by immunohistochemical Ki67 labeling index for estrogen receptor-positive breast cancer cases (n = 20).

Fig. S5. Kaplan—Meier curves by immunohistochemical Ki67 labeling index for estrogen receptor-negative breast cancer cases (n = 19).
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