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Purpose
The genomic grade index (GGI) is a 97-gene measure of histological tumor grade. High GGl is

associated with decreased relapse-free survival in patients receiving either endocrine or no
systemic adjuvant therapy. Herein we examined whether GGI predicts pathologic response to
neoadjuvant chemotherapy in patients with HER-2—-normal breast cancer.

Methods

Gene expression data (gene chips) was generated from fine-needle aspiration biopsies (n = 229)
prospectively collected before neoadjuvant paclitaxel, fluorouracil, doxorubicin, and cyclophosph-
amide chemotherapy. Pathologic response was quantified using the residual cancer burden (RCB)
method. The association between the GGl and pathologic response was assessed in univariate
and multivariate analyses. The performance of a response predictor combining clinical variables
and GGI was evaluated under cross-validation.

Results

Eighty-five percent of grade 1 tumors had low GGl, 89% of grade 3 tumors had high GGI, and 63% of
grade 2 tumors had low GGI. Among both estrogen receptor (ER)-positive and -negative cancers, high
GGl score was associated with pathologic complete response (RCB-0) or minimal residual disease
(RCB-1). A multivariate model combining GGI and clinical parameters had an overall accuracy of 71%,
compared with 58% for the GGl alone, for prediction of pathologic response. However, high GGl score
was also associated with significantly worse distant relapse-free survival in patients with ER-positive
cancer (P = .005), and was not associated with survival in patients with ER-negative cancer.
Conclusion

High GGI is associated with increased sensitivity to neoadjuvant paclitaxel plus fluorouracil,
adriamycin, and cyclophosphamide chemotherapy in both ER-negative and ER-positive patients,
but it remains a predictor of worse survival in ER-positive patients.

J Clin Oncol 27:3185-3191. © 2009 by American Society of Clinical Oncology

expressed genes, 97 of which were combined into
the genomic grade index (GGI). It has been demon-
strated that a high GGI is capable of assigning breast
cancers of intermediate grade into two groups,
whose prognoses resemble those of either high or
low histologic grade and predictive of higher risk of
recurrence than a low index in both untreated and

Histologic grading of breast carcinomas is an impor-
tant prognostic factor." High tumor grade is associ-
ated with decreased overall survival,” but it also
predicts increased response to neoadjuvant chemo-
therapy.’ Lack of sufficient reproducibility and ob-

jectivity limit the clinical utility of histologic grade as
a prognostic or predictive factor.* Particularly, tu-
mors of intermediate grade display a low degree of
reproducibility and are of poor prognostic and pre-
dictive value. These imperfections have recently
been addressed by the development of a multigene
index representing a genomic correlate of histologic
tumor grade.” Comparison of gene expression pro-
files between breast cancers of low versus high
histologic grade identified a panel of differentially

tamoxifen-treated patients.®

Neoadjuvant chemotherapy refers to adminis-
tration of chemotherapy before breast cancer sur-
gery, with the goal to reduce the extent of surgery or
to enable surgery at all. Response to neoadjuvant
chemotherapy is usually dichotomized as patholog-
ical complete response (pCR; ie, absence of invasive
breast cancer in both the primary tumor bed and
regional lymph nodes at the time of definitive sur-
gery) and residual disease (RD). Achievement of
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PCR is strongly correlated with increased overall and disease-free
survival.” It has been recognized, however, that dichotomization of
chemotherapy response into pCR versus RD does not capture the
complete spectrum of response as seen at the time of surgery; patients
with a marked reduction in tumor volume, but with a few remaining
invasive cells may show significantly improved outcome compared to
those with no response at all. This issue has recently been addressed
through the development of a continuous measurement of the resid-
ual cancer burden (RCB), which can also be categorized into a semi-
quatitative, four-tiered response score. It has been demonstrated that
patients with minimal residual disease (ie, RCB-I) carry an equally
favorable long-term relapse-free prognosis compared to patients
with pCR (RCB-0).® High histologic tumor grade is a known
predictor of increased response to neoadjuvant chemotherapy.”'?
Consequently, we hypothesized that breast cancers with high
genomic grade (ie, high GGI index), would also show increased
response rates to chemotherapy.

The aim of this study was to investigate whether high GGI pre-
dicts increased response to neoadjuvant chemotherapy measured by
using the RCB score. As neoadjuvant or adjuvant therapy with
trastuzumab has shown to be effective in patients with HER-2—
overexpressing breast cancer in addition to chemotherapy,'*™* this
combined regimen is currently recommended for HER-2—positive
breast cancer. Given that we wanted to analyze the predictive value of
the GGI with regards to chemotherapy alone, only patients with HER-
2-normal breast cancer were included in this study.

Patients

Gene expression profiles from patients with breast cancer treated with a
neoadjuvant chemotherapy regimen as part of a pharmacogenomic research
program'>'® were included in this study. Inclusion criteria comprised of
HER-2-normal status, uniform neoadjuvant therapy with 12 cycles of weekly
paclitaxel followed by four cycles of three-weekly fluorouracil, adriamycin,
and cyclophosphamide and availability of pathologic response information.
Fine-needle aspiration samples were obtained before initiation of chemother-
apy and gene expression profiles were obtained using Affymetrix U133A
Genechips (Affymetrix, Santa Clara, CA). RNA extraction, transcription, and
hybridization were described previously.'>!”

Pathology

Pathologic response was measured using the RCB method (www
.mdanderson.org/breastcancer_RCB) and RCB scores were categorized into
four groups (RCB 0, I, I, and IIT). RCB-0 indicates pCR defined by the absence
of any invasive cancer in both the breast and lymph nodes.'® Patients with RD
were categorized as having minimal residual disease (RCB-I), intermediate
residual disease (RCB-II), and extensive residual disease (RCB-III). Given that
the categories RCB-0 and RCB-I have previously been shown to carry an
equally favorable prognosis,® these two groups were combined and compared
to patients with either RCB-II or RCB-III. Estrogen receptor (ER) status was
assessed using immunohistochemistry (IHC; 6F11; Novocastra Laboratories
Ltd, Newcastle, United Kingdom); HER-2 status was determined by either
fluorescence in situ hybridization (FISH) or IHC (Dako North America Inc,
Carpinteria, CA). The cutoff for ER positivity was = 10% positive tumor cells
with nuclear staining. HER-2 negativity was defined as either lack of HER-2
gene amplification by FISH or an THC score of 0 or 1+. Tumor grade was
assessed using the modified Black’s nuclear grading system."”

Statistical Analysis
For each case, a GGI score was assigned using the previously published
algorithm.> GGI was used as a dichotomized value and cases were assigned to
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either GGI “high risk” or GGI “low risk” categories using a cutoff representing
the midpoint between the mean values associated with high nuclear grade
(grade 3) and low grade (grade 1) cases from this cohort as in the original
publication.” The GGI scores were also assessed as continuous variable in
multivariate models and as part of the combined prediction models of GGI
and clinical parameters. All clinical variables were dichotomized including age
(> 50 v = 50 years), ER status (ER negative v ER positive), nodal status (node
negative v node positive), tumor grading (grade 3 v grade 1/2), American Joint
Commission on Cancer stage (1 v 2/3). The association of GGI with clinical
parameters and chemotherapy response (ie, RCB scores) was evaluated in
univariate and multivariate logistic regression analyses. Multivariate logistic
models that included all the clinical covariates with or without the continuous
GGI were compared based on the likelihood-ratio test for nested models. The
logistic regression models were then used to predict response class based on a
probability threshold of .5. The predictive performance of the multivariate
clinical model and of the combined model was evaluated in random three-fold
cross-validation with 1,000 random splits and receiver operating characteristic
(ROC) curves were also plotted. Survival analysis was performed to evaluate
the effect of GGI on distant recurrence-free survival (DRFS) among patients
with ER-positive and ER-negative breast cancer separately. DRFS was defined
as the interval between the date of the biopsy and the first documented distant
metastatic relapse. All statistical computations were performed in R version
2.5.1 (R Development Core Team; http://www.R-project.org).

Patient Characteristics

Gene expression profiles were available for 274 patients. Overall,
45 patients had to be excluded from the study because their gene
expression results did not pass quality control or path review/RCB

Table 1. Patient Characteristics
Characteristic No. of Patients %
Median age at diagnosis, years 50
Range 26-75
Lymph node status
Negative 62 27
Positive 167 73
Tumor size
T 21 9
T2 133 58
T3 35 15
T4 40 18
Tumor grade
1 13 6
2 94 41
3 122 53
ER status
Positive 133 58
Negative 96 42
PR status
Positive 103 45
Negative 126 55
Response to neoadjuvant chemotherapy
pCR/RCB-0 43 19
RCB-I 26 11
RCB-II 101 44
RCB-III 59 26
Abbreviations: ER, estrogen receptor; PR, progesterone receptor; pCR,
pathologic complete response; RCB, residual cancer burden.
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scorings were not available (n = 12) or they had overexpression/
amplification of HER2 (n = 33). The remaining 229 patients with
HER-2-normal breast cancer were included in this study. Of these
patients, 132 patients had ER-positive tumors and 97 tumors were
ER negative.

Table 1 summarizes the patient characteristics. Table 2 shows the
association between GGI risk categories and clinical parameters. High
GGl risk categories were significantly correlated with high tumor
grade (P < .001) and ER-negative status (P < .001). The majority of
grade 1 tumors (84.6%) were assigned to the GGI low risk category
whereas the majority of grade 3 tumors (88.3%) belonged to the GGI
high risk category; 62.7% of grade 2 tumors had low GGI. Grade 2
tumors were reclassified mostly as GGI low risk category (63.2%).
Sixty patients (44.8%) with ER-positive breast cancer and 86 patients
(89.6%) with ER-negative tumors were assigned to the GGI high-
risk category.

Association Between GGI and Response to
Neoadjuvant Chemotherapy

GGI hig- risk category was associated with significantly higher
response rates to neoadjuvant paclitaxel plus fluorouracil, adriamycin,
and cyclophosphamide chemotherapy compared to GGI low risk
category (40% v 12%; P < .001). Among patients with excellent
response to chemotherapy (ie, pCR/RCB-I), as many as 85.5% were

Table 2. Association Between GGl Risk Categories and Clinical Variables
GGl Risk Category
Low High
Characteristic No. % No. % P
Age at diagnosis, years
=50 45 54.2 73 50.0 .54
> 50 38 45.8 73 50.0
Lymph node status
0 26 31.3 36 24.7
1 39 47.0 67 459
2 7 8.4 26 17.8
3 11 13.3 17 1.6
Tumor size .32
Tis 0 0.0 2 1.4
T1 8 9.6 11 7.5
T2 54 65.1 79 54.1
T3 10 12.0 25 171
T4 11 133 29 19.9
Tumor grade < .001
1 Il 13.3 2 1.4
2 59 711 35 24.0
3 13 15.6 109 74.7
ER status <.001
Negative 10 12.0 86 58.9
Positive 73 88.0 60 411
Response to neoadjuvant <.001
chemotherapy
pCR+/RCB-I8 10 11.9 59 40.4
RCB-II 47 56.0 54 37.0
RCB-III 26 31.0 33 22.6
Abbreviations: GGI, genomic grade index; pCR, pathologic complete re-
sponse; RCB, residual cancer burden.
*As per x? test.

WWW.jco.org

assigned to the GGI high-risk category, whereas among cases with
RCB-II'and RCB-I1I, only 53.6% and 55.9%, respectively, were desig-
nated as GGI high-risk category (Table 2). The association between
the continuous GGI and RCB following stratification by ER status is
illustrated in Figure 1. Increased GGI is significantly associated with
increased response to neoadjuvant chemotherapy (ie, low RCB score)
in both ER-positive and ER-negative breast cancers (P = .047 and
P = .012, respectively). Continuous GGl is plotted against continuous
RCB scores in Appendix Figure A1l for ER-positive and ER-negative
breast cancers separately.

GGl and Clinical Covariates As Predictors
of the Likelihood of Response to
Neoadjuvant Chemotherapy

In univariate analysis, ER-negative status (P < .001), low preche-
motherapy nodal status (P = .042), high prechemotherapy nuclear
grade (P < .001), and continuous GGI (P < .001) were significantly
associated with increased response to chemotherapy (ie, pCR or RCB-
I). No significant association was observed for patient age at diagnosis
and prechemotherapy tumor size. In multivariate logistic regression
analysis (Table 3) without inclusion of continuous GGI, ER positivity
(odds ratio [OR], 0.34; 95% CI, 0.16 to 0.72; P = .004) and positive
nodal status (OR, 0.35; 95% CI, 0.17 to 0.72; P = .005) remained
predictive of decreased chance of response, whereas high tumor grade
remained associated with increased response to neoadjuvant chemo-
therapy (OR, 3.33; 95% CI, 1.51 to 7.33; P = .003). When the contin-
uous GGI was included in the multivariate model, GGI was
independently associated with chemotherapy response (OR, 1.86;
95% CI, 1.15 to 3.00; P = .011). ER positivity (OR, 0.43; 95% CI, 0.20
to0 0.91; P = .028) and positive nodal status (OR, 0.32; 95% CI, 0.16 to
0.68; P =.003) still remained significant predictors of decreased chem-
otherapy response whereas high nuclear grade became borderline
insignificant (OR, 2.26; 95% CI, 0.97 to 5.24; P = .059). To evaluate
whether the GGI added predictive information over and above the
clinical covariates, we performed a likelihood ratio test comparing
the performance of multivariate models with or without the contin-
uous GGI. This test yielded highly significant results (P = .008;
X = 6.93), demonstrating that the continuous GGI is a significant
independent predictor of the likelihood of response to neoadju-
vant T/FAC chemotherapy.

We compared the performance of GGI as predictor of neoadju-
vant chemotherapy response to that of Ki67 mRNA expression (mea-
sured by probe set 212021_s_at). Appendix Figure A2 (online only)
shows Ki67 plotted as a continuous variable against RCB values, Ap-
pendix Figure 3 (online only) shows Ki67 plotted as a continuous
variable against GGI. In a multivariate model including age, ER status,
nodal status, nuclear grade, and T stage, Ki67 was not associated with
chemotherapy response (OR, 0.94; 95% CI, 0.53 to 1.67; P = .845).
When adding GGI to this model, GGI remained independently signif-
icantly associated with neoadjuvant chemotherapy response (OR,
2.37;95% CI, 1.36 to 4.16; P = .002; Appendix Table Al online only).

Prediction Models for Response to
Neoadjuvant Chemotherapy

In order to evaluate how well the clinical covariates alone or in
combination with the GGI predict the probability of pathologic re-
sponse to chemotherapy (ie, pCR/RCB-I v RCB-II/RCB-III), we di-
chotomized the probability outputs of the logistic regression models

© 2009 by American Society of Clinical Oncology ~ 3187
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described in the previous section using a threshold of 0.5 (probability
of > 50% for pCR/RCB-I and = 50% for RCB-II/RCB-III). We then
evaluated the performance of these models in random three-fold cross
validation with 1,000 random data splits. As a baseline comparison we
used the predictions of the dichotomized GG (high or low). Compar-
ison of the performance of these three predictors is given in Appendix
Table Al (online only). Combination of GGI with clinical variables
(including histologic tumor grade) compared to clinical variables
alone increased prediction accuracy (71% v 69%), sensitivity (38% v
28%), positive predictive value (53% v 48%), and negative predictive
value (76% v 74%), respectively. However, none of these differences
was significant at the 5% level since the 95% Cls overlapped. In
contrast, the combination of GGI and clinical variables compared to
GG alone lead to significantly increased accuracy (71% v 58%) and
specificity (86% v 46%), but significantly reduced sensitivity (38% v

75%) and NPV (76% v 88%). Figure 2 shows the cross-validated ROC
curves for the multivariate logistic regression model using clinical
characteristics only and the multivariate model in combination with
GGI. The area under the ROC curve (AUC) for the model that in-
cluded only the clinical covariates was lower at 0.714 (95% CI, 0.685 to
0.743), whereas that of the full model combining clinical covariates
and GGI was 0.735 (95% CI, 0.702 to 0.768) but the difference was not
significant at the 5% level. For comparison, the AUC for the continu-
ous GG alone was 0.715 (95% CI, 0.638 to 0.791). Comparison of
AUC results is generally less sensitive to detect modest but potentially
important differences in predictor performance than some other met-
rics of comparison. This explains why the likelihood ratio test of the
multivariate logistic regression models was significant for the com-
bined model whereas the AUC values only indicated a numerical
improvement but no significant difference.

Table 3. Multivariate Logistic Regression Analyses for Predicting the Probability of Excellent Pathologic Response After Neoadjuvant Chemotherapy With or
Without the Continuous GGl

Analysis Without Continuous GGl

Analysis With Continuous GGl

Variable OR 95% ClI P OR 95% Cl P
Age, > 50 v = 50 years 0.88 0.47 to 1.64 .692 0.94 0.50t0 1.77 .839
ER status, positive v negative 0.34 0.16t00.72 .004 0.43 0.20t0 0.91 .028
Nodal status, positive v negative 0.35 0.17100.72 .005 0.32 0.16 t0 0.68 .003
Grade, 3 v1or2 3.33 1.51t07.33 .003 2.26 0.97t05.24 .059
T stage, 2 or3 v 1 0.85 0.43t0 1.67 .635 0.81 0.40to 1.62 .550
Continuous GGI* — — — 1.86 1.15t0 3.00 .01

“GGl used as a continuous covariate.

NOTE. Likelihood ratio test for the comparison between the analysis with and without the GGI: P = .008 and x*> = 6.93.
Abbreviations: GGI, genomic grade index; OR, odds ratio; ER, estrogen receptor.

3188 © 2009 by American Society of Clinical Oncology
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Fig 2. Cross-validated receiver operating characteristic (ROC) curves for the
multivariate logistic regression models for chemotherapy response (pathologic
complete response or residual cancer burden [RCBJ-I) shown in Appendix Table A1.
The area under the ROC curve (AUC) for the model that included only the clinical
covariates (age at diagnosis, estrogen receptor status, nodal status, histologic grade,
and tumor stage) was 0.714 (95% Cl, 0.685 to 0.743), whereas that of the full model
combining clinical covariates and continuous genomic grade index (GGI) was 0.735
(95% CI, 0.702 to 0.768). Box plots show for a series of false positive rates the
distribution of true-positive rates estimated under cross validation.

GGl and Clinical Covariates As Predictors of DRFS

At a median follow-up time of 28 months (maximum, 68
months) GGI high-risk category was associated with significantly
worse distant metastasis relapse-free survival compared to GGI low

risk for patients with ER-positive breast cancer (5-year DRES, 67.5 v
93.2 months; P = .005). Among patients with ER-negative breast
cancer, no difference in survival was observed by GGI status (70.3 v
67.5 months, P = 918, Fig 3).

In this study we examined the association between neoadjuvant chem-
otherapy response and the GGI as a multigene surrogate of histological
tumor grade. We applied the GGI to gene expression profiles from 229
patients with breast cancer treated with a taxane- and anthracycline-
containing neoadjuvant chemotherapy. High GGI score predicted
significantly and independently for increased probability of response
to chemotherapy (OR, 1.86; 95% CI, 1.15 to 3.00; P = .011).

It has been recognized that ER-negative and ER-positive breast
cancers represent two molecularly*® and clinically*' distinct entities
and molecular features associated with either response or resistance to
chemotherapy may differ between patients with ER-positive and ER-
negative breast cancer.”? Thus, we examined if the association between
GGI and response to chemotherapy remained significant if analyzed
separately by ER status. The majority of patients with ER-negative
cancers were assigned to the high GGI category (90%) whereas among
patients with ER-positive cancers a substantial proportion (45%) had
low GGI scores. Both ER-positive and ER-negative breast cancers with
high GGI scores experienced significantly higher rates of excellent
response to chemotherapy than cases with low GGI scores (P = .047
and P = .012, respectively). Many of the genes included in the GGI
indexare related to cell cycle progression, therefore it was important to
examine ifa single proliferation marker such as Ki67 could provide the
same predictive information as the complex GGI signature. Our re-
sults indicate that mRNA levels of Ki67 alone are not as predictive of
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response as the GGI. This suggests that measuring multiple compo-
nents of a proliferation pathway may be more robust clinical predictor
than measuring a single gene alone. However, many patients with
ER-negative tumors and extensive residual disease had a high mean
GGl score despite their obviously poor response to neoadjuvant chem-
otherapy. This clearly indicates in these tumors some other forms of
resistance override chemotherapy sensitivity that is generally present
in high proliferative tumors.

To investigate whether the GGI contains predictive information
in addition to clinical parameters we built a multivariate model of
clinical factors with and without GGI. Inclusion of GGI into this
multivariate model increased its accuracy ( X* = 6.93; likelihood ratio
test P = .008), therefore providing evidence that GGI is an indepen-
dent predictor of response to chemotherapy.

We also examined the prognostic value of GGI in our study.
Patients with ER-positive and high GGI cancer had worse DRFS,
despite their higher chemotherapy sensitivity. This is the same inverse
relationship between greater predicted chemotherapy sensitivity and
poorer overall survival than seen with histologic grade itself. A similar
relationship was observed for the OncotypeDX (Genomic Health Inc,
Redwood City, CA) recurrence score in ER-positive patients; higher
recurrence score indicate greater benefit from adjuvant cyclophos-
phamide, methotrexate, and fluorouracil chemotherapy but higher
overall risk of relapse. These observations highlight the complexity of
interpreting survival curves when a molecular marker interacts with
several biologic features of a cancer that each effect survival. Survival
after adjuvant systemic therapy is influenced not only by chemother-
apy sensitivity but also by baseline prognosis and sensitivity to endo-
crine therapy (among the ER-positive tumors). The same molecular
marker can interact to different degrees and with an opposing effect
with several of these factors. For example, high GGI is associated with
poor baseline prognosis, lower endocrine sensitivity, and greater sen-
sitivity to chemotherapy. Because of its modest positive predictive
value of around 50% to predict near complete pathologic response,
the increased chemotherapy sensitivity does not fully compensate for
the worse baseline prognosis and lower endocrine sensitivity among
those who achieve less than excellent response. This explains why
patients with low GGI (ie, better baseline prognosis and greater
endocrine sensitivity among ER-positive patients) had better sur-
vival despite including a lower proportion of patients with highly
chemotherapy sensitive tumors. Interestingly, among the ER-negative

patients where endocrine therapy was not used, the GGI category was
no longer prognostic when chemotherapy was administered. These
paradoxical interactions between existing pCR predictors and survival
underscore the need to develop more accurate predictors separately
for ER-negative and -positive patients that do not interact with prog-
nosis and endocrine responsiveness.

In summary, high GGI correlates with increased sensitivity to
neoadjuvant paclitaxel plus fluorouracil, adriamycin, and cyclophos-
phamide chemotherapy in both ER-negative and ER-positive pa-
tients. GGI provides modest but significant additional information
with regards to response to chemotherapy compared to clinical vari-
ables. A multivariate prediction model of pathologic response to chem-
otherapy including combination of the GGI and clinical parameters
had an overall accuracy of 71% (95% CI, 67.7 to 74.2). The GGI
continues to predict for poor prognosis among ER-positive patients
even after systemic chemotherapy.
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