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Abstract

Taxanes are among the drugs most commonly used for preoperative chemotherapy for breast
cancer. Taxanes induce mitotic arrest and subsequent apoptosis. The spindle-assembly checkpoint
(SAC) is known to be activated during mitosis, along with cyclin-dependent kinase-1 (CDKI), and
is required for taxane-induced cell death. We hypothesized that CDK| activity predicts response
to taxane-containing chemotherapy.

This study included breast cancer patients who received preoperative chemotherapy— tax-
ane-containing treatment followed by anthracycline-based treatment—and then underwent sur-
gery. Before starting taxane-containing chemotherapy, patients underwent fine-needle aspiration
biopsy, and the biopsy samples were incubated in paclitaxel solution to measure CDK activity.
Clinical were evaluated after taxane therapy, and pathological resposes were evaluated after
completion of all preoperative chemotherapy. Thirty five patients were eligible for analysis of
clinical response to taxane-containing therapy. Twenty-six patients had taxane-sensitive and 9
taxane-resistant tumors.

Using a cut-off of CDK activity determined by the ROC analysis, patients were classified into SAC
function and dysfunction groups. Univariate logistic regression analysis with clinicopathologic
parameters showed that only CDK-based SAC functionality was significantly correlated with
clinical response (P =0.017). No significant correlation was observed between SAC functionality
and pathologic response.

CDK-based SAC functionality significantly predicted clinical response (P =.0072, overall agreement
= 71.4%), and this is a unique mechanism-based marker for predicting taxane chemosensitivity.
Further, large prospective study is needed to determine CDK-based SAC functionality could be
developed as a predictive biomarker.

Key words: chemosensitivity prediction, cyclin-dependent kinase, preoperative chemotherapy,
spindle-assembly checkpoint, taxane

Introduction

Preoperative chemotherapy is well accepted and  breast cancer.! There are several advantages of pre-
increasingly used to treat for patients with stage II-IIl  operative chemotherapy over postoperative chemo-
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therapy —for instance, with preoperative chemother-
apy, the clinical effects of the chemotherapy on tumor
burden can be monitored using imaging, the patho-
logic response can be directly measured by examina-
tion of tumors removed after chemotherapy, and the
chance of receiving breast-conserving surgery is im-
proved. The clinical outcome of patients treated with
preoperative chemotherapy has been shown to be
similar to that of patients treated with postoperative
chemotherapy in terms of survival and overall disease
progression.?

Development of methods to predict tumor re-
sponse to particular types of preoperative chemo-
therapy might be of great benefit to patients with
primary breast cancer because it could spare them
unnecessary treatment and the associated toxic ef-
fects. To date, two main biological approaches have
been used to try to predict the sensitivity of breast
cancer to chemotherapy — genomic expression analy-
sis (multiple genomic expression analysis or gene
expression signatures) 38 and cultivation of resected
tumor tissues with chemotherapeutic agents
(so-called chemotherapy sensitivity and resistance
assays [CSRAs]).>12 However, neither expression pro-
filing nor CSRAs fully meet the requirements for
clinical application yet— the robustness of the predic-
tive performance of multiple genomic analyses among
various cohorts studies remains uncertain, and CSRAs
have not been prospectively evaluated in clinical tri-
als.

Taxanes (paclitaxel and docetaxel) are among the
drugs most commonly used for preoperative chemo-
therapy for breast cancer.’® Taxanes specifically bind
to tubulin and stabilize microtubule polymerization,
resulting in arrest of the cell cycle at the G2/M phase
and consequently cell death, mostly via apoptotic
pathways. In the G2/M phase, the spindle-assembly
checkpoint (SAC) is normally activated to secure the
mitotic process.!* Various mitotic checkpoint regula-
tors are the determinants of paclitaxel response.’>1¢ In
a previous report, we showed that activation of the
SAC is required for paclitaxel-induced cell death.”
Cyclin-dependent kinase-1 (CDK1), which is known
to be a master kinase for cell cycle processes, also
plays a key role in the mitotic process. The activity of
CDK1 is maximized when the SAC is activated.
Premature activation of CDK1 is known to be re-
quired for apoptosis induction by paclitaxel.’81? Thus,
we previously hypothesized that the functionality of
the SAC can be assessed by measuring CDK1 activity
and that CDK1 activity can be used as a predictor of
paclitaxel sensitivity.?0 Preclinical in vitro and in vivo
experiments using breast cancer cell lines and xeno-
graft mouse models showed that in cell lines sensitive
to paclitaxel, CDK1 activity increased significantly

after paclitaxel incubation, whereas in cell lines re-
sistant to paclitaxel, CDK1 activity was unchanged
after paclitaxel incubation, supporting our hypothe-
5i5.200On the other hand, previous study reported that
CDK?2 activity, critical in the transition of the cell cycle
at G1/S phase, do not alter at 24 hr after paclitaxel
treatment to the baseline in breast cancer cell lines 21,
Our preclinical in vivo experiment agrees with the
above observation of CDK2 activity levels 20 and
CDK?2 activity was used to normalize the activity of
CDK1. Therefore, we hypothesized that the relative
activity of CDK1 normalized by CDK2 activity (CDK
1/2-AC) could be a parameter for paclitaxel sensitiv-
ity.

We validated the results of our preclinical study.
We conducted a prospective study to determine
whether CDK activity predicts taxane sensitivity in
breast cancer patients. We previously established a
sophisticated technology, termed cell-cycle profiling
(C2P) technology, to quantify the kinase activity and
expression level of multiple proteins relevant to the
cell cycle, including CDKs, in a simultaneous and
multiparalle] way.?2 Using the C2P technology, we
successfully predicted breast cancer recurrence in
Japanese and Caucasian cohorts by measuring CDK1
and CDK?2 specific activities.??* In this study, we used
the C2P technology to assess CDK activity and ana-
lyzed the relationship between CDK activity and
clinical response of breast cancer to taxane-containing
chemotherapy.

Materials and Methods

Patient Enrollment and Selection for Analysis

Patients in this study were enrolled in an ongo-
ing pharmacogenomic marker discovery program
(LAB-99-402) conducted in patients with primary
breast cancer at The University of Texas MD Ander-
son Cancer Center. LAB-99-402 is open to patients
with a newly discovered palpable breast lump who
are scheduled to undergo diagnostic core or fi-
ne-needle aspiration biopsy. In addition to enrollment
in LAB-99-402 between 2004 and 2007, inclusion cri-
teria for the study reported herein were diagnosis of
primary invasive breast cancer and eligibility for
preoperative chemotherapy. Any previous chemo-
therapy for the current breast cancer excluded a pa-
tient from our study. Of the patients in LAB99-402, a
total of 60 patients met the inclusion criteria for our
study.

Of the 60 patients, 7 patients were excluded from
analysis of clinical response to taxane-containing
chemotherapy, respectively, because clinical outcome
of taxane therapy was not available. Our study ulti-
mately enrolled 52 patients for analysis of clinical re-
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sponse to taxane-containing therapy.

This study was approved by the institutional re-
view boards of MD Anderson Cancer Center and
Sysmex Corporation. All patients gave informed
consent for voluntary participation.

Study Design and Evaluation of Response to
Taxane-containing Chemotherapy

This was a prospective study in breast cancer
patients who received 6 months of preoperative
chemotherapy consisting of paclitaxel-containing
treatment (80 mg/m? weekly) or docetaxel-containing
treatment (100 mg/m? every 3 weeks) for the initial 3
months  followed by  fluorouracil-epirubicin-
cyclophosphamide  or  fluorouracil-doxorubicin-
cyclophosphamide for the second 3 months. Before
starting preoperative chemotherapy, patients were
asked to undergo fine-needle aspiration biopsy of the
primary breast tumor. Also, the longest diameter of
the primary tumor and its orthogonal diameters were
measured by ultrasonography.

At the completion of taxane treatment, the clini-
cal response was evaluated and classified according to
the following definitions: Complete response (CR)
was defined as the absence of all clinical evidence of
active tumor in the breast and lymph nodes. Partial
response (PR) was defined as a more than 50% reduc-
tion in the product of the perpendicular diameters of
the measurable lesion(s) without progression of any
lesion or appearance of any new disease. Stable dis-
ease (SD) was defined as no change or reduction in
tumor measurements insufficient to qualify as a PR.
Progression of disease (PD) was defined as a more
than 25% increase in the size of any tumor and/or the
appearance of new lesions. After completing pre-
operative  chemotherapy, patients underwent
breast-conserving surgery or mastectomy.

Measurement of CDK Activity in Tumor
Samples Incubated with Paclitaxel

It is known that fine-needle aspiration (FNA)
samples contain in tumor cells, few lymphocytes and
stromal cells.?> Therefore, in this study, tumor sam-
ples were obtained by FNA before the administration
of any preoperative chemotherapy. Following the
sample collection, the samples were immediately in-
cubated in paclitaxel solution containing 100 nM
paclitaxel in medium with 2% FBS for 24 hr at 37°C.
This has been reported to be the lowest cytotoxic
concentration of paclitaxel that was clinically relevant
26, and exposure to 100 nM paclitaxel for 24 hr blocked
a majority of the cells, which are sensitive to paclitax-
el, into the mitotic phase in in vitro experiment.2 After
incubation, samples were washed and pellets were
stored at -80°C until the measurements of CDK1 and

CDK2 enzymatic activities. The CDK activity was
measured by previously reported methods.?? On the
other hand, in regard to CDK expression, the amount
of tumor samples obtained by FNA was not enough
for the measurement of CDK expression.

Statistical Analysis

Summary statistics were provided in the form of
frequency and percentages for categorical variables
(e.g., estrogen receptor status, pathologic subtype)
and in the form of median and average for continuous
variables (e.g., age).

The ratio of CDKI1 activity to CDK2 activity
(CDK1/2-Ac) was used as the index of SAC function-
ality. The cut-off values of CDK1/2-AC were deduced
by receiver operating characteristic (ROC) analysis.
Patients with clinical CR or PR were defined as having
sensitive disease. Each response rate was calculated
by dividing the number of sensitive cases by all ex-
amined cases.

Cross-tabulations of categorical variables (e.g.,
response to taxane-containing chemotherapy vs. SAC
functionality) were provided, and associations were
assessed using Fisher’s exact test. Univariate logistic
regression was used to assess the utility of SAC func-
tionality in predicting clinical and pathologic re-
sponse to taxane-containing chemotherapy. All tests
were two-sided, and P values of .05 or less were con-
sidered statistically significant. Statistical analysis was
carried out using MedCalc version 10 (MedCalc
Software, Belgium).

Results

Patient Demographics

The demographic, clinical, and pathologic fea-
tures for patients in the clinical response prediction
and pathologic response prediction analysis sets are
listed in Table 1. Of the enrolled 52 patients for anal-
ysis, there were some cases with no CDK2 activity
measurable in our study. One possible explanation is
that the biopsy samples might have low or zero per-
cent of cycling cells when both CDK1 and CDK2 were
not detectable. Another possibility is that CDK1 or
other kinase might take over CDK2 function in the
cells whose CDK2 activity was not detectable but
CDK1 activity was detectable, suggesting that CDK2
might not be essential for cell cycle in these breast
cancer cells. The latter hypothesis is supported by a
previous report that CDK1 can compensate for CDK2
loss in most cell type.?” In either case, patients who
showed no CDK2 activity were excluded from the
analysis because we will not be able to obtain a
CDK1/2-AC ratio. Therefore, for prediction of clinical
response, 17 patients were excluded, leaving 35 of the
initial 52 patients available for the final analysis.
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Table . Patient Demographic and Clinicopathologic Features*

Patients for Clinical Response

Prediction
(N =35)

Age, years

Median 51.0

Mean 50.0

<50 17 (48.6)

>50 18 (51.4)
ER status

Negative 15 (42.9)

Positive 20 (57.1)
PgR status

Negative 14 (40.0)

Positive 21 (60.0)
HER?2 status

Negative 34 (97.1)

Positive 1(2.9)
Stage

I 27 (77.1)

I 12 (22.9)
Nuclear grade

1 4 (11.4)

2 10 (28.6)

3 20 (57.1)

Unknown 1(2.9)
Pathologic subtype

IDC 27 (77.2)

ILC 4 (11.4)

Unknown 4 (11.4)
Regimen

Paclitaxel-containing 26 (74.3)

Docetaxel-containing 9 (25.7)

CDK1/2-Ac values were classified as the SAC dys-
function group. CDK-based SAC functionality was a
significant predictor of clinical response to tax-
ane-containing chemotherapy (chi-squared test, P =
.0072, sensitivity = 65.4%, specificity = 88.9%, positive
predictive value [PPV] = 94.4%, negative predictive
value [NPV] = 47.1%, and overall agreement = 71.4%,
Table 2). Comparison of the point estimation of the
clinical response rate between the SAC function and
SAC dysfunction groups evaluated with chi-squared
test showed a difference (P = .0155, Table 3).
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Figure |. A box-whisker plot for taxane clinical response vs. CDK1/2-Ac.
Analysis of variance test shows P = 0.077.

*All values are number (percentage) of patients unless otherwise indicated.

Prediction of Clinical Response to Taxane-
containing Chemotherapy

In the analysis set for clinical response (35 pa-
tients), 26 patients showed sensitivity to tax-
ane-containing preoperative chemotherapy (2 CR and
24 PR), and 9 patients showed resistance (7 SD and 2
PD). These patients were defined as the sensitive and
resistant groups, respectively. The distribution of the
CDK1/2-Ac values between the sensitive and re-
sistant groups was separated (analysis of variance, P =
.077, Figure 1). This tendency was strongly in agree-
ment with our preclinical findings that cell lines sen-
sitive to paclitaxel had increased CDK1 activity after
paclitaxel incubation, whereas cell lines resistant to
paclitaxel had no obvious CDK1 activity alteration
after paclitaxel incubation.2 The ROC analysis
showed a prediction capability of CDK1/2-Ac, within
an area under the curve of 0.720 when the cut-off was
set to be 0.55 (P = .0087, 95% confidence interval:
0.54-0.86).

On the basis of this cut-off value, 18 patients
having higher CDK1/2-Ac values were classified as
the SAC function group, and 17 patients having lower

Table 2. Performance of CDK-based SAC Functionality in Pre-
dicting Clinical Response to Taxane-containing Chemotherapy

Clinical Response to
Taxane-containing

Chemotherapy

Sensitive  Resistant Total
CDK-based  Function 17 1 18 (51.4%)
SAC Func- Dysfunction 9 8 17 (48.6%)
tionality Total 26 (743%) 9 (25.7%) 35

Table 3. Statistical Analysis for Difference in Response Rate
between SAC Function and Dysfunction Groups

Response Statistics

rate
CDK-based Function 94.4% Chi square p= 0.0155
SACfunc-  Dysfunction 52.9% Difference =  41.50%
tionality  Total 74.3% (95% CI:
9.065 to
67.21)
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Logistic Regression Modeling of Utility of
CDK-based SAC Functionality and Other
Clinicopathologic Parameters in Predicting
Clinical Response

Many clinicopathologic parameters were exam-
ined in this study. CDK-based functional SAC was the
only clinicopathologic factor that correlated signifi-
cantly with clinical response (Table 4). Nuclear grade

were moderately correlated with clinical response.
Since all patients with estrogen-receptor-positive or
progesterone-receptor-positive status were sensitive
to taxanes, odds ratios could not be calculated for
those factors. HER2 status was not included in the
analysis since there was only 1 HER2-positive patient
in this analysis set.

Table 4. Univariate Logistic Regression Model for Clinical Response to Taxane-containing Chemotherapy

Variable Segments Odds Ratio 95% CI p

Age <50 vs. 250 (year) 1.25 0.273-5.73 0.774

ER status Positive vs. negative NA NA -

PgR status Positive vs. negative NA NA -

Stage IIvs. 11 1.059 0.213-5.27 0.944

Nuclear grade 3vs.2/1 0.264 0.046-1.53 0.137
Pathologic subtype ILC vs. IDC 1.05 0.093-11.83 0.969

SAC functionality Function vs. dysfunction 15.11 1.62-140.6 0.017
Discussion approaches to sensitivity prediction are so far

We found in this study that SAC function corre-
lated with clinical response to preoperative tax-
ane-containing chemotherapy (P = .0072, PPV =
94.4%, NPV = 47.1%, and overall agreement = 71.4%).
Logistic regression analysis with conventional clini-
copathologic factors showed that SAC functionality
was the only factor significantly associated with clin-
ical response. These findings indicate that patients
with SAC function have statistically significantly
higher probability of clinical response to taxane
treatment (94.4%; 17 of 18 patients) than the patients
with SAC dysfunction (52.9%; 9 of 17 patients, P
=0.015). On the other hand, the overall rate of re-
sistance to taxane chemotherapy in this cohort was
25.7% (9 of 35 patients), and the resistant population
was enriched more than 1.8-fold (47.0% vs. 25.7%) by
segregating patients on the basis of SAC dysfunction.
Moreover, it is possible that improvement of the ac-
curacy of predicting non-responder by SAC contrib-
utes to avoid non-essential medication and to im-
prove the quality of life in breast cancer patients. For
the patients with SAC dysfunction, other preoperative
chemotherapies could be considered as an alternative.

CDK activity measured by our method success-
fully predicted sensitivity to taxane-based chemo-
therapy, strongly suggesting that this CDK-based
assessment may reflect the functionality of the SAC in
human tumor tissues since SAC activation is closely
related to taxane sensitivity.” This SAC functionality
assessment via CDK activity is a unique mecha-
nism-based rational approach to predict sensitivity to
taxane-based chemotherapy. Several other rational

known.?® These rational approaches, including ours,
should ideally be developed alongside the develop-
ment of multigene predictors to maximize clinical
benefit for patients.

CDK-based assessment of SAC functionality was
not associated to pCR (P > .1, data not shown). Path-
ologic review was performed after the completion of
all preoperative chemotherapy, including anthracy-
cline-based regimens. Given that the hypothesis un-
derpinning this work is that CDK1 activity predicts
response specifically to taxane-containing chemo-
therapy, it may not be surprising that CDK activity
did not predict pCR at the end of all preoperative
chemotherapy, = which  included both  tax-
ane-containing and other regimens. Although
CDK-based SAC functionality did not show obvious
association with pCR to taxane-based chemotherapy,
a high NPV was observed (NPV = 86.7%, data not
shown), suggesting that patients with SAC dysfunc-
tion may be resistant to taxane-containing chemo-
therapy. Since the same tendency was observed in the
prediction of clinical response, the SAC functionality
assessment may be suitable for prediction of re-
sistance to taxane-containing chemotherapy.

It is difficult to define the chemotherapy benefit
on the treatment of HER2-negative breast cancer,
however, recent reports on the clinical benefit of
adding 3-weeks treatment with taxanes to anthracy-
cline-based  postoperative = chemotherapy in
HER2-negative patients have indicated little or no
benefit from taxanes.?? Our CDK1-based method of
assessing SAC functionality may be useful for identi-
fying which subset of patients with HER2-negative
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breast cancer actually would benefit from postopera-
tive chemotherapy.

In conclusion, we have shown that SAC func-
tionality assessment by CDK activity is a novel
method for predicting the sensitivity of
HER2-negative breast cancer to taxane-containing
preoperative chemotherapy. We are currently con-
ducting a large prospective clinical study in breast
cancer patients using Mammotome biopsy to clini-
cally validate the findings of this study.
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