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Abstract

Purpose: Cyclin-dependent kinase (CDK) 4/6 drives cell

proliferation in estrogen receptor–positive (ERþ) breast cancer.

This single-arm phase II neoadjuvant trial (NeoPalAna)

assessed the antiproliferative activity of the CDK4/6 inhibitor

palbociclib in primary breast cancer as a prelude to adjuvant

studies.

Experimental Design: Eligible patients with clinical stage II/III

ERþ/HER2– breast cancer received anastrozole 1 mg daily for 4

weeks (cycle 0; with goserelin if premenopausal), followed by

adding palbociclib (125 mg daily on days 1–21) on cycle 1 day 1

(C1D1) for four 28-day cycles unlessC1D15Ki67>10%, inwhich

case patients went off study due to inadequate response. Anastro-

zole was continued until surgery, which occurred 3 to 5 weeks

after palbociclib exposure. Later patients received additional 10

to 12 days of palbociclib (Cycle 5) immediately before surgery.

Serial biopsies at baseline, C1D1, C1D15, and surgery were

analyzed for Ki67, gene expression, and mutation profiles. The

primary endpoint was complete cell cycle arrest (CCCA: central

Ki67 � 2.7%).

Results: Fifty patients enrolled. TheCCCA ratewas significantly

higher after adding palbociclib to anastrozole (C1D15 87% vs.

C1D1 26%, P < 0.001). Palbociclib enhanced cell-cycle control

over anastrozole monotherapy regardless of luminal subtype (A

vs. B) and PIK3CA status with activity observed across a broad

range of clinicopathologic andmutation profiles. Ki67 recovery at

surgery following palbociclib washout was suppressed by cycle 5

palbociclib. Resistance was associated with nonluminal subtypes

and persistent E2F-target gene expression.

Conclusions: Palbociclib is an active antiproliferative agent for

early-stage breast cancer resistant to anastrozole; however, pro-

longed administrationmaybe necessary tomaintain its effect.Clin

Cancer Res; 23(15); 4055–65. �2017 AACR.

Introduction

The cyclin-dependent kinase (CDK) 4/6 in association with D-

type cyclins promotes G1–S phase transition through phosphor-

ylation of the retinoblastoma susceptibility (RB1) gene product

(Rb) and other members of the pocket protein family (p107

and p130; refs. 1–4). Hyperphosphorylated Rb releases E2F and
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DP transcription factors, which activate the expression of

genes required for cell proliferation (5). As cyclin D1 is a direct

transcriptional target of estrogen receptor (ER), there is a direct

association between ER signaling and CDK4/6 activation (6–9).

In addition, estrogen-independent CDK4/6 activation occurs as a

result of othermitogenic signaling or genomic alterations, leading

to endocrine resistance (10).

Palbociclib is a potent selective inhibitor of CDK4/6 (11)

which exerts synergistic antitumor effect when combined with

endocrine therapy in both endocrine-sensitive and -resistant

luminal breast cancers (12). The addition of palbociclib to

endocrine therapy significantly improved progression-free sur-

vival (PFS) in patients with hormone receptor–positive, HER2-

negative metastatic breast cancer (13–16). The effect of palbo-

ciclib in combination with endocrine therapy in early stage

disease had not been determined. We therefore conducted a

neoadjuvant phase II trial (NeoPalAna, Clinical Trials.gov#:

NCT01723774) to determine the antiproliferative activity of

palbociclib when added to anastrozole in patients with newly

diagnosed clinical stage II/III ERþ/HER2� breast cancer as a

prelude to adjuvant studies and to discover predictive biomar-

kers potentially useful for defining the appropriate adjuvant

population.

The primary objective was to determine whether the addi-

tion of anastrozole to palbociclib induces a higher rate of

complete cell cycle arrest (CCCA: Ki67 � 2.7%) than that

achieved by anastrozole alone administered as initial therapy.

The primary endpoint was chosen based on the long-term

follow-up data of several neoadjuvant endocrine therapy trials

which demonstrated that the 2.7% Ki67 cut-point (natural log

of one) during neoadjuvant endocrine treatment is associated

with favorable breast cancer relapse free and overall survival

(17, 18). Although this single-arm study was designed based

on the rates of CCCA observed in previous neoadjuvant

aromatase inhibitor (AI) studies, the added effect of palboci-

clib over that of anastrozole was determined by analysis of

tumor biopsies collected at C1D1 following 4 weeks of cycle 0

anastrozole monotherapy, and at C1D15, 2 weeks after the

addition of palbociclib to anastrozole. CCCA and Ki67

responses were assessed by PIK3CA mutation status because

of the alternative strategy of PIK3CA-targeted therapy in the

mutation-positive population. Secondary objectives included

analysis of CCCA and Ki67 response by baseline PAM50-based

intrinsic subtypes, and assessment of clinical, radiological, and

pathologic response and safety profiles. Exploratory biomarker

studies included gene expression and somatic mutation

profiling.

Patient Population and Methods

Eligibility

Eligible patients included pre- and postmenopausal women

at least 18 years old, with a clinical stage II/III, ERþ (Allred score

6–8) and HER2– (0 or 1þ by IHC or FISH negative) invasive

breast cancer. Additional eligibility criteria included: Eastern

Cooperative Oncology Group Performance Status of 0 to 2,

adequate organ, and marrow function. For patients receiving

goserelin, estradiol level in the postmenopausal range was

required to receive further treatment on study. Exclusion criteria

included prior treatment of the current cancer, uncontrolled

intercurrent illness, active or recent coronary events, cerebro-

vascular accident, symptomatic pulmonary embolism or

congestive heart failure, known HIV-positivity, metastatic dis-

ease, inflammatory cancer, previous excisional biopsy of the

breast or sentinel lymph node, corrected QT > 470msec, allergic

reactions to compounds similar to palbociclib, pregnant/nurs-

ing, or taking anticoagulation, medications that prolong QT or

are known CYP3A4 inhibitors. The study was approved by

Institutional Review Board at participating sites and followed

the Declaration of Helsinki and Good Clinical Practice guide-

lines. Written informed consent was required.

Study design and treatment

The primary endpoint was CCCA (Ki67 � 2.7%) on palbo-

ciclib plus anastrozole at C1D15. The study was designed to

ensure the sample size for the PIK3CA WT cohort and the

overall population for the primary endpoint analysis. A sample

size of 33 in the PIK3CA WT cohort was chosen based on the

Fleming's single-stage phase II design to test the hypothesis that

palbociclib plus anastrozole leads to at least 50% improvement

over anastrozole alone in CCCA rates [44% with anastrozole

based on historical data (19) vs. 66% with palbociclib plus

anastrozole, power ¼ 0.8, alpha ¼ 0.05]. The primary endpoint

is met if more than 20 of 33 patients achieved CCCA. Patients

were prospectively assigned to PIK3CA WT or Mut Cohort at

C1D1 based on CLIA PIK3CA sequencing. Based on the prev-

alence of PIK3CAmutation, we estimated that 14 to 17 patients

would enroll to the exploratory PIK3CA Mut cohort with 33

patients to the PIK3CA WT cohort. If 10 of 15 achieved CCCA

in the PIK3CA Mut cohort, the 80% confidence for the "true"

rate would be 47% to 83%.

Eligible patients were preregistered, underwent baseline

tumor biopsy (C0D1), and began cycle 0 anastrozole (1 mg PO

daily for 4 weeks) and goserelin (3.6 mg subcutaneous each 28

days) if premenopausal, while PIK3CA sequencing was being

performed. Palbociclib (125 mg PO daily on days 1–21 each

28-day cycle) was started on C1D1 after tumor biopsy (second

biopsy time point) and registration to PIK3CA WT or Mut

Cohort. Patients with unsuccessful PIK3CA sequencing due to

DNA quality or quantity not sufficient (QNS) also received

therapy per protocol. Tumor biopsy was again performed on

Translational Relevance

Cyclin-dependent kinase (CDK)4/6plays an important role

in driving cell-cycle progression in estrogen receptor–positive

(ERþ) breast cancer. The NeoPalAna trial therefore evaluated a

CDK4/6 inhibitor in the neoadjuvant setting. Anastrozole

monotherapy followed by the addition palbociclib allowed

an individual assessment of the degree to which CDK4/6

inhibition added to aromatase inhibitor (AI) treatment. Addi-

tional proliferation suppression by palbociclib over anastro-

zole alone was observed across a wide range of clinicopath-

ologic and mutation backgrounds, including those with

marked resistance to AI treatment. However, palbociclib anti-

proliferative effects were rapidly lost after CDK4/6 treatment

was held for surgery, thus justifying prolonged therapy in the

adjuvant setting. The observation of palbociclib resistance in

the two nonluminal ERþ breast cancers, including one with an

RB1 deletion, indicates the importance of molecular subtype

and RB1 status determination in patient selection.

Ma et al.
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C1D15 (third biopsy time point) for CLIA Ki67 analysis. If C1D15

Ki67 > 10%, protocol therapywas discontinued due to inadequate

response. Patients with C1D15 Ki67 � 10% (or indeterminant)

continued palbociclib and anastrozole for 4 cycles unless patients

experienced intolerable side effects, disease progression, estradiol

level in premenopausal range while receiving goserelin, or with-

drew. Surgery occurred 3 to 5 weeks after the last dose of palbo-

ciclib to allow adverse event (AE) recovery. Following a protocol

amendment, patients whose absolute neutrophil count (ANC)

recovered to >1.5 k/mcL, platelet >100 k/mcL, and nonhemato-

logic AEs to �grade 1 within 3 weeks after completion of cycle 4

received additional 10 to 12 days of cycle 5 palbociclib immedi-

ately before surgery. Anastrozole (with goserelin if premenopaus-

al) was administered until surgery. Uniform biopsy/shipment kits

were provided (18, 19).

Clinical tape/caliper bidimensional tumor measurement and

AE assessment by CTCAE 4.0 were performed on day 1 of each

cycle. Serum estradiol levels were tested on C1D1 and C3D1.

Radiological assessment by mammogram and ultrasound was

required at baseline and prior to surgery. Clinical tumor response

was assessed by World Health Organization (WHO) criteria and

radiologic response by RECIST 1.1.

CLIA PIK3CA sequencing

PIK3CA (ref seq# NM_006218) sequencing of exons 2, 5, 8,

10 and 21, and exon-intron splice junctions was performed on

tumor DNA from the baseline biopsy at the CLIA-certified

Washington University Genomic and Pathology Service ini-

tially by Sanger (n ¼ 18), subsequently by next-generation

sequencing (NGS; n ¼ 32). The targeted exons were PCR

amplified using the (Fluidigm Corp.) 48.48 high-throughput

access array system. Cluster generation and sequencing were

performed using the Illumina's HiSeq2500 Reagent Kit (200

cycles), and 2 � 101 paired-end sequence reads were gener-

ated. Each patient's tumor DNA was processed and sequenced

in three independent technical replicates. The three fastq files

were each aligned independently to the human reference

genome hg19 NCBI build 37.2 to generate three BAM files,

and then merged to a single BAM file. Sequence analysis was

performed on all four BAM files using a combination of

commercially available and custom-developed scripts to gen-

erate a multisample VCF file. Alignment to the human reference

genome was performed using Novoalign 2.08.02, sorting and

indexing were performed by SAMtools 0.1.18-1, with coverage

calculation by BedTools 2.13.3 and variants calling by Free-

bayes 0.9.7. Variants were called if present in at least three of

the four BAM files and the average variant allele frequency

(VAF) �10%.

Ki67 IHC and quantification

Ki67 staining was performed centrally at the CAP/CLIA-certi-

fied AMP lab at Washington University using the CONFIRM anti-

Ki67 antibody (clone 30-9) and scored using pathologist-guided

imaging analysis as previously described (18, 19).

Gene expression analysis, PAM50 intrinsic subtype, and

proliferation score

Total RNA from fresh-frozen tumor biopsies at baseline and

subsequent time points was extracted when at least 50% tumor

cellularity was present (19).Microarray gene expression data were

generated on an Agilent microarray platform and normalized

(19), followed by PAM50-based intrinsic subtype assignment and

the 11-gene proliferation score determination (19, 20).

83-gene panel next-generation sequencing

Tumor DNA extracted from fresh-frozen biopsies andmatched

leukocyte germline DNAwere subjected to targeted IlluminaNGS

of an 83-gene panel (21–23). Mutation waterfall plot was created

with GenVisr (24).

Statistical analysis

The rates of CCCA (overall and by subgroups) were the

percentage of patients with tumor Ki67 � 2.7% at C1D1 and

C1D15. The corresponding 90% confidence intervals (CI) were

calculated as normal approximation or binomial exact CI as

appropriate. The rates of CCCA between C1D1 and C1D15

were compared using the McNemar test. The clinical response

rate was the percentage of evaluable patients whomet the WHO

criteria of complete or partial response prior to surgery with

90% CI. The radiological response rate (by RECIST 1.1) was

similarly calculated.

Changes in Ki67 over time and the differences between sub-

groups (PIK3CAMut vs. WT, LumA vs. LumB subtypes, etc.) were

analyzed using generalized estimating equation (25, 26), fol-

lowed by a step-down Bonferroni adjustment for multiple

comparisons. As Ki67 followed a right-skewed distribution, a

logarithm transformation was performed.(25, 26) The gene

expression datawere analyzed to identify differentially expressed

genes across time points (by F-test) and between time points (by

moderated two sample t test) accounting for multiple measures

from the same patient using the Bioconductor package limma

(linear models for microarray data, version 3.20.9), and FDR-

adjusted P values were reported (27). Enriched gene ontology

terms were subsequently performed using GOstats (version

2.30.0; ref. 28). All statistical analyses were performed using

SAS 9.2 (SAS Institutes) except gene expression analyses which

were performed using R 3.1.1 (http://cran.r-project.org). All

reported P values were two-sided unless otherwise noted.

The microarray data have been submitted to Gene Expression

Omnibus (GEO; series accession number GSE93204).

Results

Enrollment

Between April 2013 and April 2015, 50 patients (18 pre- and

32 postmenopausal), median age 57.5 (range, 34.1–79.6)

years, with clinical stage II/III ERþ/HER2� breast cancer

enrolled to the study, which included 16 in the PIK3CA Mut,

32 in the PIK3CA WT cohort, and 2 with unknown PIK3CA

status. Table 1 detailed the patient and tumor characteristics.

Five patients were without C1D15 Ki67 value due to withdraw-

al (n ¼ 2), inability to biopsy (n ¼ 2), and insufficient biopsy

material (n ¼ 1), leaving 45 (16 PIK3CA Mut, 28 PIK3CA WT,

and 1 PIK3CA unknown) evaluable for the primary endpoint

(Supplementary Fig. S1). Five patients went off study per

protocol due to C1D15 Ki67 > 10% (n ¼ 4) and elevated

estradiol on goserelin at C3D1 (62 pg/mL; n ¼ 1). Thirty-nine

patients completed neoadjuvant therapy and underwent defin-

itive breast and axillary surgery. Following the protocol amend-

ment that added cycle 5 prior to surgery, 10 patients received

cycle 5 palbociclib and all underwent surgery as scheduled.

Among these 10 patients, 1 mistakenly stopped her palbociclib

Neoadjuvant Palbo and Anastrozole for ERþ Breast Cancer
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early (5 days prior to surgery) despite normal ANC 1 week on

cycle 5 and 1 had a planned 1-week delay in her surgery from

the final dose of palbociclib due to physician concern of

potential cytopenia since this patient experienced grade 3 ANC

in previous cycles that led to a dose delay in cycle 4. Seven

additional patients would have been eligible for cycle 5 but did

not proceed due to scheduling and logistics (n ¼ 6) and ANC

not recovering to normal within 3 weeks after cycle 4 (n ¼ 1).

Safety

All patients were evaluable for AE. Treatment was well toler-

ated. Common grade (G)2 and above AEs (>10% incidence)

included transient neutropenia (G3, 22%; G4, 4%), leukopenia,

and fatigue (Supplementary Table S1). Seven (14%) patients

required one dose-level reduction due to G3 neutropenia with

dose delay (n ¼ 3), G4 neutropenia (n ¼ 1), G3 elevated transa-

minases (n ¼ 2), and G2 rash (n ¼ 1). No G4 or above non-

hematologic AEs or neutropenic fevers were observed.

Clinical, radiologic, and pathologic responses

Forty-one patients received at least 3 cycles of palbociclib and

anastrozole, including 39 who underwent surgery, 1 refused

surgery, and 1 subsequently withdrew, and were assessed for

clinical and radiologic responses (Supplementary Table S2). The

response rates (90% CI) were 80% (68%–90%), 41% (25%–

58%), and 52% (35%–68%), by exam, ultrasound, and mam-

mogram. Pathologic stages were as follows: I (n¼ 7), II (n¼ 22),

and III (n¼ 10) at mastectomy (n¼ 20) or lumpectomy (n¼ 19).

No pathologic complete responses were observed.

CCCA and Ki67 response in the overall population and by

PIK3CA status

The rates of CCCA with palbociclib plus anastrozole were

significantly higher at C1D15 than that at C1D1 with anastro-

zole monotherapy for all evaluable patients (87% vs. 26%, P <

0.001), PIK3CA Mut (100% vs. 25%, P < 0.001), and PIK3CA

WT (79% vs. 25%, P < 0.001) cohorts (Table 2). The CCCA rates

at C1D15 exceeded the predefined cut-point for meeting the

primary endpoint of at least 66% in the overall, PIK3CA WT,

and Mut cohorts. Of the 31 patients resistant to anastrozole

(non-CCCA at C1D1), 26 (84%) responded to palbociclib

(CCCA at C1D15). When considered as a continuous variable,

Ki67 levels were significantly reduced from baseline C0D1 to

C1D1 following anastrozole monotherapy (P < 0.01) and from

C1D1 to C1D15 after adding palbociclib (P < 0.01) for both

PIK3CA WT and Mut cohorts (Fig. 1A–C). There was a greater

variability in Ki67 response among the PIK3CA WT tumors,

which included all 6 palbociclib-resistant tumors (non-CCCA

at C1D15; Fig. 1C).

CCCA and Ki67 response by intrinsic subtype

Thirty-two patients had sufficient tumor RNA extracted from

frozen baseline biopsies for microarray gene expression analysis.

PAM50 intrinsic subtype determination identified 17 Luminal A

(LumA), 12 Luminal B (LumB), 1 basal-like, 1 HER2-Enriched

(HER2-E; but HER2 negative by clinical criteria), and 1 normal-

like assignment (Table 1). Significantly higher rates of CCCAwere

achieved at C1D15 compared with C1D1 in LumA (100% vs.

40%, P¼ 0.008) and LumB (75%vs. 9%, P¼ 0.02) tumors (Table

2). Seventeen of 21 (81%; 9/9 LumA, 8/10 LumB, and 0/2

nonluminal) tumors resistant to anastrozole subsequently

achievedCCCAat C1D15. The subtypes of the six tumors resistant

to palbociclib (C1D15 Ki67 > 2.7%) included 3 LumB, both

nonluminal (1 basal-like, 1 HER2-E), and 1 subtype unknown

(Supplementary Fig. S2). When considering Ki67 as a continuous

variable, LumB tumors had significantly higher levels of Ki67

compared with Lum A tumors at C0D1 (P < 0.01). In addition,

Ki67 levels were significantly reduced from baseline (C0D1) to

C1D1 by anastrozolemonotherapy (P < 0.01), and fromC1D1 to

C1D15 by the addition of palbociclib (P < 0.01) in both LumA

and LumB tumors (Fig. 1D–F), indicating the efficacy of anastro-

zole and palbociclib in both luminal subtypes. Interestingly, the

degree of Ki67 suppression by anastrozole (P ¼ 0.69) and by the

addition of palbociclib (P ¼ 0.97) were similar between LumA

and LumB tumors.

Ki67 recovery at surgery after palbociclib withdrawal

The first 29 patients completed 4 cycles of anastrozole plus

palbociclib and underwent surgery following a median washout

period of 29 (range, 8–49) days from C4D21 palbociclib. Ana-

strozolewas continued until surgery. Ki67was significantly higher

at surgery than C1D15 (P < 0.01, n¼ 23 paired samples), but not

significantly different from C1D1 (P ¼ 0.077, adjusted for mul-

tiple comparisons; Fig. 1G and H). To test whether the Ki67

recovery was due to palbociclib withdrawal, subsequent patients

(n ¼ 8) received additional 10 to 12 days of palbociclib imme-

diately before surgery (cycle 5). There was no significant differ-

ences in Ki67 levels between surgery and C1D15 time points in

these patients (P¼ 0.68, n¼ 7 paired samples; Fig. 1G and I). Six

of the 7 cases remained inCCCA at surgery (Fig. 1I), indicating the

Table 1. Patient and tumor characteristics

Characteristic

Entire cohort

(n ¼ 50)

PIK3CA Mut

(n ¼ 16)

PIK3CA WT

(n ¼ 32)

Median age (range),

years

57.5 (34.1–79.6) 55.2 (34.1–79.3) 57.7 (34.8–79.6)

Race

White 47 (94%) 16 (100%) 29 (91%)

Black 3 (6%) 0 3 (9%)

Menopausal status

Premenopausal 18 (36%) 8 (50%) 11 (34%)

Postmenopausal 32 (64%) 8 (50%) 21 (66%)

PgR Allred Score

Neg 3 (6%) 0 3 (9%)

Pos 47 (94%) 16 (100%) 29 (91%)

Tumor grade

1 12 (24%) 4 (25%) 7 (22%)

2 31 (62%) 11 (69%) 19 (59%)

3 7 (14%) 1 (6%) 6 (19%)

Histology

Ductal 33 (66%) 11 (69%) 21 (66%)

Lobular/mixed 15 (30%) 4 (25%) 10 (31%)

Other (papillary,

mucinous)

2 (4%) 1 (6%) 1 (3%)

Clinical stage

II/IIA 20 (40%) 6 (38%) 14 (44%)

IIB 16 (32%) 8 (50%) 7 (22%)

IIIA 12 (24%) 2 (12%) 9 (28%)

IIIB/C 2 (4%) 0 2 (6%)

PAM50 intrinsic

subtype N ¼ 32 N ¼ 9 N ¼ 23

LumA 17 (53%) 5 (56%) 12 (52%)

LumB 12 (38%) 3 (33%) 9 (39%)

HER2-E 1 (3%) 0 1 (4%)

Basal-like 1 (3%) 0 1 (4%)

Normal 1 (3%) 1 (11%) 0

Ma et al.
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need for continuous therapy with palbociclib to maintain the

antiproliferative effect.

Ki67 response by clinical, pathologic, and mutation profiles

To identify potential clinical and molecular response markers

for palbociclib, we examined the rates of CCCA at C1D1 and

C1D15 bymenopausal status, histology, tumor grade, PgR status,

and mutations identified in the 83-gene panel NGS (Supplemen-

tary Table S3). Palbociclib benefit was observed across all subsets,

including tumors thatwere grade 3, negative for PgR, or harboring

mutations in TP53 or PTEN,which are known endocrine-resistant

mechanisms (Table 2). RB1 mutation was identified in 3 breast

cancers, allwith co-occurringPTENmutations, at baseline (Fig. 2),

including the RB1 E323fs (VAF 11% at baseline, 25% at C1D1)

mutant HER2-E tumor that was resistant to both anastrozole and

palbociclib, and two other tumors resistant to anastrozole alone

(C1D1 Ki67 > 2.7%) but sensitive to palbociclib (C1D15 Ki67�

2.7%): one LumB tumor with RB1 I532N (VAF 5.4% at baseline,

undetectable at C1D1, C1D15, and surgery) and the other (sub-

type unknown) carrying concurrent RB1 A562P (VAF 4.7%)/

S576� (VAF 6.8%) at baseline (no mutation data for subsequent

time points).

Figure 2 details the somatic mutations available for 41 patients

with anastrozole-sensitive (C1D1 Ki67 � 2.7%; n ¼ 9), palboci-

clib-sensitive (C1D1 Ki67 > 2.7% but C1D15 Ki67 � 2.7%; n ¼

24), or -resistant (C1D15 Ki67 > 2.7%, n ¼ 5) tumors (C1D1/

C1D15 Ki67missing, n¼ 3). In addition to PIK3CA, mutations in

CDH1, PTEN, TP53, TBX3, andMAP3K1weremost common. Five

of the 6 resistant tumors had sufficient material for sequencing.

The HER2-E tumor carried an RB1 pE323fs as discussed above,

whereas the basal-like tumor harbored a TP53 p.S127Fmutation.

The 3 LumB-resistant tumors carried TP53 T18fs (n ¼ 1), none

(n ¼ 1), or mutations in multiple genes (ATR, MAP3K1, GATA3,

MLL, BRCA2, FOXA1, AKT1, and CDH1; n ¼ 1). Overall, palbo-

ciclib was effective across tumors harboring a wide spectrum of

somatic mutations.

Response by PAM50 proliferation score

To confirm the added antiproliferative effect of palbociclib over

anastrozole based on Ki67 IHC, we also calculated the PAM50

proliferation score using the previously described 11-gene signa-

ture (20, 29) based onmicroarray data from each time point. The

proliferation score was significantly reduced from baseline to

C1D1 (P < 0.0001), and from C1D1 to C1D15 (P < 0.0001;

Supplementary Fig. S3) and correlated with Ki67 data at all time-

points (Supplementary Fig. S3B–S3E). A heat-map of the 11

proliferation genes in different response categories is shown in

Supplementary Fig. S4. Similar to Ki67, recovery in the prolifer-

ation score was also observed at surgery, which was inhibited by

cycle 5 palbociclib. These data provided further validation of the

antiproliferative effects of palbociclib.

Gene expression changes induced by anastrozole alone and in

combination with palbociclib

Agilent microarray for gene expression was performed using

total RNA obtained from serial fresh-frozen tumor biopsies. Data

were generated for 29,284 probes and 118 samples (baseline, n¼

32; C1D1, n¼ 33; C1D15, n¼ 29; surgery, n¼ 24) for 46 patients.

Table 2. Rate of CCCA at C1D1 and C1D15, overall and by key subgroups

CCCA at C1D1 CCCA at C1D15

CCCA at C1D15

in anastrozole-resistant casesa

Variable Levels N/total % (90% CI) N/total % (90% CI) P value N/total % (90% CI)

All evaluable patients 12/46 26% (16%–39%) 39/45 87% (75%–94%) <0.001 26/31 84% (69%–93%)

PIK3CA WT 7/28 25% (12%–42%) 22/28 79% (62%–90%) <0.001 14/19 74% (52%–89%)

Mutant 4/16 25% (9%–48%) 16/16 100% (83%–100%) <0.001 12/12 100% (78%–100%)

QNS 1/2 50% (NE) 1/1 100% (NE) – – –

Baseline intrinsic subtype LumA 6/15 40% (19%–64%) 16/16 100% (83%–100%) 0.008 9/9 100% (72%–100%)

LumB 1/11 9% (0%–36%) 9/12 75% (47%–93%) 0.020 8/10 80% (49%–96%)

Normal 1/1 100% (NE) 1/1 100% (NE) – –

Nonluminal 0/2 0% (NE) 0/2 0% (NE) – 0/2 0% (NE)

Menopausal status Pre 6/18 33% (16%–55%) 15/17 88% (67%–98%) 0.003 9/11 82% (53%–97%)

Post 6/28 21% (10%–38%) 24/28 86% (70%–95%) <0.001 17/20 85% (66%–96%)

Histology Ductal 3/30 10% (3%–24%) 25/30 83% (68%–93%) <0.001 20/25 80% (62%–92%)

Lobular/mixed 8/14 57% (33%–79%) 12/13 92% (68%–100%) 0.103 5/5 100% (55%–100%)

Others 1/2 50% (NE) 2/2 100% (NE) – 1/1 100% (NE)

Tumor grade G1 4/11 36% (14%–65%) 10/11 91% (64%–100%) 0.025 5/6 83% (42%–100%)

G2 7/28 25% (12%–42%) 24/27 89% (74%–97%) <0.001 17/19 89% (70%–98%)

G3 1/7 14% (0%–52%) 5/7 71% (34%–95%) 0.046 4/6 67% (27%–94%)

PgR Positive 12/43 28% (17%–41%) 38/42 90% (80%–97%) <0.001 25/28 89% (75%–97%)

Negative 0/3 0% (NE) 1/3 33% (NE) – 1/3 33% (NE)

PTEN WT 9/31 29% (16%–45%) 27/31 87% (73%–95%) <0.001 18/21 86% (67%–96%)

Mutant 1/8 13% (0%–47%) 7/8 88% (53%–100%) 0.014 6/7 86% (48%–100%)

TP53 WT 8/30 27% (14%–43%) 28/30 93% (80%–99%) <0.001 20/21 95% (79%–100%)

Mutant 2/9 22% (4%–55%) 6/9 67% (34%–90%) 0.046 4/7 57% (23%–87%)

RB1 WT 10/36 28% (16%–43%) 32/36 89% (76%–96%) <0.001 22/25 88% (72%–97%)

Mutant 0/3 0% (NE) 2/3b 67% (NE) – 2/3b 67% (NE)

Abbreviation: NE, not evaluable.
aAnastrozole resistance was defined as Ki67 > 2.7% (non-CCCA) at C1D1.
bTwo (PD203 and PD131) of the 3 RB1 mutant tumors had low-frequency RB1 mutations and were resistant to anastrozole (C1D1 Ki67 > 2.7%) but sensitive to

palbociclib (Ki67� 2.7%). PD203 (Ki67: baseline 36%, C1D1 27%, C1D15 34%) had RB1 p.532Nwith VAFs (depth of coverage) of 5.4% (92x) at baseline, whichwas not

identified at subsequent time points (C1D1, C1D15, and surgery). PD131 (Ki67: baseline 2.7%, C1D1 22%, C1D15 1%) hadRB1 p.A562P (VAF 4.7%) and p.S576� (VAF 6.8%)

at baseline (coverage, 400x). Sequencing data for subsequent time points were not available for PD131. PD106 was resistant to both anastrozole and palbociclib

(Ki67: baseline 38%, C1D1 40%, C1D15 48%) and had RB1 p.E323fs with VAF of 11% (baseline) and 25% (C1D15; �30x).
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The expression levels of 1,538 genes (493 up and 1,045 down)

were significantly altered by anastrozole (Fig. 3A). In contrast,

only 6 genes, including KIF15, CASC5, FAM64A, TOP2A, ASPM,

and CEP55, were significantly altered (downregulated) by adding

palbociclib (C1D15 vs. C1D1), which were also among the genes

downregulated by anastrozole and upregulated at surgery (Fig.

3B). A total of 235 (177up and58down) geneswere differentially

expressed between surgery and C1D15. A number of classical ER-

regulated genes were downregulated by anastrozole, including

PDZK1, MAPT, PgR, STC2, RABEP1, TTF3, CCND1, PREX1,

HSPB8, and RABEP1, which were not significantly altered by

palbociclib (Supplementary Fig. S4 and Supplementary Table

S4). The top biological pathways altered by anastrozole (C1D1

vs. C0D1) included mitotic cell cycle, nuclear division, mitosis,

and DNA replication, whereas the top pathways altered at the

completion of neoadjuvant therapy (surgery vs. C1D15) also

included programmed cell death and apoptotic process (Fig.

3C and Supplementary Table S4). Compared with C1D15, the

surgical time point was associated with upregulation of genes that

promote cell-cycle progression and a small set of genes that reduce

apoptosis (Supplementary Table S4).

mRNA gene expression levels of G1 cyclins, CDKs, and CDK

inhibitors

We hypothesized that resistance to palbociclib was likely a

result of deregulated G1–S cell-cycle regulators. We therefore

compared themRNA expression levels of candidate genes, includ-

ingRB1,CCND1,CCND2,CCND3,CCNE1,CDK2,CDK4,CDK6,
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Figure 1.

Ki67 response by PIK3CAmutation status (A–C), luminal subtype (D–F), andwith/without Cycle 5 (G–I). Box plots of all evaluable samples of indicated cohort (A,D,

G) and Ki67 of individual tumors (B–C, E–F, H–I) are shown. � , P < 0.005 comparing Ki67 values with that of the previous time point in the corresponding

cohort. Line colors in the Ki67 graphs denote response category (anastrozole sensitive, C1D1 Ki67 � 2.7%; palbociclib sensitive, C1D1 Ki67 > 2.7% and C1D15 Ki67

� 2.7%; resistant, C1D15 Ki67 > 2.7%).
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CDKN2A, CDKN2B, CDKN2C, CDKN2D, CDKN1A, and

CDKN1B, by response groups and time points. Pairwise two-

sample t test analysis indicated significantly elevated expression of

CCND3, CCNE1, and CDKN2D at C1D15 in the resistant group

(Fig. 4). Interestingly, all three genes are transcriptionally regu-

lated by E2F1 (30–32), suggesting persistent E2F activity in

resistant tumors.

Discussion

The NeoPalAna trial demonstrated the potent antiprolifera-

tive effect of palbociclib in luminal breast cancers when the

response to AI alone was incomplete. CCCA (Ki67 � 2.7%) was

achieved in 87% (90% CI, 75%–94%) at C1D15 (2 weeks after

adding palbociclib), compared with the 28% (90% CI, 17%–

41%) at C1D1 after 4 weeks of anastrozole monotherapy. The

study met the primary endpoint in the overall population and

in both PIK3CA WT (79%; 90% CI, 62%–90%) and Mut

cohorts (100%; 90% CI, 83%–100%; refs. 18, 19). Significant

improvement in the rates of CCCA and inhibition of cell

proliferation were observed in both LumA and LumB subtypes,

and regardless of PIK3CA mutation, menopausal status, tumor

histology, and grade. Palbociclib efficacy was observed across

various genomic backgrounds that included somatic mutations

in PTEN, TP53, and RUNX1 which have been associated with

endocrine resistance (33). Notably, the single HER2-E tumor

which carried a RB1 p.E323fs frameshift mutation was resistant

to palbociclib as expected from preclinical studies (12). Two

tumors sensitive to palbociclib by Ki67 (>2.7% at C1D1,

�2.7% at C1D15) were found to have missense RB1 mutations

on baseline biopsies, PD131 (RB1 p.A562P and p.S576�)

and PD203 (RB1 p.I532N—absent at subsequent time points).

Although the sequencing depth was relatively high (92–400X),

in the setting of low VAF, explanations for the disappearance

Figure 2.

Somatic mutation, intrinsic subtype, and clinicopathologic characteristics of individual tumors in relation to Ki67 response. Geneswithmutations detected in at least

two samples are shown. Mutation frequency, number of tier 1 mutations.
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of the RB1 p.I532N at subsequent time points include intra-

tumoral heterogeneity in potentially spatially separated biop-

sies (34), clonal evolution in response to treatment (22), or

sequencing artifact.

The broad antitumor activity of palbociclib in luminal breast

cancers observed in this trial is consistent with findings in

preclinical studies (12) and in clinical trials of patients with

advanced breast cancer (13–16). Although a previous presur-

gical window-of-opportunity study that randomized patients to

receive 2 weeks of letrozole alone (Arm 1, n ¼ 2), with

ribociclib (Arm 2, 400 mg daily, n ¼ 6), or ribociclib (Arm

3, 600 mg daily, n ¼ 3) reported a mean decrease in Ki67 of

69% (38%–100%), 96% (78%–100%), and 92% (75%–

100%), in Arms 1, 2, and 3, respectively, the small sample

size limited the ability to conclude on the added antiprolifera-

tive effect of ribociclib to letrozole (35). The current study

therefore provides the initial biomarker evidence of enhanced

antiproliferative effect of a CDK4/6 inhibitor over that by an AI

alone in primary breast cancers, supporting the investigation of

palbociclib in the adjuvant setting for both pre- and postmen-

opausal women with luminal breast cancer.

ERþ breast cancer is enriched for activating mutations in

PIK3CA (36, 37), and there is significant interest in developing

PI3K inhibitors based on promising preclinical data (38–40).

However, the efficacy of pan-PI3K inhibitors in clinical trials has

been limited by dose-limiting toxicities, including rash, diarrhea,

and elevated transaminases (41), whereas alpha-specific inhibi-

tors are still under clinical trial evaluation (NCT02340221 and

NCT02437318). The potent antiproliferative effect and well-tol-

erated safety profile of palbociclib inbothPIK3CAmutant andWT

populations observed in this trial are consistent with data from

PALOMA-3 in which the addition of palbociclib to fulvestrant

significantly improved PFS regardless of PIK3CA mutation status

in patients with metastatic breast cancer by cell-free tumor DNA

analysis (42). Interestingly, all six resistant tumors in the current

trial were PIK3CAWT. This apparent association, however, could

be due to the fact that all PIK3CA mutant tumors analyzed were

luminal, whereas 2 of the PIK3CA WT tumors were nonluminal.
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Figure 3.

Microarray gene expression analysis. A, Venn diagram of the number of genes significantly changed (Benjamini–Hochberg FDR adjusted F test P� 0.05) between

time points. B, Heatmap of the six genes significantly downregulated by anastrozole and by adding palbociclib. C, Top 20 significantly altered GO pathways

comparing the gene expression profiles between C1D1 and C0D1, or between surgery and C1D15. % indicates the percentage of genes observed in the indicated GO

pathway.

Ma et al.

Clin Cancer Res; 23(15) August 1, 2017 Clinical Cancer Research4062

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

3
/1

5
/4

0
5
5
/2

0
3
7
4
3
0
/4

0
5
5
.p

d
f b

y
 g

u
e

s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2



Because a large majority of PIK3CA WT tumors were responsive

to palbociclib, the decision to use a CDK4/6 inhibitor should not

be based on PIK3CAmutation status. However, it is possible that

we might have enriched for a more resistant population in this

trial due to the initial focus of enrollment to the PIK3CA WT

cohort (43).

The rebound Ki67 at surgery was suppressed when palbociclib

(cycle 5) was administered before surgery. This finding indicates

that the antiproliferative effect of palbociclib is reversible despite

4 months of therapy. Nevertheless, the data indicate continued

dosing beyond 4 months will be needed in the adjuvant setting.

Interestingly, 1 patient showed elevated Ki67 at surgery despite

the initial CCCA at C1D15 and cycle 5 palbociclib, suggesting the

development of acquired resistance.

To avoid preanalytical, analytical, and scoring variations in

Ki67 analysis, this trial employed a standardized sample acqui-

sition method by providing biopsy/shipment kits, centralized

processing, Ki67 staining, and pathologist-guided imaging anal-

ysis that have shown to yield reproducible Ki67 levels predictive of

clinical outcomes (18). Importantly, the antiproliferation effect of

palbociclib over that of anastrozole alone based on Ki67 was

replicated by the PAM50 11-gene proliferation score and the gene

expressionpathway analysis in this study, providing the feasibility

and validity of centralized CLIA Ki67 as a biomarker endpoint in

multi-center neoadjuvant trials.

Despite the eligibility requirement for ER-rich tumors, the

molecular characteristics of the tumor population were quite

heterogeneous. The PAM50 analysis supports the use of palbo-

ciclib in both LumA and LumB breast cancers; however, the

benefit of palbociclib may be particularly important for LumB

tumors as they more often exhibit persistent tumor proliferation

on AI alone and carry a worse prognosis. Consistent with pre-

clinical observations, neither the nonluminal breast cancers

responded to palbociclib in this study (12). These data point to

the potential value of PAM50 subtyping in clinical trials of CDK4/

6 inhibitors.

The three response groups based on Ki67 levels at C1D1 and

C1D15 clearly indicated that a subset of breast cancers (12/46,

26%) were able to achieve CCCA by anastrozole alone. However,

no clear baseline biomarkers exist to date to identify this popu-

lation for whom palbociclib could potentially be avoided

(44, 45). The sequential treatment approach and on-treatment

biomarker analysis illustrated byNeoPalAna could therefore offer

a platform for individualized response assessment and treatment

recommendations.

In addition to nonluminal subtype as a potential resistant

marker for palbociclib, gene expression analysis of G1 cyclins,

CDKs, and CDK inhibitors indicated that resistance to palbo-

ciclib appeared to be associated with persistently elevated on-

treatment expression of CCND3, CCNE1, and CDKN2D. Inter-

estingly, all three genes are known E2F1 transcription targets

which are expected to be downregulated upon CDK4/6 inhi-

bition (30–32, 46). The association between CCNE1 gain and

resistance to CDK4/6 inhibition, likely through activation of

CDK2, has been observed in preclinical studies (46). Our

findings are hypothesis generating and warrant further inves-

tigations in larger sample sets.

Microarray analysis demonstrated that anastrozole significant-

ly inhibited classical ER-regulated genes and cell-cycle pathways,

findings consistent with previously reported neoadjuvant AI-

induced gene expression changes (47–49). Although adding

palbociclib further reduced cell proliferation, no significant
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Figure 4.

Boxplots of gene expression levels of CCND3, CCNE1, and CDKN2D by Ki67 response and by time point. Significant P values by pairwise two-sample t test

were indicated. The sample sizes for anastrozole-sensitive, palbociclib-sensitive, and resistant groups were 6, 18, and 5 at C0D1; 6, 21, and 3 at C1D1; 5, 20, and 3 at

C1D15; and 3, 17, and 1 at surgery time points, respectively.
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change in the expression of ER-regulated genes was observed

between C1D1 and C1D15, consistent with the selective action

of palbociclib on CDK4/6. Strikingly, only six genes were further

significantly reduced in their levels of expression at C1D15

compared with C1D1, illustrating the tight association between

ER signaling and CDK4/6 activation.

This study has several limitations, including the moderate

sample size and the lack of long-term follow up data to correlate

with Ki67 response. Although we clearly observed three response

categories with respect to sensitivity to anastrozole alone and to

the addition of palbociclib, the small sample size limited our

ability to elucidate the underlying molecular mechanisms of

palbociclib resistance. The findings of nonluminal subtype and

persistent E2F target genes expression in palbociclib-resistant

tumors require further validation in other studies.

In summary, this 50-patient single-arm, two-cohort (PIK3CA

WT and PIK3CA Mut), multi-center neoadjuvant phase II study

provided proof of principle regarding the ability of CDK4/6

inhibition to overcome intrinsic endocrine resistance in primary

breast cancer across awide range of somaticmutationprofiles. The

association of treatment resistance with nonluminal subtype and

persistent on-treatment expression of E2F targets, including

CCND3, CCNE1, and CDKN2D, indicates persistent activation

of E2F transcription in resistant tumors and warrants further

investigation of alterative cell-cycle inhibition approaches for this

tumor subset.
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