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ABSTRACT

ESR1 mutations are frequently acquired in hormone-resistant metastatic 
breast cancer (MBC). CDK4/6 inhibition along with endocrine therapy is a promising 
strategy in hormone receptor-positive MBC. However, the incidence and impact of 
ESR1 mutations on clinical outcome in patients treated with CDK4/6 inhibitors have 
not been defined. In this study, we evaluated the frequency of ESR1 mutations in 
cfDNA from 16 patients with MBC undergoing palbociclib and letrozole therapy. 
Four common ESR1 mutations (D538G, Y537C, Y537N, and Y537S) were analyzed 
in serial blood draws using ddPCR. Mutation rate was 31.3% (5/16) (n=3; de novo, 
n=2; acquired). D538G was the most frequent mutation (n=3), followed by Y537N 
and Y537S (n=2). One patient showed multiple ESR1 mutations. Mutations were 
enriched during therapy. Progression-free survival (PFS) and overall survival (OS) 
were similar in patients with and without mutation detected at any given time during 
treatment. However, PFS was significantly shorter in patients with ESR1 mutation 
at initial blood draw (3.3 versus 9.0 months, P-value=0.038). In conclusion, ESR1 
mutation prevalence is consistent with recent studies in hormone-refractory breast 
cancer. Further, treatment with palbociclib and letrozole does not prevent selection 
of ESR1 mutations in later lines of therapy. Larger studies are warranted to validate 
these findings.

INTRODUCTION

Estrogen receptor alpha (ERα) is expressed in 
approximately 70% of all breast cancers and endocrine 
therapy represents a major treatment modality in ERα-
positive disease. Tamoxifen, the selective ER modulator 

(SERM), and aromatase inhibitors have been the standard 
of care for many years, significantly reducing recurrence 
rates in early-stage breast cancer [1, 2]. In the last decade, 
there have been tremendous advances in endocrine 
therapy with the development of third-generation AIs 
(anastrozole, letrozole, and exemestane) [3]. These agents 
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are approved as first-line hormonal therapy particularly 
in postmenopausal women with metastatic breast cancer 
and have contributed to the improved survival in MBC 
[4, 5]. Despite these advances, the presence of de novo 
or acquired resistance to endocrine therapies remains 
a major clinical challenge. Several mechanisms of 
resistance have been proposed including downregulation 
of ER expression, cross-talk with growth factor signaling 
pathways (phosphatidylinositol 3-kinase (PI3K)/ protein 
kinase B (Akt)/ mammalian target of rapamycin (mTOR) 
pathway or the mitogen-activated protein kinase (MAPK) 
pathway), and cyclin D1 overexpression [6, 7]. In 
addition, genomic alterations in many oncogenic genes 
have been identified in ER-positive advanced breast 
cancers such as PIK3CA mutations, FGFR1 and CCND1 
gene amplifications, and more recently ESR1 mutations 
[8–15]. These signaling molecules provide novel targets 
to develop more effective therapies to overcome or delay 
endocrine resistance.

Cyclin D1 and cyclin-dependent kinase 4/6 
(CDK4/6) complex pathway regulates cell cycle 
progression from G1-phase to S-phase by phosphorylation 
and inactivation of the retinoblastoma protein (Rb) 
[16]. Cyclin D1 gene amplifications and/ or protein 
overexpression has been shown to predict poor clinical 
outcome in a subset of ER-positive breast cancers [17]. 
Also, in preclinical models of antiestrogen resistance, 
CDK4/6 inhibition has shown to promote Rb-mediated 
transcriptional repression and decrease in cellular 
proliferation [18]. Hence, targeting cyclin D1-CDK 
4/6 pathway in the setting of endocrine resistance has 
gained recent interest for improving the efficacy of 
existing therapies. Palbociclib (Ibrance, Pfizer) is an oral, 
reversible, and highly selective small molecule inhibitor 
of CDK4 and CDK6 [19]. A phase II study (PALOMA-1/ 
TRIO-18) in patients with newly diagnosed ER-positive, 
HER2-negative advanced breast cancer demonstrated 
significantly longer PFS (20.2 versus 10.2 months) with 
palbociclib and letrozole treatment compared to letrozole 
alone [20]. These promising results led to the FDA 
approval of palbociclib for use in this setting. Similarly, 
the phase III clinical trial (PALOMA-3) in patients with 
HR+ MBC who progressed on prior endocrine therapy 
showed that palbociclib combined with fulvestrant, a 
selective ER degrader (SERD), resulted in longer PFS 
than fulvestrant alone (9.2 versus 3.8 months) [21].

More recently, ESR1 mutations have emerged as 
another mechanism of resistance to endocrine therapy 
[10–15]. These mutations cluster in the ligand-binding 
domain (LBD) of the receptor that result in ligand-
independent ER activity. ESR1 mutations are relatively 
rare in newly diagnosed, treatment naïve breast cancer 
(less than 7% mutation rates in primary tumor), but appear 
to be frequently acquired in hormone-resistant MBC (15% 
- 55%). We have previously reported sensitive detection 
of ESR1 mutations using droplet-digital PCR (ddPCR) 

in 7% (3/43) primary ER-positive breast cancers, and 
in 24% (7/29) cfDNA samples collected from patients 
with recurrent disease [14]. Our data also suggested 
that longitudinal tracking of the ESR1 mutations may 
be predictive for development of resistant disease, an 
area receiving growing attention. In a recent study, 
ESR1 mutations were found exclusively in ER-positive 
breast cancer patients previously exposed to AI [22]. 
Further, patients with ESR1 mutations were reported 
to have a substantially shorter PFS on subsequent AI-
based therapy. Hence, ESR1 mutations may help guide 
treatment selection of novel targeted therapies for future 
management of endocrine resistance. The incidence and 
impact of ESR1 mutations on clinical outcome in patients 
treated with CDK4/6 inhibitors have not been defined. In 
this study, we evaluated the frequency of ESR1 mutations 
(both de novo and acquired) in cfDNA from patients with 
MBC undergoing palbociclib and letrozole therapy.

RESULTS

Patient clinical characteristics

ESR1 mutations were examined in cfDNA from 
16 patients with MBC starting palbociclib and letrozole 
treatment on an expanded access program (EAP) 
(NCT02142868, initiated by Pfizer, Inc.). In the EAP, a 
total of 242 patients with HR+/ HER2- advanced breast 
disease from 42 centers in the US were assigned to single-
arm palbociclib 125 mg/d (3 weeks on, 1 week off) in 
combination with letrozole 2.5 mg/d (continuous daily 
dosing) until disease progression. Serial blood draws 
(range; 1-13) were available for 18 out of 40 patients who 
received treatment at Magee-Womens Hospital, Pittsburgh 
(Figure 1). The inclusion criterion for our study was that 
patients received at least one month of palbociclib and 
letrozole therapy (n=16). No statistical difference in 
baseline clinical characteristics was observed between 
patients with wildtype and mutant ESR1, suggesting 
that the patient population was well-balanced between 
the comparison groups (Table 1). The median patient 
age was 63.5 years (range; 39-81), median number of 
prior therapies was 8 (range; 0-19), and median number 
of prior endocrine therapies (ET) was 5 (range; 0-9; 2 
never with ET, 8 without adjuvant ET). Common prior 
treatments included anastrozole (81.3%), tamoxifen 
(75%), fulvestrant (63%), exemestane (50%), and 
letrozole (31.3%) (Supplementary Table S1). All tumors 
were positive for ER, 63% positive for PR, and 9.1% 
positive for HER2. 75% patients had visceral metastases 
and 68.8% had bone metastases.

ESR1 mutation analysis

In our previous study, we evaluated six ESR1 
mutations (K303R, S463P, Y537C, Y537N, Y537S, and 
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D538G) in primary tumors, metastatic lesions and cfDNA 
of breast cancer patients [14]. We reported sensitive 
detection of three ESR1 mutations including D538G, 
Y537S, and Y537C, but did not detect the Y537N, 
S463P, and K303R mutations in any of our analyzed 
samples. Also consistent with recent reports D538G, 
Y537S, Y537N, and Y537C are the four most frequently 
detected mutations in ESR1 [10–15]. Hence, in this study 
we examined these four mutations in serial blood draws 
from 16 patients with MBC undergoing palbociclib and 
letrozole therapy. 31.3% (5/16; 95% Wilson binomial 
CI, 15%-56%) cfDNA samples were positive for ESR1 
mutations (n=3, de novo, and n=2, acquired) with average 
allele frequencies ranging from 0.12% to 11.2% (Figure 
2, Table 2, and Supplementary Figures S1-S5). Despite 
low allele frequency (0.12%±0.01), Y537N mutation 
in patient CF16 was reproducibly positive in multiple 
repetitive assays and above the LLoD (0.1%) (Figure 
2E, Table 2, and Supplementary Figure S5). D538G was 
the most common mutation (n=3), followed by Y537N 
and Y537S (n=2 each). Patient CF15 showed polyclonal 
disease with more than one ESR1 mutation (Figure 2D, 
Table 2, and Supplementary Figure S4). Longitudinal 
tracking of ESR1 mutations in serial draws revealed 

selection of mutations in 3 out of 4 patients while on 
palbociclib and letrozole therapy, and loss of mutation 
in 1 patient. Also, the increase in allele frequencies 
frequently co-occurred with an increase in the tumor 
marker CA 27.29 (Figure 3).

Patient CF6 presented with stage IV disease with 
liver metastasis (Table 3 and Supplementary Table S1). 
She received chemotherapy and ET for 3 years including 
SERM, AI, SERD, and HER2 inhibitors. Blood drawn 
after 1.4 months of palbociclib and letrozole treatment 
was positive for ESR1-D538G mutation (1.1%) (Figure 
3A and Table 2). Due to disease progression at the time of 
first blood draw, treatment was switched to chemotherapy, 
gonadotrophin-releasing hormone (GnRH), and estradiol. 
Subsequent blood draws after a year showed enrichment of 
the mutation (9.9% and 11.2%), which also corresponded 
with increased CA 27.29 levels.

For patient CF8, four serial blood draws were 
obtained. The patient was diagnosed with stage IV 
disease with bone metastasis, and received serial ET 
(SERM, AI, and SERD) and chemotherapy for 3 years 
before starting palbociclib and letrozole (Table 3 and 
Supplementary Table S1). First blood sample was 
collected 1.8 months after exposure to palbociclib 

Figure 1: Flow diagram of patient selection. Flow chart indicates study population and inclusion criteria for patient selection. TTP 
represents time to progression.
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and letrozole, followed by three additional monthly 
draws (Figure 3B and Table 2). The patient acquired 
ESR1-D538G mutation in the third draw (1.1%) with 
an increase in allele frequency to 1.5% in the fourth 
draw, which coincided with a decrease in CA 27.29 
levels. Disease progression was seen 8 months after the 

fourth draw, and therapy was switched to SERD and 
chemotherapy for 3 months before death.

Patient CF14 developed bone metastasis 11 years 
after the diagnosis of ER+/PR+ primary breast cancer 
(Supplementary Table S1). Prior to palbociclib and 
letrozole, she received extensive ET (SERM, AI, and 

Table 1: Baseline clinical characteristics in patients with wildtype and mutant ESR1

ESR1-Wildtype
(n=11)

ESR1-Mutant
(n=5)

P-value ESR1-Wildtype
(n=11)

ESR1-De Novo 
Mutant (n=3)

P-value

Age

 Median age 
(yrs) 65 49 0.36 65 49 0.47

 Range (yrs) 40-81 39-71 40-81 39-71

Race 0.34 0.34

 White 10 (90.9%) 5 (100.0%) 10 (90.9%) 3 (100.0%)

 Asian 1 (9.1%) 0 (0.0%) 1 (9.1%) 0 (0.0%)

Disease 
Presentation at 
diagnosis

0.86 0.76

 Relapsed 6 (54.5%) 3 (60.0%) 6 (54.5%) 2 (66.7%)

 Metastatic 5 (45.5%) 2 (40.0%) 5 (45.5%) 1 (33.3%)

Stage (Dx) 0.49 0.49

 I 0 (0.0%) 1 (20.0%) 0 (0.0%) (33.3%)

 II 4 (36.4%) 2 (40.0%) 4 (36.4%) (33.3%)

 III 2 (18.2%) 0 (0.0%) 2 (18.2%) (0.0%)

 IV 5 (45.5%) 2 (40.0%) 5 (45.5%) (33.3%)

Hormone-
receptor

  ER-positive and 
PR-positive 7 (63.6%) 3 (60.0%) 0.90 7 (63.6%) 2 (66.7%) 0.94

  ER-positive and 
HER2-positive 1 (9.1%) 0 (0.0%) 0.34 1 (9.1%) (0.0%) 0.34

Total prior 
regimens 
(Chemotherapy + 
Endocrine)

8 (range, 0-15) 7 (range, 7-19) 0.34 8 (range, 0-15) 8 (range, 7-19) 0.33

  Adjuvant 
endocrine 
regimens

0 (range, 0-2) 0 (range, 0-2) 0.91 0 (range, 0-2) 0 (range, 0-1) 0.63

  Metastatic 
endocrine 
regimens

2 (range, 0-6) 4 (range, 3-9) 0.13 2 (range, 0-6) 5 (range, 5-9) 0.17

Visceral 
metastasis 8 (72.7%) 4 (80.0%) 0.77 8 (72.7%) 3 (100.0%) 0.08

Bone metastasis 7 (63.6%) 4 (80.0%) 0.53 7 (63.6%) 2 (66.7%) 0.94
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SERD), both in the adjuvant and metastatic setting (Table 
3 and Supplementary Table S1). cfDNA analysis revealed 
ESR1-Y537S mutation (3.3%) in blood collected 2.5 months 
after exposure to palbociclib and letrozole (Figure 3C and 
Table 2). The disease progressed and she received additional 
AI and chemotherapy in the last 6 months before death.

Patient CF15 developed metastases to liver and bone 
4 years after the diagnosis of invasive ductal carcinoma 
(IDC) (Supplementary Table S1). She received SERM, 
SERD, AI, mTOR inhibitor, and chemotherapy for 2 
years before starting palbociclib and letrozole. A blood 
draw after 2.8 months showed two ESR1 mutations 
(D538G - 0.35% and Y537S - 2.2%) (Figure 3D and 
Table 2). Interestingly, in the subsequent draw 7.6 months 
after initiation of palbociclib and letrozole, there was 
enrichment of the two ESR1 mutations (D538G – 4.1% 
and Y537S – 5.4%) and appearance of a third ESR1 
mutation, Y537N (0.91%). Increasing mutant allele 

frequencies co-occurred with increase in CA 27.29 tumor 
marker. Disease progressed and patient received SERD, 
AI, mTOR inhibitor and chemotherapy within 2 months 
before death.

Patient CF16 developed multiple metastases to liver, 
bone, and brain 7 years after the diagnosis of primary 
tumor (Supplementary Table S1). She received SERM, 
SERD, AI, and chemotherapy for a year before starting 
palbociclib and letrozole. Four blood draws were obtained 
at months 3, 4, 13, and 14 after the initiation of palbociclib 
and letrozole (Figure 3E and Table 2). A low frequency 
ESR1-Y537N mutation was acquired in the second draw 
(0.12%), which corresponded to an increase in CA 27.29. 
However, the mutation was below LLoD in subsequent 
draws.

Figure 2: ESR1 mutant allele frequency in serial blood draws from positive cfDNA samples. Average mutant allele 
frequency ± SEM is indicated using data from at least three replicates (after subtraction of background noise). Dotted line representing the 
LLoD (0.1%) was used as cut-off. ND represents mutation not detected. A. patient CF6, B. patient CF8, C. patient CF14, D. patient CF15, 
and E. patient CF16.
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Progression-free survival and overall survival

We next examined the impact of ESR1 mutations 
on clinical outcome in the 16 patients comparing ESR1-
wildtype and -mutant groups for differences in PFS and 
OS (Figure 4). PFS in ESR1-wildtype group (n=11) 
ranged from 1.6 months to 14.2 months, with a median 
value of 9.0 months. On the other hand, patients where 
ESR1 mutation was detected at any given time during 
treatment (i.e. ESR1-mutant group; n=5), PFS ranged 
from 1.4 months to 12.0 months, with a median value 
of 4.2 months. Hence, faster progression was seen in the 
ESR1-mutant group, but this only approached significance 
(HR=0.31; 95% CI: 0.05-0.95, log-rank P-value=0.047). 
However, PFS was significantly shorter in patients already 
carrying ESR1 mutation at initial blood draw (i.e. ESR1-de 
novo mutant group; n=3) (median; 9.0 versus 3.3 months, 
HR=0.25; 95% CI: 0.01-0.9, P-value=0.038).

No significant difference in OS (median; 14.1 versus 
12.8 months, HR=0.40; 95% CI: 0.06-2.0, P-value=0.24) 
was observed between patients with wildtype and mutant 

ESR1. Furthermore, median OS in the ESR1-de novo 
mutant group was 12.0 months with a trend towards 
significance for faster progression (HR=0.32; 95% CI: 
0.02-2.1, P-value=0.18).

PFS (9.0 versus 8.4 months, HR=0.36; 95% CI: 
0.05-2.9, P-value=0.34) and OS (14.1 versus 13.6 months, 
HR=0.54; 95% CI: 0.04-7.6, P-value=0.65) were similar 
in patients with wildtype ESR1 and patients who acquired 
ESR1 mutation during palbociclib and letrozole therapy.

DISCUSSION

There is growing recognition that ESR1 mutations 
are relatively uncommon in newly diagnosed, treatment-
naive breast cancer, but frequently acquired in hormone-
resistant metastatic breast cancer. CDK4/6 inhibition 
in combination with endocrine therapy is a promising 
new therapeutic strategy in hormone receptor-positive 
advanced breast cancer. However, the incidence and 
impact of ESR1 mutations on clinical outcome in patients 

Table 2: ESR1 mutant allele frequency in serial blood draws from positive cfDNA samples 

Patient ID
Months After Start 
of Palbociclib and 

Letrozole
ESR1-D538G ESR1-Y537N ESR1-Y537S

CF6

 Draw 1 1.4 1.12 ± 0.04 ND ND

 Draw 2 14.0 9.90 ± 1.18 ND ND

 Draw 3 15.3 11.23 ± 0.29 ND ND

CF8

 Draw 1 1.8 ND ND ND

 Draw 2 2.3 ND ND ND

 Draw 3 3.2 1.07 ± 0.08 ND ND

 Draw 4 4.1 1.54 ± 0.10 ND ND

CF14

 Draw 1 2.5 ND ND 3.26 ± 0.19

CF15

 Draw 1 2.8 0.35 ± 0.02 ND 2.18 ± 0.05

 Draw 2 4.6 4.12 ± 0.07 0.91 ± 0.05 5.37 ± 0.03

CF16

 Draw 1 2.8 ND ND ND

 Draw 2 3.8 ND 0.12 ± 0.01 ND

 Draw 3 13.1 ND ND ND

 Draw 4 14.5 ND ND ND

Average mutant allele frequency ± SEM is indicated using data from at least three replicates (after subtraction of 
background noise). LLoD of 0.1% was used as cut-off. ND represents mutation not detected.
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Figure 3: Clinical timeline and mutant allele frequency of ESR1 mutations in serial blood draws from positive cfDNA 
samples. The timeline starts with the initiation of palbociclib and letrozole therapy and shows tumor marker assessments (CA 27.29 
antigen line graph), ESR1-mutant allele frequency (bar graphs), LLoD (dotted line), disease progression (orange/red vertical arrows), blood 
draws (syringe), and treatments received. Treatment abbreviations: Pal (palbociclib), Let (letrozole), SERD (selective estrogen receptor 
degrader), GnRH (gonadotrophin-releasing hormone), Chemo (chemotherapy), AI (aromatase inhibitor), MT (mTOR inhibitor). A. patient 
CF6, B. patient CF8, C. patient CF14, D. patient CF15, and E. patient CF16.
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Table 3: Clinical characteristics and treatment history in patients with ESR1 mutation

Mutations and Clinical Characteristics

Treatment History

Therapy Prior to Start 
of Palbociclib and 

Letrozole

Therapy Prior to 1st 
Mutation Analysis

Therapy Post 1st 
Mutation Analysis

Total 
Palbociclib 

and 
Letrozole

Patient 
ID

Detected 
ESR1 

Mutations

De Novo
Vs

Acquired

Stage 
at Dx

ER 
Status

Therapy
Type

Cumulative 
Exposure 
(months)

Therapy
Type

Cumulative 
Exposure 
(months)

Therapy
Type

Cumulative 
Exposure 
(months)

Cumulative 
Exposure 
(months)

CF6 D538G De Novo IV +

SERM, 
AI, SERD, 

HER2i, 
Chemo

36.0 Palbociclib, 
Letrozole 1.4

Estradiol, 
GnRH, 
Chemo

14.3 1.4

CF8 D538G Acq. IV +
SERM, 

AI, SERD, 
Chemo

36.0 Palbociclib, 
Letrozole 2.0

Palbociclib, 
Letrozole, 

SERD, 
Chemo

10.1 12.1

CF14 Y537S De Novo IIB +
SERM, 

AI, SERD, 
Chemo

93.0 Palbociclib, 
Letrozole 2.5

Palbociclib, 
Letrozole, 
Chemo, AI

9.4 4.2

CF15
D538G, 
Y537N, 
Y537S

De Novo IA +

SERM, 
AI, SERD, 

mTORi, 
Chemo

24.0 Palbociclib, 
Letrozole 3.0

Palbociclib, 
Letrozole, 
SERD, AI, 

mTORi, 
Chemo

3.8 4.8

CF16 Y537N Acq. IIA +
SERM, 

AI, SERD, 
Chemo

12.0 Palbociclib, 
Letrozole 3.0

Palbociclib, 
Letrozole, 
Chemo, 
mTORi, 
SERD

11.4 11.3

Figure 4: Survival curves for patients treated with palbociclib and letrozole. A-B. Progression-free survival (PFS), and  
C-D. overall survival (OS) for patients stratified based on ESR1 mutation status, ESR1-wildtype versus ESR1-mutant, and ESR1-wildtype 
versus ESR1-de novo mutant.
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treated with CDK4/6 inhibitors have not been defined. 
This is the first study to evaluate the frequency of ESR1 
mutations (D538G, Y537C, Y537N, and Y537S) in 
cfDNA from patients with MBC treated with palbociclib 
and letrozole using ddPCR. We found that 31.3% (5/16) 
cfDNA samples were positive for ESR1 mutations 
(n=3, de novo, and n=2, acquired) with average allele 
frequencies ranging from 0.12% to 11.2%. The ESR1 
mutation prevalence in cfDNA is similar to our previous 
report (24.1%) from patients with advanced hormone-
refractory breast cancer. Also, consistent with our previous 
report, D538G was the most common ESR1 mutation 
(n=3), followed by Y537S (n=2). However, we did not 
detect any Y537C mutation in this patient cohort, but 
instead Y537N mutation (n=2). Further, cfDNA analysis 
in patient CF15 showed three different ESR1 mutations 
(D538G, Y537S, and Y537N). D538G (0.35%) and Y537S 
(2.2%) mutations were detected in the initial blood draw, 
2.8 months after the initiation of palbociclib and letrozole 
treatment. We observed an increase in the mutant allele 
frequencies in subsequent draw (D538G – 4.1% and 
Y537S – 5.4%) and appearance of Y537N (0.91%). The 
co-occurrence of multiple ESR1 mutations and enrichment 
on palbociclib and letrozole therapy suggests a role for 
selection pressure during drug treatment and convergent 
evolution.

cfDNA analysis can facilitate longitudinal 
monitoring of ESR1 mutations and association with 
response to endocrine therapy. In our study, longitudinal 
assessment of ESR1 mutations in serial blood draws 
revealed selection of mutations in 3 out of 4 patients while 
on palbociclib and letrozole therapy, and loss of mutation 
in 1 patient. The combination of palbociclib and AI did 
not prevent the selection of ESR1 mutations when used 
in later lines of therapy. Also, the increase in mutant allele 
frequencies frequently co-occurred with an increase in 
the tumor marker CA 27.29. These results suggest that 
ESR1 mutations may be predictive of development of 
resistance during palbociclib and AI therapy. However, our 
results are limited by the small number of blood draws 
that were available for patients with ESR1 mutations 
(range; 1-4), unlike frequent measurements of the tumor 
marker CA 27.29. Hence, larger studies utilizing more 
frequent analysis of cfDNA are needed to further validate 
these findings. An additional limitation of our data is that 
the patient population was heterogeneous and heavily 
pretreated; therefore these results may be less applicable 
in the currently approved treatment setting of palbociclib, 
which is in 1st and 2nd line relatively treatment-naïve 
patients.

We examined the association between ESR1 
mutation status and clinical outcome in patients with 
MBC treated with palbociclib and letrozole. PFS (4.2 
versus 9.0 months, P-value=0.047) and OS (12.8 versus 
14.1 months, P-value=0.24) were similar in patients with 
and without ESR1 mutation detected at any point in time 

during treatment. However, PFS was significantly shorter 
in patients already carrying ESR1 mutation at the time 
of first blood draw after initiation of palbociclib and 
letrozole therapy (i.e ESR1-de novo mutant group) (3.3 
versus 9.0 months, P-value=0.038). Despite the interesting 
finding, this analysis is limited by the small sample size 
(ESR1-de novo mutant group; n=3, ESR1-wildtype group; 
n=11) and validation in larger clinical trials is warranted. 
Another limitation of our study is the absence of a control 
arm (letrozole plus placebo group). Hence, the clinical 
relevance of this association between ESR1 mutation 
status and response to palbociclib and letrozole therapy 
cannot be fully addressed. A recent abstract submitted 
to the American Society of Clinical Oncology (ASCO) 
on the PALOMA-3 trial showed that the combination of 
palbociclib and fulvestrant provided significant clinical 
benefit in patients both with and without ESR1 mutations 
[23]. It is notable, however, that fulvestrant has not been 
associated with development of ESR1 mutations unlike 
the AI’s and may be a viable treatment strategy for 
patients with ESR1 mutations. More studies that assess 
ESR1 mutations longitudinally in patients treated with 
palbociclib will be required to evaluate the efficacy of 
CDK4/6 inhibitors as a novel targeted therapy that may 
overcome this specific mechanism of endocrine resistance.

In summary, sensitive detection of ESR1 mutations 
in patients with MBC treated with palbociclib and 
letrozole reveal 31.3% mutation rate, which is consistent 
with recent reports. 6.3% patients showed multiple ESR1 
mutations. Mutations were enriched in serial blood draws, 
suggesting that treatment with palbociclib and letrozole 
does not prevent the selection of ESR1 mutations in later 
lines of therapy. PFS and OS were similar in patients with 
and without mutation detected at any given time during 
treatment. However, PFS was significantly shorter in 
patients already carrying ESR1 mutation at initial blood 
draw.

MATERIALS AND METHODS

Collection of blood samples

20ml venous blood was collected in Streck Cell-free 
DNA blood tubes from 16 patients with MBC with signed 
informed consent under the University of Pittsburgh IRB 
approved protocol (IRB0502025). Serial blood draws 
(range; 1-13) were obtained from the University of 
Pittsburgh Health Sciences Tissue Bank (HSTB). A total 
of 60 samples from 16 patients were processed for cfDNA 
isolation and mutation testing.

cfDNA isolation and quantification

cfDNA was isolated as previously described [14]. 
Blood plasma was separated by double centrifugation 
within 4 days of blood collection. 1 to 4ml of plasma was 
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used for isolation of cfDNA using QIAamp Circulating 
Nucleic Acid kit (Qiagen). cfDNA was quantified using 
Qubit dsDNA HS assay kit (Life Technologies).

Targeted preamplification

We have previously shown that targeted 
preamplification enables generation of sufficient quantities 
of cfDNA for use in ddPCR, but does not affect the 
linearity of mutant allele detection [14]. 2 ng of cfDNA 
was subjected to targeted high-fidelity preamplification 
for 15 cycles using primers (Supplementary Table S2) and 
PCR conditions previously described. Preamplification 
products were purified using QIAquick PCR Purification 
kit (Qiagen) and diluted at 1:20 before use in ddPCR 
reaction.

Droplet digital PCR

Bio-Rad QX100 droplet digital PCR platform was 
used for sensitive detection of ESR1 mutations. Primers 
and probes were ordered for D538G (Integrated DNA 
Technologies) and Y537C/N/S (Life Technologies) 
mutations using sequences (Supplementary Table S3) 
previously described [14]. 1ul of diluted preamplified 
cfDNA was used as input for ddPCR reaction. Water 
and ESR1 wildtype DNA as negative controls, and 
oligonucleotides carrying mutation of interest or DNA 
from a cell line with knock-in mutation as positive controls 
were included in each run to eliminate potential false-
positive mutant signals. All mutation-positive samples 
were run in triplicates, assaying at least 10,000 genome 
equivalents.

Data were analyzed using Bio-Rad QuantaSoft 
package. Mutant allele frequency was calculated as 
mutant concentration relative to total concentration of 
mutant plus wildtype in copies/ul. Background noise was 
defined as the average of allele frequency plus half 95% 
confidence intervals of negative controls (ESR1 wildtype 
DNA) across all ddPCR assays. The noise (if any) was 
subtracted from the allele frequencies. The background 
noise-adjusted 0.1% lower limit of detection (LLoD) 
previously described for cfDNA was used as cut-off [14].

Survival analysis

PFS and OS were assessed from the start of 
palbociclib and letrozole therapy to the date of disease 
progression and date of death respectively. Disease 
progression was determined by rising serum CA 27-29 
and progression on imaging of metastatic area (IE - CT, 
PET) or death; on two occasions, progression determined 
by biopsy result or severe clinical symptoms (RUQ pain, 
nausea) in setting of rising CA 27-29 (not attributed to 
toxicity of palbociclib or letrozole toxicity). End-date 
for the study, April 11th, 2016 was used for the survival 
analysis. Log-rank test stratified according to the presence 

or absence of events of progression or death was used to 
compare PFS and OS respectively, between the ESR1-
wildtype and -mutant groups. All reported P values were 
two-sided.
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