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A B S T R A C T

Purpose
Endoxifen is a tamoxifen metabolite with potent antiestrogenic activity.

Patients and Methods
We performed a phase I study of oral Z-endoxifen to determine its toxicities, maximum tolerated
dose (MTD), pharmacokinetics, and clinical activity. Eligibility included endocrine-refractory, es-
trogen receptor–positive metastatic breast cancer. An accelerated titration schedule was applied
until moderate or dose-limiting toxicity occurred, followed by a 3+3 design and expansion at 40,
80, and 100 mg per day. Tumor DNA from serum (circulating cell free [cf); all patients] and biopsies
[160 mg/day and expansion]) was sequenced.

Results
Of 41 enrolled patients, 38 were evaluable for MTD determination. Prior endocrine regimens during
which progression occurred included aromatase inhibitor (n = 36), fulvestrant (n = 21), and tamoxifen
(n = 15). Patients received endoxifen once daily at seven dose levels (20 to 160mg). Dose escalation
ceased at 160 mg per day given lack of MTD and endoxifen concentrations . 1,900 ng/mL.
Endoxifen clearance was unaffected by CYP2D6 genotype. One patient (60 mg) had cycle 1 dose-
limiting toxicity (pulmonary embolus). Overall clinical benefit rate (stable. 6months [n = 7] or partial
response by RECIST criteria [n = 3]) was 26.3% (95%CI, 13.4% to 43.1%) including prior tamoxifen
progression (n = 3). cfDNA mutations were observed in 13 patients (PIK3CA [n = 8], ESR1 [n = 5],
TP53 [n = 4], and AKT [n = 1]) with shorter progression-free survival (v those without cfDNA
mutations; median, 61 v 132 days; log-rank P = .046). Clinical benefit was observed in those with
ESR1 amplification (tumor; 80 mg/day) and ESR1 mutation (cfDNA; 160 mg/day). Comparing tumor
biopsies and cfDNA, somemutations (PIK3CA, TP53, andAKT)were undetected by cfDNA,whereas
cfDNA mutations (ESR1, TP53, and AKT) were undetected by biopsy.

Conclusion
In endocrine-refractory metastatic breast cancer, Z-endoxifen provides substantial drug exposure
unaffected by CYP2D6 metabolism, acceptable toxicity, and promising antitumor activity.

J Clin Oncol 35:3391-3400. © 2017 by American Society of Clinical Oncology

INTRODUCTION

Tamoxifen is a weak antiestrogen that undergoes
extensive biotransformation in humans to me-
tabolites 4-hydroxytamoxifen (4HT) and 4-hy-
droxy N-desmethyl tamoxifen (endoxifen), which
have greater antiestrogenic potency than the parent
drug.1-5 In humans, 4HT concentrations are low,
typically , 5 ng/mL,4,6 whereas endoxifen plasma

concentrations are up to 10-fold higher than 4HT,
exhibiting substantial variability.4,6,7 CYP2D6 is the
main enzyme responsible for the conversion of the
primary tamoxifen metabolite,N-desmetyltamoxifen,
to endoxifen.4 Patients with low CYP2D6 enzyme
activity, as a result of CYP2D6 genetic poly-
morphisms or the coadministration of potent
CYP2D6 inhibitors, exhibit significantly lower
endoxifen concentrations when treated with
tamoxifen.4
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On the basis of early reports demonstrating an association
between tamoxifen efficacy and either reduced CYP2D6 meta-
bolism8 or low endoxifen concentrations,9 we hypothesized that
oral administration of Z-endoxifen could achieve not only clini-
cally relevant endoxifen concentrations but also antitumor activity
possibly superior to that of tamoxifen. Therefore, after confir-
mation of the substantial bioavailability of Z-endoxifen in mice,10

we conducted a phase I study of Z-endoxifen to determine its
toxicity profile, maximum tolerated dose (MTD), pharmacoki-
netics, pharmacogenetics, and clinical activity in women with
estrogen receptor (ER) –positive, hormone-refractory metastatic
breast cancer (MBC).

PATIENTS AND METHODS

Formulation
Z-endoxifen hydrochloride was supplied by the Pharmaceutical

Management Branch, National Cancer Institute, as 20- and 40-mg
capsules.

Eligibility and Enrollment
This study enrolled women age $ 18 years with histologically

confirmed ER-positive (. 1% nuclear staining) MBC or locally recurrent
breast cancer that was either measurable or evaluable. Additional eli-
gibility criteria included: Eastern Cooperative Oncology Group perfor-
mance status of 0 to 1, adequate blood chemistries (absolute neutrophil
count $ 1,000/mL; platelet count $ 75,000/mL; total bilirubin # 1.5 3
institutional upper limit of normal [ULN]; total AST and ALT # 2.5 3
ULN [5 3 ULN if liver function test elevations resulted from live
metastases]; and creatinine # 1.5 3 ULN).

Prior Endocrine Therapy
Patients were required to have experienced progression while re-

ceiving either tamoxifen (if premenopausal) or an aromatase inhibitor (AI;
if postmenopausal) in either the metastatic or adjuvant setting. An un-
limited number of endocrine therapy regimens were allowed, including
everolimus-based regimens.

Prior Chemotherapy
An unlimited number of prior chemotherapy regimens were allowed

in the dose-escalation cohort, with at least one prior chemotherapy regimen
required in the adjuvant and/or metastatic setting. Up to two prior che-
motherapy regimens were allowed during the expansion phase.Womenwith
human epidermal growth factor receptor 2–positive disease must have
experienced progression during at least one prior anti–human epidermal
growth factor receptor 2–directed regimen.

Exclusion criteria included: uncontrolled brain metastases or tu-
mors involving the spinal cord or heart; systemic anticancer therapy or
radiation therapy within 3 weeks before registration; prior endoxifen
treatment, clinically symptomatic cataracts requiring imminent surgery,
or bisphosphonate or denosumab use, 90 days before registration; active
deep venous thrombosis and/or pulmonary embolus requiring antico-
agulant therapy or history of coagulopathy; uncontrolled intercurrent
illnesses; and other invasive malignancy diagnosed or recurring, 2 years
before registration. Women who were pregnant or breastfeeding were
not eligible.

Participating institutions obtained study approval from their in-
stitutional review boards and had filed assurances with the Department of
Health and Human Services. Written informed consent was required for
enrollment.

Study Treatment
Patients received 20, 40, 60, 80, 100, 120, or 160 mg of Z-endoxifen by

mouth daily until disease progression, unacceptable adverse events, patient
decision to withdraw from the study, or inability to continue treatment.
Routine use of colony-stimulating factors was not allowed. Selective se-
rotonin reuptake inhibitors or serotonin-norepinephrine reuptake in-
hibitors were allowed for the alleviation of vasomotor or estrogen
deficiency symptoms.

Management of Toxicity
Appendix (online only).

Patient Evaluations
Appendix.

Statistical Considerations
Dose-escalation phase. An accelerated titration phase I clinical trial

design was chosen as the means to determine a dose to recommend for
testing in the phase II clinical trial setting (RP2D). The RP2D was defined
as the highest dose tested where at most one of the six patients developed
a dose-limiting toxicity (DLT) during the first cycle of treatment. DLT
was defined as any of the following adverse events judged to be possibly,
probably, or definitely related to Z-endoxifen: any grade$ 4 hematologic
toxicity, any grade $ 3 nonhematologic toxicity, and any grade $ 2
toxicity that resulted in, 14 days of treatment during the first treatment
cycle.

Dose escalation began with an accelerated phase where two patients
were enrolled per dose level, starting at dose level 1. If one or both of these
two patients developed a moderate toxicity (any grade $ 3 hematologic
toxicity or any grade $ 2 nonhematologic toxicity except grade 2 vaso-
motor or estrogen-deficiency symptoms that were possibly, probably, or
definitely related to Z-endoxifen during the first cycle of treatment), the
accelerated phase ended. Otherwise, the next two patients registered were
enrolled at the next dose level. If all the dose levels were exhausted without
observation of a moderate toxicity, an additional four patients were to be
treated at the highest dose level to establish it as the RP2D. If a moderate
toxicity was observed at a given dose level (referred to as Dx), as many as
four additional patients were to be enrolled at that dose level. If two or
more of the six patients receiving Dx developed a DLT, dose escalation was
stopped, and four patients were to be enrolled at the next-lower dose level
to confirm it as the RP2D. If at most one of the six patients enrolled at dose-
level Dx developed a DLT during the first cycle of treatment, the dose-
escalation plan switched to that of a 3+3 phase I clinical trial. No
intrapatient dose escalation was allowed.

Expansion phase. On the basis of the pattern of toxicities observed,
tumor response, and endoxifen steady-state concentrations (Csss),
three dose levels were chosen for further exploration. Patients were
randomly assigned to each of these dose levels using a stratified ran-
domization procedure, with the stratification factors of dominant
disease (visceral v other), prior everolimus-containing regimen (yes v
no), and hormone resistance (primary v secondary).11 Patients enrolled
in the 160 mg per day and expansion cohorts underwent pretreatment
tumor biopsies.

Data lock occurred on March 5, 2017. Wilcoxon rank sum test was
used to assess whether oral clearance differed with respect to CYP2D6
activity score (AS; $ 2.0 v # 1.5; score determination summarized in
Appendix Table A1, online only). The distribution of progression-free
survival (PFS) times was estimated using the Kaplan-Meier method. The
median PFS time was defined as the smallest observed PFS time for which
the value of the Kaplan-Meier estimate of the PFS function was , 0.50.
Log-rank test was used to assess whether PFS differed with respect to AS
($ 2.0 v # 1.5). Changes in lipid profile after one cycle of treatment were
examined in terms of change in total, LDL, and HDL cholesterol.
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RESULTS

Study Cohort
From March 25, 2011, to December 9, 2014, 41 women were

enrolled. Three patients were not included in the MTD determi-
nation: one (20 mg) discontinued treatment after one 20-mg dose;
one (100 mg) sought alternative treatment after 12 100-mg doses;
and one (60 mg) skipped 1 week of treatment, restarted of her own
volition at a lower dose, and then stopped altogether 1 week later.
The demographic and tumor characteristics of the remaining
38 patients are listed in Table 1.

Treatment Course and Toxicities
Nomoderate toxicities or DLTs were observed among patients

enrolled at either the 20- or 40-mg dose level. Accelerated dose es-
calation stopped at the 60-mg dose level after a grade 3 thrombo-
embolic event (pulmonary embolus). None of the additional five
patients at the 60-mg dose level nor any patients enrolled at the
subsequent dose levels developed a DLT. Moreover, during the course
of the study, only one other severe toxicity was reported (grade 4
hypertriglyceridemia) after five cycles of treatment at the 60-mg dose.
No eye toxicity was observed. As such, all of the planned dose levels
were exhausted without observation of an MTD. Table 2 lists the
number of treatment cycles, moderate or severe toxicities reported,
treatment response, PFS time, and overall survival time for each
patient by dose level.

Having exhausted all planned dose levels, the dose levels
considered for expansion were based on the observations of
substantial endoxifen pharmacokinetic exposure (. 900 ng/mL)
without DLT at all dose levels . 80 mg per day, antitumor activity
independent of dose level, and prior published data demonstrating
that Z-endoxifen Csss achieved at 40 mg per day (500 ng/mL) were
associated with in vitro inhibition of estrogen-induced pro-
liferation in ER-positive cells with12 and without ESR1mutations.5

Dose levels 40, 80, and 100 mg per day were further studied in the
expansion cohorts. Sixteen patients were enrolled in the expansion
phase, where six were randomly assigned to 40, five to 80, and five
to 100 mg per day. None of these patients developed a severe
adverse event.

Pharmacokinetics
Endoxifen pharmacokinetics were determined in all 41 pa-

tients, and the results are summarized in Table 3 and illustrated
graphically for patients treated with 40 or 100 mg per day in
Appendix Figure A1 (online only). Peak endoxifen concentrations
were reached 2 to 4 hours after the day-1 oral dose, and mean
values of peak concentration, concentration after 24 hours, and
area under the curve over 24 hours increased in proportion to dose
(Table 3; Appendix Fig A2, online only). Css was achieved on day 7,
with an approximate 3.5-fold accumulation observed on day 28. At
the starting dose (20 mg/day) and highest dose level (160 mg/day),
endoxifen Css values of 146 ng/mL (390 nM) and 1,950 ng/mL (5,200
nM), respectively, were achieved and maintained throughout the 28-
day treatment. Oral clearance did not differ (Wilcoxon P = .3954)
between those with a CYP2D6 AS $ 2.0 (median, 3.8; interquartile
range [IQR], 3.3 to 4.7) and those with a CYP2D6 AS# 1.5 (median,

Table 1. Patient Demographic and Clinical Characteristics

Characteristic

No. (%)

Dose-Escalation
Cohorts
(n = 22)

Expansion
Cohorts
(n = 16)

Age, years
Median 58 65
Range 41-83 32-87

ECOG performance status
0 14 (63.6) 11 (68.8)
1 8 (36.4) 5 (31.3)

Histologic type
Invasive ductal 16 (72.7) 11 (68.8)
Invasive lobular 4 (18.2) 4 (25.0)
Mixed ductal/lobular 1 (4.6) 0
Adenocarcinoma, NOS 1 (4.6) 1 (6.3)
ER positive/PR positive 15 (68.2) 13 (81.3)
ER positive/PR negative 7 (31.8) 3 (18.8)
HER2 positive 1 (4.6) 3 (18.8)

Site of metastatic disease
Bone 15 (68.2) 14 (87.5)
Liver 11 (50.0) 9 (56.3)
Lung 5 (22.7) 7 (43.8)
Brain 3 (13.6) 2 (12.5)

Adjuvant endocrine treatment
Tamoxifen* 9 (40.9) 4 (25.0)
AI† 2 (9.1) 4 (25.0)
Sequential endocrine therapy‡ 4 (18.2) 4 (25.0)
No. of prior metastatic endocrine regimens

0 4 (18.2) 2 (12.5)
1 6 (27.3) 3 (18.8)
2 3 (13.6) 4 (25.0)
3 5 (22.7) 5 (31.3)
4-7 4 (18.2) 2 (12.5)

Prior metastatic endocrine treatment
Tamoxifen 5 (22.8) 3 (18.8)
AI† 16 (72.7) 12 (75.0)
Megestrol acetate 3 (13.6) 1 (6.3)
Estradiol

Fulvestrant 9 (40.9) 12 (75.0)
Fluoxymesterone 0 1 (6.3)

Disease progression with tamoxifen
Yes 10 (45.5) 6 (37.5)
No 7 (31.8) 3 (18.8)
Never received 5 (22.7) 7 (43.8)

Disease progression with AI
Yes 21 (95.4) 15 (93.8)
No 0 1 (6.3)
Never received 1 (4.6) 0

Chemotherapy
None 5 (22.7) 3 (18.8)
Adjuvant setting only 4 (18.2) 7 (43.8)
Metastatic setting only 4 (18.2) 3 (18.8)
Multiple disease settings (neoadjuvant,

adjuvant or metastatic)
9 (40.9) 3 (18.8)

Measurable disease by RECIST criteria 14 (63.6) 11 (68.8)
CYP2D6 activity score

0 2 (9.1) 2 (12.5)
0.5 6 (27.3) 1 (6.3)
1 1 (4.6) 4 (25.0)
2 9 (40.9) 7 (43.8)
3 0 2 (12.5)
Unknown 4 (18.2) 0

Abbreviations: AI, aromatase inhibitor; ECOG, Eastern Cooperative Oncology
Group; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2;
NOS, not otherwise specified; PR, progesterone receptor.
*One patient received adjuvant toremifene.
†Either anastrozole, letrozole, or exemestane.
‡Either sequential tamoxifen followed by AI or AI followed by tamoxifen.
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4.7; IQR, 3.5 to 5.4). Endoxifen Css values remained unchanged after
continuous dosing for 8 to 10months. Themean apparent steady-state
clearance was 6.2 L per hour and was not affected by dose increase
(Appendix Fig A3, online only).

Antitumor Activity
Antitumor activity, consisting of confirmed partial responses

or stable disease . 6 months, was observed at all but the 20- and
120-mg dose levels (Table 2). Among the 25 patients with mea-
surable disease (14 enrolled during dose escalation), three had
a partial response on two consecutive evaluations at least 8 weeks
apart. Thus, the overall response rate was 12.0% (95% CI, 2.6% to

31.2%). Additionally, five of 25 patients with measurable disease
and two of 13 patients with nonmeasurable disease exhibited stable
disease for . 6 months. Thus, the clinical benefit rate was 26.3%
(95% CI, 13.4% to 43.1%).

Tumor responses and prolonged antitumor activity were
observed in patients with prior progression during multiple lines of
endocrine therapy. Of the 36 patients with prior progression
during treatment with AIs, clinical benefit was observed in those
who experienced additional progression during tamoxifen and
fulvestrant treatment. Furthermore, of the four patients with prior
exemestane/everolimus treatment, three maintained either stable
disease (n = 1) or a confirmed partial response (n = 2) lasting

Table 3. Summary of Z-Endoxifen Pharmacokinetics According to Dose Level and Treatment Day (1 v 28)

Dose
Level (mg) Day

No. of
Patients

Mean 6 Standard Deviation

Tmax (hours) Cmax (ng/mL) C24h (ng/mL)
AUC0-24h

(hours 3 mg/mL) Accumulation (AUC) Half-Life (hours) Css/F (L/h)

20 1 3 4.3 6 3.2 64.8 6 13.2 38.1 6 3.7 1.09 6 0.21 3.47 6 1.29 49.0 6 21.7 4.63 6 1.61
28 2 3.5 6 3.5 215 6 83 167 6 49 4.19 6 1.46

40 1 8 3.6 6 2.3 169 6 49 86.6 6 22.6 2.49 6 0.58 3.96 6 0.89 57.2 6 14.8 3.99 6 1.07
28 8 1.7 6 1.0 499 6 49 414 6 111* 9.66 6 2.32

60 1 8 2.6 6 0.9 348 6 222 132 6 93 4.33 6 2.69 3.94 6 1.86 56.5 6 31.4 5.97 6 3.47
28 5 2.8 6 0.8 643 6 332 421 6 216 11.6 6 5.5

80 1 8 6.8 6 7.3 238 6 49 152 6 39 4.15 6 0.91 4.14 6 1.28 60.2 6 21.4 4.69 6 0.68
28 7 2.6 6 1.7 913 6 142 577 6 122† 15.8 6 2.3

100 1 8 4.0 6 2.8 344 6 104 194 6 43 5.62 6 1.18 4.62 6 1.10 68.1 6 18.4 3.76 6 0.97
28 7 4.2 6 3.1 1,284 6 364 952 6 246 25.7 6 6.8

120 1 3 3.0 6 1.0 378 6 155 243 6 89 6.03 6 2.73 3.64 6 1.18 51.7 6 19.7 5.72 6 2.12
28 3 2.7 6 1.1 1,261 6 453 813 6 235 20.7 6 6.3

160 1 3 3.7 6 2.1 635 6 39 333 6 62 9.81 6 6.3 3.81 6 0.76 54.6 6 12.8 4.08 6 1.12
28 3 5.1 6 4.0 1,874 6 633 1,362 6 379 37.9 6 12.3

Abbreviations: AUC, area under the curve; AUC0-24h, area under the curve over 24 hours; Cmax, peak serum concentration; C24h, serum concentration after 24 hours; Css,
steady-state clearance; Tmax, time to maximum serum concentration.
*n = 7.
†n = 5.
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Fig 1. Maximum decrease in tumor size according to prior tamoxifen treatment. (A) prior progression while taking tamoxifen in the adjuvant or metastatic setting. (B) No
prior tamoxifen or no progression while taking tamoxifen in the adjuvant setting.
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. 6 months. The maximum decrease in tumor size according to
prior progression with tamoxifen (yes v no) is shown in Figure 1
and to prior exposure to fulvestrant (yes v no) in Appendix
Figure A4 (online only). PFS times for all patients are presented
in Figure 2 by prior exposure to tamoxifen. Clinical benefit
(stable disease $ 6 months) was observed in 19% of patients
(three of 16) who experienced progression during tamoxifen
and 32% (seven of 22) who had no prior tamoxifen treatment
or did not experience progression with adjuvant tamoxifen.
Figure 3 illustrates the antitumor activity of endoxifen in a
patient treated at the 160-mg dose who had previously expe-
rienced progression with tamoxifen, anastrozole, fulvestrant,
and exemestane/everolimus.

At the time of the data lock, two patients were alive without
disease progression, 29 were alive with disease progression, and
seven had died as a result of disease. The median PFS time was
110 days, with a 1-year PFS rate of 15% (95% CI, 6.2% to
31.4%).

Clinical Benefit According to CYP2D6 Genotype
CYP2D6 activity score was available for 34 patients. PFS

among those with AS$ 2.0 did not differ from that of those with
AS # 1.5 (log-rank P = .8604). Within the subset of 24 patients
with prior tamoxifen exposure, the median PFS time was
60 days (n = 11; IQR, 31 to 132 days) among those with AS$ 2.0
and 157 days (n = 12; IQR, 72 to 296 days) among those with
AS # 1.5.

Effects of Endoxifen on Cholesterol Levels
After one cycle, the median change in total cholesterol

was 220 mg/dL (n = 36; range, 249 to 55 mg/dL); the median
change in LDL cholesterol was216.5 mg/dL (n = 36; range,247 to
93mg/dL); the median change in HDL cholesterol was23.5 mg/dL
(n = 36; range, 253 to 20 mg/dL); and the median change in
triglycerides was 29 mg/dL (n = 36; range, 275 to 73 mg/dL).

Tumor and Cell-Free DNA Sequencing
Circulating cell-free DNA (cfDNA) was available for analysis in

36 patients. cfDNAmutations were observed in 13 (36.1%), including
ESR1 (Y537N or D538G; n = 5), PIK3CA (H1047R or E542K; n = 8),
TP53 (K132R, R248Q, R267Q, orH179Y; n = 4), AKT (Q79K; n = 1),
and KRAS (G12D; n = 1). Of the five patients with cfDNA ESR1
mutations, one exhibited clinical benefit at the highest dose level (160
mg/day). PFS was shorter in those with versus those without de-
tectable cfDNA alterations (median, 61 v 132 days; log-rank P = .046).

Fourteen patients had simultaneous collection of a fresh tumor
biopsy13 and serum for DNA mutation detection; their PFS and
overall survival are listed in Table 2 according to the mutation data.
All tumor-sequencing data for these 14 patients are included in
Appendix Figure A5 (online only). Of note, substantial discordance
in detection rates was observed comparing these two modalities. For
example, of the eight PIK3CAmutations, four were detected in both
tumor and serum, whereas four were detected in the tumor but not
serum. Of the two ESR1 cfDNA mutations detected, neither was
found in the tumor (verified by targeted next-generation sequencing
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Progression on tamoxifen in the adjuvant or metastatic setting

Tamoxifen intolerant in adjuvant setting
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Fig 2. Progression-free survival (PFS) times for all patients according to prior tamoxifen exposure. Hashed lines indicate patients who were progression free at time of data lock.
Dose level is provided for each patient (mg/day).
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of the tumor samples). Of the four TP53mutations detected, one was
detected in both tumor and serum, one was detected in the tumor but
not the serum, and two were detected in serum but not tumor. Of the
two AKT1mutations detected, one was detected in the tumor but not
serum, and the other detected in serum but not tumor.

DISCUSSION

In this first-in-human study of Z-endoxifen in womenwith hormone-
refractory MBC, Z-endoxifen resulted in therapeutic endoxifen con-
centrations, minimal toxicity, and substantial antitumor activity in
women with endocrine-refractory breast cancer who had experienced
progression with AIs, fulvestrant, tamoxifen, or exemestane and
everolimus. On the basis of these data, a randomized phase II clinical
trial (A011203; ClinicalTrials.gov identifier: NCT02311933) is ongoing
comparing endoxifen (80 mg/day) with tamoxifen (20 mg/day) in
women experiencing progression during prior AI therapy.

Prior attempts to improve the risk/benefit ratio of selective ER
modulators (SERMs) have included tamoxifen dose escalation14,15 and
development of alternative SERMs, such as raloxifene,16,17 drolox-
ifene,18 arzoxifene,19 and toremifene,20,21 with none of these approaches
resulting in superiority compared with the 20 mg per day tamoxifen
dose. The genesis for Z- endoxifen drug development was based on
in vitro observations that Z-endoxifen more potently inhibited tumor
growth compared with tamoxifen5 and pharmacogenetic analyses of
tamoxifen trials demonstrating an association between efficacy and
reduced CYP2D6 metabolism8,22 or low endoxifen concentrations.9

The optimal dose of Z-endoxifen is unknown. Maximum
inhibition of estrogen-induced stimulation and ER transcription is
achieved with endoxifen concentrations ranging between 100 and
1,000 nm,5 with higher Z-endoxifen concentrations necessary
when estradiol concentrations mimicking the premenopausal and
postmenopausal settings are used to stimulate cell growth23,24 or in
cells with ESR1mutations.12 In this study, Z-endoxifen Csss of 499,
913, and 1,362 ng/mLwere observed at the 40, 80, and 160 mg per

day dose levels, respectively, with no differences in either toxicity or
antitumor activity with respect to dose level.

cfDNA mutations were observed in 36% of patients, with
shorter PFS in those with versus without detectable cfDNA alterations
(median, 61 v 132 days; log-rank P = .046). This observation might
simply reflect a higher tumor burden for patients with detectable
cfDNA alterations. Of the five patients with cfDNA ESR1mutations,
one exhibited clinical benefit at the highest dose level (160 mg/day).
Of note, clinical benefit was observed in one patient with tumor ESR1
amplification (80 mg/day). Evaluation of the 80 mg per day dose of
Z-endoxifen was chosen for the randomized phase II trial of
endoxifen and tamoxifen (A011203), and evaluation of ESR1 al-
terations in plasma and fresh tumor is planned in both arms.

CYP2D6 is not known to metabolize endoxifen25 and was not
associated with either Z-endoxifen oral clearance or PFS. However,
in patients who experience progressionwith tamoxifen, Z-endoxifen
may still exhibit antitumor activity, especially in patients unable to
achieve therapeutic Z-endoxifen concentrations while receiving
tamoxifen. Our data provide preliminary support for this hy-
pothesis, because patients with prior tamoxifen exposure and with
CYP2D6 AS$ 2.0 generally had rapid clinical progression (median
PFS, 60 days) in contrast to patients with reduced CYP2D6
metabolism (AS# 1.5), in whom longer median PFS was observed.
The relationship between CYP2D6 genotype, endoxifen exposure,
and the antitumor benefit of both drugs will be evaluated in the
randomized phase II trial of Z-endoxifen and tamoxifen (A011203).

A beneficial effect of SERMs is reduction in cholesterol. Our
preliminary data suggest that endoxifen may reduce both total and
LDL cholesterol levels. Adverse effects of SERMs include thrombo-
embolism, uterine cancer, and a higher risk of cataracts.26 Prior studies
evaluating high-dose tamoxifen have demonstrated retinal toxicity.27

Additionally, the combination of high-dose tamoxifen (with ta-
moxifen Csss of 4 to 8 mmol/L) and vinblastine resulted in substantial
neurotoxicity, including tremor, hyperreflexia, dysmetria, unsteady
gait, and dizziness.28 In our current study, no such neurotoxicity was
observed, despite endoxifen concentrations . 5 mmol/L achieved at

A B

Fig 3. Antitumor activity of Z-endoxifen
in a patient with prior progression during
four different lines of endocrine therapy,
including adjuvant (tamoxifen) and metastatic
(anastrozole, fulvestrant, and exemestane
plus everolimus) settings: (A) Baseline before
starting Z-endoxifen and (B) after 8 cycles of
Z-Endoxifen; arrow shows tumor.
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the highest dose level (160 mg/day). Furthermore, dilated eye ex-
aminations demonstrated no eye toxicity, even in patients remaining
on study for as long as 6 months. One patient experienced throm-
boembolism at the 60mg per day dose level. Long-term studies will be
necessary to fully evaluate the adverse effect profile of Z-endoxifen.

In summary, the direct administration of Z-endoxifen pro-
vides substantial drug exposure unaffected by CYP2D6 meta-
bolism, acceptable toxicity, and promising antitumor activity. The
ongoing randomized phase II trial (A011203) will provide further
insight into the antitumor activity of Z-endoxifen in a direct
comparison with tamoxifen.
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Appendix

Management of Toxicity
Adverse events were documented using Common Terminology Criteria for Adverse Events (version 4) before each 4-week cycle

of treatment. Z-endoxifen was to be held until emergent toxicities resolved to severity# grade 1 with a reduction of one dose level
when treatment was resumed for grade$ 2 eye toxicity, any grade$ 3 nonhematologic adverse event, grade$ 3 neutrophil count
decrease, or grade $ 3 platelet count decrease. If symptoms did not resolve to # grade 1 within 14 days, Z-endoxifen was
discontinued.

Patient Evaluations
Within 14 days before study registration, before each treatment cycle, and at treatment discontinuation, patients underwent

a complete physical examination, blood chemistries, and toxicity assessments. Imaging studies for disease status were performed
within 28 days before registration and at the end of every other monthly treatment cycle. After registration but before the start of
treatment and at the end of the second cycle, patients also underwent a dilated eye examination and collection of blood and tumor
samples. Additionally, any patient still receiving therapy after six cycles underwent a follow-up eye examination. For the expansion
cohorts, patients underwent a pretreatment biopsy.

Pharmacokinetics
Whole blood was collected on day 1 before study drug administration and after drug administration at 0.5, 1, 2, 3, 4, 6, and

8 hours; day 2 at 24 hours after day 1 drug administration (no Z-endoxifen to be taken on day 2); day 3 at 48 hours after day 1 drug
administration (Z-endoxifen to resume after blood drawn); days 7, 14, and 28 before drug administration; and day 28 after drug
administration at 0.5, 1, 2, 3, 4, 6, 8, and 24 hours.

Plasma concentrations of Z-endoxifen were determined using a validated high-performance liquid chromatography assay with
fluorescence detection (Lee KH, et al: Analyt Technol Biomed Life Sci 791:245-253, 2003). The plasma concentration-time data
were analyzed by noncompartmental analysis using the programWinnonlin Pro (Pharsight, Mountainview, CA) to obtain estimates
of the pharmacokinetic parameters: oral clearance (Cl/F), area under the curve from zero to time t, area under the curve from zero
to infinity, peak serum concentration, terminal half-life, and time of peak drug concentration.

Pharmacogenetics
CYP2D6 genotype was derived from a peripheral-blood specimen. Genotyping was performed in the Clinical Laboratory

Improvement Amendments–certified Mayo Clinic genotyping facility using the Luminex platform. When needed, TaqMan assay
and Sanger sequencing were additionally performed. The CYP2D6 activity score (AS) was determined for each patient according to
the method introduced by Gaedigk et al (Clin Pharmacol Ther 83:234-242, 2008). Each allele is assigned values as outlined in
Appendix Table A1, and the AS is the sum of the values assigned to each allele. Patients were then classified as having extensive or
increased CYP2D6 metabolism if AS $ 2.0 or reduced CYP2D6 metabolism if AS # 1.5.

Tumor DNA Sequencing
Comprehensive genomic profiling (FoundationOne, Cambridge, MA) testing was performed using tumor biopsies for patients

enrolled in the 160 mg per day and expansion cohorts as described previously.13 In brief, DNA was extracted from 40 mm of
formalin-fixed, paraffin-embedded sections, and comprehensive genomic profiling was performed on hybridization-captured,
adaptor ligation–based libraries to a mean coverage depth of 599 X for up to 405 cancer-related genes plus introns from up to 31
genes frequently rearranged in cancer. Sequence data were analyzed for clinically relevant classes of genomic alterations, including
base-pair substitutions, insertions/deletions, copy-number alterations, and rearrangements.

ESR1 DNA Sequencing Confirmation
For patients in the 160 mg per day and expansion cohorts, DNA derived from tumor biopsies was subjected to targeted next-

generation sequencing testing to validate the ESR1 mutation findings from the FoundationOne sequencing. Hotspot regions of
ESR1 exons 7 and 8 were amplified using 10 ng of patient sample DNA, with KAPA HiFi HotStart ReadyMix (Kapa Biosystems,
Wilmington, MA) and custom-designed primers targeting the gene-specific regions. The primers included a 59 oligo tail containing
the sequencing primer region of the Illumina next-generation sequencing adapter sequence (San Diego, CA). Polymerase chain
reaction (PCR) products were purified using Agencourt AMPure (Beckman Coulter, Brea, CA), and the eluted PCR product was
used to perform a second PCR reaction containing index primers to incorporate a sample-specific index sequence and the
remaining Illumina adapter sequence into the initial PCR amplicons. After final AMPure purification, samples were sequenced on
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a MiSeq instrument (Illumina), and data were analyzed using a custom bioinformatics pipeline to detect genomic alterations
with $ 5% mutant allele frequency.

Cell-Free DNA Sequencing
Whole-blood samples were collected prospectively for projected biomarker studies at baseline and before the initiation of cycle

2. Serum was stored at 280°C until analyzed. Cell-free DNA (cfDNA) was extracted from the baseline serum samples using the
Qiagen QIAamp Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany) with final concentrations of 1.49 to 54.51 ng/uL. cfDNA
was interrogated with the ClearID Breast Cancer Sequencing Test (Cynvenio Biosystems, Westlake Village, CA), which includes 621
amplicons in 27 genes as previously described (Song PY, et al: J Clin Oncol 35, 2017 [abstr 1091]). Libraries were constructed with
10 ng of WBC-derived genomic DNA or 10 uL of purified cfDNA (containing a minimum of 15 ng of DNA) using amplicon-based
resequencing on an Ion S5 XL System (Thermo Fisher Scientific, Waltham, MA). Primary FASTQ sequences were aligned to
National Center for Biotechnology Information GRCh37, and mutations present at . 1% representation from . 2,000 read
coverage in a case-controlled analysis were called.

Table A1. Values Assigned to Given CYP2D6 Allele to Determine
Activity Score

Allele Value

*3, *4, *4xN, *5, *6, *7, *16, *36, *40, *42, *56B 0
*9, *10, *17, *29, *41, *45, *46 0.5
*1, *2, *35, *43, *45xN 1
*1xN, *2xN, *35xN 2
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Fig A1. Z-endoxifen peak serum concentration (40 or 100 mg/day) on days 1
and 28.
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