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ABSTRACT
◥

Purpose: To determine (i) the relationship between candidate
biomarkers of the antiproliferative (Ki67) response to letrozole
and palbociclib alone and combined in ERþ/HER2� breast
cancer; and (ii) the pharmacodynamic effect of the agents on
the biomarkers.

Experimental Design: 307 postmenopausal women with ERþ/
HER2� primary breast cancer were randomly assigned to neoad-
juvant treatment with letrozole for 14 weeks; letrozole for 2 weeks,
then letrozoleþpalbociclib to 14weeks; palbociclib for 2weeks, then
letrozoleþpalbociclib to 14 weeks; or letrozoleþpalbociclib for
14 weeks. Biopsies were taken at baseline, 2 and 14 weeks and
surgery at varying times after stopping palbociclib. Immunohisto-
chemical analyses were conducted for Ki67, c-PARP, ER, PgR, RB1,
CCNE1, and CCND1.

Results:Higher baselines ER and PgR were significantly associated
with a greater chanceof complete cell-cycle arrest (CCCA:Ki67<2.7%)
at 14 weeks and higher baseline Ki67, c-PARP, and CCNE1 with a
lower chance. The interaction with treatment was significant only for
c-PARP. CCND1 levels were decreased c.20% by letrozole at 2 and
14 weeks but showed a tendency to increase with palbociclib. CCNE1
levels fell 82% (median) in tumors showingCCCAbutwereunchanged
in thosewith noCCCA.Only 2/9 tumors showedCCCA3–9days after
stopping palbociclib. ESR1 mutations were found in 2/4 tumors for
which surgery took place ≥6 months after starting treatment.

Conclusions:HighCCNE1 levels were confirmed as a biomarker
of resistance to letrozoleþpalbociclib.Ki67 recoverywithin 3–9days
of discontinuing palbociclib indicates incomplete suppression of
proliferation during the “off” week of its schedule.

Introduction
Despite adjuvant endocrine therapy achievingmajor improvements

in clinical outcome of patients with estrogen receptor–positive (ERþ)
HER2� breast cancer many patients become resistant and die from
their disease. CDK4/6 inhibitors have provided the most substantial
improvement in the treatment of patients with advanced ERþ

disease over the last 20 years. Palbociclib, abemaciclib, and ribo-
ciclib have each shown substantial improvements in progression-
free survival (PFS), and in some cases overall survival, when
combined with an aromatase inhibitor or fulvestrant compared
with the endocrine agent alone (1–5). Recently, a trial of abema-
ciclib þ endocrine therapy versus endocrine therapy alone in high-

risk ERþ/HER2� primary breast cancer was reported at an interim
analysis to have shown significant reductions in early relapse with
the combination (6). In contrast, a similar trial of palbociclib plus
endocrine therapy versus endocrine therapy alone in lower risk
patients was stopped after a median follow-up of 23.7 months
because of the low likelihood of it showing a significant improve-
ment in outcome (7). There are multiple possible explanations for
these different clinical results between the two inhibitors (8).

The neoadjuvant setting is arguably the most direct and infor-
mative way to study the interaction of these drugs with the disease.
In our randomized neoadjuvant comparison of letrozole with or
without palbociclib (PALLET trial), we reported that malignant cell
proliferation as assessed by Ki67 staining was suppressed more
completely by the combination than by letrozole alone (9). There
was, however, no evidence of a significant enhancement in clinical
response compared with letrozole alone over the 14-week duration.
Apoptosis was also suppressed more by the combination and this
may have impeded tumor regression despite the enhanced anti-
proliferative effect.

No biomarkers of resistance to addedCDK4/6 inhibitors in primary
breast cancer have been identified with confidence. We therefore
assessed in tumor samples from the PALLET trial the relationship
between suppression of Ki67 and the pretreatment and on-treatment
expression of a set of prespecified candidate molecules involved in
endocrine and cell-cycle signaling. We considered the achievement of
complete cell-cycle arrest (CCCA, Ki67 < 2.7%) as the end-point of
efficacy as reported in the NeoPalAna study of anastrozole � palbo-
ciclib (10). The design of PALLET enabled us to assess the effects of
palbociclib alone, of palbociclib when added to letrozole and of
letrozole when added palbociclib. We measured cleaved-PARP
(c-PARP) as an indicator of apoptosis because induction or suppres-
sion of cell death by palbociclib could impact on its overall impact on
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tumor growth. Levels of ER and PgR were assessed because of their
key role in characterizing the endocrine responsiveness of ERþ

breast cancer. CCND1 was measured because it is a key determinant
of CDK4/6 activity and was known to be markedly downregulated
by estrogen deprivation (11). CCND1 amplification status was also
assessed because this has been reported to significantly have an
impact on the prognostic significance of increased CCND1 expres-
sion in ERþ breast cancer (12). CCNE1 was included in the
candidate markers because it is downstream on CDK4/6 but can
impact on E2F signaling and enhance cell cycling independent of
CCND1 and CDK4/6. Total RB1 was also included given its central
role in the promotion of the cell cycle and there was clinical
evidence that RB1 loss led to much poorer outcome for patients
treated with CDK4/6 inhibitors (13).

Schedule of treatment is different between the three CDK4/6
inhibitors: Abemaciclib continuously; palbociclib and ribociclib as
3-week on 1-week off cycles. In the PALLET trial, core-cut biopsies
were taken after 14 weeks with most patients subsequently scheduled
for surgery at an unspecified but recorded time. This allowed us to
assess the degree of recovery of Ki67 in the excised tumor at varying
times after the end of their treatment with letrozoleþ palbociclib and
continuation on letrozole alone.

Materials and Methods
Full details of the clinical trialmethodology have been published (9);

selected details are provided below as relevant to this biomarker report.
International Ethical Guidelines for Biomedical Research Involving
Human Subjects (CIOMS). The conduct of the trials and the analyses
reported here were approved by relevant ethics committees and all
patients provided written informed consent. Figure 1 illustrates the
design of the trial and the acquisition of samples for analysis.

Three hundred and seven postmenopausal women with unilateral,
operable ERþ/HER2� breast cancer ≥-cm diameter were randomized
3:2:2:2 to treatment with letrozole (2.5 mg/d) for 14 weeks (group A);
letrozole for 2 weeks followed by letrozole plus palbociclib (125 mg/d,
3 weeks on 1 week off) to 14 weeks (group B); palbociclib for 2 weeks
followed by letrozole plus palbociclib to 14 weeks (group C); letrozole
plus palbociclib for 14 weeks (group D). Core-cut biopsies were taken

at baseline, 2 and 14 weeks. Treatment with palbociclib was discon-
tinued at the end of second week of the 4th cycle (i.e., at 14 weeks) but
letrozole was continued until surgery that was timed at the physician’s
discretion. Time of surgery relative to the last dose of palbociclib was
recorded. For this biomarker study the primary end-point was CCCA.

The following biomarkers were analyzed by IHC: Ki67, cleaved-
PARP (c-PARP), ER, progesterone receptor status (PgR), RB1,
CCNE1, and CCND1. Methodologic details are provided in the
Supplementary Table S1. For Ki67, CCND1, CCNE1, PgR, c-PARP,
and RB1 the measure was overall percentage of positive invasive cells.
ER was measured using the estimated H-score (score 0–300). CCND1
was also analyzed by FISH; tumors were considered amplified if the
CCND1:CEP11 ratio was >2.0 as described previously for HER2 (14).
Tumors with Ki67 IHC scores <2.7% after weeks 2 and 14 of treatment
were classified as achieving CCCA at the respective timepoint.

ESR1mutationswere assessed by droplet-digital PCRwith 7 hotspot
mutations in two multiplex reactions and positive results being
validated by singleplex reactions as described previously (15).

Statistical analysis
Statistical analyses were performed in Stata version 16.1 and R

version 4.1.0. The association of median baseline values of each
biomarker with CCCA at weeks 14 and 2 was compared using a
Wilcoxon rank sum test and presented in box plots. Letrozole was
compared with letrozoleþpalbociclib by comparing group A versus
groups BþCþD for CCCA at week 14 and groups AþB versus C and
groupsAþBversusD forCCCAatweek 2.Geometricmean changes in
biomarkers from baseline to either week 2 or 14 or from week 2 to 14
were reported with 95% confidence interval (CI) and t tests of the
logarithmic values allowed comparisons between treatment groups.
Interactions between biomarkers and treatment groups for CCCA
were tested using logistic regression models. Given that the study was
mainly explorative uncorrected P values are shown. To make some
adjustment for multiple testing a P value of <0.01 was considered
statistically significant.

Results
Demographics of the patients treated and a consort diagram of

samples available have been published previously (9). In summary,
mean age was 64.9 years; 54% were recruited from UK and 46% from
North America; nearly three quarters were intermediate histopatho-
logic grade; all were locally determined to be ERþ and 70%were PgRþ;
24% of tumors were lobular and 70% ductal. Patient characteristics in
the subset of patients with at least 1 biomarker assessed at baseline
were similar to those for the whole study (Supplementary Table S2).
Change in Ki67 between baseline and 14 weeks was available in 190
patients with the predominant reasons for unavailable results being
missing or unevaluable 14-week samples. The number of samples
available for each biomarker at each time point is shown in the
Tables and Figures.

Association of baseline biomarker levels with CCCA
Letrozole compared with letrozoleþpalbociclib: CCCA after
14 weeks

Ki67 at baseline was higher overall in tumors that did not develop
CCCA at 14 weeks (P ¼ 0.001). This was statistically significant for
letrozoleþpalbociclib (P¼ 0.01) but not for letrozole alone (P¼ 0.10);
however, there was no significant interaction with treatment (P¼ 0.51,
Supplementary Table S3). There was a highly significant association
between baseline levels of c-PARP and incidence of CCCA at

Translational Relevance

Addition of CDK4/6 inhibitors to endocrine treatments pro-
vides substantial improvements in progression-free survival in
advanced ERþ breast cancer. Early results from trials in the
adjuvant setting show improvement in recurrence-free survival
with abemaciclib but so far not with palbociclib. There are no
established biomarkers to improve the targeting of CDK4/6 inhi-
bitors.We conducted a neoadjuvant trial of the aromatase inhibitor
letrozole � palbociclib and assessed the relationship of a set of
candidate biomarkers with the antiproliferative effect of the treat-
ments on expression of Ki67, an established marker of response to
endocrine treatment.We confirmed that tumors with high CCNE1
expression respond less well to letrozole þ palbociclib. Ki67
expression recovered within 3–9 days of ceasing palbociclib, indi-
cating that suppression of proliferation is not fully maintained in
the 3-week on 1-week off schedule. These data may lead to
improved targeting of palbociclib and explain its limited activity
in the adjuvant setting.
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14 weeks with letrozoleþpalbociclib (P < 0.001) but no such
association with letrozole alone (P ¼ 0.98); interaction P ¼ 0.01.
Notably, c-PARP levels correlated significantly with Ki67 levels at
baseline (r ¼ 0.55, n ¼ 244, P < 0.001).

Tumors that showed there was a trend for CCCA to be associated
with higher baseline levels of ER than those that did not achieve
CCCA (P ¼ 0.05). This trend was strong for letrozoleþpalbociclib
(P ¼ 0.01) but not for letrozole alone (P ¼ 0.47). In contrast,
although tumors showing CCCA had higher levels of PgR (P ¼
0.04), the trend was substantial only for letrozole alone (P ¼ 0.03);
however, the effect was not statistically significantly different from
that with letrozoleþpalbociclib (Fig. 2). There was no association of
RB1 levels with CCCA in either the letrozole alone or letrozo-
leþpalbociclib groups.

For patients receiving letrozoleþpalbociclib median levels of
CCNE1 at baseline were over 3-times higher in those that did not
achieve CCCA compared with those that did (P¼ 0.002). For patients
receiving letrozole alone the levels were about 1.8 times higher
(P¼ 0.18) for non-CCCA versus CCCA. The test for interaction with
treatment was not significant (P ¼ 0.27).

There was no association of baseline CCND1 levels as measured
by IHC with CCCA at 14 weeks in the overall population. CCND1
amplification status was available in tumors from 293 patients: 217
were non-amplified and 76 (25.9%) showed amplification. In
tumors not amplified for CCND1, higher baseline CCND1 expres-
sion was associated with a greater chance of CCCA although this
only showed a trend to significance for letrozoleþpalbociclib (P ¼
0.02; overall population P ¼ 0.07). Sixty-three patients on letrozole
alone had both Ki67 values at 14 weeks and FISH status for CCND1
at baseline. Five of the 15 cases with amplified CCND1 (33%)
showed no CCCA whereas 20 of the 48 cases without amplification
did not achieve CCCA (43%): odds ratio (OR), 1.47 (95% CI, 0.43–
4.99; P ¼ 0.53). 119 patients on letrozoleþpalbociclib had Ki67 at
14 weeks and CCND1 FISH status at baseline. Five of the 22 cases
with amplified CCND1 (23%) showed no CCCA compared with 7 of
the 97 cases without amplification (7%): OR, 0.28 (95% CI, 0.08–
0.97; P ¼ 0.05; test for treatment Pinteraction ¼ 0.06.

A multivariable model for CCCA at 14 weeks showed that
individual significant differences in baseline values of Ki67 and
CCNE1 remain after adjusting for all other biomarkers (Supple-
mentary Table S3).

Letrozole compared with letrozoleþpalbociclib:
CCCA after 2 weeks

Baseline Ki67 and c-PARP levels were both higher in non-CCCA
cases with letrozole alone and letrozoleþpalbociclib. With each this
was statistically significant only for letrozole alone but there was not a
statistically significant interaction with treatment. The only other
substantial relationshipwaswithCCNE1 levels that at baseline showed
a strong trend to association with no achievement of CCCA for
letrozole alone (P ¼ 0.02) but not for letrozoleþpalbociclib (Supple-
mentary Fig. S1).

Palbociclib alone: CCCA after 2 weeks
None of the biomarkers other than Ki67 (P ¼ 0.01) showed a

significant relationship at baseline with CCCA at 2 weeks. Of the 15
patients with CCND1 amplified at baseline 5 (33%) did not show
CCCA, a very similar proportion to the 12 (28%) of 43 that were not
amplified (Supplementary Fig. S1).

Treatment-related changes in biomarkers: The Ki67 data have been
summarized previously (9) but are reported here more extensively.
Values shown for all biomarkers are shown in theTable 1 and Fig. 3 as
geometric means � 95% CIs.

Effect of letrozole alone (Groups AþB to 2 weeks and group A to
14 weeks): Changes to 2 weeks are shown for arms A and B combined.
Ki67 levels were suppressed by 81.0% and 88.5% at 2 and 14 weeks,
respectively. 61/145 (42.1%) and 40/68 (58.8%) patients showed
CCCA at 2 and 14 weeks, respectively. C-PARP is a marker of
apoptosis. Levels of c-PARP were suppressed by 17.3% and 31.4% at
2 and 14 weeks, respectively. There was no significant effect on ER
levels but PgR levels fell by 87.9% by week 2 and 96.9% by week 14.
CCND1 levels fell by 66.7% by week 2 and significantly further to
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Figure 1.

Schema of PALLET study design showing timing of treatment changes and sample acquisition and the number of samples available for paired Ki67 comparisons.
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80.9% lower than baseline by week 14. Similar changes were seen in
CCND1 levels in cases not amplified forCCND1. In cases amplified for
CCND1, levels also fell but to a slightly lesser extent. Letrozole led to a
highly significant 18.5% fall in RB1 levels by 2 weeks that was
maintained to 14 weeks, although that change was not significantly
compared with baseline (P ¼ 0.02). CCNE1 levels were decreased by
62.9% by 2 weeks and by 68.2% by 14 weeks, although the change
between weeks 2 and 14 was not significant.

Effect of palbociclib alone (Group C to 2 weeks): After 2 weeks,
palbociclib suppressed Ki67 by 95.0% and c-PARP by 37.4%. 44/61
(72.1%) of patients showed CCCA. By 2 weeks, palbociclib had no
significant effect on ER, PgR or RB1 expression by week 2 but CCNE1
levels fell by 47.1%. CCND1 levels were 28.7% higher but this was not
statistically significant (P ¼ 0.08).

Effect of letrozoleþpalbociclib (Group D to 2 weeks and groups
BþCþD to 14 weeks): Changes between baseline and 14 weeks are
described previously for arms B, C, and D combined. After 2 and
14 weeks letrozoleþpalbociclib suppressed Ki67 by 97.1% and 97.4%,
respectively, and 47/53 (72.1%) and 113/125 (88.6%) of patients
showed CCCA. After 2 and 14 weeks, letrozoleþpalbociclib sup-
pressed c-PARP by 24.4% and 56.8%, respectively. ER levels were
unaffected by the combination at either 2 or 14 weeks. After 2 weeks,
RB1 levels were 16.1% lower (P ¼ 0.10) and by 14 weeks were
suppressed by 27.7% (P < 0.001). PgR levels were suppressed by

88.3% and 94.8% at 2 and 14 weeks, respectively, and CCND1 by
58.9% and 70.5%, respectively. At 14 weeks CCND1 levels were
suppressed to a lesser extent in patients with amplified CCND1
compared with non-amplified status: with letrozole alone by 60.1%
versus 84.7%, respectively and by letrozoleþpalbociclib 35.1% versus
75.1%, respectively.

Effect of adding palbociclib to letrozole (Group B from 2 weeks to
14 weeks):Ki67 levels fell 88.5% between 2 and 14weeks (relative to the
2-week value) compared with 30.1% with letrozole alone over that
period. C-PARP fell 48.7% between 2 and 14 weeks (relative to the
2-week value) compared with 34.3% with letrozole alone over that
period. Betweenweeks 2 and 14 after palbociclibwas added to letrozole
there was no substantial effect on ER, PgR or RB1 levels. Adding
palbociclib appeared to diminish the additional suppression of
CCND1 seen with letrozole alone between 2 and 14 weeks but the
difference was not statistically significant (P ¼ 0.06). The apparently
greater suppression of CCNE1 by palbociclib added to letrozole
compared with continued letrozole alone was also not statistically
significant (P ¼ 0.90).

Effect of adding letrozole to palbociclib (Group C from 2 weeks to
14 weeks):Adding letrozole to palbociclib after 2 weeks led to a further
54.2% fall in Ki67 and 25.8% fall in c-PARP relative to the 2-week
value. There was no impact on ER levels after letrozole was added to
palbociclib at week 2. PgR and CCND1 levels were both suppressed

Figure 2.

Box plots showing the relationship betweenmedian biomarker values at baseline in letrozole�palbociclib according toCCCAor noCCCAat 14weeks. The black dots
represent the values in individual patients. The red dot indicates the median for clarity when the median line is obscured by data points. P values are derived from
Wilcoxon tests.
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markedly after adding letrozole to palbociclib to a proportionally
similar extent to the effect of continuing letrozole alone between week
2 and 14. CCNE1 levels did not fall significantly further on addition of
letrozole to palbociclib at week 2.

Comparison of the effect of letrozole versus letrozoleþpalbociclib at
14 weeks (Group A vs. groups BþCþD): Ki67 and c-PARP levels were
both suppressed to a significantly greater degree by the combination
than by letrozole alone (P < 0.001 and P ¼ 0.01, respectively). Other
biomarkers were not statistically different between the treatments after
14 weeks. CCND1 was suppressed to a lesser extent with the combi-
nation than with letrozole alone. This difference was borderline
statistically significant (P¼ 0.01) and was consistent with the increase
inCCND1 seenwith palbociclib alone after 2weeks and the apparently
impeded suppression of CCND1with letrozole alone when palbociclib
was added to letrozole at 2 weeks.

Association of change in CCNE1 levels with CCCA
Given the association of CCNE1 levels at baseline with lack of

CCCA and the suppressive effects of both letrozole alone and
letrozoleþpalbociclib on CCNE1 levels, we asked whether this
suppression varied according to the acquisition or not of CCCA.
In cases treated with letrozole alone the median fall in CCNE1 was
82% (n ¼ 36) in those that achieved CCCA levels at 14 weeks, and
0% (n ¼ 25) in those that did not. In cases treated with letrozo-
leþpalbociclib the median falls were 51% (n ¼ 99) and 0% (n ¼ 12),
respectively. Thus, CCNE1 levels were higher after 14 weeks as well
as at baseline in the poor responders to both letrozole and
letrozoleþpalbociclib.

Change in ki67 between end of palbociclib treatment and
surgery

Ki67 values and recorded time from end of trial treatment were
available in 57 surgical samples from groupA and 119 surgical samples
from groups BþCþD. The median time from end of treatment to
surgery was 22 days (range, 1 to 364 days) in group A and a median
23 days (range, 1 to 278 days) in groups BþCþD. Five and 9 patients
from groups A and BþCþD, respectively, had surgical samples taken
within a time window of 3–9 days that approximates to the 7 days off
palbociclib each cycle. Individual Ki67 values for these patients at all 4
time points are shown in Fig. 4. Six of the 9 patients in group BþCþD
also had Ki67 values available at week 14 when still on palbociclib and
all showed CCCA whereas just 2 of the 9 continued to show CCCA in
the surgical sample. Five of the 9 patients were from group B, including
4 patients in whom Ki67 showed CCCA after 2 weeks of letrozole
alone. In 2 of those 4 the surgical levels of Ki67 were much higher
(16.5% and 14.0%) than the levels after 2 weeks (both <1.0%). The
patients in groupAhad surgical levels of Ki67 similar to or less than the
values after 2 weeks.

ESR1 mutations in surgical samples
ESR1mutation analysis was conducted in 25 surgical biopsies from

tumors that showed Ki67 >10% at surgery after good suppression of
Ki67 at either (i) week 14 or (ii) for those without a 14-week value,
receiving letrozole at week 2, because this is evidence of acquired
resistance to letrozole. Two cases were identified with mutations: One,
the D538G mutation (VAF 4.52%; group B) and the other with both a
D538G and a Y537N mutation (VAF 0.34% and 0.09%, respectively;
group A). These mutations have been described previously as leading

Figure 3.

Geometric mean changes (�95% CI) in biomarkers between baseline and 2 weeks and between baseline and 14 weeks. P values for the degree of change and the
comparison between treatments are shown in Table 1.
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to ligand-independent ER and are associated with resistance to
aromatase inhibitors and are frequently observed in metastatic disease
that has become to aromatase inhibitors but not in primary dis-
ease (16, 17). These two tumors were from patients with the longest
duration of presurgical treatment (278 and 364 days, respectively),
after finishing trial treatment and therefore c.12 and 15 months after
starting neoadjuvant AI, respectively. The duration of presurgical
treatment of the other 23 ranged from 15 weeks to 9 months with
only 2 of the 23 being treated for more than 6 months.

Discussion
The PALLET trial is the largest randomized neoadjuvant study of an

aromatase inhibitor and a CDK4/6 inhibitor (9). Its design allowed a
comparison of the effects of letrozole and palbociclib alone and in
combination at 2 weeks and of the aromatase inhibitor versus the
combination at 14 weeks. It is clear that letrozole and palbociclib both
substantially suppressed proliferation as measured by Ki67, the pri-
mary biomarker end-point and that the effects of letrozole and
palbociclib are additive between weeks 2 and 14 (groups B and C).
The profound antiproliferative effect of palbociclib alone over a 2-week
period was reported in the POP trial (18) and the separate and additive
effects of abemaciclib and anastrozole were shown over 2 weeks in
NeoMonarch (19). In the latter study, all patients received combined
treatment after 2 weeks such that the effects of the combination could
not be compared with the aromatase inhibitor alone over a prolonged
period. In hormone receptor–positiveHER2-negative cases in the POP
trial, Ki67 was suppressed by only 70% (geomean) compared with 90%
in PALLET. InNeoMonarch after 2weeks, the Ki67 the suppression by
abemaciclib was 91% and therefore similar to the PALLET result. In
the NeoPalAna study (10), CCCA 2 weeks after adding palbociclib to
anastrozole occurred in 39/45 (87%) patients that was also similar to
the 89% CCCA after 2 weeks in PALLET in the combined treatment
group. The difference between the data fromPALLET andPOPmay be
due to the different Ki67assays used.

A key goal of our correlative science research in PALLET was to
determine whether any of the putative markers of resistance to AI or
CDK4/6i were correlated with lack of CCCA. The data indicated that
high baseline levels of CCNE1 were significantly associated with
resistance to letrozoleþpalbociclib at 14 weeks. There was also a
non-significant trend to a similar association with letrozole alone.
Given that the test for interaction with treatment was also not
significant, we cannot conclude that this relationship was exclusive

to the combination treatment. CCNE1 is downstream of CCND1 in
the cell cycle and its prediction of poor antiproliferative response may
in part be related to high proliferation (Ki67) itself also significantly
predicting low chance of achieving CCCA in the letrozoleþpalbociclib
group in PALLET. However, high levels of CCNE1 promote E2F
signaling and can promote progression of the cycle independent of
effects on CCND1 and CDK4/6. Our findings are consistent with the
observation that amplification of CCNE1 occurred in MCF7cells that
acquire palbociclib resistance (20). The POP short-term presurgical
trial of single-agent palbociclib and the NeoPalAna study of anastro-
zoleþpalbociclib both reported poorer Ki67 response in tumors
with high baseline levels of CCNE1 mRNA levels (10, 18) and the
NeoMONARCH study reported a numerically higher but statistically
non-significant relationship with Ki67 resistance to anastrozo-
leþabemaciclib (19). CCNE1 transcript levels above the median were
also predictive of poor response to palbociclib added to fulvestrant in
patients with advanced breast cancer in PALOMA3 (21). Prat and
colleagues (22) recently reported a study of the correlation of intrinsic
subtypes with PFS in three trials of the addition of ribociclib to
endocrine therapy in advanced ERþ/HER2� disease. CCNE1 levels
were highest in tumors characterized as basal-like and this was the only
subgroup that did not gain an improvement in outcome from added
ribociclib. Overall, the consistent findings from these studies provide a
strong level of evidence for high CCNE1 be associated with poor
response to CDK4/6 inhibition alongside endocrine therapy.

Higher values of ER and PgR were seen in tumors exhibiting CCCA
at 14 weeks with no evidence of a treatment interaction. Together with
the CCND1 IHC data, these results suggest that CCCA is likely in
tumors in which luminal features are more pronounced. There are
conflicting data on the relationship between intrinsic subtype and
benefit of adding a CDK4/6 inhibitor to endocrine treatment in
patients with advanced disease. In the PALOMA2 study, significant
improvements in PFS with added palbociclib were confined to cases
intrinsically subtyped as luminal A or B (23). However, Prat and
colleagues (22) reported that PFS was improved by adding ribociclib in
both HER2-enriched and luminal subtypes. In PALLET, data on
intrinsic subtype are currently unavailable.

CCND1 amplification was present in about a quarter of the patients
in PALLET. In the PALOMA 1 study, a cohort was recruited on the
basis ofCCND1 amplification�p16 loss with the expectation of greater
benefit from the addition of palbociclib to letrozole in this sub-
group (2). However, early analysis indicated a trend toward lower
benefit so the selection was discontinued. In PALLET 21% and 7%
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Individual values of Ki67 at baseline, 2
and 14 weeks and at surgery for the
cases in which tumors were removed
surgically between 3 and 9 days after
stopping palbociclib and continuing on
letrozole alone. Dotted lines join values
where a value was unavailable from an
intermediate time point. Numbers on
the right hand side of each panel indi-
cate thenumber of daysbetween ceas-
ing palbociclib and surgery for the
respective sample.
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of the amplified and non-amplified cases, respectively, that were
treated with letrozoleþpalbociclib showed a lack of CCCA support-
ing a lesser degree of response in the amplified subset. A plausible
explanation for this observation is that letrozoleþpalbociclib is not
able completely to negate the major drive to the cell cycle that
emanates from the amplified gene. A much higher immunohisto-
chemical expression of CCND1 in cases where the CCND1 gene was
amplified was apparent in this study and letrozoleþpalbociclib
suppressed CCND1 levels less in amplified cases (by 35.1%) than
in non-amplified tumors (75.1%).

A difference in the biological significance of CCND1 expression
according to the mutational status of the CCND1 gene is clear from
studies of prognosis: high expression associated with amplification is
related to poor outcome in patients treated with adjuvant endocrine
therapywhereas high expression in non-amplified tumors is associated
with better outcome (12). This latter association is likely due to
CCND1 being a highly estrogen-dependent gene. In PALLET, this is
consistent with a higher expression of CCND1 in non-amplified cases
being associated with a greater likelihood of CCCA at 14 weeks in the
whole cohort, although this was only statistically significant for the
letrozoleþpalbociclib group.

There is considerable evidence that loss of RB1 is associated with
resistance to CDK4/6 inhibition. In the Li and colleagues (13) series of
348 patients receiving a CDK4/6 inhibitor, the 2.5% of patients with
RB1 loss had a statistically significant, poorer PFS than those without
such loss (median 3.6 months vs. 10.1 months). O’Leary and collea-
gues (24) reported that 4.8% of patients treated with fulves-
trantþpalbociclib in PALOMA3 acquired RB1mutations versus none
in the fulvestrant alone arm. Our group reported that in two T47D
breast cancer cell lines palbociclib-resistance variants acquired a
mutation in the RB1 gene and loss of heterozygocity (25). In addition,
continued treatment of a ribociclib-resistant PDXwith ribociclib led to
enrichment of the RB1 mutant allele fraction (20). It should be noted
that the above observations allude to metastatic disease and/or
acquired resistance to CDK4/6 inhibition. In the current study of
treatment-na€�ve disease, there was no evidence that RB1 protein levels
could identify women at low likelihood of response to added palbo-
ciclib. Our on-going genomic analyses will enable us to identify the
small number of primary tumors that have loss ofRB1 or the somewhat
larger group that may have deficient RB1 functionality.

We believe that the observation that letrozole suppressed RB1 levels
is novel and has not been reported to occur with other AIs or other
endocrine treatments. Notably, this did not occur in association with
the antiproliferative effects of palbociclib. We are completing our
RNAseq analyses of samples from groups B, C, and D and have
specifically reviewed the data on transcript levels of RB1. In parallel
with the IHC data, significantly lower RB1 mRNA values than at
baseline were found at both 2 and 14 weeks in each set of samples from
letrozole-treated patients but not in samples after 2 weeks’ palbociclib
alone. The decrease in RB1 expression therefore seems to be at least
transcriptional. Further study of this observation is merited to deter-
mine whether it indicates a novel relationship between estrogen
deprivation and cell-cycle control.

Presurgical change in Ki67 has been validated as an intermediate
biomarker of clinical benefit from adjuvant endocrine treat-
ment (26, 27). It has not, however, been similarly validated for
CDK4/6 inhibition. The NeoMONARCH trial found that suppres-
sion of Ki67 with abemaciclib plus anastrozole was greater than that
with anastrozole alone. In the adjuvant setting the MonarchE trial
showed better recurrence-free survival for the combination (6).
Although the combination of letrozoleþpalbociclib showed greater

Ki67 suppression than letrozole alone in PALLET, the PALLAS
adjuvant trial showed no benefit from the combination over the AI
alone (7). There are a number of potential explanations for the
differences between the data from the adjuvant trials, including the
different scheduling of theCDK4/6 inhibitor and different proportions
completing CDK4/6 inhibitor treatment per protocol. Our data show-
ing speedy recovery in Ki67 levels during the days after moving from
combination letrozoleþpalbociclib to letrozole alone just before sur-
gery may be relevant to this difference in scheduling. Although the
number of patients was small, it was sufficient to show that the
suppressive effects of palbociclib were rapidly lost over a time scale
similar to the “one week off” in the 3-weeks on, 1-week-off scheduling
of palbociclib. However, the degree to which this may impact on
clinical outcome is unknown.

The changes in biomarker levels with letrozole alone were largely
those expected from an aromatase inhibitor with profound reductions
in Ki67 and PgR by 2weeks and somewhatmore complete suppression
with continued treatment (26, 28, 29). The lack of impact of palbociclib
on PgR levels is consistent with its lack of effect on the ER axis. The
reduction in the expression of CCND1, an estrogen-dependent gene, at
least in CCND1 non-amplified tumors, is also as expected. Given that
CCND1 is upstream of CDK4/6 inhibition, no decrease was to be
expected with palbociclib. It was interesting to note the increase in
CCND1 levels with palbociclib alone and the lesser suppression seen at
14weeks with the combination comparedwith letrozole alone. Neither
of these were statistically significant but if these results were replicated
they would emphasize the value of adding an endocrine agent to the
CDK4/6 inhibitor to reduce any build-up of this major stimulant of
CDK4/6.

We have previously described the decrease in apoptosis that is seen
with the TUNEL method in tumors treated with aromatase inhibi-
tors (30–32). In this study, we used the less complex method of
measuring apoptosis with c-PARP with very similar results. Palboci-
clib alone also showed a decrease in c-PARP and the addition of
palbociclib to letrozole enhanced the suppression. We have suggested
that these decreases in apoptosis are likely due to the intrinsic linkage
of programmed cell death to cell proliferation (29, 31). This linkage is
reflected in the correlation seen in the baseline samples from the
current study between c-PARP and Ki67. The decrease in apoptosis is
consistent with the relatively slow speed of tumor shrinkage with
endocrine treatment and CDK4/6 inhibitors whose action is cytostatic
rather than cytocidal. The greater decrease in apoptosis with added
palbociclib may contribute to the lack of increase in clinical response.

It was particularly notable that although the suppression of Ki67 at
2 weeks by palbociclib alone was greater than that by letrozole alone
(95%vs. 81%), the suppression of CCNE1 levels was less (47%vs. 63%).
NeoMONARCH had comparative CCNE1 data at 2 weeks between
abemaciclib alone and anastrozole alone but the data were of mRNA
expression (18). In that case, CCNE1 levels were suppressed more by
the CDK4/6 inhibitor than by the aromatase inhibitor. It is unclear for
the moment whether this is a drug-specific effect or one which is
dependent on means of measuring CCNE1. It was clear that not only
were baseline levels of CCNE1 associated with non-CCCA in
PALLET but those levels were unaffected by treatment in the
non-CCCA cases whereas the levels were markedly suppressed in
the CCCA cases. Thus, the relationship between CCNE1 levels and
Ki67 response was considerably greater at 14 weeks than before
treatment. NeoMONARCH had very small numbers of patients to
examine this but CCNE1 mRNA levels were decreased in those that
were intrinsically sensitive to abemaciclibþanastrozole but not
those that were intrinsically resistant (18).

Dowsett et al.

Clin Cancer Res; 28(1) January 1, 2022 CLINICAL CANCER RESEARCH172



ESR1 mutations that are constitutively active in the absence of
ligand are often acquired during treatment of metastatic disease with
an aromatase inhibitor but are much less common in primary breast
cancers (16, 17).We recently reported thatESR1mutations can arise in
tumors where patients have been treated for protracted periods of time
with neoadjuvant AI. Five of 29 patients that were treated for at least
6 months developed ESR1 mutations and these were associated with
higher proliferation than those tumors that maintained wild-type
ESR1 (15). In the current study, we therefore tested for mutation in
the surgical sample of those cases where Ki67 increased substantially
by the time of surgery after showing good evidence of Ki67 suppression
during treatment. Only 4 of the 26 patients received >6months’AI but
2 of those cases developed ESR1 mutations, in one case two separate
mutations. This therefore validates the findings in our earlier study
that long-term presurgical treatment of tumors with AI can lead to the
acquisition of ESR1 mutations in the primary tumor.

Strengths of this study include the randomized design that allowed
analyses of predictive factors and pharmacodynamic response to
letrozole and palbociclib alone and combined. The primary biomarker
and specified secondary end-point analyses were conducted within a
centralized highly experienced laboratory. Weaknesses include the
small proportion of cases with lack of CCCA that limited the power
for identifying predictive factors of resistance. This might be at least
partly ameliorated by the use of a proliferative gene expression score,
although few of these have the amount of evidence for clinical
relevance that Ki67 and CCCA have. The current analysis limited
itself to those secondary biomarkers considered most relevant at the
beginning of the trial. Genome-wide exploratory analyses are on-going
and will provide an assessment of the importance of immune-related
factors such as interferon signaling that have recently been reported to
be related to resistance to CDK4/6 inhibition in laboratorymodels and
clinical samples from both NeoMONARCH and NeoPalAna (33).
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