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Exemestane plus everolimus and palbociclib
inmetastatic breast cancer: clinical response
and genomic/transcriptomic determinants
of resistance in a phase I/II trial

A list of authors and their affiliations appears at the end of the paper

The landscape of cyclin-dependent kinase 4/6 inhibitor (CDK4/6i) resistance is
still being elucidated and the optimal subsequent therapy to overcome resis-
tance remains uncertain. Here we present the final results of a phase Ib/IIa,
open-label trial (NCT02871791) of exemestane plus everolimus and palbociclib
for CDK4/6i-resistantmetastatic breast cancer. The primary objective of phase
Ib was to evaluate safety and tolerability and determine the maximum toler-
ated dose/recommended phase II dose (100mg palbociclib, 5mg everolimus,
25mg exemestane). The primary objective of phase IIa was to determine the
clinical benefit rate (18.8%, n = 6/32), which did not meet the predefined end-
point (65%). Secondary objectives included pharmacokinetic profiling (phase
Ib), objective response rate, disease control rate, duration of response, and
progression free survival (phase IIa), and correlative multi-omics analysis to
investigate biomarkers of resistance to CDK4/6i. All participants were female.
Multi-omics data from the phase IIa patients (n = 24 tumor/17 blood biopsy
exomes; n = 27 tumor transcriptomes) showed potential mechanisms of
resistance (convergent evolution of HER2 activation, BRAFV600E), identified
joint genomic/transcriptomic resistance features (ESR1 mutations, high
estrogen receptor pathway activity, and a Luminal A/B subtype; ERBB2/BRAF
mutations, high RTK/MAPK pathway activity, and a HER2-E subtype), and
provided hypothesis-generating results suggesting that mTOR pathway acti-
vation correlates with response to the trial’s therapy. Our results illustrate how
genome and transcriptome sequencingmay help better identify patients likely
to respond to CDK4/6i therapies.

The combination of cyclin-dependent kinase 4/6 inhibitors (CDK4/6i)
(palbociclib, ribociclib, abemaciclib) and endocrine therapy has
become standard of care for the treatment of patients with hormone
receptor-positive (HR+), human epidermal growth factor receptor
2-negative (HER2-) metastatic breast cancer (MBC). However, some
patients do not respond at all to CDK4/6i therapy (intrinsic resistance)

while other patients initially respondbut eventually become refractory
to therapy (acquired resistance), which results in disease progression.

Multiple studies in the last few years have started to reveal the
genomic landscape of resistance to CDK4/6 inhibitors1. One major
class of resistance mechanisms that have been observed in the clinical
setting are alterations that activate the cell cycle pathway, namely, loss-
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of-function alterations in RB12–5 and high cyclin E1 (CCNE1) mRNA
expression6. Other notable potential resistancemechanisms in the cell
cycle pathway are amplifications of AURKA5 and CDK6
overexpression7–9.

In addition to the cell cycle pathway, multiple oncogenic path-
ways have been associated with resistance to CDK4/6 inhibitors in the
clinical setting. In the estrogen receptor (ER) pathway, low ER
expression5,6 and basal molecular subtype10 have been associated with
a lack of response to CDK4/6 inhibitors. Loss-of-function of FAT1,
which activates the Hippo pathway and results in an increase in CDK6
expression, has been associated with poor response to CDK4/6i
therapy4. Oncogenic alterations in the receptor tyrosine kinase (RTK)
(FGFR1, FGFR2, ERBB2), MAPK (KRAS, HRAS, NRAS), and PI3K/AKT/
mTOR (AKT1, PTEN) pathways, all of which are upstream of the cell
cycle pathway, have been found to be enriched in patient samples that
are resistant to CDK4/6 inhibitors and to cause resistance in pre-
clinical models5,11–15.

Despite the variety of genomic resistance mechanisms and path-
ways identified by this recent work, the complete landscape of CDK4/
6i resistance is still being elucidated. In particular, the transcriptomic
landscape has remained mostly unexplored.

Oncogenic alterations in the RTK, MAPK, and PI3K/AKT/mTOR
pathway have also been found to confer resistance to endocrine
therapies11,12,16–18. This is analogous to the role that alterations in these
pathways play in CDK4/6 therapy, since the canonical resistance
mechanisms to endocrine therapy are alterations that directly affect
the ER (primarily activating ESR1 mutations)16–18.

Given that RTK, MAPK, and PI3K/AKT/mTOR oncogenic altera-
tions drive resistance to both endocrine therapy and CDK4/6i, tar-
geting these pathways might overcome resistance. For endocrine-
resistantMBC, the BOLERO-2 phase III trial found that the combination
of exemestane (an aromatase inhibitor) and everolimus (an mTOR
inhibitor) resulted in a longer progression-free survival than exemes-
tane alone19.Whether an analogous result holds for the combination of
CDK4/6i, endocrine therapy, and everolimus or other PI3K/AKT/mTOR
targeted therapy is still an open question for CDK4/6i-resistant MBC.

Here we report the final results from a phase I/II clinical trial
evaluating the safety and efficacy of exemestane plus everolimus and
palbociclib, triplet therapy in patients with CDK4/6i-resistant and
endocrine-resistant HR+MBC (NCT02871791). By leveraging multi-
omics data from patients that participated in this trial—whole-exome
sequencing (WES) and RNA sequencing (RNA-seq) of tumor biopsies
and circulating tumor DNA (ctDNA), accompanied by comprehensive
clinical data—we performed an integrated analysis of the molecular
correlates of both the landscape of resistance to initial CDK4/6 inhi-
bitors and the response to triplet therapy (Fig. 1A). Our analysis iden-
tifiy genomic alterations in resistance genes (ESR1, ERBB2, AKT1, RB1,
BRAF), genomic/transcriptomic resistance features (concurrent HER2-
enriched molecular subtype and RTK/MAPK oncogenic mutations,
concurrent ER pathway activity and ESR1 oncogenic mutations), evi-
dence of convergent evolution of ERBB2 activation following pro-
gression on CDK4/6i therapy, and indicators that the mTOR pathway
activity is associated with response to triplet therapy. In this work, we
take an important step towards elucidating the complete landscape of

Fig. 1 | Methodological overview of this work and plots for the phase II portion
of the clinical trial. A Graphical methodological overview. BWaterfall plot of best
percentage change frombaseline of tumor lesions. Patients 15 and 31, who stopped
treatment before tumor response could be evaluated,wereexcluded from thisplot.

C Progression-free survival (PFS) Kaplan–Meier curve. The median PFS is
3.94 months (95% confidence interval (CI): 3.68–9.63). D Overall survival (OS)
Kaplan–Meier curve. The median OS is 24.7 months (95% CI: 20.6 – N/A). n = 32
patients were included in the phase II portion of the trial.
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resistance to CDK4/6i in HR + /HER2 −MBC and highlight how multi-
omics data may better identify factors that determine response to
CDK4/6i therapy (Fig. 1).

Results
Patients received limited clinical benefit from triplet therapy
Patients participated in an investigator initiated phase Ib/IIa, open-
label clinical trial (NCT02871791) evaluating the safety and efficacy of
triplet therapy: palbociclib (a CDK4/6 inhibitor) + everolimus (mTOR
inhibitor) + exemestane (steroidal aromatase inhibitor). Eligible
patients had been diagnosed with HR + /HER2 −MBC and had pro-
gressed on a prior CDK4/6i and a prior endocrine therapy (a non-
steroidal aromatase inhibitor).

Phase Ib MTD/RP2D. A total of 9 patients were recruited into the
phase Ib portion of the study between September 12, 2016 and March
27, 2017. All study participants were female. At the starting dose of
palbociclib (100mg), 1 out of 3 patients experienced a DLT (grade 3
neutropenia and grade 2 mucositis). Subsequently, 3 additional
patients were initiated at 100mg, and none experienced a DLT. Pal-
bociclib was increased to 125mg, and all 3 patients had a DLT (grade 3
neutropenia). Thus, 100mg palbociclib was declared the MTD. The
RP2D for phase IIa was 100mg palbociclib + 5mg everolimus + 25mg
exemestane20.

PK profile. The 9 patients in the phase Ib portion of the study were
included in the PK analysis (Supplementary Data 1). The mean steady
state PK parameters for palbociclib, everolimus, and exemestane was
found to be consistent with historical data for each drug given as a
single agent, and thus, we did not find evidence of significant PK drug
interactions when the three drugs are given concurrently.

Phase IIa Patient characteristics. A total of 32 patients were recruited
into the phase IIa portion of the study between May 26, 2017 and June
26, 2019. Patient disposition at the time of data cutoff (Jan 3, 2021) is
reported in Supplementary Table 1. All study participants were female,
with a median age (range) of 55.5 years (36–73). Most of the partici-
pants were initially diagnosed with stage I-III breast cancer and had a
disease-free interval longer than two years. However, a substantial
percentage of patients (n = 10/32, 31.2%) had been diagnosed with de
novometastatic breast cancer. Bone (n = 28/32, 87.5%), liver (n = 26/32,
81.3%) andCNS+ lung + liver (n = 27/32, 84.4%)were themost common
sites of metastases (Supplementary Table 2).

Approximately one-third of patients had received one line of prior
chemotherapy in the metastatic setting (n = 12/32, 37.5%); the
remainder had received no prior chemotherapy (n = 20/32, 62.5%).
Among patients who had received prior chemotherapy in the meta-
static setting, capecitabine was the most commonly used agent (n = 7/
32, 21.9%). Almost all patients had received at least one prior line of
endocrine therapy (n = 31/32, 96.9%), and over half had received 2 or
more prior lines (n = 17/32, 53.1%). All but 2 patients had received pal-
bociclib (n = 30/32, 93.8%) and the remaining 2 patients had received
abemaciclib (n = 2/32, 6.3%).

Efficacy. With amedian follow-up (interquartile range) of 23.7months
(20.1–31.8 months), 6 patients had stable disease (SD) ≥ 24 weeks
(n = 6/32, 18.8%), 18 patients hadSD ≥ 12weeks (n = 18/32, 56.3%), and 8
patients had progressive disease (PD) (n = 8/32, 25.0%) as best
response (Fig. 1B, Supplementary Table 3). The clinical benefit rate
(CBR, CR + PR + SD ≥ 24 weeks) was 18.8%, which was below the pre-
specified efficacy endpoint of CBR ≥ 65%. Median progression-free
survival (PFS) was 3.94 months (95% CI: 3.68–9.63) (Fig. 1C) and
median overall survival (OS) was 24.7 months (95% CI: 20.6 - not
reached) (Fig. 1D). For the patients that derived and did not derive
clinical benefit, PFS was 9.63 months (95% CI: 8.44 - not reached) and

3.78months (95% CI: 2.00 - 4.70), andOSwas 22.6months (95%CI 16.5
– not reached) and 24.7 months (95% CI: 18.80 - not reached),
respectively. Median duration of response (DOR) was 5.42 months
(95%CI: 3.74–9.62) and disease control rate (DCR,
CR + PR+ SD ≥ 12 weeks) was 56.3%.

Safety. The most common all-grade adverse events related to study
treatment were neutropenia (n = 29/32, 90.6%), oral mucositis (n = 17/
32, 53.1%), thrombocytopenia (n = 9/32, 28.1%), and fatigue (n = 8/32,
25.0%). A total of 25 patients (n = 25/32, 78.1%) experienced neu-
tropenia of grade 3 or higher (Supplementary Table 4). Most
treatment-related adverse events were likely caused by palbociclib
and/or everolimus in this combination regimen (Supplementary
Table 4).

25 patients (n = 25/32, 78.1%) had a dose hold of palbociclib due to
toxicity, and 16 patients (n = 16/32, 50.0%) had at least one dose
reduction. Furthermore, 22 patients (n = 22/32, 68.8%) had a dose hold
of everolimus, and 13 (n = 13/32, 40.6%) had at least onedose reduction
due to toxicity. Exemestane was held in 2 patients (n = 2/32, 6.3%) due
to toxicity, and no participants required a dose reduction of exemes-
tane (Supplementary Table 5). Patient-level clinical characteristics are
in Supplementary Data 3.

Whole exome and transcriptome sequencing of baseline tumor
and ctDNA revealed potential resistancemechanisms to CDK4/6
inhibitors and endocrine therapy
As part of the secondary objective of the clinical trial to investigate
biomarkers of resistance to CDK4/6i through a correlativemulti-omics
analysis, we generatedWESandRNA-seqdata from tumor biopsies and
ctDNA samples from patients who participated in the phase II portion
(Fig. 2A, Supplementary Data 4, Supplementary Data 5).We collected a
research tumor biopsy andblood sample at baseline (after progression
on the prior CDK4/6 inhibitor but before initiation of triplet therapy)
and additional serial blood samples while on the trial. Additionally,
when possible, we acquired archival tumor biopsies that preceded the
patient’s initial exposure to a CDK4/6i to serve as a CDK4/6i-naive
sample. Given the exploratory nature of this study and our limited
sample size, significance tests in our analyses were not corrected for
multiple comparisons.

For the baseline tumor biopsies (annotated as T1), WES or RNA-
seq was successfully performed and passed quality-control for 18
samples each, with 14 samples having both WES and RNA-seq data
(Fig. 2A). WES was successfully performed and passed quality-control
for 17 ctDNA samples (12 at baseline, annotated as BB1, and 5 while on
therapy, annotated as BBn) from 12 patients, with 11 patients having
WES fromboth a baseline tumor and ctDNA sample. For the pre-CDK4/
6i tumor biopsies (annotated as A1), WES or RNA-seq was successfully
performed and passed quality-control for 6 and 9 samples, respec-
tively, with 5 patients having WES from both a pre-CDK4/6i and a
baseline biopsy. The complete dataset consisted of data from 26
patients: germline-matched WES from 24 tumor samples (19 patients)
and 17 ctDNA samples (12 patients), and RNA-seq from 27 tumor
samples (22 pts) (Fig. 2A).

We first focused on the genomic landscape (WES) of the baseline
tumor andbloodbiopsies (18 T1’s, 12 BB1’s,n = 19 ptswith either a T1 or
BB1) (Fig. 2A, Supplementary Data 4, Supplementary Data 5). We
identified genomic alterations spanning the spectrum of known genes
and pathways previously identified to confer resistance to CDK4/6
inhibitors in 58% (n = 11/19) of patients3–5,7,13 and to endocrine therapy
in 74% (n = 14/19) of patients11,12,16–18. These pathways, genes, and
alterations include: PTEN bi-allelic inactivations (n = 1/19, 5% of
patients) and AKT1 activating mutations (n = 4/19, 21%) in the PI3K/
AKT/mTOR pathway; NF1 bi-allelic inactivations (1/19, 5%) in the MAPK
pathway; ERBB2 activating mutations (n = 2/19, 11%), FGFR1 activating
mutations (n = 1/19, 5%) or high amplifications (5/19, 26%), and FGFR2
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Fig. 2 | Genomic landscape of resistance to CDK4/6 inhibitors in clinical trial
baseline biopsies. The genomic landscape recapitulates known driver genes and
pathways of CDK4/6i resistance and putative driver genes and mutations
(BRAFV600E, MTORT1977R, PIK3CAE545K,G1007R). A Cohort of tumor and blood biopsies
used for multi-omics analysis and their timing. Patients received triplet therapy
(palbociclib + everolimus + exemestane) as part of the clinical trial, and had pro-
gressed on a prior CDK4/6i and a prior endocrine therapy. B–D Comutation plots
(CoMut) representing the genomic landscapeof baseline tumor andblood biopsies
from the clinical trial. All baseline tumor biopsies are shown in (B) (n = 18 samples
from n = 18 patients); paired baseline tumor and blood biopsies from patients with
distinct co-existing tumor lineages are shown in (C) (n = 4 samples from n = 2
patients); baseline blood biopsies from patients with no paired tumor biopsy are
shown in (D) (n = 1 sample fromn = 1 patient). In eachpanel, biopsies are orderedby

treatment duration on triplet therapy. Copy-number alterations and nonsynon-
ymousmutations from selectedgenes (including all fromWander et al.)5 are shown.
Genes are arranged based on their pathway and include all genes with 2 or more
known oncogenic mutations in the cohort. Clinical parameters shown include trial
treatment information (trial treatment duration, clinical benefit and best response
by RECIST 1.1, reason for discontinuation of treatment), prior CDK4/6i treatment
information (CDK4/6i received, anti-estrogen agent used in combination, pheno-
type based on prior CDK4/6i response), receptor status (biopsy-level, at primary
diagnosis, and at metastatic diagnosis), timing of biopsy relative to metastatic
diagnosis, and biopsy site. Research-based PAM50 subtype (when RNA-seq data is
available) and tumormutational burden of each biopsy are also shown. Source data
are provided as a Source Data file.
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high amplifications (n = 1/19, 5%) in RTKs; RB1 bi-allelic inactivations
(n = 2/19, 11%) and AURKA high amplifications (n = 1/19, 5%) in cell cycle
genes; activating mutations in ESR1 (n = 9/19, 47%) in the ER pathway.
In addition to these genomic alterations, we also observed loss of ER
expression (as measured by immunohistochemistry (IHC)) in baseline
tumor samples (n = 3/19, 16%), which we refer to as “loss of ER
expression” because these patients were previously diagnosed with
ER + /HER2- metastatic breast cancer.

In addition to the alterations in these known resistance genes and
pathways, we identified three potential resistance mechanisms in
genes belonging to these pathways: an activating BRAFV600E mutation
(MAPK) (in patient 23, Fig. 2B), an activating MTORT1977R mutation
(PI3K/AKT/MTOR) (in patient 22, Fig. 2C), and activating double
PIK3CAE545K,G1007Rmutation (PI3K/AKT/mTOR) (in patient 19, Fig. 2D). All
of these mutations were clonal in the baseline biopsy in which they
were identified. The activating BRAFmutation was not detected in the
pre-CDK4/6 inhibitor biopsy, and thus was acquired/enriched follow-
ing the treatmentwith the initialCDK4/6 inhibitor (1 year and 7months
on treatment) or the prior aromatase inhibitor (1 year and 9months on
treatment. We did not have a pre-CDK4/6i biopsy for the other two
alterations of interest (MTORT1977R, double PIK3CAE545K,G1007R), so we
could not verify if they were acquired/enriched.

To further test the potential of these mutations as drivers of
resistance, we looked at whether these samples have other known
alterations associated with CDK4/6i resistance. For the activating
BRAFV600E mutation (patient 23), the tumor had no other clonal
acquired alterations, but did show loss of ER expression, making it
difficult to tease out the degree of thismutation’s resistance effect. For
the activatingMTORT1977R mutation (patient 22), the biopsy also had an
FGFR1 high amplification, which partly confounds the role of this
mutation in resistance. Note that FGFR1 amplification appears to not
always drive resistance to CDK4/6i on its own, since it often co-occurs
with other resistance-associated alterations5. For the double
PIK3CAE545K,G1007R mutation (patient 19), the biopsy had an activating
ESR1 mutation, a known resistance mechanism to endocrine therapy,
but did not have any known alterations associated with CDK4/6i
resistance. None of these biopsies had additional known oncogenic
mutations in the PI3K/AKT/mTOR,MAPK, or RTK pathways (patient 22
had an FGFR1 high amplification, but no known oncogenicmutations),
known oncogenic mutations or high-grade copy number alterations
(CNA) in cell cycle genes associated with CDK4/6i resistance (RB1,
CCNE1, or CDK6), or loss-of-function alterations in FAT1. Overall, the
alterations co-occurring with the mutations we identified as potential
resistance mechanisms are consistent with their proposed roles as
drivers of CDK4/6i resistance, even if some of the co-occurring
alterations confound their effect (Fig. 2).

Baseline ctDNA identified actionable genomic alterations not
found in baseline tumor samples
For 11 patients, we obtained WES of both baseline tumor biopsies and
baseline ctDNA. We leveraged this redundancy in our genomic data to
verify the consistency between the tumor and ctDNA WES, and to see
what additional information we could learn from having WES from
both sources. Focusing on genes in pathways associated with resis-
tance to endocrine therapy and CDK4/6i, we found few differences
between the genomic alterations in 9 patients (n = 9/11, 82%) (Sup-
plementary Fig. 1). Most of the differences we identified in these 9
patients were consistent with the higher sensitivity expected from
tumor biopsies as compared to blood biopsies, particularly for CNAs.
For example, the loss-of-function RB1 mutations in patient 10 (sub-
clonal) and 37 (clonal) were identified in the tumors but not in the
ctDNA samples. In addition, we found evidence of biallelic inactivation
(loss of heterozygosity and a loss-of-function mutation) for multiple
tumor suppressors (PTEN, TP53, NF1) in the tumor but not in ctDNA
samples, in which we could only identify the loss-of-function

mutations. There were a few cases where some alterations were iden-
tified in the ctDNA samples but not the tumors in these 9patients, all of
which involved subclonal mutations or CNAs, and which include a
subclonal TP53 loss-of-function mutation and FGFR1 amplifications in
3 samples. We also looked for differences between the identified
genomic alterations when looking at mutations with a known onco-
genic effect in cancer genes and found no additional differences
between the samples of these 9 patients.

For the other 2 patients (n = 2/11, 18%), patients 22 and 32, we
identified mutually exclusive clonal driver mutations in cancer genes
between the ctDNA and the tumor biopsy pair (Fig. 2C). Each sample
pair shared truncal clonal mutations, indicative of a co-existence of
multiple tumor lineages in the patient’s cancer. For patient 22, we
found a truncal GATA3M400fs loss-of-function mutation with a clonal
activating MTORT1977R mutation in the ctDNA sample and a clonal
activating double ESR1Y537S,L536P mutation in the tumor sample. For
patient 32, we found a truncal PIK3CAH1047L mutation with a high-
clonality activating ERBB2L755S mutation in the ctDNA sample and a
clonal activating ERBB2L869R mutation in the tumor sample. The
MTORT1977R and ERBB2L755S mutations found only in the blood biopsies
are each clinically actionable and are associated with response to
mTOR inhibitors like everolimus21–24 and the pan-HER kinase inhibitor
neratinib, respectively25,26. Based on this and additional evidence,
OncoKB classifiesMTORT1977R as a mutation with compelling biological
evidence (OncoKB Level 4) and ERBB2L755S as a mutation with com-
pelling clinical evidence (OncoKB Level 3a). Thus, we identified clini-
cally actionable clonal mutations in the ctDNA but not in the tumor
baseline biopsy of 2 patients that are each likely to be the mechanism
of resistance.

Consistent transcriptomic features in genes associated with
resistance to CDK4/6 inhibitors and endocrine therapy
The genomic landscape of baseline tumor biopsies in this trial spanned
the spectrum of genes and pathways (RTK, MAPK, PI3K/AKT/mTOR,
cell cycle, and ER pathways) known to be associated with resistance to
CDK4/6 inhibitors and endocrine therapy (Fig. 2). Motivated by this
finding, we hypothesized that genomic alterations in these resistance
genes and pathways (in particular, known oncogenic mutations and
high-grade CNAs) would have a corresponding high level of tran-
scriptional signature activity (for oncogenic mutations and possibly
for high-grade CNAs) or gene expression (for genes with high- grade
CNAs). We also hypothesized that some of these genomic alterations
and transcriptional signatures could correlate with the intrinsic
molecular subtype (PAM50) of tumor samples. To test these hypoth-
eses, we leveraged the genomic and transcriptomic data of the base-
line tumor biopsies (14 biopsies with bothWES and RNA-seq). Because
of themodest size of or cohort, we focusedon the geneswe andothers
had previously identified to be associated with resistance (those in
Fig. 2), transcriptional signatures fromthe 50Hallmark gene sets, and3
RTK transcriptional signatures from our recent work on resistance to
endocrine therapy11,12. These 3 RTK signatures are associated with
transcriptional activity of HER2 mutants (HER2 MUT), FGFR (FGFR
ACT), or a combination of both signatures (RTK ACT).

In order to quantify whether the expression of a gene or the
activity of a transcriptional signature has a high or low value, we nee-
ded a cohort to serve as a reference for gene expression. Given that
these tumor samples come from patients with HR + /HER2- MBC, we
also needed a reference gene expression cohort that is receptor status-
balanced in order to accurately assign a molecular subtype (research-
grade PAM50)27. For these purposes, we used the Metastatic Breast
Cancer Project (MBCProject), which has genomic (WES, n = 379 tumor
samples), transcriptomic (RNA-seq, n = 200 tumor samples) and clin-
ical data (including receptor status: 84 HR+ /HER2-, 27 HR + /HER2+ ,
10HR-/HER2+, 12HR-/HER2-), as the referencecohort28. After assigning
a molecular subtype to the 14 biopsies in this trial, we found that
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2 samples had a Normal PAM50 subtype, which is indicative of a low
tumor content, so we excluded these samples from the joint genomic
and transcriptomic analysis (resulting in n = 12 biopsies with bothWES
and RNA-seq and a non-Normal PAM50 subtype).

In agreement with our hypothesis, joint genomic and tran-
scriptomic analysis revealed a high degree of consistency between the
presence of known oncogenic mutations and the activity of tran-
scriptional signatures of these pathways (Fig. 3A, Supplementary
Fig. 2A). In particular, activity of each of these transcriptomic sig-
natureswas a strong classifier for thepresence of oncogenicmutations
in the respective pathways, as described in more detail below. Onco-
genic mutations were also enriched in tumors with high activity in the
transcriptomic signatures. These effects were particularly strong for
ESR1 activatingmutations in the ERpathwayand to a lesser degreewith

activatingmutations in the PI3K/AKT/mTORpathway (AKT1or PIK3CA)
or the RTK/MAPK pathways (ERBB2 or BRAF) (Fig. 3).

For the ER pathway, activity in the ER pathway Hallmark sig-
natures were a strong classifier for the presence of ESR1 activating
mutations (estrogen response early, AUC = 1.00, P = 1.08 × 10−3; estro-
gen response late AUC =0.86, P = 2.06 × 10−2, one-sided
Mann–Whitney test) (Fig. 3A, top). ESR1 activating mutations (n = 6/
12, 50% of biopsies) were enriched in tumors with high activity in the
estrogen response early signature (n = 6/12, 50%; P = 2.16 × 10−3, two-
sided Fisher exact test). This effect was similar but not statistically
significant for the estrogen response late signature (n = 6/12, 50%;
P = 6.06 × 10−2, two-sided Fisher exact test).

For the PI3K/AKT/mTOR pathway, combined activity of
mTORC1 signaling and PI3K/AKT/mTOR signaling signatures was

Fig. 3 | Consistency between genomic and transcriptomic features in genes
associatedwithCDK4/6 inhibitors andantiestrogen treatment resistance. Joint
genomic and transcriptomic analysis was performed on all baseline trial tumor
biopsies with both WES and RNA-seq and a non-Normal PAM50 subtype
(n = 12 samples and patients). A A comutation plot (CoMut) shows the consistency
between the presence of oncogenic alterations and the activity of transcriptional
signatures of their associated signaling pathway. Distinct genes and signatures are
displayed, depending on the pathway (ER, PI3K/AKT/mTOR, RTK/MAPK, and P53).
For each pathway, only genes from Fig. 2 with at least one known oncogenic
mutation in the samples with transcriptomic data are shown. Biopsies are ordered
based on the combined activity of the pathway signatures. B A CoMut displays the
association between the presence of oncogenic mutations in ERBB2 or BRAF and a
HER2-enriched subtype, and oncogenic mutations in ESR1 and a Luminal A or B
subtype. Biopsies are ordered based on their correlation to the HER2-enriched
centroid. Additional features shown are clinical and RNA-seq-basedmeasures of ER
and HER2 activity (HR and HER2 receptor status, ER percentage by IHC, HER2 IHC
score, ESR1 and ERBB2 gene expression, and activity of the RTK ACT and estrogen
response early transcriptional signatures) and biopsy site. An expanded version of
(A) and (B) with additional clinical, genomic, and transcriptomic features is inclu-
ded in Supplementary Fig. 2. C A CoMut shows the concordance between high-

grade CNA and gene expression levels. Cases with CNA and gene expression con-
cordance (high amplification or focal high amplification and upper quartile or
decile expression; deep deletion and lower quartile or decile expression) are indi-
cated with a black dot. Quantiles for transcriptional signature activity and gene
expression levels are derived fromMBCProject. Statistically significant associations
between signature activities and known oncogenic mutations in (B) and (C) are
denoted with asterisks (one-sided Mann–Whitney test). ESR1 activating mutations
vs estrogen response early (AUC = 1.00, P = 1.08× 10−3), ESR1 activating mutations
vs estrogen response late (AUC =0.86, P = 2.06 × 10−2), one-sided Mann–Whitney
test), PI3K/AKT/mTOR activating pathway mutations vs combined activity of
mTORC1 signaling and PI3K/AKT/mTOR signaling (AUC =0.83, P = 3.25 × 10−2),
grouped ERBB2 or BRAF activating mutations vs RTK ACT signature (AUC =0.96,
P = 9.09 × 10−3), grouped ERBB2 or BRAF activating mutations vs HER2 MUT sig-
nature (AUC =0.96, P = 9.09 × 10−3), grouped TP53 biallelic inactivation and deep
deletions vs P53 pathway signature (AUC =0.93, P = 1.81 × 10−2), grouped ERBB2 and
BRAF activating mutations vs HER2-E PAM50 centroid (AUC =0.93, P = 1.82 × 10−2),
and activating ESR1mutations vs HER2-E PAM50 centroid (AUC =0.92,
P = 7.58 × 10−3). (*) P <0.05, (**) P <0.01. Source data are provided as a Source
Data file.
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statistically significant as a classifier for the presence of grouped
activating PI3K/AKT/mTOR pathwaymutations (only AKT1 and PIK3CA
mutations for these samples) (AUC =0.83, P = 3.25 × 10−2, one-sided
Mann–Whitney test) (Fig. 3A, middle top). None of these comparisons
were statistically significant when looking at each of these signatures
or activating mutations individually, or when looking at tumors with
high activity in these signatures (all comparisons P > 5.00 × 10−2),
although activity in the mTORC1 signaling signature was borderline
statistically significant as a classifier for activating AKT1 mutations
(AUC = 0.85, P = 5.00 × 10−2, one-sided Mann–Whitney test).

For theRTK/MAPKpathway, activity of theRTKACTorHER2MUT
signatures was each a good classifier for the presence of grouped
activating ERBB2 or BRAF mutations (AUC =0.96, P = 9.09 × 10−3, one-
sidedMann–Whitney test for each signature) (Fig. 3A,middle bottom).
None of these comparisons were statistically significant when taking
each of these activating mutations individually and there was no sta-
tistically significant enrichment of these mutations when looking at
tumors with high activity in RTK/MAPK signatures (all comparisons
P > 5.00 × 10−2). Other known RTK/MAPK alterations (NF1 biallelic
inactivation, FGFR1 activatingmutations and high amplifications) were
not associated with high activity in the RTK/MAPK signatures and
seemed to inversely correlate with these signatures (Fig. 3A, Supple-
mentary Fig. 2). As detailed below, the lack of association with RTK/
MAPK signatures in these individual cases could be related to the
presence of concurrent activating ESR1 mutations in those tumors
(17_T1, 21_T1, 22_T1, 35_T1).

As an additional consistency check, we verified that deactivating
TP53 alterations (biallelic inactivation, n = 2/12, 17%; deep deletions,
n = 1/12, 8%) were associated with P53 pathway activity (Fig. 3A bot-
tom). Activity in the P53 pathway signature was a statistically sig-
nificant classifier for the presence of grouped TP53 biallelic
inactivation and deep deletions (AUC = 0.93, P = 1.81 × 10−2, one-sided
Mann–Whitney test). Similarly, these TP53 alterations were enriched in
samples with low P53 pathway signature activity (P = 4.54 × 10−2, two-
sided Fisher’s exact test).

Given the observed association of activating ERBB2 and BRAF
mutations with RTK/MAPK pathway transcriptional signature, we
hypothesized this association could be related to the PAM50 subtype
of these tumor samples. Consistent with this hypothesis, grouped
ERBB2 and BRAF mutations were exclusive to tumors with a HER2-
Enriched (HER2-E) PAM50 subtype (n = 4/12, 33%), in which they were
enriched (P = 1.82 × 10−2, two-sided Fisher exact test), and correlation
to theHER2-E PAM50 centroidwas a good classifier for the presence of
these mutations (AUC = 0.93, P = 1.82 × 10−2, one-sided Mann–Whitney
test) (Fig. 3B). In addition, correlation to the HER2-E PAM50 centroid
was a good classifier for the absence of activating ESR1 mutations
(AUC = 0.92, P = 7.58 × 10−3, one-sided Mann–Whitney test). Unlike the
HER2- E PAM50 centroid, the RTK ACT or HER2 MUT signatures were
not statistically significant classifiers for activating ESR1 mutations
(P > 5.00 × 10−2). Activating ESR1 mutations were exclusive to samples
with a Luminal A (n = 2/12, 17%) or B (n = 6/12, 50%) subtype and were
absent in the tumors with ERBB2 and BRAF mutations. Mutual exclu-
sivity between activating mutations in ESR1 and ERBB2 or BRAF is
consistent with prior work in HR + /HER2- MBC5,11,12,16. Only very
recently has a similar association been reported between activating
mutations in the RTK/MAPK pathway or ESR1 and the PAM50 mole-
cular subtype of a tumor in HR + /HER2- MBC29.

To verify the consistency between high-grade CNAs (high ampli-
fications, deep deletions) and gene expression, we looked at whether
tumorswith high-grade CNAs had a corresponding high or low level of
gene expression. For 9 out 10 high-grade CNAs there was a corre-
sponding high or low level of expression in these genes (Fig. 3C),which
included FGFR1 (n = 2/12, 17%), ESR1 (n = 1/12, 8%), ERBB2 (n = 1/12, 8%),
IGF1R (n = 1/12, 8%), and AURKA (n = 1/12, 8%), among others.

Conversely, for the majority of cases with an above-average level
of expression in these genes, there were no corresponding high-grade
CNAs (52 total gene/tumor cases, 9 of which had a high-grade CNA), a
result that is consistent with recent work30. These results support the
often-used assumption that high-grade CNAs in resistance- associated
genes have a strong effect on their expression but highlight how
above-average expression levels do not often have an associated high-
grade CNA.

In summary, we found that multiple genomic resistance
mechanisms in the ER, RTK/MAPK, and PI3K/AKT/mTOR pathways,
such as activating mutations in ESR1, ERBB2, or AKT1 and FGFR1
amplifications, have specific transcriptomic features (pathway tran-
scriptional signatures, gene expression levels) associated with them.
Specifically, there was a statistically significant association between
ESR1 mutations and ER pathway Hallmark signatures, ERBB2/BRAF
mutations and theRTKACTorHER2MUTsignatures, and thepresence
of ERBB2/BRAF or absence of ESR1 mutations and the HER2-E centroid
correlation. These results suggest that these transcriptomic features
could be used to identify the pathways driving CDK4/6i and endocrine
resistance in a tumor.

Combined genomic and transcriptomic features in baseline
biopsies identify likelymechanismof resistance to prior CDK4/6
inhibitor and endocrine therapy treatments in nearly every
patient
The genomic and transcriptomic analysis of baseline biopsies identi-
fied known and potential features associated with the resistance to
CDK4/6 inhibitors and endocrine therapy. These features include
activating mutations in ESR1, ERBB2, FGFR1, AKT1, BRAF, and MTOR;
double PIK3CA activating mutations; loss-of-functions mutations in
NF1,RB1, and PTEN; amplifications in FGFR1, FGFR2, ERBB2, andAURKA;
ER loss; and transcriptional features such as the HER2-E subtype, high
transcriptional activity of ER signatures, or high RTK activity (high
expression of RTKs or high RTK signature activity).

Based on these and additional features, we asked whether these
known and plausible resistance mechanisms could explain each
baseline tumor’s resistance to prior CDK4/6i and antiestrogen treat-
ments. Additional features we considered include known resistance
features such as the Basal PAM50 subtype10 and plausible resistance
features, some of which have preliminary studies that associate them
to reduced sensitivity to CDK4/6i and endocrine therapy, such as
amplification or high expression of IGF1R or INSR12,31,32, and low ER
activity (low ESR1 expression or low ER pathway signature activity)3.

For 22 out of 23 patients with WES and/or RNA-seq of a baseline
biopsy (n = 22/23, 96%), we identified genomic or transcriptomic fea-
tures that could explain the tumor’s resistance to CDK4/6i or anti-ER
treatments (Fig. 4, Supplementary Fig. 3, Supplementary Data 6).
Fourteen patients (n = 14/23, 61%) had known resistance mechanisms
to both of these treatments (i.e., published evidence of a mechanistic
role in resistance to these treatments), 3 patients (n = 3/23, 13%) had a
combination of known and plausible mechanisms, and 5 patients
(n = 5/23, 22%) had only plausible mechanisms (i.e., preclinical or the-
oretical evidence suggesting a role in resistance). Given that the
resistance mechanisms identified for each patient can be based on
clinical, genomic, or transcriptomic features, we looked at how often
each mechanism explained the tumor’s treatment resistance. In par-
ticular, we focused on the cases where oncogenic mutations in resis-
tance genes, clinical features, or transcriptomic features alone could
explain treatment resistance (Fig. 4).

The chart encodes whether key features associated with resis-
tance to CDK4/6 inhibitors or anti-estrogen treatment are seen in the
trial baseline biopsies of patients with either WES or RNA-seq of a
baseline sample (n = 23 patients). For each patient, it includes whether
these features could explain if the baseline tumor is resistant to prior
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CDK4/6i and antiestrogen treatments, and if these are known or
plausible resistance mechanisms. For 22 out of 23 patients a known or
plausible resistance mechanism was identified. Features included are
based on clinical assays (loss of ER measured by IHC), genomic data
(known oncogenic mutations and high-grade amplifications in known
or plausible resistance genes), and transcriptomic data (Basal subtype,
HER2- enriched subtype, high expression or activity in an RTK gene or
RTK signature, high/low expression or activity in ESR1 or an ER path-
way signature). Features are colored based on the resistance signaling
pathway they are associatedwith. Amodified version of this figure that
groups these features by gene and signaling pathway, and includes the
data types available for each patient is included in Supplementary
Fig. 3. The transcriptional signature activity of the Hallmark gene sets
and RTK transcriptional signatures for these tumors is shown in Sup-
plementary Fig. 4.

For 13 patients (n = 13/23, 57%), resistance to both treatments
could be explained solely by considering oncogenic mutations in
known (ESR1, AKT1, PTEN, NF1, FGFR1, ERBB2, RB1) or plausible resis-
tancegenes (BRAF,MTOR, doublemutations in PIK3CA), or ER loss (pts.
23, 25, and 31). For 5 patients (n = 5/23, 22%; 4 with no genomic data),
the resistance mechanisms identified were solely transcriptomic fea-
tures: Basal PAM50 subtype (along with high RTK signature activity
and low ER activity) in patient 29, high RTK activity (IGF1R expression)
and ER activity (high estrogen response early signature activity) in
patient 36, and high RTK activity in patients 20 (high FGFR1 expres-
sion), 33 (high IGF1R expression), and 41 (high activity of the RTK ACT

and HER2 MUT signatures). For 4 patients (n = 4/23, 17%), the resis-
tance mechanisms identified included a combination of oncogenic
mutations, high-grade CNAs, and transcriptomic features. For exam-
ple, FGFR1 amplification and RB1 loss-of-function for patient10; an
activating ESR1mutation andhigh activity of theRTKACTsignature for
patient 24; and IGF1R amplification andhigh IGF1R expression, aGATA3
loss-of-functionmutation, and low ER activity (low signature activity of
the estrogen response early and late signatures) for patient 26.

In summary, we found that in 22 out of 23 patients, we could
identify known or plausible resistancemechanisms to the prior CDK4/
6i and antiestrogen treatments by using the clinical, genomic, and
transcriptomic features in their baseline tumors. This includes 5
patients in which the only mechanism identified was a transcriptomic
feature, illustrating how transcriptomic data can provide com-
plementary information not present in genomic data and provide
insights even for cases when no genomic data is available.

Evolutionary analysis revealed convergent and divergent paths
to CDK4/6i + anti-ER treatment resistance in tumors with dis-
tinct lineages
For 6 patients for whom we had WES from paired pre-treatment and
post-resistance tumor samples (5 patients) or concurrent post-
treatment tumor and ctDNA samples from distinct tumor lineages
(2 patients), we wanted to identify the genomic alterations that were
acquired or became enriched following the prior CDK4/6i treatment
and that could be driving treatment resistance. To do this, we carried

Fig. 4 | Clinical, genomic, and transcriptomic features can explain resistance toCDK4/6 inhibitors and antiestrogen treatment in patient’s tumors.n = 23 patients.
GOF gain of function mutation, LOF loss of function mutation, AMP high amplification, Pt patient. Source data are provided as a Source Data file.
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out evolutionary analysis (tumor phylogeny, clonal dynamics) to
identify acquired or enriched genomic alterations in the trial baseline
sample(s) (which are post-CDK4/6i) as compared to the older, pre-
CDK4/6i sample (Figs. 5 and 6). Note that we refer to high-clonality
genomic alterations present in the post-CDK4/6i but not detected in
the pre-CDK4/6i sample as acquired alterations, even though they
might exist in the pre-CDK4/6i sample or prior tumors with very low
clonality. To help contextualize the treatments these samples have

been exposed to (and, putatively, become resistant to), we also
included a clinical case history for these patients (treatment sequence
and duration, timing of biopsies and diagnoses) (Supplemen-
tary Data 7).

For all patients with a pre-CDK4/6i sample, we identified acquired
or enriched genomic alterations in known resistancegenes. For patient
32, the post-resistance tumor sample had a clonal ERBB2L869R activating
mutation that was also present in the pre-treatment sample, as well as
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an acquired ERBB2 focal high amplification (copy number aboveploidy
from 1.9 to 9.7) not found in the pre-treatment sample. We did not
detect ERBB2L869R in the concurrent post-resistance ctDNA sample, and
instead identified an acquired high-clonality ERBB2L755S activating
mutation that was not found in the pre-treatment sample (Fig. 5A). For
patient 17, the post-resistance sample showed an enrichment in an
activating ESR1D538G mutation, which was subclonal in the pre-CDK4/6i
samples but clonal in the post-CDK4/6i sample (Fig. 5B). For patient 23,
the post-resistance sample had shared truncal mutations (PIK3CAE545K,
CDH1A824fs, and others) and an acquired clonal BRAFV600E activating
mutation (Fig. 6A). For patient 21, the post-resistance sample had
shared truncal alterations (mutations of unknown significance and a
FGFR1 focal high amplification) and an acquired clonal ESR1D538G and
AKT1E17K activating mutations (Fig. 6B). For patient 26, the post-
resistance sample had shared truncal alterations (SNVs of unknown
significance and an IGF1R focal high amplification), an acquired sub-
clonal GATA3-412fs truncating mutation, an acquired clonal ESR1H524L

missense mutation, and an increased amplification in ESR1 (copy
number above ploidy from 5.9 to 7.6) that included the region with
ESR1H524L (Fig. 6C).

Of these patients, two had acquired or enriched genomic altera-
tions only in the ER pathway (ESR1D538G in Pt 17, Fig. 5B; GATA3-412fs,
ESR1H524L, and ESR1 high amplification in patient 26, Fig. 5C) and no
known acquired alterations associated with CDK4/6i resistance, which
suggests that the mechanisms of resistance is primarily related to the
endocrine partner.

For patients 22 and 32, in their baseline blood and tumorbiopsies,
we had identified mutually exclusive clonal driver mutations (Fig. 2C),
evolutionary analysis confirmed the co-existence of multiple tumor
lineages in each of these cancers (Fig. 5A, C).

For patient 32, the identified tumor lineages showed convergent
evolution of ERBB2 activation through distinct known activating
mutations and the focal high amplification of ERBB2 (Fig. 5A). The
baseline tumor sample is dominated by a lineage with ERBB2L869R and
the baseline blood sample by a lineage with ERBB2L755S, both sharing a
truncal PIK3CAH1047L mutation. The pre-CDK4/6i sample had clonal
ERBB2L869R and PIK3CAH1047L mutations, and thus, shared the same
lineage as the baseline tumor sample. Unlike the baseline samples, the
pre-CDK4/6i tumor did not show an amplification of ERBB2, consistent
with the original HR + /HER2- MBC diagnosis. The activation of ERBB2
in the baseline tumor is also reflected in its transcriptional features: a
HER2-E PAM50 subtype and high activity in the RTK ACT and HER2
MUT signatures. To our knowledge, convergent evolution of ERBB2
activation following CDK4/6i and endocrine therapy treatment has not
been previously reported. (Figs. 5, 6)

For patient 22, we identified two tumor lineages with clonal dri-
vers mutations in divergent pathways: a double ESR1Y537S,L536P mutation
(ER pathway) in the tumor sample and an MTORT1977R mutation (PI3K/
AKT/mTOR pathway) in the ctDNA sample (Fig. 5C). Both samples had
a shared truncal GATA3M400fs mutation and a shared FGFR1 high

amplification, which was additionally classified as a focal high ampli-
fication for the tumor sample. Each of the baseline samples had known
or plausible resistance mechanisms to CDK4/6 inhibitors and endo-
crine therapy (ESR1Y537S,L536P and FGFR1 amplification for 22_T1;
MTORT1977R and FGFR1 amplification for 22_BB1). Althoughwe could not
obtain a pre-CDK4/6i sample for this patient, we did verify that both
lineages were observed in metastatic biopsies taken after CDK4/6i
treatment and before beginning the trial regimen. These biopsies were
profiled using targeted DNA sequencing (OncoPanel) and were from
distinct metastatic sites than the baseline biopsy (liver and soft tissue
vs. bone for the baseline biopsy). The soft tissue biopsy had a double
ESR1Y537S,L536P mutation, an FGFR1 high amplification, and a TP53
homozygous deletion, consistent with what we identified in the base-
line tumor biopsy. The liver biopsy had anMTORT1977R mutation and an
FGFR1 high amplification, consistent with the ctDNA sample.

Overall, tumor evolutionary analysis identified acquired genomic
alterations that we attributed to acquired CDK4/6i and endocrine
therapy resistance. These acquired genomic alterations were in the
RTK (ERBB2 amplification, ERBB2L755S), MAPK (BRAFV600E), PI3K/AKT/
mTOR (AKT1E17K), or ER (ESR1H524L, ESR1D538G, GATA3-412fs) pathways.
Finally, we identified co-existing tumor lineages with distinct driver
mutations in resistance genes in two patients. In one of these patients,
there was strong evidence for the convergent evolution of ERBB2
activation following CDK4/6i therapy.

Response to combined palbociclib, everolimus, and exemestane
was correlated with activation of the mTOR pathway
We looked for genomic and transcriptomic features in the baseline
biopsies (n = 23 patients with either WES or RNA-seq of a baseline
biopsy) that correlatedwith subsequent clinical benefit to the clinical
trial of combined palbociclib + everolimus + exemestane (n = 4/23,
17%). Although there were no definite genomic correlates associated
with the group that derived clinical benefit, (whichwas not surprising
given the limited sample size), we did identify alterations in the PI3K/
AKT/mTOR pathway as a plausible correlate. There were no clear
group differences at the gene level, and many of the known muta-
tions in resistance genes were found in both groups, including acti-
vating mutations in ESR1, AKT1, and ERBB2, and amplifications in
FGFR1 and ERBB2 (Fig. 2). When looking at genomic alterations in
pathways, we found that the tumors in the clinical benefit group all
had a known oncogenic mutation in the PI3K/AKT/mTOR pathway
(Fig. 7A). For patient 22, the ctDNA sample (22_BB1) had a clonal
activatingMTORT1977R mutation, which is consistent with the evidence
linking this mutation with response to mTOR inhibitors such as
everolimus21–24 (Figs. 2B, 5C). For patient 19, the ctDNA sample had a
clonal activating double PIK3CAE545K,G1007R mutation (19_BB1, Fig. 2D).
Patients 17 and 32 had clonal activating AKT1E17K and PIK3CAH1047L

mutations, respectively (17_T1 and 32_T1, Fig. 2B). Given that ever-
olimus targets the PI3K/AKT/mTOR pathway, this suggests the
observed association between response and PI3K/AKT/mTOR

Fig. 5 | Tumor evolutionary analysis and clinical vignettes for patients who
derived clinical benefit from palbociclib, everolimus, and exemestane triplet
therapy. Analysis of tumor phylogeny and clonal dynamics following CDK4/6i and
anti-ER therapy revealed convergent (HER2 activation) and divergent (ER or PI3K/
AKT/mTOR activation) paths to treatment resistance in tumors with distinct
lineages (A, B). Evolutionary analysis, acquired genomic alterations to prior CDK4/
6i, and treatment history is shown for patients with pre-CDK4/6i and post-CDK4/6i
(trial baseline) biopsies. A shows convergent evolution of ERBB2 activation in two
distinct co-existing tumor lineages (an activating clonal ERBB2L869R mutation and an
acquired ERBB2 focal high amplification in 32_T1; an acquired activating high-
clonality ERBB2L755S mutation in 32_BB1). B shows an increase in the clonality of an
activating ESR1D538G mutation (from subclonal to clonal). C shows a case with two
distinct co-existing tumor lineages in its post-CDK4/6i biopsies, each with clonal
drivers mutations in divergent pathways (ER pathway with an activating clonal

ESR1Y537S,L536P mutation in 22_T1; PI3K/AKT/mTOR pathway with an activating clonal
MTORT1977R mutation in 22_BB1). Even though no pre-CDK4/6i biopsy was available
for this patient, targeted panel data from other post-CDK4/6i biopsies confirmed
the existence of these tumor lineages. In a patient’s tumor phylogenic tree, each
subclone is associatedwith a branch and a color, and this colormatches the color in
the pie chart that quantifies the relative abundance of each subclone in the tumor.
The number of mutations unique to each subclone and known oncogenic muta-
tions are shown next to each branch. Data shown in the clinical vignettes includes
the timing of treatments and biopsies, and selected clinical, genomic, and tran-
scriptomic features. Time on treatment for CDK4/6i-containing therapies is inclu-
ded in the figure. Acquired genomic alterations (in A, B) or putatively acquired
genomic alterations (in C) following CDK4/6i therapy are shown in red, together
with their associated transcriptomic features.
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mutations could be attributed to the everolimus component of
combination therapy.

Given the observed association between PI3K/AKT/mTOR muta-
tions and clinical benefit, we looked at possible reasons why this
association was not observed for all the activating AKT1E17K mutations.
Two of the four patients with an AKT1E17K- mutant tumor had stable
disease but discontinued the trial due to toxicity (Fig. 7A); of the
remaining two patients, one derived clinical benefit (patient 17, stable

disease >24 weeks) while the other patient did not (patient 21, best
response was progressive disease). Their main noteworthy genomic/
transcriptomic difference is in their HER2MUT signature activity (high
for patient 21 and low for patient 17; both were ESR1-mutant, RTK/
MAPK mutant, and had a Luminal B subtype). Thus, we were only able
to fully evaluate whether AKT1E17K-mutant tumors responded to com-
bined palbociclib, everolimus, and exemestane for two cases and
found a clinical benefit for one of these cases.
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Consistent with the association between PI3K/AKT/mTOR
mutations and clinical benefit, transcriptomic analysis identified a
correlation between mTORC1 pathway activity and clinical bene-
fit. mTORC1 signaling signature activity was higher in samples
with clinical benefit (P = 2.73 × 10−2, two-sided Welch’s t-test) and

was top 2 among all Hallmark signatures (Fig. 7B, C, Supplemen-
tary Data 8). A similar result was found when looking at enrich-
ment of high or low activity of Hallmark signatures and clinical
benefit, that is, samples with high activity in mTORC1 signaling
were enriched in those associated with clinical benefit

Fig. 6 | Tumor evolutionary analysis and clinical vignettes for patients who did
not derive clinical benefit from palbociclib, everolimus, and exemestane tri-
plet therapy. Evolutionary analysis, acquiredgenomicalterations topriorCDK4/6i,
and treatment history are shown for these patients. A shows acquired clonal acti-
vating BRAFV600E mutation concurrent with ER loss. Transcriptomic features (low
ESR1 expression, HER2-enriched PAM50, high RTK signature activity) are con-
cordant with these acquired events. B shows clonal activating AKTE17K and ESR1D538G

mutations. C shows clonal ESR1H524L mutation (variant of unknown significance), an
acquired subclonal GATA3−412fs truncating mutation, and an increased ESR1

amplification (from amplification to high amplification). In a patient’s tumor phy-
logenic tree, each subclone is associated with a branch and a color, and this color
matches that in the pie chart that quantifies the relative abundance of subclones.
The number of mutations unique to each subclone and known oncogenic muta-
tions are shown next to each branch. Data shown in the clinical vignettes includes
the timing of treatments and biopsies, and selected clinical, genomic, and tran-
scriptomic features. Time on treatment for CDK4/6i-containing therapies is inclu-
ded in the figure. Acquired genomic alterations following CDK4/6i therapy are
shown in red, together with their associated transcriptomic features.

Fig. 7 | Correlation between mTOR pathway activity and response to triplet
therapy in baseline tumor samples. A A comutation plot (CoMut) displays the
putative association between clinical benefit to triplet therapy and the presence of
genomic or transcriptomic features associated with PI3K/AKT/mTOR pathway
activation. n = 23 patients. Each tumor and blood biopsy sample from patients that
derived clinical benefit had either a known oncogenicmutation in AKT1, PIK3CA, or
MTOR, or high activity of themTORC1 signaling signature. Notably, two out of four
patients with AKT1E17K mutations discontinued treatment because of toxicity. PI3K/
AKT/mTORpathway geneswith at least one knownoncogenicmutation are shown.
Baseline tumor samples with either WES or RNA-seq are shown. Baseline blood
biopsies were included when they were from a distinct lineage than the tumor
biopsy (22_BB1, 32_BB2) or when therewere no sequenced tumor biopsies (19_BB1).
Biopsies are ordered by treatment duration on triplet therapy. (B-D) show top

results fromcomparingHallmark signature activity in baseline tumorbiopsies, with
or without clinical benefit. The mTORC1 signaling signature is one of the top sig-
natures associated with clinical benefit. B, C showWelch’s t-test (two-sided) results
andHallmark signature activity formTORC1 signaling, respectively (clinical benefit,
n = 3 samples and patients; no clinical benefit, n = 12 samples and patients).
D displays Fisher exact test (two-sided) results, comparing enrichment of tumors
with a Hallmark signature activity in the upper or lower quartiles (clinical benefit,
n = 3 samples and patients; no clinical benefit, n = 12 samples and patients). The
Hallmark signatures contain 50 gene sets in total. Quantiles for transcriptional
signature activity are derived from MBCProject. Boxplots span the interquartile
range (IQR: 25–75th percentile) and have a center line denoting the median. Box-
plot whiskers indicate the 1.5 × IQR below or above the boxplot span. Source data
are provided as a Source Data file.
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(P = 2.20 × 10−2, two-sided Fisher exact test) (Fig. 7A, D, Supple-
mentary Data 8).

In summary, we found early evidence that clinical benefit to pal-
bociclib + everolimus + exemestane is correlated with activation of the
mTOR pathway, namely, PI3K/AKT/mTOR mutations and mTORC1
pathway activity. (Fig. 7).

Discussion
In this study, we analyzed multi-omic and clinical data from patients
diagnosed with metastatic HR + /HER2- breast cancer who had pro-
gressed on a prior CDK4/6 inhibitor, and were treated with a CDK4/6i-
containing triplet therapy (palbociclib + everolimus + exemestane) as
partof a phase 1b/2 clinical trial. This clinical trial evaluating thebenefit
of continued CDK4/6 therapy after progression on a prior CDK4/6
inhibitor is to our knowledge unique in having carried out in-depth
multi-omic tumor analysis in baseline metastatic tissue and blood
samples taken after development of CDK4/6i resistance. Although the
CBRof 18.8% did notmeet the pre-specified threshold (CBR ≥ 65%), the
multi-omic data from this trial provided a unique opportunity to study
both the landscapeof resistance toCDK4/6 inhibitors and correlates of
response to subsequent therapy with combined palbociclib, ever-
olimus, and exemestane. Unlike most prior studies on CDK4/6 inhi-
bitor resistance, which focused exclusively on tumor DNA, our study
explored both the DNA landscape (via WES) and the transcriptomic
landscape (via RNA-seq), using both tumor biopsies and ctDNA.

We explored the differences in clinical benefit rate between triple
therapy clinical trials and potential factors behind them. Our clinical
trial results stand in contrast to the phase I/II TRINITI-1 trial, in which
the triplet of ribociclib + everolimus + exemestane resulted in a CBRof
65.2% or 59.4% by arm in their final efficacy analysis33. Although both
trials had relatively similar eligibility criteria, the patient population
differed in important aspects. In particular, the patient population in
our trial was more heavily pretreated both in terms of prior endocrine
therapies (53% with 2 or more lines vs. 22% in TRINITI-1) and prior
chemotherapy (38% vs. 13% in TRINITI-1)34. Concordantly, we also
found a larger proportion of ESR1 mutations at baseline in our trial
(47% of patients with a known activating mutation vs. 34% in TRINITI-1
with any ESR1mutation)34. The CBR of our trial was also lower than the
CBR of 40% from BOLERO-219, although the patient population
between them is different given that the latter were never exposed to
CDK4/6 inhibitors. When compared to the EMERALD trial35, whose
standard-of-care group has a comparable exposure history as ours, we
see a relatively similarCBRbetween them (18.8% vs. 24-weekCBR 13.5%
in EMERALD).

Another important difference between these trials is that the
pattern of CDK4/6i re-exposure is different: in both trials a great
majority of patients had previously received palbociclib (94% here vs.
100% in TRINITI-1) and very few had previously received either abe-
maciclib or ribociclib (6%herevs. 13% inTRINITI-1)34. Thismeans that in
our trial most patients were re-exposed to the same CDK4/6i, while in
TRINITI-1 they were predominantly exposed (i.e., switched) to a dif-
ferent one, a notable difference that could help explain the conflicting
trial results.

Recent work on CDK4/6i re-exposure is consistent with the switch
of CDK4/6i playing an important role in response to therapy. A mul-
ticenter retrospective analysis of abemaciclib exposure after pro-
gression on palbociclib found an unexpected benefit from
abemaciclib,with amedianPFSof 5.3months and a treatmentduration
of≥6months for 37%ofpatients36. InMAINTAIN, a phase II randomized
trial on CDK4/6i-resistant patients evaluating the switch of anti-
estrogen therapy and either ribociclib or placebo, most patients also
switched to a different CDK4/6i (11% of the full cohort had prior
ribociclib), and they found a statistically significant improvement in
the ribociclib armcompared to theplaceboarm (medianPFSof 5.33 vs.
2.76months, respectively)37. Although invitro and invivowork suggest

that ribociclib and palbociclib have similar pharmacological profiles
and only abemaciclib differs from them (because of its CDK2 and
CDK9 activity)38,39, the results ofMAINTAIN, and the large difference in
CBR between our trial and TRINITI-1 (18.8% vs. 65.2% or 59.4%) points
to the possibility that switching between distinct CDK4/6 inhibitors
might be a strong contributor to this difference.

Our study found that oncogenic signaling pathways associated
with CDK4/6i resistance were recapitulated by joint genomic and
transcriptomic analysis. The DNA alterations found in the trial baseline
biopsies (post-CDK4/6i, pre-triplet therapy; Fig. 2) captured the spec-
trum of genes and pathways comprising the known genomic land-
scape of CDK4/6i resistance. These alterations include oncogenic
mutations known to be resistance mechanisms to CDK4/6 inhibitors
and endocrine therapy: AKT1 (PI3K/AKT/mTOR pathway), NF1 (MAPK
pathway), ERBB2 (RTK pathway), RB1 (cell cycle), and ESR1 (ER path-
way) (Fig. 2). Our analysis additionally identified plausiblemechanisms
of resistance in the MAPK pathway (an activating BRAFV600E mutation)
and in the PI3K/AKT/mTOR pathway (an activating MTORT1977R muta-
tion and an activating double PIK3CAE545K,G1007R mutation, although we
did not have a pre-CDK4/6i biopsy to verify these PI3K/AKT/mTOR
mutations were acquired). An in-depth look at the alterations co-
occurring with these potential resistance mechanisms showed some
possible confounder alterations, but was overall supportive of their
proposed role as CDK4/6i-resistance drivers.

Through joint analysis of genomic and transcriptomic tumordata,
we discovered a high degree of consistency between the presence of
known genomic resistancemechanisms (mutations, high-grade CNAs)
and their associated transcriptomic features (gene expression levels,
transcriptional signature activities, molecular subtype) (Fig. 3). In
particular, we found that all biopsies with activating mutations in ESR1
showed a concordant high activity in ER pathway signatures, and we
also saw an analogous but less strong effect for activatingmutations in
the PI3K/AKT/mTOR pathway (AKT1 or PIK3CA) and the RTK/MAPK
pathway (ERBB2 or BRAF) (Fig. 3A).

The consistency between genomic resistance mechanisms and
their associated transcriptomic features suggested some of these
features could beused to identify the genes or pathways drivingCDK4/
6i and endocrine therapy resistance in tumors, particularly in those
without genomic data or clear genomic drivers. Using the clinical,
genomic, and transcriptomic features in their baseline tumors, we
identified known or plausible resistance mechanisms to the prior
CDK4/6i and anti-ER therapies for 22 out of 23 patients. This included 5
patients in which the only mechanism identified was a transcriptomic
feature: 4 patients with no genomic data, and 1 patient with genomic
data but no clear genomic drivers. These results highlight how geno-
mic and transcriptomic data complement each other and can identify
putative drug resistance drivers in tumors.

Our study found a potential association between genomic
alterations driving resistance and transcriptomic-based molecular
subtype. A notable finding from our genomic/transcriptomic analysis
was that activating ESR1 mutations were exclusive to samples with a
Luminal A or B subtype and that activating ERBB2 or BRAF mutations
were exclusive to sampleswith aHER2-E subtype,making thesegroups
mutually exclusive (Fig. 3B). This mutual exclusivity between ESR1 and
RTK/MAPK pathway mutations is consistent with previous observa-
tions inHR + /HER2-MBC11,12,16.Toour knowledge, thepresenceof these
oncogenic mutations had not been linked to the PAM50 molecular
subtype of a tumor until very recently in the AURORA study29. Our
results are consistent with AURORA’s observed associations of HER2-
mutant samples with the HER2-E subtype and of ESR1-mutant samples
with the Luminal B subtype in HR + /HER2- MBC.

The association between ER and RTK/MAPK alterations and the
PAM50 subtype suggests that some RTK/MAPK oncogenic drivers in
HR + /HER2- MBC may induce resistance to endocrine therapy
by switching the tumor towards an ER pathway-independent
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transcriptional state. In other words, the resistance mechanism class
underlying some RTK/MAPK oncogenic drivers might be closer to
“Pathway Indifference” than “PathwayBypass”of the ERpathway40,41. In
this view, just as HR + /HER2- BC is endocrine therapy sensitive and
most-often in a Luminal A/B transcriptional state and HR-/HER2+ BC is
endocrine therapy insensitive and most-often in a HER2-E transcrip-
tional state, certain RTK/MAPK oncogenic drivers might be able push
HR + /HER2- MBC tumors to a HER2-E transcriptional state that is
endocrine therapy insensitive.

Notably missing from the association between ER and RTK/MAPK
mutations were a subset of known RTK/MAPK alterations (NF1 loss-of-
function mutations, FGFR1 activating mutations and high amplifica-
tions). In our case, all samples with these RTK/MAPK alterations also
had an activating ESR1 mutation (Supplementary Fig. 2B) and did not
show high activity in RTK pathway signatures (Supplementary Fig. 2A).
Co-occurrence of FGFR1 high amplifications and activating ESR1
mutations is relatively common (2 cases out of 5 with an FGFR1 high
amplification in our prior study5), but co-occurrence NF1 loss-of-
function mutations or FGFR1 activating mutations and activating ESR1
mutations are rare (3 cases out of 91with theseNF1or FGFR1mutations
from two recent MSK-IMPACT studies9,16). The observed link between
molecular subtype and activatingmutations in ESR1 (Luminal A/B) and
ERBB2/BRAF (HER2-E) hints at the following possibility for the cases
where there are both ESR1 and RTK/MAPK oncogenic alterations (e.g.,
in NF1 and FGFR1): ESR1 mutations drive the tumor towards an ER
pathway-dependent transcriptional state that cannot be overcome by
RTK/MAPK alterations, resulting in a low RTK pathway signature
activity and a Luminal A or B subtype.

We found complexity in the process of acquired resistance to
CDK4/6i therapy revealed by tumor evolutionary analysis. Tumor
evolutionary analysis of pre- and post-CDK4/6i samples identified
acquired genomic alterations in multiple resistance pathways (Figs. 5
and 6). Notable cases include an ERBB2 amplification in a tumor with a
pre-existing ERBB2L869R activating mutation, tumors in which the only
acquired or enriched alterations were in the ER pathway (ESR1H524L,
ESR1D538G, GATA3- 412fs), and a clonal BRAFV600E activating mutation in a
tumor with concurrent ER loss (no activating BRAF mutations were
reported in several previous HR + /HER2- MBC studies4,5,11,12,17 and the
two reported in Razavi et al.16 were subclonal). For two patients, we
identified co-existing tumor lineages with distinct driver mutations,
onedominating the tumor sample andone the ctDNAsample. Inoneof
these patients, each tumor lineage acquired a genomic alteration in
HER2 (ERBB2 amplification, ERBB2L755S mutation), demonstrating con-
vergent evolution of ERBB2 activation following CDK4/6i ther-
apy (Fig. 5A).

The distinct co-existing tumor lineages from tumor and blood
biopsy samples illustrate the complexity of the process of acquired
drug resistance across a patient’s tumors. This complexity is particu-
larly evident in the convergent (ERBB2 activation) and divergent (ESR1
orMTOR activation) paths to resistance identified. Genomic analysis of
co-existing tumor lineages provides a unique window into the evolu-
tionary dynamics of tumor drug resistance, and can help identify high-
confidence resistancemechanisms, aswedid here for ERBB2 activation
and like prior work has done for various targeted therapies5,42. In our
work, this was only possible because of the availability ofWES for both
tumor and blood biopsy samples, and the existence of these distinct
co-existing lineages was not uncommon (18%, 2/11 of cases with both
sample types). These results highlight the drug resistance insights that
can be gained from collecting and analyzing joint tumor and blood
biopsy samples.

Our results suggest that mTOR pathway activation is a molecular
correlate of response to combined palbociclib, exemestane, and
everolimus. Our genomic and transcriptomic analysis of baseline trial
samples uncovered hints that clinical benefit to combined ER, CDK4/6,
and MTOR inhibition is correlated with activation of the mTOR

pathway (Fig. 7). In particular, we found higher mTORC1 pathway
activity and PI3K/AKT/mTORmutations (including an activatingMTOR
mutation) in clinical benefit-associated samples. We also found that
our results were inconclusive in terms of whether AKT1E17K mutations
are amarker for response to triplet therapy, as one would hypothesize
based on everolimus targeting the PI3K/AKT/mTOR pathway. This was
because of the four patients with AKT1E17K -mutant tumors, two dis-
continued therapy due to treatment toxicity, while for the remaining
cases one derived clinical benefit and one did not.

Our findings that activation of the mTOR pathway correlates with
response to triple therapy are only hypothesis-generating, given the
limited number of patients that derived clinical benefit. However, they
are consistent with recent work by Project GENIE finding a more dur-
able response to everolimus-containing therapy in AKT1E17K vs.
AKT1–wild-type ER +MBC,with the largest effect seen in thosepatients
with AKT1E17K and an additional PI3K pathwaymutation43. These results
stand in contrast with studies of BOLERO-2, which found no associa-
tion between response to everolimus and alterations in the PI3K/AKT/
mTOR pathway, although this difference could be attributed to the
shift in treatment landscape due to the approval of fulvestrant and
CDK4/6i therapies. More definitive answers could come from com-
prehensive genomic analyses of other triplet therapy trials like
TRINITI-134, IPATunity15044, and others45.

Limitations of our study are themodest sample size of our cohort,
the limited number of patients with both pre- and post-CDK4/6i
tumors, and the lack of a control group with patients with tumors
sensitive to CDK4/6i. Another limitation is the inability to distinguish if
a candidate driver causes resistance to the endocrine therapy and/or
the CDK4/6i component of therapy, given that both therapies are
given in combination (a limitation shared with most clinical studies on
CDK4/6i).

To conclude, our multi-omics analysis revealed features asso-
ciated with CDK4/6 inhibitor resistance. These include concurrent
ERBB2 or BRAF mutations and a HER2-enriched subtype, and con-
vergent evolution of ERBB2 activation. Genomic/transcriptomic cor-
relates of response to everolimus-containing triplet therapy hinted at
mTOR pathway activation being associated with clinical benefit. These
results illustrate how transcriptome sequencing provides com-
plementary and additional information than genome sequencing, and
how integrating genomic and transcriptomic data may help better
identify patients likely to respond to CDK4/6 inhibitor therapies.

Methods
Some of themethods reported follow closely what has been described
in our recentwork2,5. For additional details on themethods, refer to the
Supplementary Methods.

Compliance with Ethical Standards
The study was conducted in accordance with the International Con-
ference on Harmonization Good Clinical Practice Standards and the
Declaration of Helsinki. Institutional review board (IRB) approval was
obtained at Dana-Farber/Harvard Cancer Center (DF/HCC). The DF/
HCC Data and Safety Monitoring Committee (DSMC), which is com-
posed of clinical specialists with experience in oncology and who had
no direct relationship with the study, reviewed andmonitored toxicity
and accrual data from the study. Information that raised questions or
concerns was addressed with the overall PI and study team. Partici-
pants provided written informed consent prior to the performance of
any protocol specific procedures or assessments.

Patients and samples
Prior to any study procedures, all patients provided written informed
consent to participate in the clinical trial and for research biopsies,
blood samples, and sequencing of these samples, as approved by the
Dana-Farber/Harvard Cancer Center IRB (DF/HCC Protocol 16-177). All
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but four patients (patients 7, 26, 36, and 37) additionally co-consented
to DF/HCC Protocols 05-246/09-204 and their genomic was included
in Supplementary Data 2 and has been deposited in dbGaP (study
accession phs001285.v2.p1). Metastatic core biopsies were obtained
from patients, and samples were immediately snap-frozen in OCT and
stored in −80 °C. Archival formalin-fixed, paraffin-embedded (FFPE)
blocks of primary tumor samples were also obtained. A blood sample
was obtained and whole blood was stored at −80 °C. DNA and RNA
were extracted from tumors. Germline DNA was extracted from per-
ipheral blood mononuclear cells from whole blood. Cell-free DNA was
obtained fromplasma for circulating tumorDNA analysis, as described
previously46. For patient 22, targeted panel sequencing data (Onco-
Panel) for two tumors was obtained47.

Phase I/II clinical trial
The protocol for the phase I/II clinical trial (NCT02871791) is available
at www.clinicaltrials.gov, and includes information related to the study
location, eligibility, and compounds. The original protocol is included
in Supplementary Data 1, and the latest version of the protocol (DF/
HCC Protocol #16-177) is included as a Supplementary Note in the
Supplementary Information file.

Study design and patient population. A total of 9 patients were
recruited into the phase Ib portion of the study between September 12,
2016 andMarch 27, 2017, and a total of 32 patients were recruited into
the phase IIa portion of the study between May 26, 2017 and June 26,
2019. Eligible participants hadhistologically or cytologically confirmed
HR+ /HER2- MBC. Participants enrolled in the phase Ib portion of the
study were required to have evaluable disease, whereas participants
enrolled in the phase IIa portion were required to have measurable
disease per RECIST 1.148. Participants were also required to have radi-
ological or objective evidence of progression on a CDK4/6 inhibitor in
the metastatic setting and relapse or progression on a non-steroidal
aromatase inhibitor (NSAI) (defined as either relapse within 12 months
after completing adjuvant NSAI or progression through a NSAI for
metastatic or locally advanced HR+ breast cancer). Any number of
prior endocrine therapies were allowed, as long as none were
exemestane-based. Up to one prior line of chemotherapy was allowed.
Participants were required to be at least 18 years old with an ECOG
PS ≤ 2. In addition, participants enrolled in the phase IIa portion of the
study were required to undergo a research biopsy at baseline (before
treatment initiation) and at the time of disease progression. Partici-
pants were also required to provide a single research blood sample
before the initiation of therapy. Participants with demonstrated
intolerance to 125mg palbociclib were ineligible. Additional exclu-
sionary criteria included prior treatment with any mTOR inhibitor or
concurrent treatment with other investigational agents.

Procedures. Palbociclib was administered orally, once daily for 21
consecutive days, followed by a 7-day rest (28-day cycle). Everolimus
and exemestane were administered orally, once daily for 28 con-
secutivedays (28-day cycle).Duringphase Ib, participantswere treated
with increasing/decreasing doses of palbociclib and everolimus to
establish the MTD/RP2D for both drugs in the context of the P-E-E
combination. The starting dose of palbociclib was 100mg, which was
increased to 125mg. The starting dose of everolimus was 5mg, which
was increased to 10mg.Only oneof the two studydrugswas escalated/
de-escalated at a time. If patients developed toxicity to 5mg ever-
olimus, de-escalation to 2.5mg was allowed. Palbociclib doses below
100mg were not explored. Exemestane was maintained at 25mg.
Patients were observed for dose-limiting toxicity (DLT) events, which
were defined as adverse events or abnormal laboratory values with a
reasonably possible relationship to the study medication(s).

The RP2D for the combination was determined to be palbociclib
100mg + everolimus 5mg + exemestane 25mg20. This dose was used

throughout phase IIa. During phase IIa, patients were evaluated for
response every 8 weeks according to RECIST 1.1 criteria48. Changes in
the largest diameter (unidimensional measurement) of the tumor
lesions and the shortest diameter in the caseofmalignant lymphnodes
were used.

Statistical considerations. The primary objective of phase Ib was to
determine the safety and tolerability of the combination regimen, and
to define the MTD/RP2D. The secondary objectives of this phase were
to describe the pharmacokinetics (PK) profile of everolimus and exe-
mestane in the triplet combination and evaluate the potential effect of
palbociclib on the PK profile of everolimus. For this portion of the
study, participants proceeded in dose escalation following the 3 + 3
rule. Treatment-related toxicities were summarized by maximum
grade and by term using CTCAE version 4.0 and reported with 90%
binomial exact confidence intervals.

The primary endpoint of phase IIa was to determine the CBR
(CR + PR + SD ≥ 24 weeks) of the P-E-E combination. Based on the
results of the BOLERO-2 trial49, we estimated that the true CBR would
be 40%. Thus, we determined that a CBR of ≥65% would indicate that
the P-E-E regimen is worthy of further study. Recruitment of at least 29
participants would provide 90% power to test the hypothesis (one-
sided alpha of 0.1 and type II error of 0.1). In order to account for a 10%
drop out rate, a total of 32 participants were recruited over the course
of twoand a half years. Up to an additional sixmonths of follow-upwas
required on the last participant accrued to observe response after the
final cycle of protocol therapy, for a total study duration of 3 years.

Secondary endpoints included objective response rate (ORR),
disease control rate (DCR), duration of response (DOR), and PFS
according to investigator assessment. These metrics were reported
with 95% confidence intervals.

Clinical annotations
Patient charts were reviewed to determine the sequence of treatments
received in the neoadjuvant, adjuvant, and metastatic setting, the
treatments’ dates and durations, and the dates of the available biopsy
samples. The dates and duration of the prior CDK4/6 inhibitor treat-
ment was obtained for all patients for which exome or transcriptome
sequencing passed quality control in at least one sample. The dates
and duration of the complete sequence of treatments up until dis-
continuation of the clinical trial regime were obtained for selected
patients with 2 or more tumor or cfDNA samples (Figs. 5 and 6).

Biopsy phenotypes to prior CDK4/6i response
A phenotype of response to the prior CDK4/6i treatment was
assigned to each baseline tumor or cfDNA samples following5, and
using duration of treatment as a proxy for treatment response. All
baseline samples for which sequencing data passed quality control
were taken after progression on the prior CDK4/6 inhibitor. Thus,
these post-CDK4/6i samples were assigned an acquired resistance
phenotype if time on the prior CDK4/6i treatment was >6 months
and an intrinsic resistance phenotype otherwise. The resistance
phenotype, prior CDK4/6i treatment duration, and drugs received as
part of the prior CDK4/6i treatment can be found in Supplemen-
tary Data 6.

Whole exome sequence data processing and analysis
Data processing and quality control. Whole exome sequences for each
tissue/blood sample were captured using Illumina technology and the
sequencing data processing and analysis was performed using the
Picard and Terra pipelines at the Broad Institute. The Picard pipeline
(http://picard.sourceforge.net) was used to produce a BAM file with
aligned reads. This includes alignment to theGRCh37human reference
sequence using the BWA aligner50 and estimation and recalibration of
base quality score with the Genome Analysis Toolkit (GATK)51.
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A custom-made cancer genomics analysis pipeline was used to
identify somatic alterations using the Terra platform (https://app.
terra.bio/). The CGA WES Characterization pipeline developed at
the Broad Institute was used to call, filter and annotate somatic
mutations and copy number variation. See Supplementary Methods
for details of the variant calling pipeline used in this study. GATK
CNV52 was used for the generation of accurate relative copy- number
profiles from the whole exome sequencing data and reference/
alternate read counts at heterozygous SNP sites present in both the
normal and tumor samples. After accurate proportional coverage
profiles are generated for a sample, Allelic CapSeg tool53 was used to
generate a segmented allelic copy ratio profile. Allelic copy number
profile and mutational call data were modeled jointly by
ABSOLUTE54 to produce purity for the samples, a discrete copy
number profile, and compute cancer cell fractions (CCF). Tumor
samples which had a purity of 8% or more were used for down-
stream analysis.

Annotating oncogenic mutations. OncoKB55 was used to annotate
known oncogenic mutations, identify their effect (e.g., loss or gain of
function) and if they are known cancer hotspots.

Tumor evolutionary analysis. Patients with >1 tumor or cfDNA
WES samples collected from different timepoints/locations were used
to study tumor evolution and tumor heterogeneity. To properly
compare SNVs and indels in samples from the same patient, the union
of all mutations called in each patient’s samples were considered. The
reference and alternate reads in each patient’s samples were used as
input for ABSOLUTE54 to compute cancer cell fractions. The clonal
structure and the evolutionary history of the clones (phylogenic tree)
was inferred with PhylogicNDT56 using only SNV sites and retaining
only clones with at least four mutations and cancer cell fraction of
more than 1%.

Corrected quantification of copy number, gene deletions, and
biallelic inactivations. The inference of gene amplifications, gene
deletions, and biallelic inactivations were based on the copy number
profile obtained from ABSOLUTE54. To infer biallelic inactivations,
mutational events that included both loss of heterozygosity (LOH)
and a loss-of-function mutation (LOF) (loss-of-function or likely loss-
of-function OncoKB-annotated mutation, or a Nonsense Mutation,
Nonstop_Mutation, Frame_Shift_Del, or Frame_Shift_Del mutation)
were used. Gene amplifications and deep deletions were based on the
purity corrected measure for the segment containing that gene.
Genes in a segment- specific copy number of less than 0.5 were
considered deep deletions (Deep DEL). To measure segment-specific
copy number amplifications, the genome ploidy was subtracted for
each sample to obtain the copy number above ploidy (CNAP). CNAPs
of at least 3 are considered as amplifications (AMP); CNAPs above 1.5,
but below 3 are considered low amplification (GAIN); CNAPs of at
least 6 are considered high amplifications (High AMP), and CNAPs of
at least 9 and no more than 100 genes are considered focal high
amplification (Focal High AMP). In the figures, AMP or GAIN copy
number amplifications were not included for any sample and Deep
DELs were not included for cfDNA samples (because of limited
concordance between tumor and cfDNA Deep DELs, unlike most
other alterations).

Statistical tests and analysis
Statistical significance of the association between signature activities
and oncogenic mutations was measured using a one- sided
Mann–Whitney test, and is based on whether the AUC ROC score
outperforms a random classifier57. Statistical significance of the asso-
ciation between the Hallmark signature scores in baseline tumors and
clinical benefit was measured using a two-sided Welch’s t-test. Statis-
tical significance of the enrichmentof upper or lower quartileHallmark
signature scores in the baseline tumors of patients that derived clinical
benefit was measured using a two-sided Fisher exact test. A P <0.05

was considered to be statistically significant. All statistical analysis was
performed using R (version 4.0.3).

Transcriptome sequencing data processing and analysis
Data processing and quality control. RNA-seq reads were mapped to
the human genome (hg19) with STAR aligner58 with default para-
meters. Transcriptome quality was assessed using RNA-SeQC 259 and
expression quantification was conducted using RSEM60. Samples with
<8000 unique genes were removed from subsequent analysis. Gene
expressionwasmeasured using log2(TPM+ 1) values and corrected for
tissue type (frozen vs. FFPE) using ComBat61. The exception was the
analysis in Fig. 7B, C, in which only baseline (T1) samples from frozen
tissue were considered, and uncorrected log2(TPM+ 1) values were
used. Figure 7D used the same set of samples as Fig. 7B, C.

Transcriptional signature activity. To calculate the activity of a
transcriptional signature or gene set, we used single- sample gene set
enrichment analysis (ssGSEA). ssGSEA was performed for all tumor
samples using fgsea62 to calculate normalized enrichment scores for
Hallmark gene sets from the Molecular Signatures Database63 using
upper quartile normalized expression values PAM50 molecular sub-
type assignment. To assign research-based PAM50 subtypes, expres-
sion values were rescaled relative to those of a receptor status-
balanced Metastatic Breast Cancer Project (MBCProject) cohort, in
which samples were re-sampled to achieve the ER-positive to ER-
negative receptor status ratio in the UNC training set, from which the
PAM50 subtype centroids were derived27,64. genefu was used to call
research- based PAM50 subtypes65 using the rescaled expression
values and spearman correlation to the PAM50 subtype centroids.
Samples with a PAM50 centroid correlation <0.10 for each centroid
were not assigned a PAM50 subtype (Not Classified, NC).

Relative gene expression and transcriptional signature activity. To
calculate the quantiles for gene expression and transcriptional sig-
nature activity, the receptor status-balanced MBCProject cohort was
used as a reference cohort. Upper quartile normalized expression was
used for relative gene expression and ssGSEA normalized enrichment
scores calculated fromupper quartile normalized expressionwas used
for relative transcriptional signature activity.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Tumor and germline whole-exome sequencing data and RNA
sequencing data generated and analyzed for this study have been
deposited in the database of Genotypes and Phenotypes (dbGaP)
under study accession phs001285.v2.p1 [https://www.ncbi.nlm.nih.
gov/projects/gap/cgi-bin/study.cgi?study_id=phs001285.v1.p1]. These
data are available under controlled access to protect individual’s
privacy. Access can be requested through dbGAP and use restrictions
are specified by the Health/Medical/Biomedical and Disease-Specific
(Breast Cancer) consent groups. Processed de-identified data gener-
ated in this study including clinical trial protocol and data, patient
metadata, and tumor exome and transcriptome analysis are available
in Supplementary Data 1–8. Four patients (patients 7, 26, 36, and 37)
didnot co-consent to the additionalDF/HCCProtocols 05-246/09-204,
and their genomic data is not included in Supplementary Data 2 and
was not deposited in dbGaP. Requests for additional raw and pro-
cessed data and materials will be reviewed by the senior authors to
determine whether the request is subject to any intellectual property
or confidentiality obligations. These additional data andmaterialsmay
be subject to patient confidentiality and might require a material
transfer agreement. The remainingdata are availablewithin theArticle,
Supplementary Information or Source Data file. Source data are pro-
vided as a Source Data file. Source data are provided with this paper.
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Code availability
All software and pipelines for genomic data generation are described
in detail in the Methods and the Supplementary Methods. The scripts
used to generate the figures are available upon request from the cor-
responding author.
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