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abstract

Cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors have revolutionized the treatment of hormone-positive
metastatic breast cancers (mBCs). They are currently established as standard therapies in combination with
endocrine therapy as first- and second-line systemic treatment options for both endocrine-sensitive and endocrine-
resistant mBC populations. In the first-line metastatic setting, the median progression-free survival for the three
currently approved CDK4/6 inhibitors, palbociclib, ribociclib, and abemaciclib, with aromatase inhibitors is greater
than 2 years (palbociclib 27.6 months; ribociclib 25.3 months; and abemaciclib 28.18 months). Although CDK4/6
inhibitors have significant clinical benefits and enable physicians to delay starting chemotherapy, they are ex-
pensive and can be associated with drug toxicities. Here, we have performed a systemic review of the reported
molecular markers predictive of drug response including intrinsic and acquired resistance for CDK4/6 inhibition in
mBC. The rapidly emerging molecular landscape is captured through next-generation sequencing of breast
cancers (DNA with or without RNA), liquid biopsies (circulating tumor DNA), and protein analyses. Individual
molecular candidates with robust and reliable evidence are discussed in more depth.
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INTRODUCTION

Cyclin-dependent kinase 4 and cyclin-dependent ki-
nase 6 (CDK4/6) are members of the serine threonine
kinase family, functioning to regulate cell cycle pro-
gression during the G1 phase of the cell cycle.1-3

CDK4/6 is activated by D-cyclins to consequently
phosphorylate retinoblastoma protein (RB1), trigger-
ing the cell cycle cascade. In breast cancers, the
recognition that the p16-CDK4/6-cyclin D1 axis is
deregulated triggered the development of CDK4/6
inhibitors, now considered an anticancer break-
through therapeutic strategy for hormone-positive
(HR+ve) metastatic breast cancer (mBC).4-7

RATIONALE FOR SYSTEMATIC REVIEW

The approved CDK4/6 inhibitors have oral bioavailability
and are tolerated by most, with signature side effect
profiles of neutropenia or diarrhea with growing data
recognizing rarer side effects such as prothrombotic ef-
fects (1.5% increased risk)8,9 andpulmonary toxicities.10,11

There is a need for a personalized approach to mitigate
drug toxicities for patients and to overcome the growing
financial burden for health care systems through more
effective patient selection. Palbociclib, ribociclib, and
abemaciclib are expensive anticancer drugs because they
are currently protected by drug patents. Given that pa-
tients can derive benefit for 2-3 years and breast cancer is

one of the most prevalent solid tumor types,12 the
estimated total cost of palbociclib plus letrozole is
approximately $256,509 US dollars per treated patient
in the United States13 and hence the need for pre-
dictive biomarkers of response beyond estrogen re-
ceptor positivity (ER+ve).

METHODS

We performed a systematic review of the published liter-
ature in accordance with the PRISMA guidance.14 The two
key objectives were to (1) identify resistance biomarkers
and (2) understand molecular mechanisms underpinning
drug resistance for CDK4/6 inhibition in mBC.

The criteria applied for this systemic review were the
following:

Inclusion Criteria

1. mBC
2. Published literature types: Original research articles

and published abstracts. Only systematic reviews or
meta-analyses were permissible.

3. Phase I-III clinical trials, real-world analyses, case
reports, and case series

4. Retrospective or prospective biomarker analyses
5. Approved CDK4/6 inhibitors
6. Clinical samples from solid tumors, primary or

metastatic biopsy sites, or liquid biopsies
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7. Tissue collection time points: pretreatment, on treat-
ment, or at progression

8. Types of molecular analytes: DNA aberrations (muta-
tion, copy number aberrations, fusions, deletion events,
and promoter methylation), mRNA (gene expression
and plasma-derived exosome mRNA), and protein and
phosphoproteins.

9. Selected databases: PubMed, ASCO, European Society
for Medical Oncology (ESMO) and ESMO breast, and
San Antonio Breast Cancer Conference.

Exclusion Criteria

1. Nonbreast cancer studies from other solid tumor types
2. Trials/studies with unclear reported methods on how

they identified biomarkers
3. Early breast cancer studies
4. Data reported before 2017 **Exception was made for

one prospective biomarker RB1 study that was pub-
lished in 2015 because the authors felt that this work
was intellectually ahead of its time15

5. Overlapping reports from the same research groups
presented at multiple conferences; priority was given to
the final published articles and published abstracts

6. General review articles that were not systematic reviews
or meta-analyses

Search Criteria and Filters

1. CDK4/6 biomarker
2. CDK4/6 biomarker; filter: review
3. CDK4/6 biomarker; filter: randomized clinical trial
4. Palbociclib; biomarkers (no filters)
5. Ribociclib; biomarkers (no filters)
6. Abemaciclib; biomarkers (no filters)
7. CDK4/6 resistance; breast
8. CDK4/6; circulating tumor DNA (ctDNA)

Selection process and data collection process. The results
were screened by one reviewer (U.S.A.), and no automation
tools were used. A database was created with study titles,

authorships, and abstracts using Microsoft Excel. No rel-
evance was given to funding when reviewing the literature,
and both academic and commercially driven studies were
included.

The data were prioritized using the following hierarchy:

1. Clinical data . preclinical data
2. Phase III clinical studies . phase II . phase I
3. Prospective research . retrospective research
4. Biomarker study analyses with control arms for

comparators
5. Significant candidate biomarkers were those with re-

producible data, that is, reported by ≥ 3 independent
studies

6. Unbiased analyses sequencing approaches over tar-
geted biased approaches

The planned study outcomes were the identification and
prevalence of molecular biomarkers detected from patients
treated with CDK4/6 inhibitor combinations/monotherapy.
The data were synthesized by checking against the
inclusion/exclusion criteria. The results were filtered in
three iterations to ensure accuracy and robust represen-
tation of the field. No meta-analyses were performed with
the data in this study. Studies reporting biomarkers with
reported P-values and corrections for false discovery rates
in their statistical analyses were preferred.

Study risk of bias assessment. It was accepted that studies
using targeted profiling panels were inherently biased in
their result outcomes for molecular biomarkers because
these projects were hypothesis-driven and these ap-
proaches were in response to the technical challenges of
profiling clinical samples, specifically the limitation of good
quality tumor tissue available for analyses.

RESULTS

Initially, 1,721 records were identified through searching
five online databases (PubMed, ASCO, San Antonio Breast

CONTEXT

Key Objective
To identify robust resistance biomarkers for cyclin-dependent kinase 4 and 6 (CDK4/6) inhibition in metastatic breast cancer

through a systematic analysis of the emerging molecular data.
Knowledge Generated
It is recognized that multiple underlying mechanisms cause drug resistance to CDK4/6 inhibitors. These include the loss of

retinoblastoma-1 function, aberrant cyclin-E signaling, and CDK6 activity in subpopulations, identifiable from circulating
tumor DNA and tumor biopsies. However, there is still a considerable proportion of clinically observed drug resistance,
which lacks a molecular explanation.

Clinical Relevance
We can now identify patient populations that will respond poorly to CDK4/6 inhibition through tumor profiling and next-

generation sequencing of liquid biopsies before starting treatment and have the opportunity to consider switching to
alternative treatment strategies.
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Cancer Conference, ESMO, and ESMO Breast). After three
iterations, 111 records were selected, which fulfilled both
the inclusion and exclusion criteria (Fig 1). The molecular
biomarkers with the strongest body of evidence for their
association with drug response are described below.

Molecular Biomarkers for Treatment Resistance

Retinoblastoma gene 1. Retinoblastoma gene 1 (RB1) is a
tumor suppressor gene (chromosome 13), and mutations
in both alleles cause retinoblastoma cancer. CDK4/6 in-
hibitors prevent inactivation of RB1 via inhibition of CDK4/
6, inducing cell cycle arrest. Hence, RB1 is one of the most
studied and reported biomarkers to date. Detecting loss of
RB1 function in cancer is challenging because of the
multiple molecular mechanisms involved in its inactivation.
Consequently, researchers have assessed for loss of RB1
function using ctDNA from plasma, tumor DNA, gene
expression (mRNA), and/or protein analyses with immu-
nohistochemistry (IHC). Reported genetic aberrations for
RB1 include loss of both alleles or loss of a single copy,16

gene deletions, promoter methylation, or small-range
mutations within the RB1 gene or its promotor. Cur-
rently, there are at least 10 different RB1 genetic variants
reported within the literature, with either monoclonal or
polyclonal RB1mutations detected in ctDNA within patient
subpopulations at the time point of developing resistance to
CDK4/6 inhibition.

Acquired drug resistance. Multiple retrospective observa-
tional biomarker studies have tested patient samples for RB1
abnormalities from phase II and phase III landmark studies
(Table 1 and Figs 2 and 3). The studies consistently report the
emergence of new detectable RB1 mutations in 2%-9% of
the population at the time when patients develop drug re-
sistance to CDK4/6 inhibition.17,25,26 The development of RB1
mutations in breast cancer is considered a molecular escape
mechanism used by tumors in response to treatment se-
lection pressure of G1 cell cycle arrest. For example, a case
studywith longitudinal ctDNAanalyses reports the emergence
of RB1 mutation at the time of drug resistance to palbociclib
combination, which subsequently could no longer be de-
tected when the patient switched to alternative treatment.20

In the PALOMA-3 study,17 the developments of new RB1
mutations in ctDNA were the key differences between
palbociclib/fulvestrant and the control arm (placebo/
fulvestrant). Similar results have been published by inde-
pendent research groups (see Table 1: Seth Wander et al18;
Condorelli et al,19 etc) using the Guardant360 assay for liquid
biopsies, and there are published abstracts from
MONARCH-3 and nextMONARCH studies (abemaciclib
with or without aromatase inhibitors).25 For example, two
patients with acquired RB1mutations in ctDNA on previous
CDK4/6 inhibition were intrinsically resistant to subsequent
abemaciclib monotherapy and rapidly progressed.18 Exome
sequencing of metastatic tumor samples highlighted that
those pretreatment biopsies with single-copy RB1 loss

evolved by acquiring biallelic RB1 disruptions with point
mutation, splice site alteration, or frameshift events in the
second allele, detected in 9.8% of tumor samples.22

There is a paucity of prospective interventional clinical trials
using biomarkers such as RB1 to select patients for CDK4/6
inhibition treatment. One small interventional phase II,
open labeled, single-arm study (n = 37) prospectively
selected patients for palbociclib monotherapy using RB1
IHC staining (. 1% on tumor)15 from pretreatment tumor
samples. Historically, palbociclib is reported to have limited
single-agent activity; however, the response rates were
approximately 30% in this RB1+ve, ER+ve cohort that had
progressed on two lines of endocrine treatment. All patients
with RB1+ve triple-negative breast cancer (TNBC) pro-
gressed on palbociclib monotherapy, indicating that RB1
status has low positive predictive value for drug response
with stronger evidence for its negative predictive value.

RB1 and PTEN loss. A translational study collecting serial
biopsies and analyzing autopsy samples identified that 2 of
5 patients developed simultaneous RB1 and PTEN loss
after developing drug resistance to ribociclib/letrozole
combination and 4 of 5 patients acquired either RB1
loss or PTEN loss. IHC analyses were used to ensure that
the effects of epigenetic mechanisms were captured for
RB1 and PTEN function.24

Intrinsic drug resistance. The prevalence ofRB1mutations
in baseline pretreatment clinical samples is reported be-
tween 0% and 5% using ctDNA analyses17,18,21 and in 9%
of tumors (IHC for RB1 protein; 51 of 563 patients).23 One
study reported that 3% of patients with RB1 loss (n = 9 of
348) treated with CDK4/6 inhibitors demonstrated a sig-
nificantly shorter median progression-free survival (mPFS)
of 3.6 months (95% CI, 2.2 to no response) compared with
their RB1 wild-type counterparts.21 The young PEARL
study, a randomized phase II clinical trial for premeno-
pausal women, released similar data, linking RB1 loss (4%
of arm A) to shorter mPFS intervals (log2 hazard ratio
[HR] = 2.26; 95% CI, 0.51 to 4.01; P = .011).27,31

Overactivation of CDK2. A growing body of evidence indi-
cates adaptive activation of CDK2 in response to CDK4/6
inhibition.32,33 Single-cell analysis of CDK2 activity in TNBC
cell lines with sensitive (luminal) and resistant phenotypes
(basal) unraveled that CDK2 can be activated independent
of CDK4/6 and drives cell cycle transition from the G1 to S
phase in the absence of CDK4/6. Hence, overactivation of
CDK2 activity in cancer cells limits the potency of CDK4/6
inhibitors (palbociclib and ribociclib). In addition, individual
cancer cells adapt to CDK4/6 inhibition by increasing CDK2
activity levels earlier in the G1 phase of the cell cycle to
bypass CDK4/6 blockade because of higher intracellular
cyclin-E1 levels, the binding partner of CDK2.32

cMET—FAK/CDK2 axis. Preclinical and clinical evidence
indicates a role for mesenchymal-epithelial transition factor
(c-MET) family receptor tyrosine kinase signaling in the
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refractory response to CDK4/6 inhibition. CDK2 activation
independent of CDK4/6 involves cMET and its downstream
effector focal adhesion kinases (FAK).34 In vitro modeling
with RB1 breast cancer cell lines and other solid tumor
types demonstrated that MET/FAK signaling enabled

CDK4/6-independent CDK2 activation and cell cycle
transit. MET activation in glioblastoma arose through CDK4/
6 inhibitor–induced autocrine production of the cMET li-
gand hepatocyte growth factor,35 and stromal hepatocyte
growth factor is known to activate MET signaling in breast

Records identified from databases:
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ASCO
SABC

ESMO and ESMO Breast

(N = 1,721)

Records removed before screening
      Duplicate records removed (n = 30)

Screen 1
Records screened

(n = 1,691)

Records excluded by 1 person. No automation
tools were used (n = 1,525)
Included

Metastatic breast cancer
Between January 2017 and May 2021
CDK4/6 inhibitor
(combination/monotherapy)
Biomarker analyses

Excluded

Nonbreast cancers, eg, other solid tumours
Early breast cancer
Clinical trials with no biomarker analyses
Duplicates: abstracts
Missing information
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Reports assessed for eligibility
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Studies excluded—further duplication or not eligible
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(n = 156)

Reports excluded:
Reason: general review articles (n = 45)
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FIG 1. PRISMA flow diagram outlining the steps undertaken for systematic review. CDK4/6, cyclin-dependent kinase 4 and 6; ESMO,
European Society for Medical Oncology; mBC, metastatic breast cancer; SABC, San Antonio Breast Cancer Conference.
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TABLE 1. Clinical Data for Molecular RB1 Aberrations in Patients With Metastatic, HR+ve Breast Cancer Treated With CDK4/6 Inhibitor With or Without
Endocrine Therapy
Clinical Study Detail Genomic Assay and Analyte Type Results Conclusions

Prospective, Interventional Clinical Studies (published articles)

Phase II clinical study
Prospectively selecting for

RB1+ve (. 1%) tumors on
IHC

Single-arm, nonrandomized
Di Michelle et al15

N = 37 RB1+ve
Single-agent palbociclib

Baseline solid tumor (FFPE)
Primary breast/metastatic

biopsy sites
Protein expression: IHC
RB (MS-107-P, clone 1F8

antibody)

Screening: n = 128 patients; RB1-positive
n = 115 (89%); RB1-negative n = 5; no tissue
sample n = 8

N = 37 enrolled: 84% HR+ve/HER2–, 5% HR+ve/
HER2+, and 11% HR–/HER2– (TNBC)

n = 4 all TNBC progressed on palbociclib
Clinical benefit rate: 29% in HR+ve/HER2– who

had progressed through ≥ 2 prior lines of
hormonal therapy

Clinical benefit rate = partial response or stable
disease for 6 months

RB1-positive = 3+ staining in ≥ 30% and
separately assessed for nucleus and cytoplasm

Baseline tumor RB1 protein expression,
pretreatment, has low predictive value for
intrinsic drug resistance for palbociclib.

Small study

Retrospective, Observational Clinical Studies (published articles)

PALOMA-3
Phase III, randomized

clinical trial
O’Leary et al17

Palbociclib plus fulvestrant
(n = 127) v placebo plus
fulvestrant (n = 95)

Baseline and EOT ctDNA
Liquid biopsy
RB1 mutations
RB copy number loss
Genomic assay: plasma ddPCR
Plasma exome sequencing,

targeted sequencing panel,
and germline assessment
(n = 5)

RB1 mutations acquired in six patients on the
palbociclib arm (6 of 127, 4.7%, P = .041) with
no RB1 mutations in the control arm (n = 0 of
127)

Polyclonal RB1 mutation in two patients
Monoclonal RB1 mutation in six patients
Eight variants of RB1 mutations, eg, NF19Fs,

Q257X, S443X, S565X, S588fs, and W681X
Mutation types:
1. A gain of a stop codon
2. Frameshift deletion

RB1 mutations specifically detected in the
palbociclib plus fulvestrant arm at EOT

Acquired resistance in 4.7% of tested patients

Real-world data
Six clinical centers (United

States)
Wander et al18

Abemaciclib (n = 87)
(progressed on palbociclib/
ribociclib)

Baseline and EOT ctDNA
Liquid biopsy
Guardant360

RB1 mutations detected in two patients (n = 2 of
87, 2%) who rapidly progression on abemaciclib

Mutation types:
1. Substitution (RB1 R661Q)
2. Frameshift (RB1 P25fs)

Patients with RB1 mutation acquired on
previous CDK4/6 inhibition were intrinsically
resistant to subsequent abemaciclib

Real-world clinical data
Three clinical studies
Condorelli et al19

Palbociclib and ribociclib

Baseline and EOT ctDNA
Liquid biopsy
Guardant360
Tumor DNA
Solid tumor (FFPE)
Targeted panel
DNA
Mutation
Copy number

Patient 1: substitution in donor splicing site exon
8—frameshift mutation (AmpliSeq Library)

Patient 2: substitution in donor splicing site of exon
22 of RB1 gene—in-frame deletion, exon 19
deletion, and exon 3 insertion in ctDNA

Patient 3: RB1 exon 16 H483Y
mutation—missense variant in ctDNA

Early clinical study demonstrating the
emergence of RB1 mutations on CDK4/6
inhibition

Real-world clinical data
One case study
Xu et al20

Palbociclib plus everolimus
plus letrozole

ctDNA
Liquid biopsy
Guardant360
Baseline
Longitudinal (multiple samples)
EOT

Patient acquired RB1 mutation after 11 months at
time of acquiring resistance to palbociclib

After the patient switched to pazopanib, the RB1
mutation was not detectable in ctDNA

RB1 mutation detected at time of progression
on CDK4/6 inhibition, a reflection of
treatment selection pressure

Real-world clinical data
MSK patients
Li et al21

N = 348
CDK4/6i plus endocrine
Palbociclib/ribociclib or

abemaciclib plus AI/SERD

Baseline
Tumor DNA
Solid tumor (FFPE)
MSK-IMPAKT panel
Primary: 25%-27%
Metastatic: 73%-75%
Mutation
Copy number

RB1 loss in 3% (n = 9 of 348) of patients before
treatment with CDK4/6 inhibitors.

The mPFS is 3.6 months (95% CI, 2.2 to NR) for
patients with RB1 loss

Types of RB1 mutations:
1. Homozygous deletions
2. Truncating mutations

Prevalence of RB1 genetic aberrations before
CDK4/6 inhibition is uncommon. RB1 loss is
a biomarker of drug resistance

(Continued on following page)
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TABLE 1. Clinical Data for Molecular RB1 Aberrations in Patients With Metastatic, HR+ve Breast Cancer Treated With CDK4/6 Inhibitor With or Without
Endocrine Therapy (Continued)
Clinical Study Detail Genomic Assay and Analyte Type Results Conclusions

Real-world clinical data
United States/Canada
Wander et al22

N = 58
CDK4/6i with or without

endocrine (AI or fulvestrant)

Baseline
Pre-CDK4/6i
All patients
Post/on CDK4/6i for acquired

resistance biopsies
Tumor DNA
Solid tumor
Metastatic biopsies
WES
Mutation
Copy number

Fifty-nine biopsy sites from 58 patients
Sensitive n = 18; intrinsic resistance n = 28
Acquired resistance n = 13 (paired biopsies: pre-

and post-treatment)
9.8% (n = 4 of 41) biallelic disruption in RB1 in

resistant samples
Pretreatment biopsy: single-copy RB1 deletion
Resistant biopsies: Single-copy loss ofRB1 + point

mutation, splice site alteration, or frameshift
event in the second allele

Biallelic disruption of RB1 is a mechanism for
developing resistance to CDK4/6i treatment
in 10% of people

PALOMA-2
Phase III, randomized clinical

study
Finn et al23

Palbociclib plus letrozole v
placebo plus letrozole

(n = 563)

Baseline Gene Expression
Solid tumor (FFPE)
EdgeSeq Oncology Biomarker

Panel (HTG Molecular
Diagnostics, Inc)

Protein expression
RB (BD Biosciences G3-245

anti-RB antibody)

Weaker correlation for RB1 gene expression and
protein levels (Spearman R = 0.22)

Total RB1 expression (IHC) was positive in 90.9%
(512/563) of patients and negative in 9.1% (51
of 563) of patients, pretreatment

RB-positive tumors: HR for unstratified analysis
was 0.543 (95% CI, 0.433 to 0.681; log-rank
P , .0001) in favor of palbociclib with letrozole

RB-negative tumors had a weaker HR of 0.868
(95% CI, 0.424 to 1.777, log-rank P = .698)

In baseline tumor samples before CDK4/6
inhibition, 9% of patients had RB1-negative
tumors (IHC)

High v low RB1 expression is consistent benefit
with palbociclib/letrozole

Phase Ib clinical study
Open labeled

(NCT01872260)
Costa et al24

Ribociclib plus letrozole
(N = 7)

Serial biopsies and rapid
autopsies

Solid tumor (FFPE)
Protein expression
IHC
RB mouse mAb (clone 1F8, Bio

SB)

Patients with multisite tumor analyses (n = 5)
RB1 expression was present at baseline in all

patients
RB1 expression lost in three patients (3 of 5, 60%)

and retained in two patients on progression
Definition of RB1 loss: .95% tumor nuclei lack

staining stain (0)
Concomitant PTEN loss (1 of 5)

On developing drug resistance to CDK4/6
inhibition, protein expression of RB1 is lost
in 60% of cases

Retrospective, Observational Clinical Studies (published abstracts)

Combined MONARCH 3 and
nextMONARCH analysis
MONARCH 3, phase III

randomized clinical study
Abemaciclib plus AI/

placebo (n = ?)
nextMONARCH, phase II
Open-labeled study
Abemaciclib monotherapy

(n = ?)
Goetz et al25

Baseline and EOT ctDNA
Liquid biopsy
Guardant360
Mutations
Copy number
Fusions

MONARCH 3: RB1 alterations (6%) more frequent
for abemaciclib plus AI patients

nextMONARCH: 9% of patients acquire RB1
alterations in the abemaciclib monotherapy arm

RB1 mutations emerge in 6%-9% of people at
the point of developing drug resistance to
abemaciclib

MONALEESA pooled analysis of
three phase III randomized
clinical studies
MONALEESA-2 (n = 421)
Ribociclib/placebo plus

letrozole
MONALEESA-3 (n = 595)
Ribociclib/placebo with

fulvestrant
MONALEESA-7 (n = 487)
Ribociclib/placebo plus

letrozole with goserelin
Andre et al26

Baseline ctDNA
Liquid biopsy
Guardant360
Mutations
Copy number
Fusions

ctDNA analyzed (N = 1,503)
Detected RB1 mutation in both ribociclib/letrozole

arm (1.4%, n = 12 of 852) and placebo/
letrozole (2%, n = 14 of 651) treatment arms at
baseline

RB1-mutant population had shorter PFS on
ribociclib drug combination compared with wild-
type population

Baseline RB1mutations detected in 1.4%-2%
of population before treatment. RB1-mutant
population has poorer outcomes on
ribociclib drug treatment

(Continued on following page)
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cancer.36 Current clinical data linking cMET aberration with
drug resistance are associated with abemaciclib although
there are preclinical data with the other CDK4/6 inhibitors. In
the phase-II study nextMONARCH, 8% of patients treated
with abemaciclib plus tamoxifen demonstrated new genetic
changes in MET (mutation, indel, or amplification).25

Aberrant cyclin-E1 signaling. Several retrospective clinical
analyses18,23,30,37 and preclinical studies32,33,38,39 report that
either cyclin-E1 gene amplification or elevated gene ex-
pression has significant treatment interaction effects for
CDK4/6 inhibition, supporting cyclin-E1 as a potential intrinsic
resistance biomarker (Fig 3).40,41 In PALOMA-3 (n = 302),
palbociclib efficacy was lower in patients with high cyclin-E1
gene expression levels. Tumor profiling was performed using
the EdgeSeq Oncology BM Panel for 2,534 cancer-related
genes (HTG Molecular Diagnostics, Tucson, AZ) in baseline
biopsies before treatment.30 In the palbociclib/fulvestrant
treatment arm, the mPFS for the cyclin-E1–high cohort was
50% shorter at 7.4 months versus 14.1 months for the cyclin-
E1–low cohort. Cyclin-E1 levels had no significant impact on
clinical outcomes for patients treated with placebo/fulvestrant
(low Cyclin E1 (CCNE1) = 4.0 v high CCNE1 = 4.8 months). It
was also noted that cyclin-E1 mRNA levels were more pre-
dictive whenmeasured in metastases compared with archival
primary breast tissue.30

There is some conflict within the clinical data for cyclin-E1 as
an intrinsic biomarker of resistance. In the PALOMA-2 study,
there were no significant treatment interactions for cyclin-
E1.23 In the PALOMA-3 study, biomarker analyses identified
cyclin-E1 as a resistance biomarker specifically in patients
with visceral metastases. These observations generate the
hypothesis that utility of cyclin-E1 as an intrinsic resistance
biomarker could be context-dependent, for example, rele-
vant in the endocrine-resistant population and those with
visceral metastases.29 In the endocrine-sensitive populations
recruited within PALOMA-2 and MONALEESA-2 (letrozole v

letrozole plus ribociclib) studies, there was a lack of asso-
ciation between cyclin-E1 expression and mPFS.40,42

c-myc. CDK2 and CDK4/6 can activate c-myc by phos-
phorylation and gene transcription. In palbociclib-resistant
cell lines, there is upregulation of c-myc. Inhibition of CDK2
activity in palbociclib-resistant breast cancer cell lines pre-
vents c-myc upregulation, and the overexpression of c-myc
in palbociclib-sensitive cell lines leads to palbociclib
resistance.43 In clinical samples, specifically liquid biopsies
(Guardant360 assay), 5% of patients who progressed on
abemaciclib plus endocrine treatment within the
MONARCH-3 study acquired new myc genetic alterations
detectable in ctDNA. Nine percent of patients treated within
the nextMONARCH-1 study with single-agent abemaciclib25

acquired genetic myc alteration with drug resistance, re-
enforcing the hypothesis that myc alteration is an inde-
pendent biomarker of resistance for CDK4/6 inhibition.

Dysregulation of CDK4. Currently, there is no strong evi-
dence to support the fact that CDK4 amplification or mu-
tations (DNA) are predictive of drug response. Neither
PALOMA-2 nor PALOMA-3 identified significant treatment
interactions between genomic events affecting CDK4 gene
expression (tumor mRNA) and palbociclib response.28,29

Researchers are currently exploring if CDK4 activity mod-
ulates drug response through the quantification of phos-
phorylation of CDK4 (T172) at a protein level.44

Plasma-derived exosomal CDK4 mRNA. Systematic ana-
lyses of the literature identified one small prospective
pharmacogenetic clinical study (N = 40 ECLIPS study),
which reported a positive correlation between baseline
plasma-derived exosomal CDK4 mRNA copies/ml with
response to palbociclib/fulvestrant treatment. There was a
correlation between higher pretreatment levels of plasma
exosomal CDK4 (mRNA level . 5,050 copies/mL) with
better clinical response (partial response/stable disease)
and lower baseline CDK4 mRNA levels (≤ 5,050

TABLE 1. Clinical Data for Molecular RB1 Aberrations in Patients With Metastatic, HR+ve Breast Cancer Treated With CDK4/6 Inhibitor With or Without
Endocrine Therapy (Continued)
Clinical Study Detail Genomic Assay and Analyte Type Results Conclusions

Young PEARL
Phase II randomized clinical

study for premenopausal
women

Park et al27

A. Palbociclib plus
exemestane with GnRH
agonist
B. Capecitabine

Targeted sequencing
(n = 114)

Whole transcriptome
(n = 165)

Baseline tumor DNA
CancerSCAN
Mutation
Copy number
Whole transcriptome
RNA
Gene expression

RB1 loss was found in 4% of arm A and was
associated with shorter PFS (log2 HR = 2.26;
95% CI, 0.51 to 4.01; P = .011)

RB1 is a resistant biomarker and associated
with poorer clinical outcomes in
premenopausal women

Abbreviations: CDK4/6, cyclin-dependent kinase 4 and 6; ctDNA, circulating tumor DNA; EOT, end of treatment; FFPE, formalin fixed paraffin embedded
tissue; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; HR+ve; hormone-positive; IHC, immunohistochemistry; mAb, monoclonal
antibody; mPFS, median progression-free survival; NR, no response; PFS, progression-free survival; RB1, retinoblastoma protein; TNBC, triple-negative
breast cancer; WES, whole-exome sequencing.
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copies/mL) with shorter mPFS (CDK4-high = mPFS not
reached v CDK4-low = 6.45 months, P = .01).45

Overactive CDK6 signaling. CDK6 amplification. Cell line
models that rendered resistance to palbociclib demonstrated
new gene amplification of the CDK6 locus or increased CDK6
mRNA/protein levels. Knockdown of CDK6 restored sensi-
tivity to CDK4/6 inhibition, indicating that drug resistance was
attributable to increased levels of CDK6 activity.46,47 In the
clinic, higher gene expression levels of CDK6 in patient
samples were associated with drug resistance in mBC pa-
tients with bone-only disease (PALOMA-3 study).29

FAT1 loss. FAT1 is a tumor suppressor gene and amember
of the cadherin superfamily, which has been found to

interact with the beta-catenin and Hippo signaling path-
ways. FAT1 mutations are present in approximately 2% of
primary tumors and 6% of metastatic biopsies from HR+ve
breast cancers. Loss of FAT1 increases CDK6 expression
via downregulation of Hippo-signaling pathway in cell line
models.21 Protein expression levels of FAT1 were lower in
CDK4/6-resistant versus CDK4/6-sensitive breast cancer
patient-derived xenograft models. Retrospective analyses
of patient samples (HR+ve n = 348) confirmed that mBC
patients with deleterious FAT1 mutations in their pre-
treatment biopsies (MSK-IMPACT) had poorer clinical
outcomes with CDK4/6 inhibition (mPFS = 2.4 months)
compared with the FAT wild-type population. The degree of
FAT1 inactivation influenced the degree of CDK4/6

RB1

MET

EGFR

myc

FGFR 1-3

HER2

CHD4

CDKN2A/2B/2C

ATM

AR

Unknown

RB1 loss

1%-9%

MET

8%

EGFR

8%

myc

5%-9%

FGFR 1%-10% 

HER2 2%

CHD4 2%

CDKN2A/2B/2C 2%

ATM 3%

Unknown approximately 44%

AR

< 5% 

FIG 2. Potential resistance biomarkers from ctDNA analyzed for drug response to CDK4/6
inhibitors in HR+ve mBC (n = 1892; gene alterations associated with drug resistance
[ctDNA]). Intrinsic (baseline samples) and acquired resistance biomarkers (end of
treatment samples) identified from PALOMA-3 (n = 195 paired samples; palbociclib/
placebo plus fulvestrant17; n = 331 baseline28); Pooled analyses for MONALEESA-2,
MONALEESA-3, and MONALEESA-7 (n = 1,503 baseline samples; ribociclib/placebo
plus endocrine therapy);26 MONARCH-3 (n = 187 paired samples; abemaciclib/placebo
plus aromatase inhibitor); and nextMONARCH 1 (n = 79 paired samples; abemaciclib
monotherapy arm).25 Genetic aberrations to suggest pathway overactivations are as a
result of amplifications in MET, EGFR, and myc and mutations/amplifications in FGFR2
and HER2. Genetic aberrations to suggest loss of pathway signaling: RB1 loss (biallelic or
loss of heterozygosity) and loss of CDKN2A(p16)/2B(p15)/2C(p18). AR, gene for an-
drogen receptor; ATM, ataxia telangiectasia mutated; CDKN2A (gene for p16 and p14
proteins), cyclin-dependent kinase inhibitor 2A; CDKN2B (gene for p15); CDKN2C (gene
for p18); CHD4, chromodomain helicase DNA binding-4; ctDNA, circulating tumor DNA;
EGFR, epidermal growth factor receptor; ER, estrogen receptor; FGFR2, fibroblast growth
factor receptor 2; HER2, human epidermal growth factor receptor 2; HR+ve, hormone-
positive (ER+ve; HER2–); mBC, metastatic breast cancer; MET, mesenchymal-epithelial
transition factor; RB1, Retinoblastoma 1 gene.
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resistance, which was most pronounced in patients
showing biallelic FAT1 inactivation versus missense
mutations21 (Fig 3).

c-myc/miR-29B-3p/CDK6 axis. MicroRNAs are noncoding
RNAs that control both the stability and translation of
protein-coding mRNAs and are estimated to regulate 30%-
60% of the human genome. MicroRNAs regulate the cell
cycle by targeting the cyclin-dependent kinases and
cyclins.48 Silencing microRNAs that negatively regulate
CDK6 results in CDK6 activation. Preclinical modeling has
demonstrated that c-myc mediated downregulation of the
miR-29b-3p and stimulated CDK6 activity, and this was
associated with palbociclib insensitivity.49

Tyrosine kinase receptor signaling. Overactivation of up-
stream signaling pathways, such as PI3-AKT kinase, rat
sarcoma virus (RAS), or fibroblast growth factor receptor
(FGFR) signaling, stimulates downstream signaling path-
ways in cancer cells through cyclin-D, the binding partner
for CDK4. The first study to publish whole-exome se-
quencing analyses of metastatic tumor biopsies from
HR+ve patients (n = 58 patients; n = 59 biopsies) treated
with CDK4/6 inhibitors plus endocrine treatment identified
eight different molecular resistance mechanisms. 80% of
the resistant tumors carried genomic alterations in at least
one of these eight potential resistance mechanisms22:

1. Biallelic RB1 disruption (9.8%) → RB1 downregulation
2. AKT1 mutations/amplification (12.2%) → AKT1

activation
3. KRAS/HRAS/NRAS mutations/amplification (9.8%) →

RAS activation
4. FGFR2 mutations/amplification (7.3%) → FGFR

activation
5. Human epidermal growth factor receptor 2 (HER2)

mutations (12.2%) → HER2 activation
6. Cyclin-E2 amplification (14.6%) → cyclin-E activation
7. Aurora kinase A amplification (26.8%) → aurora kinase

A amplification
8. Loss of ER expression on IHC (7.3%)→ loss of estrogen

signaling.22

Loss of ER expression is reported in cell lines with acquired
resistance to CDK4/6 inhibition driven by CDK6
amplification46 although loss of ER expression could be
attributed to endocrine resistance.

Retrospective clinical analyses from two independent clinical
studies, MONALEESA-22 and MONARCH-3,3 also charac-
terized the heterogenous drug resistance landscape driven
via receptor tyrosine kinase signaling pathways (Figs 2 and
3). In the MONARCH-3 study, genetic aberrations in epi-
dermal growth factor receptor (8%) and FGFR1 (7%) were
detected in the abemaciclib-resistant population.25

RB1

RAS

FGFR2

HER2

AURKA

Cyclin E

FAT1 loss

Unknown

AURKA amplification
20%-25% 

FGFR2
activation 2%-10% 

RAS
activation
5%-10%

Cyclin E high
14.6%-28% 

FAT1 loss 2%-6%

RB1 loss
up to 10%

HER2 activation
10%

Unknown
approximately 46%

Promising novel biomarkers
currently under investigation:
IGFR1 amplification (DNA)
RAD51C (DNA)
PLK1 high (gene expression)
PTEN loss (protein) 

Intrinsic Acquired

Basal subtype AKT1 � 

Cyclin E1 � AURKA � 

FAT1 � AR � 

RB1 �
CDK2 � 

RB1 � CDK6 � 

Cyclin E1 � 

EGFR �

ER �

FGFR 1-3 �

HER2 �

MET�

myc�

RAS�

RB1 �

FIG 3. Potential resistance biomarkers from tumor analyses of primary tumor or metastases in patients with HR+ve mBC (n = 1,162;
Molecular alterations associated with drug resistance [solid tumors: DNA, RNA, or protein]). Intrinsic and acquired resistance biomarkers
from PALOMA2 (n = 454 palbociclib plus letrozole),29 PALOMA3 (gene expression analyses n = 302 paired samples; palbociclib plus
fulvestrant),30 the study by Wander et al22 (n = 58; paired samples CDK4/6i plus endocrine therapy), and the study by Li et al21 for FAT1 loss
(CDK4/6i plus endocrine therapy; n = 348). AURKA, aurora kinase A; CDK4/6, cyclin-dependent kinase 4 and 6; EGFR, epidermal growth
factor receptor; ER, estrogen receptor; FAT1, FAT atypical cadherin 1; FGFR2, fibroblast growth factor receptor 2;HER2, human epidermal
growth factor receptor 2; IGFR1, insulin-like growth factor 1 receptor; MET, mesenchymal-epithelial transition factor; PLK, polo-like kinase;
RAS, rat sarcoma virus;RB1, Retinoblastoma 1 gene. Left: Biomarkers divided into intrinsic and acquired drug resistance categories, ↓ loss
of activity and ↑ increased activity.
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Biomarker analyses from the MONALEESA-2 study
(ribociclib/letrozole v placebo/letrozole; n = 391; NanoString
230-gene nCounter GX Human Cancer Reference panel)
discovered that patients with low receptor tyrosine kinase
gene expression levels derived more clinical benefit from
ribociclib drug combinations (HR = 0.41; 0.27 to 0.61).42

Thymidine kinase 1 activity. Thymidine kinases (TKs) are
phosphotransferases involved in DNA replication, and TK1
activity is a surrogate marker for tumor proliferation. TKs are
downstream of CDK4/6 and controlled via the RB1-E2F
transcription regulatory axis. Two published studies have
reported associations between plasma thymidine kinase 1
(TK1) activity and response to palbociclib. In the first
study,50 gene expression was higher in cell lines with ac-
quired palbociclib resistance versus sensitive cell lines.
These data were validated using clinical samples from the
Phase II TRend study, which demonstrated that plasma
TK1 activity (DiviTum assay) fell in response to palbociclib
treatment in themajority of mBC patients with a subsequent
rise in TK1 activity levels at the time of developing drug
resistance. The minority of patients (n = 8) with an initial
rise in TK1 activity after commencing CDK4/6 inhibition
experienced worse clinical outcomes compared with their
counterparts (mPFS = 3.0 months; 95% CI, 2.7 to not
available v 9 months 95% CI, 5.8 to 12.0; P = .002).50

A second study reported similar trends, with an initial fall in
TK1 mRNA copies/ml detected from plasma-derived exo-
somal mRNA levels quantified using digital droplet poly-
merase chain reaction. A significant increase in TK1mRNA
copies/ml was observed in patients with progressive dis-
ease in the ECLIPS study (P = .01).45 Preliminary data from
recent conference proceeding with larger patient cohorts
suggest that plasma TK1 enzyme activity could be a
prognostic biomarker for clinical response to palbociclib
treatment, with TK1 activity levels potentially providing a
dynamic marker for drug response at earlier time points to
recognize the emergence of treatment resistance.51,52

Novel Upcoming Molecular Biomarker Candidates

CDHD4, ATM, and CDKN2 family CDK inhibitors. Pooled
meta-analyses of the MONALEESA studies (–2, –3, and –7)
with ribociclib and endocrine therapy highlighted previ-
ously unrecognized resistance biomarkers from baseline
patient ctDNA (n = 1,503). Novel candidates identified
include the following: (1) chromodomain-helicase DNA
binding protein 4 (CDHD4), an epigenetic transcriptional
repressor (2%); (2) ataxia-telangiectasia gene (ATM) in-
volved in DNA repair (3%); (3) CHK2, a downstream ef-
fector of ATM53,54; and (4) members of the CDKN2/INK
family cyclin-dependent kinase inhibitors (CDK2A(p16)/
CDK2B(p15)/CDN2C(p18) (2%), which negatively regu-
late CDK4 and CDK6 (Fig 2).26

Polo-like kinase 1. Patients with high gene expression
levels of polo-like kinase 1 (PLK-1), treated with palbociclib
in the phase III study PEARL, had a worse mPFS in a

multivariate model (5.7 months) versus patients with low
PLK-1 pretreatment tumors (9.3 months; HR = 1.64; 95%
CI, 1.25 to 2.34; P = .0008; adjusted model for con-
founders: age, site of disease, sites of metastasis, prior
chemotherapy, and Ki67). In the capecitabine cohort, there
were no differences in clinical outcomes for patients with
high or low gene expression of PLK-1 (9.9 months v
9.4 months, PLK1-high v PLK1-low; HR = 0.82; 95% CI,
0.56 to 1.21; P = .3189).37

Insulin-like growth factor 1 receptor. Early data suggest
that insulin-like growth factor 1 receptor amplification may
be associated with resistance to CDK4/6 inhibition. This is
currently being explored in cell line models and patient
samples.55

Breast cancer subtypes and drug resistance. Luminal breast
cancers are sensitive to CDK4/6 inhibition in preclinical and
clinical scenarios. This observation is supported by pre-
clinical data sets from ER+ve breast cancers,33 TNBC,32 and
HER2+ve cancers.56 Patients with luminal A and luminal B
subtypes benefit from palbociclib/endocrine treatment23,29

irrespective of whether the primary or metastatic biopsy site
is profiled for gene expression analyses. A retrospective
correlative biomarker analysis of intrinsic subtypes and ef-
ficacy across the MONALEESA phase III studies
(MONALEESA-2, MONALEESA-3, and MONALEESA-7 tri-
als) with 1,160 patients (ribociclib: n = 672; placebo:
n = 488)) was conducted using NanoString technologies.
The authors highlighted that they did not use the stan-
dardized 50-gene PAM50 test, and only 36 of the 50 PAM50
genes were available.57

The key outcome from this study was that all breast cancer
subtypes gained a significant clinical benefit with ribociclib/
endocrine treatment except the basal-like subtype (mPFS:
ribociclib 3.71 months v placebo 3.58 months; HR, 1.15;
95% CI, 0.46 to 2.83; P = .77). This was reflected by the
HRs for the different subtypes: HER2E-enriched (HR, 0.39;
95% CI, 0.25 to 0.60; P, .001), luminal B (HR, 0.52; 95%
CI, 0.38 to 0.72; P , .001), luminal A (HR, 0.63; 95% CI,
0.49 to 0.83; P , .001), and normal-like (HR, 0.47; 95%
CI, 0.30 to 0.72; P, .001).57 Interestingly, the HR+ve basal
tumors (n = 30; 2.6%) in this MONALEESA data set
demonstrated high expression levels of cyclin-E1, epider-
mal growth factor receptor, and p16/cyclin-dependent ki-
nase inhibitor 2A, with low expression of the luminal-related
genes, similar to the TNBC phenotype. This translation
study provides a strong rationale to use intrinsic subtyping
of breast cancers for prospective allocation of CDK4/6 in-
hibitor combination treatment in future clinical trials.

In conclusion, CDK4/6 inhibition with endocrine treatment
has become the gold standard treatment choice for HR+ve
mBC. Multiple biomarker studies have highlighted that there
are diverse resistance mechanisms underpinning the CDK4/
6-resistant phenotype. CDK4/6 is a downstream target within
a cancer cell, and therefore, there are multiple upstream
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interconnecting signaling networks, such as receptor tyro-
sine signaling pathways, which a cancer cell can activate to
circumvent cell cycle arrest in the G1 phase of the cell cycle.
One of the greatest challenges is distinguishing between
mechanisms causing resistance to CDK4/6 inhibition and
endocrine resistance. Therefore, we have given preferences
to translational studies incorporating an endocrine control
arm in their analyses and single-agent palbociclib or abe-
maciclib monotherapy studies.

Molecular mechanisms selectively affecting CDK4/6 in-
hibitor response include loss of RB1 function, which is less
common in patients with CDK4/6 inhibitor–naı̈ve breast
cancer. Up to 9% of patients with acquired drug resistance
can be attributed to genetic aberrations in RB1 gene or
downstream molecular events causing loss of RB1 func-
tion. Aberrant cyclin E1/E2 signaling and overactive CDK2
activity are an alternative resistance mechanism, which
may be more relevant in people with prior endocrine re-
sistance. Novel resistance mechanisms such as FAT1 loss
resulting in higher CDK6 activity are now recognized be-
cause of convincing data associating drug response with
clinical outcomes.

Currently, the molecular biomarker landscapes for liquid
biopsies and solid tumors are distinct (Figs 2 and 3). This
reflects the differences in detectability of genetic

aberrations and the different sequencing approaches used
by researchers such as hypothesis-driven targeted se-
quencing panels vs. unbiased whole-exome sequencing
approaches. Overall, there is now a greater appreciation of
themolecular complexities associated with drug resistance,
and generally, a resistance biomarker acquired at the time
of developing drug resistance appears to also be predictive
of de novo drug resistance before patients start a CDK4/6
inhibitor drug combination.

In conclusion, multiple pharmacologically tractable biologic
mechanisms associated with drug resistance are emerging
in small patient subsets and these all converge to generate
the resistant phenotype. The resistance biomarkers can be
used in future clinical studies to select out patient sub-
populations with less favorable molecular profiles for CDK4/
6 inhibitors. In addition, these mechanisms could be
harnessed to combat drug resistance development or to re-
establish treatment response through the identification of
novel drug combinations.

Finally, although systematic assessments of patient-derived
materials have identified a sizable network of recurrent
resistance markers, a considerable portion of clinical ob-
served resistance currently lacks a molecular explanation,
indicating a clear need for continuous discovery-based
preclinical and clinical approaches.
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