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Summary
Randomized clinical trials demonstrated that CDK4/6 in-
hibitors are highly effective in patients with hormone re-
ceptor-positive (HR+), HER2-negative (HER2-) metastatic
breast cancer in combination with endocrine therapy.
The use of CDK4/6 inhibitors in clinics is becoming com-
mon for patients with HR+/HER2- metastatic breast can-
cer and will certainly increase in the near future. How-
ever, patients might show de novo or acquired resist-
ance to these drugs. Molecular alterations have been
suggested as determinants for de novo resistance to
CDK4/6 inhibitors, but have never been validated in a
clinical setting. In addition, molecular mechanisms of ac-
quired resistance to palbociclib have been analyzed only
in preclinical studies. Here we review the current knowl-
edge on the available preclinical data about the mecha-
nisms of de novo and acquired resistance to CDK4/6 in-
hibitors in breast cancer, and clinical data about poten-
tial biomarkers of response.

© 2017 S. Karger GmbH, Freiburg

CDK4/6 Pathway

In most adult tissues, differentiated cells are maintained in a
quiescent state (GO phase). Mitogenic stimuli, such as growth fac-
tors and hormones, can trigger the cell cycle inducing the progres-
sion from GO or Gapl (G1) phases to synthesis (S) phase.

The progression from G1 to S phase is a particularly critical
checkpoint, a key effector of this checkpoint being the retinoblas-
toma susceptibility gene product (Rb) [1]. Rb is an onco-suppres-
sor whose primary function, as for other Rb family members (such
as p107 and p130), is to repress the transcription of genes required
for the S-phase entry, preventing the unscheduled progression
through the cell cycle. In particular, Rb inhibits the transcription
factors of the E2F family, which regulate genes involved in cell
cycle control, mitotic progression and dNTP biosynthesis [1, 2].
During cell cycle, Rb activity is regulated through phosphorylation
by the cyclin-dependent kinases (CDK), a group of serine/threo-
nine kinases whose activity depends on binding of regulatory pro-
teins named cyclins [3]. The G1/S transition is promoted by D-
type cyclins (D1, D2 and D3) and the CDK4 and CDKS®, the initial
CDKs to phosphorylate Rb, which is then phosphorylated by other
complexes such as cyclin E/CDK2 [4]. Phosphorylation leads to
Rb functional inactivation and the consequent release of E2Fs,
which activate the transcription of genes triggering the S-phase
entry [1, 2].

CDK activity and progression of the cell cycle through the G1/S
checkpoint are regulated by the CDK inhibitors of the Cip-Kip
family, including p21 and p27, and specific CDK4 and CDK6 in-
hibitors of the INK4 family, such as p16 [5].

CDKA4/6 Inhibitors

Palbociclib (PD0332991), abemaciclib (LY2835219) and riboci-
clib (LEE011) are selective ATP-competitive, orally administered
inhibitors of CDK4 and CDK6. These compounds have been ex-
tensively studied in vitro and in vivo and are currently in different
stages of clinical development [3].

Palbociclib is a highly specific inhibitor of CDK4 (half maximal
inhibitory concentration (IC50), 11 nM) and CDK6 (IC50, 16 nM),
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and was the first of these compounds to be synthesized and tested
in clinical trials [6, 7]. Palbociclib has received approval by the US
Food and Drug Administration (FDA) and by the European Medi-
cines Agency (EMA) for the treatment of hormone receptor-posi-
tive HER2-negative (HR+/HER2-) advanced breast cancer in com-
bination with the hormonal treatments letrozole or fulvestrant [8,
9], given the unprecedented results of three pivotal randomized
clinical trials, the PALOMA-1, PALOMA-2 and PALOMA-3 [10-
12]. PALOMA-1 and PALOMA-2 are phase II and phase III rand-
omized trials, respectively, of palbociclib in combination with
letrozole versus letrozole alone for previously untreated patients in
the metastatic setting [10, 11]. PALOMA-3 is a phase III rand-
omized trial of palbociclib and fulvestrant versus placebo and ful-
vestrant for the treatment of patients progressing on a previous
hormonal therapy [12]. These trials demonstrated the superiority
of the combination over the hormonal treatment alone in both un-
treated and in hormone pre-treaded populations [10-12].

Ribociclib was the second specific CDK4/6 inhibitor to receive
FDA approval in combination with hormonal therapy for the first-
line treatment of postmenopausal women with metastatic HR+/
HER2- breast cancer [13]. The approval was based on the results of
the phase III MONALEESA-2 trial showing a significantly longer
progression-free survival (PES) in the ribociclib group than in the
placebo group [14].

Abemaciclib inhibits CDK4/cyclin D1 and CDK6/cyclin D1
with an IC50 of 2 nM and 10 nM, respectively [15]. Abemaciclib
has been granted by the FDA breakthrough therapy designation for
patients with refractory HR+ metastatic breast cancer based on the
encouraging results from a phase I study in which single-agent
abemaciclib demonstrated a clinical benefit rate (CBR) of 61% in
patients with heavily pretreated metastatic breast cancer [16].

Despite the tolerability shown by palbociclib, abemaciclib and
ribociclib, these drugs are not devoid of side effects, with neutrope-
nia being a common adverse event [10, 11, 14, 16, 17]. Therefore,
two next-generation CDK4/6 inhibitors with lower myelosuppres-
sion activity, G1T28 and G1T38, have been recently developed and
are currently being tested in phase I/II clinical trials [18, 19].

Given the efficacy shown by CDK4/6 inhibitors, the clinical use
of these drugs is becoming common for patients with HR+/HER2-
advanced breast cancer, and will certainly increase in the near fu-
ture. Notwithstanding, results from clinical trials indicate that pa-
tients might show de novo resistance to CDK4/6 inhibitors, and
that even initially responding patients will eventually acquire re-
sistance to these drugs [10-12, 14, 20]. Although preclinical studies
have suggested biological determinants of de novo resistance, to
date no biomarker has been clinically validated in patients with
HR+/HER2- breast cancer. In addition, there is limited knowl-
edge, even preclinically, on the mechanisms of acquired resistance
to palbociclib.

Here we review preclinical data about the mechanisms of de
novo and acquired resistance to CDK4/6 inhibitors in breast can-
cer and clinical data on potential biomarkers of response. Pub-
lished literature has been reviewed up to April 2017.

Resistance to CDK4/6 Inhibitors in Breast Cancer

Mechanisms of Resistance

De Novo Resistance

Rb is the main target of CDK4/6, representing a key mediator of
CDK4/6 inhibition. The vast majority of preclinical studies sug-
gests that Rb loss confers resistance to CDK4/6 inhibitors. Indeed,
CDK4/6 inhibitors are able to effectively block proliferation of a
variety of human Rb-positive tumors, including breast cancer, both
in vitro and in vivo, while Rb-negative tumor cells are largely re-
sistant to CDK4/6 inhibitors [6, 7, 21-25]. In a pivotal study inves-
tigating the in vitro effects of palbociclib in a panel of 47 human
breast cancer cell lines, RBI, CCNDI (cyclin D1) and CDKN2A
(p16) were differentially expressed between sensitive and de novo
resistant cells. In particular, higher levels of RBI and CCNDI, and
lower levels of CDKN2A were found in the sensitive group [25]. In
addition, for the first time, a statistically significant correlation be-
tween molecular subtypes and sensitivity to palbociclib was shown,
with the most sensitive subtypes being those that were ER+, in-
cluding the HER2-amplified [25]. The role of Rb and p16 in deter-
mining resistance/sensitivity to palbociclib has been also con-
firmed in an ex vivo model of breast tumor tissue in which tumor
explants were cultured and treated with palbociclib. In this model
system, response was not dependent on ER or HER?2 status, but tu-
mors with high levels of p16 or loss of Rb failed to respond to pal-
bociclib [23]. In line with the key role of the Rb pathway in deter-
mining de novo resistance to palbociclib, we have recently shown
that a gene expression signature of retinoblastoma loss-of-func-
tion, the RBsig, and a previously developed signature of retinoblas-
toma loss of heterozygosity (LOH) [26] were able to discriminate
palbociclib resistant and sensitive breast cancer cell lines [27].

Besides deregulation of Rb, other mechanisms are likely to be
implicated in the de novo resistance to CDK4/6 inhibitors. Indeed,
in the study of Finn et al. [25], 3 cell lines with detectable levels of
Rb were still resistant and did not show a decrease in Rb phospho-
rylation after palbociclib treatment, suggesting that Rb status is not
the only determinant of resistance to palbociclib. In addition, it has
been shown that, after induction of loss of Rb in 3 different cell
lines, cells still responded to palbociclib treatment, and prolifera-
tion was significantly reduced irrespective of Rb status, suggesting
that Rb protein is not necessarily required for the response to
CDK4/6 inhibition [24]. On the other hand, overexpression of
E2F2 was able to promote the bypass of CDK4/6 inhibition, more
than loss of Rb alone, implying an incomplete relationship between
the cyclin D/CDK4/6/RB axis and E2F regulation [24]. Also, palbo-
ciclib was shown to be less effective at reducing proliferation of cy-
clin E1- or cyclin E2-overexpressing breast cancer cells compared
to vector control cells, and resistance to palbociclib was no longer
evident when combination of CDK2 and CDK4 inhibitors was
used, suggesting that cyclin E/CDK2 complexes might mediate re-
sistance to CDK4/6 inhibitors [28].

Other suggested mechanisms of de novo resistance to CDK4/6
inhibitors, involving deregulation of cell cycle-related proteins, in-
clude phosphorylation status of p27 and fizzy-related protein ho-
molog (FZR1) [29, 30]. In addition to its ability to inhibit cyclin D/
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CDXK4, p27 can regulate the cyclin D/CDK4/p27 ternary complex
activity depending on phosphorylation status of tyrosine Y74, Y88,
and Y89, [31]. It was shown that overexpression of Brk (breast tu-
mor-related kinase), an intracellular tyrosine kinase overexpressed
in 60% of breast cancers [32], increases phosphorylation on Y88 of
p27 and cyclin D/CDK4 activity, rendering breast cancer cells
more resistant to palbociclib [29].

FZR1 functions as a specific activator of APC/C (anaphase-pro-
moting complex or cyclosome) ubiquitin ligase, regulating late mi-
tosis and G1/S phase [33]. It was shown that in human breast can-
cer cells simultaneous knockdown of Rb and FZR1 synergistically
bypassed cell division arrest induced by palbociclib, suggesting that
not only Rb status but also FZR1 levels and APC/C FZR1 func-
tional activity might determine how cancer cells respond to
CDK4/6 inhibitors [30].

In breast cancer, ESRI mutations have been associated with re-
sistance to aromatase inhibitors [34]. One question might be
whether cells with ESRI mutations respond to CDK4/6 inhibitors. It
was shown that the expression of the Y537S, Y537N, or D538G ESRI
mutations in T47D breast cancer cells did not negatively impact the
efficacy of the combination of palbociclib with a selective estrogen
receptor (ER) down-regulator [35]. Also, in 1 patient-derived xeno-
graft (PDX) model harboring the D538G ESR mutation and an acti-
vating PIK3CA mutation, significant efficacy was observed with pal-
bociclib alone or in combination with fulvestrant. However, long-
term delayed tumor growth was only observed when palbociclib was
co-administered with fulvestrant [36]. In addition, palbociclib alone
did not induce tumor regression in an MCF7 model harboring an
Y537S mutation in 1 ER allele and a frame-shift mutation in another
ER allele [36]. The role of palbociclib alone in breast cancer cells
harboring ESRI mutation needs to be further clarified.

Acquired Resistance

To date, few studies have investigated the mechanisms of ac-
quired resistance to CDK4/6 inhibitors in breast cancer. As in de
novo resistance, loss of Rb has been implicated in acquired resist-
ance to palbociclib. Indeed, loss of Rb expression was detected in
an in vitro model of palbociclib-resistant cell lines and a PDX
model of acquired resistance to ribociclib showed a sub-clonal se-
lection of an RBI frameshift mutation [37].

However, the majority of data suggests that deregulation of cyc-
lin E/CDK2 or PI3K/AKT/mTOR signaling might contribute to a
therapeutic bypass to CDK4/6 inhibitors. It has been demonstrated
that, following CDK4/6 inhibition, breast cancer cells show adapta-
tion as early as 72 h [37]. This was shown to be mediated by non-
canonical activation of cyclin D1/CDK2 complexes, which in turn
induced a recovery of cyclin E2 expression and S-phase entry de-
spite CDK4/6 inhibition. PI3K inhibition was able to reduce cyclin
D1 expression and prevent early adaptation [37]; also, the combi-
nation of PI3K and CDK4/6 inhibitors has shown substantial anti-
tumor activity in vivo [37, 38], suggesting a potential therapeutic
strategy to prevent early adaptation to palbociclib.

Amplification of CCNEI was found in MCF7 with acquired re-
sistance to palbociclib. Silencing of CCNE1 or CDK2 resulted in
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substantially increased cell-cycle arrest and reduction in cell
growth in combination with palbociclib even though in this model
PI3K inhibition was unable to re-sensitize cells to palbociclib [37].
Dean et al. [24], analyzing MCF10A (a non-tumorigenic cell line)
and the ER-negative MDAMB231 cell lines that were able to grow
after extended palbociclib treatment, similarly suggested that de-
regulation of CDK2 and loss of CDK inhibitors p21 and p27, which
function on CDK2, could represent a mechanism leading to bypass
of palbociclib. The 3-phosphoinositide-dependent protein kinase 1
(PDK1), which functions downstream of PI3K and is required for
the full activation of AKT, was found to be a key factor for riboci-
clib response in vitro [39]. PDK1 was induced by CDK4/6 inhibi-
tors in vitro and its expression was sustained in ribociclib-resistant
cell lines together with increased levels of pAKT at S477/T479, a
CDK2-dependent phosphorylation site. Genetic and pharmaco-
logical inhibition of PDK1, CDK2 or PI3K/AKT/mTOR inhibition
in combination with ribociclib re-sensitized cells to ribociclib, sug-
gesting that enhanced PDK1 expression and PI3K/PDK1/AKT/
mTOR signaling mediate acquired resistance to CDK4/6 inhibition
[39].

Finally, while a model of CAMA1 with acquired resistance to
abemaciclib was found to have overexpression of CCNE], similar
to that seen previously with palbociclib [40], a model of abemaci-
clib-resistant MCF7 showed an increase in CDK6 mRNA levels
with concomitant increase in CDK6 protein levels. In addition, a
fraction of the resistant cells showed an increased CDK6 copy
number. Reducing CDKG6 levels restored the sensitivity, while over-
expression of CDKG6 resulted in reduced sensitivity to abemaciclib
[40], suggesting that overexpression/amplification of CDK6 might
sustain abemaciclib resistance. In addition, both models showed
reduced expression of ESRI and PGR [40], which was associated
with reduced sensitivity to hormonal treatments in MCF7-resistant
cells [40]. Intriguingly, on a limited number of tumor biopsies
from patients treated with abemaciclib or ribociclib, it appeared
that tumors changed from ER+ to ER- or from PR+ to PR- [40],
supporting the preclinical data suggesting that ER might be impli-
cated in CDK4/6 inhibitors resistance.

Potential Biomarkers

Based on preclinical data suggesting Rb, p16 and cyclin D1 as
determinants of response to CDK4/6 inhibitors, some early trials
with palbociclib either selected or analyzed patients based on these
biomarkers. However, these trials do not seem to support the use
of these biomarkers for selecting patients for CDK4/6 inhibitors
treatment.

A phase II, single-arm trial of palbociclib enrolled 37 patients
with advanced breast cancer whose tumors were Rb positive [41].
Rb expression/localization, the proliferation index Ki-67, p16 loss
and CCND1 amplification were assessed on archival tumor tissue
from either breast primary tumors or metastatic lesions to identify
subgroups of patients with different sensitivity to palbociclib [41].
None of the biomarkers analyzed was significantly associated with
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either CBR or PFS in the overall population or in the HR+ sub-
group [41]. Additionally, in this population specifically selected to
have Rb-positive tumors, CBR was low (19% and 21% overall and
in the HR+ cohort, respectively), although patients were heavily
pretreated [41]. Interestingly, CBR was slightly higher (29%)
among patients who had progressed through at least 2 prior lines
of hormonal therapy, suggesting activity in the setting of acquired
endocrine resistance [41]. Of note, 2 patients with HR+/HER2-
positive (HER2+) tumors responded [41] in line with preclinical
data on HER2+ tumors [25].

The PALOMA 1 trial enrolled patients in 2 different cohorts
[10]. In cohort 2, patients were required to have cancers with am-
plification of CCND]I, loss of p16, or both [10]. However, after an
interim analysis of cohort 1 that showed clinically meaningful ac-
tivity of the combination, enrolment into cohort 2 was stopped be-
cause patient selection based on CCNDI amplification or p16 loss
was deemed unlikely to further improve patient outcome [10]. In-
deed, results of the trial did not seem to support the hypothesis that
this biomarker selection could discriminate responsive versus non-
responsive tumors [10]. In addition, in an extended analysis of this
trial, palbociclib plus letrozole improved median PFS and the CBR
regardless of age, histological type, prior neoadjuvant/adjuvant sys-
temic treatment and disease site [17].

In the PALOMA 3 trial, the effects on treatment of endocrine
therapy resistance, quantitative HR expression, and tumor PIK3CA
or ESRI mutational status were analyzed [20, 42]. The efficacy of
fulvestrant plus palbociclib was not affected by the number of pre-
vious endocrine therapies, reported sensitivity to previously re-
ceived endocrine therapy, level of expression of ER and PR, or
PIK3CA mutational status analyzed at baseline in circulating DNA
[20]. Also, fulvestrant plus palbociclib improved PFS in both ESRI
mutant and ESRI wild-type patients [42], suggesting that these
markers might not distinguish sensitive/resistant patients. Interest-
ingly, in a study analyzing 16 patients treated with palbociclib and
letrozole, it was shown that the combination did not prevent the
selection of ESRI mutations. Indeed, longitudinal tracking of ESRI
mutations in serial blood draws revealed selection of mutations in
3 out of 4 patients while on palbociclib and letrozole therapy [43].

The neoadjuvant phase II trial NeoPalAna was designed to de-
termine whether anastrozole and palbociclib induce a higher rate
of complete cell cycle arrest (CCCA: Ki-67 < 2.7%) compared to
anastrozole alone in patients with stage II/III ER+/HER2- newly
diagnosed breast cancer [44]. The study was also aimed at discov-
ering potential predictive biomarkers [44]. Tumor biopsies were
collected at baseline (COD1), at C1D1 following 4 weeks of anastro-
zole monotherapy, and at C1D15, 2 weeks after the addition of pal-
bociclib to anastrozole; tumor specimens from surgery were also
available [44]. The rates of CCCA with palbociclib plus anastrozole
were significantly higher at C1D15 than at C1D1 with anastrozole
monotherapy [44]. As expected, in this study the 2 non-luminal tu-
mors were resistant, but Ki-67 levels were significantly reduced by
palbociclib in both luminal A and luminal B tumors [44], suggest-
ing activity irrespectively of luminal subtypes. Palbociclib benefit
was observed independently of grade, negativity for PR, or muta-
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tions in TP53, PTEN or PIK3CA [44]. Intriguingly, RBI mutation
was identified in 3 breast cancers, 2 of which were still sensitive to
palbociclib [44], in line with the hypothesis that additional factors
besides Rb might be implicated in resistance to CDK4/6 inhibitors.
Gene expression data showed elevated expression of CCND3,
CCNEI and CDKN2D at C1D15 in resistant tumors, suggesting a
persistent E2F activity in non-responding tumors [44].

Biomarkers of resistance/response in breast cancer patients are
also lacking for ribociclib and abemaciclib. In the phase III trial of
ribociclib, the combination of ribociclib and letrozole improved
PES over letrozole and placebo regardless of age, HR status, site of
metastatic disease and previous therapy [14]. In the multicenter
study in which single-agent abemaciclib was administered to a co-
hort of 47 breast cancer patients, responses were not limited to pa-
tients with HR+ HER2- disease and also included those with HR+
HER2+ breast cancer [16]. In line with palbociclib data, abemaci-
clib demonstrated clinical activity in HR+ breast cancers irrespec-
tive of PIK3CA mutational status [16].

ER positivity and HER2 negativity are currently the only mark-
ers used to select breast cancer patients for CDK4/6 inhibitors
treatment in clinics.

Conclusions

CDK4/6 inhibitors represent a new, effective, therapeutic op-
tion for patients with metastatic luminal breast cancer. Despite
preclinical evidence suggesting that numerous mechanisms can
contribute to de novo or acquired resistance to these agents, there
is as yet no biomarker that can be used clinically to rationally allo-
cate patients to these compounds. It is likely that, given the com-
plexity of the biology of the CDK4/6 pathway, multiple mecha-
nisms of resistance to CDK4/6 inhibitors might operate in different
patients, even concomitantly, therefore making biomarker research
in this field particularly challenging. Given the clinical relevance of
this topic, further research is needed to personalize treatment strat-
egies in this setting.
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