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A B S T R A C T   

Selective CDK4/6 inhibitors, such as palbociclib, ribociclib, and abemaciclib, have been approved in combina-
tion with hormone therapy for the treatment of patients with HR+, HER2-negative advanced or metastatic breast 
cancer (mBC). Despite their promising activity, approximately 10 % of patients have de novo resistance, while the 
rest of them will develop acquired resistance after 24–28 months when used as first-line therapy and after a 
shorter period when used as second-line therapy. Various mechanisms of resistance to CDK4/6 inhibitors have 
been described, including cell cycle-related mechanisms, such as RB loss, p16 amplification, CDK6 or CDK4 
amplification, and cyclin E-CDK2 amplification. Other bypass mechanisms involve the activation of FGFR or 
PI3K/AKT/mTOR pathways. Identifying the different mechanisms by which resistance to CDK4/6 inhibitors 
occurs may help to design new treatment strategies to improve patient outcomes. This review presents the 
currently available knowledge on the mechanisms of resistance to CDK4/6 inhibitors, explores possible treatment 
strategies that could overcome this therapeutic problem, and summarizes relevant recent clinical trials.   

1. Introduction 

Most of the malignant neoplasms are actually caused by dysregula-
tion of the cell cycle [1]. Cell cycle is driven by an evolutionarily pre-
served machinery composed of a family of protein kinases called cyclin- 
dependent kinases (CDKs). The entry of the cell into the S phase is 
achieved by activating the CDKs. In order to become catalytically active, 
CDKs binding to a cyclin subunit is required [2,3]. D-type cyclins act as 
mitogen sensors to govern G1 phase progression [4]. Early in the G1 
phase, cyclins D1, D2, and D3 combine with CDK4 and CDK6 activated 
by extracellular signaling (such as cytokines, mitogens, cell-cell con-
tacts, and differentiation inducers) and this complex subsequently 
phosphorylates the three pocket proteins, the retinoblastoma (RB) pro-
tein, p107 (retinoblastoma-like protein 1, RBLP-1) and p130 (retino-
blastoma-like protein 2, RBLP-2), which in turn releases E2F 
transcription factors (E2F1-3A) to allow for transcription of E-type 
cyclins and other proteins, for example, CDK2. In fact, cyclin E-CDK2 

complex is the key downstream activator, through phosphorylation, of 
the RB pathway, promoting S phase entry [2–6]. Cyclin-CDK activity is 
regulated by two families of inhibitors. The inhibitor of CDK4 (INK4) 
group (p15, p16, p18, and p19) specifically interferes with the associ-
ation between CDK4/6 and cyclin D, with no activity upon other cyclin- 
CDK complexes. The CIP/KIP CDK inhibitors (p21, p27, and p57), which 
were initially described as inhibitors of cyclin A/E-CDK2 and cyclin B- 
CDK1, are capable of inhibiting several CDKs and are induced by various 
mechanisms [7–10] (Fig. 1). 

Alterations in one or more key components of this axis (CDKs, 
cyclins, CDK inhibitors and the RB family of proteins) occur in virtually 
all cancers and result in heightened oncogenic E2F activity, leading to 
uncontrolled proliferation [6]. 

In breast cancer, dysregulation of the cyclin D-CDK4/6-RB pathway, 
such as cyclin D1 amplification and CDK4 copy gain, is common in 
luminal and HER2-enriched subtypes but are rare in basal-like tumors 
with RB loss or mutation and cyclin E1 amplification [9,10]. The 
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recognition of the significant role of cyclin D-CDK4/6 complex in cancer 
has led to clinical applications of CDK4/6 inhibitors. Initial clinical 
experience with first-generation pan-CDK inhibitors has shown poor 
efficacy and important toxicity. However, a new generation of selective 
CDK4/6 inhibitors including palbociclib, ribociclib and abemaciclib has 
overcome the challenges of non-specific pan-CDK inhibitors and targets 
tumor types in which the cyclin D-CDK4/6-INK4-RB pathway has a key 
role, more effectively. The profile of safety and side effects reported for 
these drugs are better than previous generation treatments [11]. These 
three CDK4/6 inhibitors in combination with hormonal therapy have 
been approved by the US Food and Drug Administration (FDA) for the 
treatment of patients with hormone receptor-positive (HR+), HER2- 
negative advanced or metastatic breast cancer (mBC). 

Unfortunately, despite the impressive results from the introduction 
of these agents in the therapeutics of breast cancer, 10 % of patients 
present with intrinsic (de novo) resistance and the rest of them will 
develop acquired resistance [12,13]. Here we review the data about the 
mechanisms of resistance to CDK4/6 inhibitors in mBC, clinical data on 
potential biomarkers of response, and treatment strategies to overcome 
the resistance. 

2. CDK4/6 inhibitors in the treatment of HRþ, HER-negative 
mBC 

Seven double-blind, randomized phase 3 trials, investigated the 
addition of a CDK4/6 inhibitor to hormonal therapy in patients with 
mBC: palbociclib was evaluated in the trials PALOMA-2 [14], and 
PALOMA-3 [15]; ribociclib in MONALEESA-2 [16], MONALEESA-3 
[17], and MONALEESA-7 [18]; and abemaciclib in MONARCH 2 [19], 
and MONARCH 3 [20], respectively. Recent reports on the ongoing 
patient evaluations have shown a highly significant difference in overall 
survival in the treatment arm of the MONALEESA-3 trial. However, 
when it comes to the PALOMA study, the numerically higher 5-year 
overall survival rate of patients in the treatment group [23.3 % (95 % 
CI, 18.7–28.2)] compared to the control group [16.8 % (95 % CI, 
11.2–23.3)] does not appear to be statistically significant. 

The CDK4/6 inhibitor was combined with a non-steroidal aromatase 
inhibitor (AI), namely letrozole or anastrozole, as first-line treatment in 
postmenopausal women in three trials (PALOMA-2, MONALEESA-2, and 
MONARCH 3), and as first- or second-line treatment in pre- or peri-
menopausal women in one trial (MONALEESA-7). Fulvestrant was 
combined with ribociclib as first-line treatment in men and post-
menopausal women in one trial (MONALEESA-7), and with palbociclib 
as second-line or later line of treatment in postmenopausal women in 
one trial (PALOMA-3), while one trial assessed the combination of ful-
vestrant with abemaciclib as first-line, second-line, or later line of 

treatment in postmenopausal women (MONARCH 2). All seven trials 
had local investigator-assessed progression-free survival (PFS) as their 
primary endpoint, while overall survival (OS) and objective response 
rate (ORR) were their secondary endpoints. The combination of a CDK4/ 
6 inhibitor plus endocrine therapy (ET) was also studied for HR-positive, 
HER2-negative pre- or post-menopausal, high risk patients in the mon-
archE trial (NCT03155997) and for HR-positive, HER2-negative pre- or 
post-menopausal, low risk or high risk patients in the PALLAS trial 
(NCT02513394), which explored the adjuvant use of abemaciclib + ET 
and palbociclib + ET, respectively and demonstrated similar end-point 
efficacy. 

Table 1 summarizes the current indications for all three commer-
cially available CDK4/6 inhibitors. 

A recently published study, analyzed pooled individual patient data 
from these trials [21]. Four thousand two hundred patients were 
included in the analysis, of whom 1320 received an AI plus a CDK in-
hibitor, 932 received placebo plus an AI, 1296 received fulvestrant plus 
a CDK inhibitor, and 652 received fulvestrant plus placebo. Across all 
seven pooled trials, the difference in estimated median PFS was 8.8 
months in favor of CDK inhibitor plus endocrine therapy over placebo 
plus endocrine therapy (range across the trials, 6.8–13.3 months; HR =
0.59, 95 % CI 0.54–0.64). PFS results favored the CDKI group in all 
prespecified clinicopathological subgroups analyzed, with similar HRs 
to that for the broader intended-use population [21]. 

In first-line aromatase inhibitor-treated patients (n = 2252), the 
median PFS in the CDK inhibitor plus aromatase inhibitor group was 
28.0 months (95 % CI 25.3–29.1) versus 14.9 months (95 % CI 
14.0–16.7) in the placebo plus aromatase inhibitor group (difference 
13⋅1 months; range across the trials 13.0–13.3 months; HR = 0.55, 95 % 
CI 0.49–0.62). In first-line fulvestrant-treated patients (n = 396), the 
median PFS was 18.6 months (95 % CI 14.8–23.5) in the placebo plus 
fulvestrant group and not estimable (22.4 to not estimable) in the CDK 
inhibitor plus fulvestrant group (difference not estimable; HR = 0.58, 
95 % CI 0.42–0.80). In the patients treated with fulvestrant in the 
second-line setting and beyond (n = 1552), the difference in estimated 
PFS between the CDK inhibitor plus fulvestrant group and the placebo 
plus fulvestrant group was 6.9 months in favor of the CDK inhibitor 
group (range across the trials 5.5–7.3 months; HR = 0.56, 95 % CI 
0.49–0.64). Importantly, the increase in median PFS was observed in all 
clinicopathological subgroups as well as across age and ethnicity sub-
groups [21]. 

OS data were not mature for all the pooled studies at the time of the 
analysis. On the basis of data available at the time of manuscript prep-
aration, the HR for OS across all the pooled trials estimated from a Cox 
regression model with treatment group as a covariate was 0.89 (95 % CI 
0.78–1.01). The estimated HR for overall OS for the comparison with 

Fig. 1. Cyclin D-CDK4/6-Rb-E2F interaction for G1/S transition.  
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placebo plus AI inhibitor was 0.99 (95 % CI 0.81–1.22) in patients 
treated with a CDK inhibitor in combination with an AI in the first-line 
setting, and in patients treated with a CDKI in combination with ful-
vestrant, irrespective of line of therapy, the estimated HR for OS for the 
comparison with placebo plus fulvestrant was 0.78 (95 % CI 0.66–0.92). 

3. Mechanisms of resistance to CDK4/6 inhibition 

Resistance to CDK4/6 inhibitors is a virtually inevitable biological 
event, and from a therapeutic point of view its bypass is of particular 
importance. In this section, we will present the main mechanisms of 
resistance, the knowledge of which has predictive value, but mainly 
contributes to the development of new therapeutic approaches. Mech-
anisms of resistance are divided in two major groups: alterations of 

Table 1 
Current indications for all three commercially available CDK4/6 inhibitors.  

Inhibitor Developer FDA approval date Current FDA and EMA label for breast cancer References Development 

Palbociclib Pfizer February 2016 In combination with an AIa as initial endocrine-based therapy for 
women with HRc-positive, HER2-negative advanced or mBCb; or in 
combination with fulvestrant for patients with disease progression 
following endocrine therapy; or in combination with standard care ET 
in stage II-III HR-positive, HER2- breast cancer. 

Finn et al., 2016  
[14] 
[15] 
Gnant et al., 
2022 [151] 

Clinical trials for non-advanced 
solid tumors 

Ribociclib Novartis July 2018 In combination with an AI as initial endocrine-based therapy for the 
treatment of pre/perimenopausal or postmenopausal women with HR- 
positive, HER2-negative advanced or mBC; or in combination with 
fulvestrant for the treatment of postmenopausal women as initial 
endocrine-based therapy or following disease progression on endocrine 
therapy. 

Hortobagyi et al., 
2016 [16] 
Slamon et al., 
2018 [17] 
Tripathy et al., 
2018 [18] 

Clinical trials for non-metastatic 
BC and multiple advanced solid 
tumors 

Abemaciclib Eli Lilly September 2017 
and October 2021 

In combination with tamoxifen or an AI for adjuvant treatment of adult 
patients with HR-positive, HER2-negative, node-positive, early breast 
cancer at high risk of recurrence and a Ki-67 score ≥ 20 %. 
As monotherapy for adults with HR-positive, HER2-negative advanced 
or mBC with disease progression following endocrine therapy and prior 
chemotherapy in the metastatic setting; or in combination with an AI as 
initial endocrine-based therapy for men and postmenopausal women 
with HR-positive, HER2-negative advanced or mBC; or in combination 
with fulvestrant, for adults with advanced or metastatic disease with 
disease progression following endocrine therapy 

Goetz et al., 2017 
[20] 
Sledge et al., 
2019 [19] 
Johnston et al., 
2020 [152] 

Clinical trials for BC and 
multiple advanced solid tumors  

a Aromatase inhibitor. 
b Metastatic breast cancer. 
c Hormone receptor. 

Fig. 2. Schematic presentation of various signaling pathways involved in resistance to CDK4/6 inhibitors. 
AKT, protein kinase B; CDK, cyclin dependent kinase; E2, estradiol; ER, estrogen receptor; ERK1/2, extracellular signal-regulated protein kinases 1/2; FAT1, pro-
tocadherin FAT1 (an atypical cadherin that may act as a receptor for the Hippo pathway); FGFR, fibroblast growth factor receptor; HDAC, histone deacetylase; LATS 
1/2, large tumor suppressor 1/2; MDM2, mouse double minute 2 homolog; mTOR, mammalian target of rapamycin; PD-L1, programmed death-ligand 1; PI3K, 
phosphatidylinositol 3-kinase; RB, retinoblastoma protein; SPOP, speckle type BTB/POZ protein; TAZ, tafazzin protein; YAP, yes-associated protein. 
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factors controlling cell cycle progression and alterations in cell cycle- 
nonspecific mechanisms, including receptor tyrosine kinases (RTKs) 
and PI3K/AKT/mTOR signaling pathways, as well as some other inter-
esting resistance mechanisms. Wander et al. [22], exploring the mech-
anisms of resistance to CDK4/6 inhibitors via whole exome sequencing 
of metastatic tumor biopsies showed that the landscape of resistance to 
this class of drugs is quite heterogeneous. Many possible mediators 
include RB1 loss-of-function, activate alterations in AKT1, RAS, AURKA, 
CCNE2, ERBB2, and FGFR2, and loss of ER expression. These different 
mechanisms, both intrinsic and acquired, were present in the two-thirds 
of the examined resistant tumors and may determine new treatment 
options in these patients, such as AURKA, ERK, or CHEK1 inhibition. 
Such novel strategies are of great necessity in order to successfully 
overcome resistance. Fig. 2 illustrates the main mechanisms identified 
so far in the development of resistance to CDK4/6 inhibitors. 

3.1. Alterations of factors controlling cell cycle progression 

3.1.1. RB loss-of-function 
CDK4/6 inhibition results in efficient RB dephosphorylation which is 

associated with profound repression of E2F-target gene products such as 
cyclin A, RNR2, and CDK2. RB loss-of-function may relieve the 
requirement for signaling through the CDK4/6 axis, thus facilitating the 
acquisition of a proliferative cycle driven by CDK2. RB protein loss is 
associated with intrinsic CDK4/6 inhibitor resistance in HR+ breast 
cancer cell lines [23] and in ex vivo human breast tumor models [24]. It 
is also associated with acquired resistance in HR+ breast cancer cell 
lines [25], while cases resistant to CDK4/6 inhibition lacked the RB- 
tumor suppressor as revealed by immunohistochemistry in tumor 
specimens. On the other hand, increased baseline RB protein and 
decreased inhibitory phosphorylation have been associated with pal-
bociclib sensitivity in breast cancer cell lines [26,27]. Loss or mutation 
of RB protein is common in triple-negative breast cancer (TNBC) but is 
less common in luminal breast cancers and especially in the luminal A 
subtype [28,29]. Consistent with this observation, CDK4/6 inhibitors 
have proven to be effective in the treatment of metastatic HR+ breast 
cancers, most of which depend on the cyclin D-CDK4/6-RB axis for 
sustained cancer cell proliferation [26,30], while the use of CDK4/6 
inhibitors in TNBCs, that frequently show genomic or functional loss of 
RB protein, was met with particular skepticism. Malorni et al. [31], 
showed that a gene expression signature of RB loss-of-function, the 
RBsig, and a previously developed signature by Herschkowitz et al. [28] 
of RB loss of heterozygosity (LOH), were able to distinguish sensitive 
and resistant breast cancer cell lines to palbociclib [31,32]. It is worth 
noting, however, that in RB1-deficient human liver cancer cell lines and 
in a mouse model of liver cancer with genetic deletion of RB1, CDK4/6 
inhibitors were still effective in suppressing tumorigenesis with p107 
protein showing dramatically increased stability upon inhibition, thus 
indicating that other pocket proteins can compensate for the loss of RB 
in mediating cell cycle arrest [6,33]. Fortunately, RB1 gene loss-of- 
function is a rare event in luminal-like breast cancers [34], so the pre-
emptive exclusion of these patients was largely abandoned in clinical 
trials with CDK4/6 inhibitors without obvious detriment [35]. O'Leary 
et al. [36], analyzing plasma ctDNA from patients who had disease 
progression after treatment with palbociclib plus fulvestrant in the 
PALOMA-3 trial [15] showed that RB1 mutations occurred in 4.7 % of 
patients and were probably sub-clonal, suggesting that they are not a 
significant resistance mechanism. Polyclonal RB1 mutations that have 
resulted in acquired resistance to CDK4/6 inhibitors have also been 
described in three patients and included substitution in donor splicing 
site of exon 8 of the RB1 gene in the first patient, substitution in donor 
splicing site of exon 22, exon 19 deletion, and exon 3 insertion in the 
second patient, and exon 16 H483Y mutation in the third patient [37]. 

3.1.2. Amplification of cell cycle machinery components 

3.1.2.1. E2F amplification. It has been shown that overexpression of 
E2F2 in breast cancer cell lines is sufficient to completely bypass the cell 
cycle arrest caused by palbociclib activity, regardless of RB status. This 
finding implies an incomplete relationship between the cyclin D-CDK4/ 
6-RB axis and E2F regulation. The overexpression of E2F activating 
transcription factors is capable of bypassing CDK4/6 inhibition, directly 
driving DNA replication and mitosis, which is involved in the inherent 
resistance to CDK4/6 inhibitors [6]. In addition, E2F seems to increase 
the metastatic potential in breast cancer, as its targets include a wide 
range of genes, including FGF13, which are involved in the development 
and progression of metastases. Research data suggest that E2F may be a 
main regulator of breast cancer metastasis [6,38]. 

3.1.2.2. p16 amplification. p16, a protein encoded by the CDKN2A 
gene, is the principal member of the INK4 family of CDK inhibitors. As 
previously described, p16 binds to CDK4/6, thus inhibiting cyclin D- 
CDK4/6 complex formation and CDK4/6-mediated phosphorylation of 
RB family members. Expression of p16 maintains the RB family mem-
bers in a hypophosphorylated state, which promotes binding to E2F and 
leads to G1 cell cycle arrest. Overall, these proteins and their in-
teractions are crucial for understanding the key points of tumor sup-
pression [39,40]. p16 overexpression in the presence of functional RB 
provides resistance to CDK4/6 inhibitors [12]. More specifically, 
amplified p16 completely inhibits the formation of the cyclin D-CDK4/6 
complex by binding both monomeric CDK4 and CDK6, thus inhibiting 
their catalytic activity and preventing their association with cyclin D 
[41]. If the cyclin D-CDK4/6 complex is already assembled, p16 can bind 
and inhibit it [42,43]. In both cases the result is the elimination of the 
functional target of the CDK4/6 inhibitors [12,44,45]. 

3.1.2.3. CDK4/6 amplification. Overexpression of CDK4 or CDK6 is 
considered to be a main mechanism of resistance to CDK4/6 inhibitors. 
The mean Ki-67 index in CDK4 amplified tumors appears to be notably 
elevated compared to those without gene amplification, suggesting that 
CDK4 overexpression in sporadic breast carcinomas is linked to 
increased tumor cell proliferation [46], development of distant metas-
tasis and poor clinical outcome [47]. Yang et al. [48], investigating 
possible mechanisms of resistance to CDK4/6 inhibitors in cell lines 
particularly sensitive to this category of drugs, found that after pro-
longed exposure to abemaciclib, several clones with CDK6 amplification 
emerged. Increased kinase expression caused abemaciclib resistance but 
also decreased response to ER antagonists, due to decreased ER and PR 
expression. Of note, knockdown of CDK6 restored drug sensitivity. The 
reduced ER/PR expression resulting by CDK4/6 inhibitor resistance was 
also observed in CDK4/6-treated patients' tumor biopsy specimens. 

Amplification of CDK4 exists in a number of tumors, such as in 
approximately 50 % of glioblastomas [49], while a specific point mu-
tation in the CDK4 gene in melanomas, results in the constitutive acti-
vation of the CDK4 protein, which confers insensitivity to negative 
regulation by the INK4 family members, most notably p16 [50]. In 
fusion-positive rhabdomyosarcoma, CDK4 amplification reduces its 
sensitivity to CDK4/6 inhibition by ribociclib [51], while in well 
differentiated liposarcoma cell lines and xenografts (a tumor type 
characterized by CDK4 amplification) ribociclib has shown significant 
anti-proliferative activity [52]. Here, it is worth mentioning that loss of 
function of the FAT1 gene in breast cancer leads to induction of CDK6 
expression mediated by the Hippo pathway with accumulation of YAP 
and TAZ transcription factors on the CDK6 promoter, thus, promoting 
resistance to CDK4/6 inhibition. Mutations in FAT1 are observed in 
approximately 2 % of primary and 6 % of metastatic HR+/HER2- breast 
cancers [53]. However, at present the available data do not support the 
hypothesis that overexpression of CDK4 or CDK6 is one of the major 
intrinsic (de novo) resistance mechanisms to CDK4/6 inhibition. 
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3.1.2.4. Cyclin D1 amplification. Cyclin D1 is encoded by the CCND1 
gene. CCND1 overexpression elicits a number of potentially oncogenic 
responses in experimental models and is associated with poor patient 
outcome. It was also considered that it could serve as a biomarker to 
predict the response to CDK4/6 inhibitors [54]. Lundberg et al. [55], 
compared CCND1 amplified versus non-amplified tumors and found that 
amplified tumors show higher expression of the proliferation gene 
MKI67 across all PAM50 subtypes, but this increase in proliferation 
found in amplified tumors is unlikely to be dependent on the upregu-
lation of CDK4/6. 

3.1.2.5. Cyclin E-CDK2 amplification. Aberrant activation of cyclin E- 
CDK2 complexes downstream of CDK4/6 can bypass CDK4/6 inhibition 
by fully phosphorylating RB and releasing E2F, thus, triggering the cell's 
subsequent entry into S phase. Therefore, the overexpression of cyclin E 
has been proposed as one of the potential mechanisms of resistance to 
CDK4/6 inhibitors [35,56]. A meta-analysis of 7759 patients from 23 
studies which evaluated the correlation between cyclin E overexpression 
and survival in patients with early breast cancer showed that cyclin E 
overexpression had an unfavorable impact on OS and breast cancer- 
specific survival [57]. Overexpression of cyclin E2 has a strong associ-
ation with genome duplication, possibly contributing to the develop-
ment of highly proliferative and genomically unstable breast cancers 
[58], and is also associated with endocrine resistance and reduced 
sensitivity to CDK4/6 inhibitors in breast cancer cell lines [22]. Inter-
estingly, CDK2 inhibition of cyclin E overexpressing cells and tamoxifen- 
resistant cells restored sensitivity to both tamoxifen and CDK4 inhibition 
[59]. In a correlative analysis of the PALOMA-3 trial, tumor tissue of 302 
patients was analyzed. Primary analysis was first conducted on 10 genes 
on the basis of pathway biology and evidence from previous studies 
followed by a systematic panel-wide search among 2534 cancer-related 
genes. Palbociclib efficacy was lower in patients with high versus low 
cyclin E1 (CCNE1) mRNA expression (median PFS 7.6 versus 14.1 
months; unadjusted p = 0.00238). CCNE1 mRNA was more predictive in 
metastatic than in archival primary biopsy tissue samples. No significant 
interaction was found between treatment and expression levels of CDK4, 
CDK6, cyclin D1, and RB1. Also, high CCNE1 mRNA expression was 
associated with poor antiproliferative activity of palbociclib in the 
Preoperative Palbociclib (POP) clinical trial. These findings suggest 
CDK2 as a key bypass kinase of CDK4/6 inhibition and identify potential 
therapeutic approaches to prevent early progression on CDK4/6 in-
hibitors [60]. 

3.1.3. Loss of FZR1 
FZR1 protein is one of the two well-established co-activators of the 

anaphase-promoting complex (APC), which is an E3 ligase that regulates 
mitotic and meiotic progression through the ubiquitylation and subse-
quent degradation of key sets of substrates, such as cyclin B and securin 
[61]. APCFZR1-mediated protein degradation acts to inhibit G1/S pro-
gression, while cyclin D phosphorylation by CDK4 counteracts these 
inhibitory functions [62]. Although mutations of the FZR1 gene are not 
common, the level of FZR1 protein expression and its functional activity 
can be compromised in human cancer [63]. Reduced FZR1 levels 
correspond to reduced sensitivity for CDK4/6-specific inhibitors [62]. 

3.1.4. Epigenetic alterations 
Cell cycle progression may be regulated by epigenetic modifiers, 

which affect gene transcription without altering the genome sequence. 
One example are histone deacetylases (HDACs), which increase chro-
matin condensation and thus suppress p21 [64], that is capable of 
inhibiting all cyclin/CDK complexes even though primarily associated 
with the inhibition of CDK2 [65]. The association between HDACs and 
the development of resistance to CDK4/6 inhibitors is currently un-
known. It should be noted, however, that preclinical data show that the 
induced by entinostat (an oral, class 1, selective HDAC inhibitor) 

apoptosis through enhancement of proapoptotic proteins, including Bim 
and Noxa, and the induced by palbociclib cell-cycle arrest synergize to 
produce enhanced antitumor effects in ER-positive breast cancer and 
TNBC cell lines with high phospho-Rb expression levels [12,66]. 

Another example is the increased transcriptional activity of Activator 
protein 1 (AP-1). AP-1 is a transcription factor that regulates gene 
expression in response to a variety of stimuli, including cytokines, 
growth factors, stress, and bacterial and viral infections [95]. Experi-
mental data in preclinical models suggested the activation of AP-1 as a 
potential mechanism of resistance to palbociclib in ER+ endocrine 
resistant tumor cells, since AP-1 blockade inhibited cell growth and 
reduced CDK2 and phosphorylated RB levels [96]. 

3.1.5. Smad3 suppression 
Smad3 is a member of the Smad family of transcriptional factors that 

act as mediators of TGF-β signal transduction. TGF-β signaling plays a 
critical role in tumorigenesis by regulating cell proliferation, apoptosis, 
angiogenesis, immune surveillance and metastasis [69,70]. TGF-β binds 
to its dual-specificity kinase receptor complex, consisting of type II and 
type I receptors, which phosphorylates Smad2 and/or Smad3. The 
phosphorylated Smad2 and/or Smad3 proteins form an oligomeric 
complex with Smad4. This Smad complex is then transported into the 
nucleus, where Smad proteins bind to promoters of target genes such as 
CDKN2B, CDKN1A and CDKN1C to confer cell cycle arrest [67,68]. It 
has been shown that Smad3 activity is negatively regulated by CDK4 and 
CDK2 phosphorylation in fibroblasts [69], while experimental data in 
breast cancer cell lines suggest that the oncogenic effects of cyclin D1 
overexpression are induced, in part, through CDK4-mediated phos-
phorylation inhibition of Smad3 [70] which in turn releases the RB-E2F 
blockade induced by Smad3 resulting in loss of cell cycle arrest [12,70]. 
These data, together with the observation that overexpression of cyclin E 
leads to Smad3 noncanonical phosphorylation resulting in trastuzumab 
resistance in a HER2+ preclinical breast cancer model [71], indicate 
that resistance to CDK4/6 inhibition may be the result of Smad3 sup-
pression by the activated cyclin E-CDK2 complex. Therefore, combined 
inhibition of CDK2 and CDK4/6 or augmenting Smad3 activity may 
represent promising strategies in this setting [12]. 

3.2. Alterations in cell cycle-nonspecific mechanisms 

3.2.1. Aberrant PI3K/AKT/mTOR signaling 
The PI3K/AKT/mTOR signaling pathway is the most frequently 

altered pathway in HR+ breast cancer and is associated with tumor 
development, disease progression, and endocrine resistance [72,73]. A 
systematic literature review of the prevalence of activating mutations in 
the PIK3CA gene and mutation hotspots in HR+/HER2-negative mBC 
showed that the rate of reported mutations ranged from 13.3 % to 61.5 
% (median prevalence 36.4 %) with the most commonly tested hotspot 
mutations being H1047R and E545K. H1047R hotspot mutation preva-
lence ranged between 25 % and 75 %, while the E545K prevalence 
ranged between 11.1 % and 50 % [74]. These mutations induce 
hyperactivation of the alpha isoform (p110α) of PI3K. Furthermore, 
mutations in genes that constitute the PI3K/AKT/mTOR pathway occur 
in >70 % of breast cancers [73]. In the PALOMA-3 trial [15,36], ac-
quired PIK3CA mutations emerged after treatment in 8.2 % of the entire 
patient population and the proportion of them did not differ between 
treatment groups. This highlights the potential role of PI3K inhibitor use 
after therapy or triple combination therapy (AI, CDK4/6 inhibitor and 
PI3K inhibitor) to prevent resistant clone development initiated by ac-
quired PIK3CA mutations [36]. 

Τhe cross-talk between cell cycle regulatory pathways and the PI3K/ 
AKT/mTOR signaling pathway gives the latter a specific role related to 
resistance to CDK4/6 inhibitors [75]. The PI3K/AKT/mTOR pathway 
can promote the stability of the CDK4/6 complex, thus reversing the 
effects of CDK4/6 inhibition [75], while loss of PTEN expression medi-
ates resistance by increasing AKT activation and excluding p27 from the 
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nucleus, thus, leading to the excessive activation of both CDK4 and 
CDK2. Elevated levels of phosphorylated AKT have been shown to 
correlate with prolonged expression of cyclin E2-CDK2 complex, 
rendering the cells able to bypass cyclin D-CDK4/6 [76]. On the other 
hand, PTEN loss also causes resistance to PI3Kα inhibitors, currently 
administered in the next line of treatment after the development of 
resistance to CDK4/6 inhibitors [77]. 

Cyclin D1 acts as common node in the crosstalk of PI3K/AKT/mTOR 
cascade with the RB/E2F and ER pathways. For example, the direct 
binding of cyclin D1 to the hormone binding domain of the ER results in 
increased binding of the receptor to estrogen response element se-
quences, thereby upregulating estrogen receptor-induced transcription 
[78]. Similarly, the 40 S ribosomal S6 kinase 1 (S6K1) that acts down-
stream of mTOR, phosphorylates ERα, leading to its transcriptional 
activation [79]. In the context of the interactions of the aforementioned 
pathways, it is worth emphasizing that the AKT-mediated phosphory-
lation of glycogen synthase kinase 3β on serine9 decreases its kinase 
activity for Thr286 of cyclin D1, which inhibits the nuclear export and 
the cytoplasmic proteasomal degradation of cyclin D1, thus leading to 
sustained nuclear expression of cyclin D1 [80]. Therefore, various al-
terations in the PI3K/AKT/mTOR pathway, such as upregulation and 
overexpression of phospho-AKT, PDK1, p70S6K, and downregulation of 
PTEN, emerge as interesting mechanisms of resistance to CDK4/6 in-
hibitors and stress the possibility of combined inhibition of ER, CDK4/6 
and PI3Κ to improve therapeutic results [75]. 

3.2.2. Aberrant FGFR signaling 
FGF/FGFR signaling is involved in many key mechanisms leading to 

cancer, such as such as proliferation, differentiation, and cell survival 
[81,82]. There is substantial evidence to support the existence of aber-
rant FGFR signaling in the pathogenesis of multiple cancers. The un-
derlying mechanisms that drive this signaling is largely tumor-specific 
and can be divided into genomic FGFR alterations that drive ligand- 
independent receptor signaling and alterations that support ligand- 
dependent activation [82]. A large next-generation sequencing anal-
ysis of 4853 solid tumors showed that FGFR aberrations are harbored in 
7.1 % of cancers [83]. In breast cancer, the amplification of FGFR1 
represents the most frequent genomic alteration, whereas the amplifi-
cation of the FGFR2–4 genes is less common [84–86]. Other FGFR mo-
lecular aberrations in breast cancer include point mutations and 
chromosomal translocations [86]. 

Acquired FGFR and FGF alterations confer resistance to the selective 
ER degraders (SERDs) fulvestrant and brilanestrant (GDC-0810). A 
genome-scale functional screen spanning 10,135 genes performed to 
investigate genes whose overexpression can lead to the development of 
resistance to SERDs revealed that the FGFR, ERBB, insulin receptor, and 
MAPK pathways represent the main pathways through which endocrine 
resistance develops [87]. Furthermore, whole exome sequencing in 
paired pretreatment and post-resistance biopsies demonstrated that the 
FGFR pathway was altered via FGFR1, FGFR2, or FGF3 amplifications or 
FGFR2 mutations in 40 % of patients with mBC who had developed 
resistance to ER-directed therapy. Notably, half of these alterations in 
the post-resistance tumor specimens were either acquired or enriched 
under the selective pressure of the endocrine therapy, while two acti-
vating FGFR2 mutations have been identified to be associated with 
resistance to palbociclib and/or fulvestrant. In vitro, the resistance 
phenotypes were reversed by FGFR inhibitors, a MEK inhibitor, and/or a 
SHP2 inhibitor [87]. In line with these data are the findings presented at 
ASCO 2019 by O'Leary et al. [88]. Using baseline plasma samples from 
310 patients randomized in the PALOMA-3 trial, somatic mutations 
were assessed with a 17 gene panel. Higher baseline tumor purity in 
plasma was associated with worse PFS, as was baseline TP53 mutation 
and baseline FGFR1 amplification (HR 2.91, 95%CI 1.61–5.25, p =
0.0004). On the other hand, PIK3CA and ESR1 mutations had no sig-
nificant association with PFS in the multivariable model. 

FGFR1 has been identified as a potential mechanism of acquired 

resistance to CDK4/6 inhibitors in combination with endocrine therapy 
using a library of 559 sequence-validated kinase open reading frame 
(ORF) clones in MCF-7 cells. The resistance was abrogated by treatment 
with lucitanib, a tyrosine kinase inhibitor of VEGFR 1/2/3, PDGFRα/β 
and FGFR 1/2/3. Addition of erdafitinib, another FGFR TKI, to palbo-
ciclib and fulvestrant induced complete responses of FGFR1-amplified/ 
ER+ patient-derived-xenografts [89]. In the same study, a subgroup 
analysis of patients treated with ribociclib plus letrozole in the 
MONALEESA-2 trial [16], showed a PFS of 10.61 months in patients 
with FGFR1/ZNF703 fusion gene amplification versus 24.84 months in 
those with wild-type FGFR1/ZNF703 (p = 0.075). Furthermore, patients 
with high FGFR1 mRNA expression (>50 % of median mRNA expres-
sion) showed a median PFS of 22.21 months, while in patients with low 
FGFR1 mRNA, median PFS had not been reached after a follow-up of 32 
months. Finally, the analysis of post-progression circulating tumor DNA 
(ctDNA) from 34 patients treated with palbociclib plus letrozole 
demonstrated FGFR alterations, including FGFR1 amplification, FGFR2 
amplification, and activating FGFR1 and FGFR2 mutations [89]. 

3.2.3. ATM-Chk2 activation 
The repair of DNA strand breaks is coordinated by two different 

mechanisms, the ATM-Chk2 and ATR-Chk1 kinase signaling cascades, 
which are activated by DNA double-strand breaks (DSBs) and single- 
strand breaks (SSBs), respectively. In response to DSBs, ATM is 
required both for ATR-Chk1 activation and to initiate DNA repair via 
homologous recombination [90]. 

After DNA damage, Chk2 is phosphorylated by ATM leading through 
conformational changes to its activation. When activated, Chk2 phos-
phorylates various nuclear proteins involved in many aspects of the DNA 
damage responses [91]. Among the substrates of Chk2 is Cdc25A pro-
tein, a dual-specificity phosphatase, which removes the inhibitory 
phosphate groups from adjacent tyrosine and threonine residues in 
CDK2, CDK4, and CDK6, thus, positively regulating their activities that 
lead to cell cycle progression [92]. Cdc25A phosphorylation by Chk2 
results in its subsequent degradation by the proteasome which prevents 
the dephosphorylation and activation of CDK2 [93]. 

Therefore, the cross talk between the ATM-Chk2-Cdc25A and cyclin 
D-CDK4/6-RB axes is of particular interest. In the pooled ctDNA analysis 
from 1503 patients enrolled in the phase III trials MONALEESA-2, 3, and 
7, those with alterations in CHD4, BCL11B, ATM, or CDKN2A/2B/2C 
derived little to no added PFS benefit with ribociclib versus placebo (p <
0.10; HR >0.80). On the other hand, patients with alterations in FRS2 
and PRKCA, as well as MDM2, ERBB2, AKT1, and BRCA1/2 had a trend 
for increased PFS benefit with ribociclib versus placebo [94]. 

3.2.4. Loss of ER expression 
As previously mentioned, acquired CDK6 amplification results in 

resistance to abemaciclib in preclinical models, while at the same time 
led to decreased ER and PR expression with a consequent reduced 
responsiveness to ER antagonists. Reduced ER/PR expression after the 
development of resistance to CDK4/6 inhibitors is observed in tumor 
biopsy specimens from patients treated with these drugs [48]. These 
data suggest that loss of ER dependence may drive tumor cells to escape 
CDK4/6 inhibition [12]. 

3.3. Other mechanisms of resistance 

3.3.1. Immune evasion 
Goel et al. [97], using murine models of breast cancer and other solid 

tumors showed that selective CDK4/6 inhibitors not only induce tumor 
cell cycle arrest, but also promote anti-tumor immunity. They confirmed 
this phenomenon through transcriptomic analysis of serial biopsy sam-
ples from the NeoPalAna clinical trial [98] of neoadjuvant palbociclib, 
and anastrozole for clinical stage II or III ER-positive breast cancer. 

In particular, the enhanced anti-tumor immune response elicited by 
CDK4/6 inhibitors was found to be due to the activation of expression of 
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endogenous retroviral elements that increases the intracellular levels of 
double-stranded RNA, but also to the marked suppression of the pro-
liferation of regulatory T cells (Tregs). The increased double-stranded 
RNA levels stimulate production of type III interferons and hence 
enhance tumor antigen presentation. On the other hand, very recently it 
has been shown, that aberrant IFN signaling is associated with intrinsic 
resistance to CDK4/6 inhibitors. Also, acquired resistance to palbociclib 
is associated with activation of the IFN pathway [99]. The effects of 
CDK4/6 inhibitors on both tumor cells and Tregs are associated with 
reduced activity of the E2F target, DNA methyltransferase 1. These 
events promote cytotoxic T cell-mediated clearance of tumor cells, 
which may be further enhanced by the addition of immune checkpoint 
blockade. The CDK4/6 inhibitor abemaciclib induced a T cell inflamed 
tumor microenvironment and enhanced the efficacy of PD-L1 immune 
checkpoint blockade in murine syngeneic tumor models and in vitro 
assays [100]. All these data indicate that CDK4/6 inhibitors increase 
tumor immunogenicity and provide a rationale for new combination 
regimens comprising CDK4/6 inhibitors and immunotherapies. 
Furthermore, these combinations might have some role in overcoming 
resistance to CDK4/6 inhibitors [12]. 

3.3.2. Autophagy 
Autophagy is the main system of intracellular degradation by which 

cytoplasmic materials are delivered to and degraded in the lysosome. 
However, the purpose of autophagy is not simply the elimination of 
materials, but instead, autophagy serves as a dynamic recycling system 
that produces new building blocks and energy for cellular renewal and 
homeostasis [101]. Autophagy is generally considered as a survival 
mechanism, although its deregulation has been linked to non-apoptotic 
cell death. Furthermore, autophagy promotes cellular senescence, cell 
surface antigen presentation, and protects against genome instability 
[102]. Autophagy inhibition has been shown to enhance the therapeutic 
response in both anthracycline-sensitive and -resistant in vitro and in vivo 
TNBC models [103]. Vijayaraghavan et al. [104], reported that breast 
cancer cells activated autophagy in response to palbociclib treatment, 
and that the combination of autophagy and CDK4/6 inhibitors induced 
irreversible growth inhibition and senescence in vitro, and decreases the 
growth of cell line and patient-derived xenograft tumors in vivo. 
Furthermore, intact G1/S transition, i.e. RB-positive and low-molecular- 
weight isoform of the cytoplasmic cyclin E-negative phenotype, was a 
reliable prognostic biomarker in ER positive breast cancer patients and 
suggestive of preclinical sensitivity to combined autophagy and CDK4/6 
inhibition. These data, together with the findings of other studies in 
various solid tumors [104], highlight the role of this combined inhibi-
tion, as an interesting approach to breast cancer, capable of overcoming 
resistance to CDK4/6 inhibitors. 

4. Strategies to overcome resistance to CDK4/6 inhibitors 

4.1. Targeting PI3K/AKT/mTOR signaling 

Various preclinical data have shown that activated PI3K/AKT/mTOR 
pathway appears to represent an important mechanism for both intrinsic 
and acquired resistance to CDK4/6 inhibitors [76,105–108]. The PI3K/ 
AKT/mTOR pathway is a key signaling driver of proliferation and sur-
vival of cancer cells and its dysregulation and hyperactivation is asso-
ciated with resistance to endocrine treatment in HR+/HER2-negative 
breast cancers [109]. Activation of the PI3K pathway in breast cancer 
has been successfully targeted with small molecule inhibitors. The 
double-blind, randomized, phase III trial BOLERO-2 [110], compared 
everolimus, a selective orally available mTORC1 protein complex in-
hibitor with little impact on the mTORC2 complex, plus exemestane 
versus placebo plus exemestane in postmenopausal women with HR+
advanced BC with recurrence/progression during or after non-steroidal 
AIs. Final study results showed that the median PFS was significantly 
improved with everolimus (investigator reviewed HR = 0.45, 95 % CI 

0.31–0.48, p < 0.0001). 
AKT is an important downstream effector of the PI3K signaling 

pathway [80]. Preclinical evidence and data from early phase clinical 
trials support the evaluation of AKT inhibitors as a treatment option for 
patients with HR+ breast cancer [111]. Most of clinical trials have been 
focused on combining AKT inhibitors with hormonal therapy or cyto-
toxic chemotherapy [112]. In the randomized phase II trial LOTUS 
[113], patients with metastatic triple-negative breast cancer previously 
untreated with systemic therapy were randomly allocated to receive 
weekly paclitaxel with either ipatasertib, an orally available inhibitor 
with activity against all AKT isoforms, or placebo. Median PFS was 6.2 
months with ipatasertib versus 4.9 months with placebo (HR = 0.60, 95 
% CI 0.37–0.98, p = 0.037). 

Additional alterations of the PI3K/AKT/mTOR pathway associated 
with resistance to CDK4/6 include, as previously mentioned, loss of 
PTEN [77]. Furthermore, loss-of-function PTEN mutations and ESR1 
activating mutations mediate resistance to PI3Kα inhibition [114]. 
However, the majority of clinical research related to PI3K/AKT/mTOR 
pathway targeting has focused on directly targeting PI3K, which is often 
activated through mutations of the PIK3CA gene. In the phase III trial 
BELLE-2 [115], postmenopausal women with HR+/HER2-negative mBC 
that progressed on or after AI treatment were randomly assigned to 
receive fulvestrant plus buparlisib or placebo. Buparlisib is an oral pan- 
class I PI3K inhibitor. Although median PFS was statistically signifi-
cantly longer in the intervention arm (HR = 0.78, 95 % CI 0.67–0.89, p 
= 0,00021), no further clinical trials were performed due to the toxicity 
associated with this inhibitor. On the contrary, the use of alpelisib, an 
orally available alpha-specific PI3K inhibitor, has given much more 
encouraging results. In the phase III trial SOLAR-1 [116], patients with 
HR+/HER2-negative advanced BC, previously treated with endocrine 
therapy, were randomized to fulvestrant plus alpelisib or placebo. In the 
cohort of patients with PIK3CA-mutated breast cancer, median PFS was 
11.0 months in the intervention arm versus 5.7 months in the comparator 
arm (HR = 0.65, 95 % CI 0.50–0.85, p < 0.001). Interestingly, within the 
same cohort, HR for progression or death was 0.48 (95 % CI 0.17–1.36) 
for patients who received alpelisib plus fulvestrant and had previously 
been treated with a CDK4/6 inhibitor, while in the cohort with PIK3CA 
wild type breast cancer, HR was 0.85 for those, who were administered 
alpelisib plus fulvestrant. In the alpelisib arm, the most frequent adverse 
events (AEs) of Grade 3 or 4 included hyperglycemia, rash, and diarrhea. 
Based on these results, the FDA approved in 2019 alpelisib in combi-
nation with fulvestrant to treat patients with HR+/HER2-negative, 
PIK3CA-mutated mBC that progressed on or after an endocrine therapy 
[117]. 

In the context of ESR1 mutations, another phase III clinical trial 
(PADA-1) studied patients receiving an AI and palbociclib as first line 
therapy for ER+ HER2- metastatic breast cancer. The aim was to eval-
uate the efficacy of changing hormone therapy to fulvestrant combined 
to palbociclib, at the onset of ESR1 mutations in circulating tumor DNA, 
which cause resistance to first-line AIs. This change upon early mutation 
detection appears to double PFS (NCT03079011). 

Dhakal et al. [118], retrospectively analyzed 41 women with HR+/ 
HER2-negative mBC, who were treated with everolimus combinations 
after disease progression on palbociclib combinations. ORR and clinical 
benefit rate (CBR) were both 17.1 %, while the median PFS was 4.2 
months and the median OS 18.7 months, respectively. Prior to ever-
olimus, 83 % of patients had ≥3 lines of treatment. It should be noted 
here, that in the MONARCH-2 trial the median duration of single-agent 
endocrine therapy given after disease progression was 5.3 months in the 
abemaciclib arm and 4.8 months in the placebo arm. The corresponding 
median duration of everolimus-based treatment was 4.5 months and 8.8 
months in the abemaciclib and placebo arm, respectively, i.e., abema-
ciclib may have adversely affected the duration of everolimus-based 
postprogression treatment options [19]. In a larger single institution 
retrospective review, patients who received 1st line or 2nd line CDK4/6 
inhibitors were analyzed. After progression on a 1st line inhibitor, the 
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median time to treatment failure 2 (TTF-2) was 13.2 months with 
everolimus plus exemestane versus 3.1 months with single-agent hor-
monal therapy, and 4.1 months with single agent chemotherapy, 
respectively. Median TTF-2 was 3.2 months with everolimus plus 
exemestane after progression on a 2nd line inhibitor versus 4.7 months 
with single-agent hormonal therapy, and 2.6 months with single agent 
chemotherapy, respectively [119]. 

The phase I/II TRINITI-1 trial [120] enrolled patients with HR+, 
HER2-negative advanced BC who progressed on a CDK4/6 inhibitor and 
had received ≤3 lines of previous therapy, including up to 1 line of 
chemotherapy. The aim of the study was to investigate the optimal 
combination after disease progression on a CDK4/6 inhibitor and to 
examine the role of continuous blockade of the CDK4/6 pathway. A total 
of 104 patients were enrolled of whom 96 (92.3 %) had previously been 
treated with a CDK4/6 inhibitor, palbociclib in the vast majority. At 
week 24, the CBR (primary endpoint) was 41.1 % and exceeded the 
predefined 10 % threshold. The median PFS was 5.7 months, while the 
median OS had not been reached at the time of this analysis. Patients 
with both wild type PIK3CA and wild type ESR1 had a numerically 
longer median PFS (9.9 months) than those who had both genes mutated 
or one gene mutated and one wild type. Common AEs included neu-
tropenia and stomatitis. 

A recently published phase I study, evaluated capivasertib 
(AZD5363), a potent orally available inhibitor of all three AKT isoforms, 
as monotherapy or in combination with fulvestrant in heavily pretreated 
patients with HR+, HER2-negative mBC, harboring the activating mu-
tation AKT1E17K [121] that occurs in up to 8 % of patients [122]. Of all 
patients, 91 % had previously received chemotherapy, 35 % mTOR in-
hibitors, and 24 % CDK4/6 inhibitors for metastatic disease. ORR was 
20 % with monotherapy, and within the combination cohort was 36 % in 
fulvestrant-pretreated and 20 % in fulvestrant-naïve patients. At week 
24, across both monotherapy and combination cohorts, CBR was 50 % in 
fulvestrant-pretreated and 43 % in fulvestrant-naïve patients. In the 
context of AKT inhibition, the double-blind, placebo-controlled phase III 
trial FINER [123] is randomizing patients with HR+, HER2-negative 
advanced BC that progressed on 1st line CDK4/6 inhibitor and AI to 
fulvestrant plus ipatasertib or placebo. 

Of particular interest are the very recently published results from 
cohort A of the BYLieve trial [124]. This ongoing, phase ІІ study enrolled 
patients with HR+, HER2-negative, advanced BC, carrying a PIK3CA 
mutation in tumor tissue. Participants were enrolled in three cohorts. In 
cohort A, patients should have progressed on or after a CDK4/6 inhibitor 
plus an AI as the immediate previous treatment. In cohort B, patients 
should have progressed on or after a CDK4/6 inhibitor plus fulvestrant 
as the immediate previous treatment, while cohort C included patients 
who have received systemic chemotherapy or endocrine therapy (other 
than CDK4/6 inhibitor + AI) as immediate prior treatment. Patients in 
cohort A received oral alpelisib plus fulvestrant. With a median follow- 
up of 11.7 months, 61 of 121 patients were alive without disease pro-
gression at 6 months (primary endpoint). The most frequent AEs of 
Grade ≥ 3 were hyperglycemia (28 %), rash (19 %), and maculopapular 
rash (9 %). 

Finally, two phase Ib studies evaluated the triple combination of a 
CDK4/6 inhibitor with fulvestrant and a PI3K inhibitor. PIPA trial [125], 
assessed the combination of palbociclib with fulvestrant and taselisib, an 
orally available β isoform-sparing PI3K inhibitor, in patients with HR+, 
HER2-negative, PIK3CA mutated mBC who had previously received up 
to two lines of chemotherapy for advanced disease. Among evaluable 
patients, ORR was 33 % (95 % CI 16–55 %) with a median PFS of 7.9 
months (95 % CI 5.6–11.8). Most common AEs of Grade ≥ 3 were 
neutropenia and rash. The second phase Ib trial assessed ribociclib plus 
fulvestrant and ribociclib plus fulvestrant plus a PI3K inhibitor (alpelisib 
or buparlisib) in patients with HR+, HER2-negative advanced BC, 
regardless of PIK3CA mutational status. Enrollment for the triple com-
binations was stopped due to unexpected toxicity. In the alpelisib and 
buparlisib triple combinations, ORRs were 16.7 % and 25.0 %, 

respectively [126]. 
All these data show that the efficacy of therapeutic agents targeting 

the PI3K pathway in patients developing resistance to CDK4/6 inhibitors 
clearly requires further research. The evaluation of this pathway should 
be integrated in future studies as it may guide treatment strategies after 
CDK4/6 inhibition. Table 2 shows selected ongoing clinical trials eval-
uating PI3K/AKT/mTOR pathway targeting after progression on CDK4/ 
6 inhibitors. 

4.2. Rechallenge 

Because preliminary findings have shown that drivers of acquired 
resistance are more often associated with endocrine therapy than with 
CDK4/6 inhibition, the Spanish study BioPER [127] investigated the 
efficacy and safety of continuing palbociclib in combination with a 
different endocrine therapy after progressing to previous treatment with 
palbociclib. This phase II trial included patients with ≤2 prior lines of 
endocrine therapy and not more than one line of prior chemotherapy for 
mBC. Palbociclib was combined with endocrine therapy of physician's 
choice, including tamoxifen, exemestane, fulvestrant, anastrozole, or 
letrozole. CBR and ORR were 3.1 % and 34.4 %, respectively. The me-
dian PFS was 2.6 months, while OS data were immature at the time of 
analysis. Prolonging CDK4/6 inhibition beyond progression on a prior 
palbociclib-based treatment is currently being evaluated in the ran-
domized phase II PALMIRA trial [128]. 

4.3. Targeting FGFR signaling 

Aberrant FGFR signaling is among the predominant mechanisms 
contributing to the intrinsic or acquired resistance to CDK4/6 inhibitors. 
Ongoing phase I and II clinical trials evaluating FGFR inhibitors after 
progression on CDK4/6 inhibitors are presented in Table 3. 

It is worth noting here, that Formisano et al. [89] found in their study 
that treatment with fulvestrant + palbociclib + lucitanib of FGF2- 
stimulated CAMA1 cells reduced gene signatures involved in prolifera-
tion (such as CCND1), and intracellular signaling and mesenchymal 
pathways. Furthermore, they observed that FGFR hyperactivity can 
confer resistance independently of MEK/ERK activation, while they 
were unable to identify any ER+/HER2− /FGFR1-amplified breast can-
cer cells without associated CCND1 amplification. 

4.4. Combined CDK2 and CDK4/6 inhibition 

Unlike CDK4, CDK2 does not require p27 to stabilize the interaction 
with cyclin E. In fact, phosphorylation of RB by CDK2 is inhibited 
whenever phosphorylated or unphosphorylated p27 is associated with 
the complex. However, even in those cases, tyrosine-phosphorylated 
p27-cyclin E-CDK2 complexes are capable of phosphorylating p27 at a 
distal threonine residue, making p27 a target for ubiquitin-induced 
degradation and resulting in reduced p27 stability. This in turn causes 
a reduced association of p27 with CDK2 and consequently an indirect 
activation of the cyclin E-CDK2 complex [129]. Thus, blocking the 
phosphorylation of p27 tyrosine 88 residue (pY88) may have the 
advantage of not degrading and stabilizing p27 in its non- 
phosphorylated form, thus allowing it to inhibit both CDK2 and CDK4. 
Patel et al. [130], found that by targeting p27 with the Brk-SH3 peptide 
ALT, both CDK4 and CDK2 were inhibited, resulting in durable arrest, 
increased senescence, and tumor regression in xenograft models. In 
addition, ALT showed synergistic action with palbociclib, increasing its 
effects. 

In this context, Pandey et al. [131], investigating the mechanisms of 
resistance to CDK4/6 inhibitors using a palbociclib-resistant preclinical 
model, observed that cyclin E was significantly overexpressed in 
palbociclib-resistant cells and a similar association was also confirmed 
in pleural effusion samples collected from HR-positive breast cancer 
patients. In addition, they showed that combined inhibition of CDK2 and 
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CDK4/6 could be a promising approach to treating palbociclib-resistant 
breast cancer. Here it is worth mentioning the discovery of PF- 
06873600, a combined CDK2/4/6 inhibitor, that has been identified 
as a promising cancer treatment candidate and has already advanced to 
phase I clinical trials [132]. 

Table 2 
Selected ongoing clinical trials evaluating PI3K/AKT/mTOR pathway targeting 
after progression on CDK4/6 inhibitors.  

Trial Identifier Type 
of trial 

Study population Regimen/ 
treatment arms 

Status 

NCT02599714 
(PASTOR) 

Phase 
I 

Patients with 
metastatic HR+, 
HER2- BCa 

AZD2014 
(Vistursetib)b +

Palbociclib +
Fulvestrant 

Active not 
recruiting 

NCT03006172 Phase 
I 

Patients with 
metastatic 
PIK3CA-mutant 
HR+, HER2- or 
HER2+ BC 

Experimental 
Arms: 
Inavolisibc +

Letrozole ±
Palbociclib 
Inavolisib +
Fulvestrant ±
Palbociclib 
Inavolisib +
Fulvestrant +
Palbociclib +
Metformin 
Inavolisib +
Trastuzumab +
Pertuzumab 

Recruiting 

NCT03959891 
(TAKTIC) 

Phase 
I 

Patient with HR+, 
HER2- advanced 
BC, that has 
previously 
progressed on at 
least one prior 
therapy, including 
ETd with or 
without a CDK4/6 
inhibitor 

Cohort 1: 
Fulvestrant +
Ipatasertibe 

Cohort 2: 
AIf + Ipatasertib 
Cohort 3: 
Fulvestrant +
Ipatasertib +
Ribociclib 

Recruiting 

NCT02684032 Phase 
Ib 

Patients with 
metastatic HR+, 
HER2- BC and no, 
only one, or up 
two prior 
endocrine 
therapies in the 
metastatic setting 
following 
treatment with a 
CDK4/6 inhibitor 

Experimental 
Arms: 
Gedatolisibg +

Palbociclib +
Letrozole 
Gedatolisib +
Palbociclib +
Fulvestranth 

Active not 
recruiting 

NCT02389842 
(PIPA) 

Phase 
Ib 

Part A: Patients 
with advanced 
solid tumors 
refractory to 
standard therapy 
Part B1: Patients 
with PIK3CA 
mutant HR+
HER2- advanced 
BC 
Part B2: Patients 
with PIK3CA 
mutant advanced 
solid tumors 
including patients 
with PIK3CA 
mutant HR- and/ 
or HER2+ BC 

Experimental 
Arms: 
Palbociclib +
Taselisibc 

Palbociclib +
Pictilisibi 

Palbociclib +
Taselisib or 
Pictilisib +
Fulvestrant (only 
for patients in 
Part B1) 

Active, not 
recruiting 

NCT01857193 Phase 
Ib 

Patients with 
metastatic BC 
refractory to 
CDK4/6 inhibitor 
(other than 
ribociclib) and ≤1 
prior lines of 
chemotherapy 

Experimental 
Arms: 
Ribociclib +
Everolimus +
Exemestane 
Ribociclib +
Exemestane 

Completed 

NCT02732119 
(TRINITI-1) 

Phase 
I/II 

Patients with 
metastatic BC 
refractory to a 
CDK4/6 inhibitor 
(other than 
ribociclib) and ≤1 

Ribociclib +
Everolimus +
Exemestane 

Completed  

Table 2 (continued ) 

Trial Identifier Type 
of trial 

Study population Regimen/ 
treatment arms 

Status 

prior lines of 
chemotherapy 

NCT03803761 Phase 
I/II 

Patient with HR+, 
HER2- advanced 
BC, that has 
previously 
progressed on an 
AI plus a CDK4/6 
inhibitor 

Fulvestrant +
Copanlisibj 

Recruiting 

NCT02871791 Phase 
I/II 

Patients with 
metastatic ER+, 
HER2- BC 
refractory to a 
CDK4/6 inhibitor 
and a non- 
steroidal AI 

Palbociclib +
Everolimus +
Exemestane 

Active not 
recruiting 

NCT04524000 Phase 
II 

Japanese patients 
with HR+, HER2- 
advanced BC and 
no prior 
chemotherapy, 
harboring a 
PIK3CA mutation, 
whose disease has 
progressed on or 
after an AI 
treatment, 
regardless of prior 
CDK4/6 inhibitor 
use 

Cohort 1 (CDK4/6 
inhibitor naïve or 
pre-treated): 
Fulvestrant +
escalating doses 
of Alpelisibc 

Cohort 2 (CDK4/6 
inhibitor naïve): 
Fulvestrant +
Alpelisib 
Cohort 3 (CDK4/6 
inhibitor pre- 
treated): 
Fulvestrant +
Alpelisib 

Recruiting 

NCT03056755 
(BYLieve) 

Phase 
II 

Patient with HR+, 
HER2- advanced 
BC, harboring a 
PIK3CA mutation, 
who have 
progressed on or 
after prior 
treatments 

Cohort 1 (prior 
CDK4/6 inhibitor 
+ AI): 
Fulvestrant +
Alpelisib 
Cohort 2 (prior 
CDK4/6 inhibitor 
+ Fulvestrant): 
Letrozole +
Alpelisib + LHRH 
agonist if 
premenopausal 
Cohort 3 (prior 
chemotherapy or 
ET): 
Fulvestrant +
Alpelisib 

Recruiting 

NCT04650581 
(FINER) 

Phase 
III 

Women with 
HR+, HER2- 
metastatic BC who 
progressed on 1st 
line CDK4/6 
inhibitor and AI 

Comparator Arm: 
Fulvestrant +
Placebo 
Experimental Arm: 
Fulvestrant +
Ipatasertibe 

Recruiting  

a Breast cancer. 
b mTOR inhibitor. 
c Selective PI3Kα inhibitor. 
d Endocrine therapy. 
e Inhibitor of all 3 AKT isoforms. 
f Aromatase inhibitor. 
g Dual inhibitor of PI3Kα, PI3Kγ and mTOR. 
h Patients receiving fulvestrant may have previously been treated with a 

CDK4/6 inhibitor. 
i PI3Kα/δ inhibitor. 
j Pan-class I PI3K inhibitor. 
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4.5. MAPK inhibition 

The mitogen-activated protein kinase (MAPK) pathway is a tightly 
regulated signaling cascade frequently mutated or deregulated in can-
cer. Extra- and intracellular stimuli activate the MAPK cascade that 
regulates a broad variety of cellular programs including proliferation, 
differentiation, stress responses and apoptosis [133,134]. The best- 
studied MAPK pathways are the extracellular signal-regulated kinase 
(ERK) and stress-activated MAPK (c-Jun N-terminal kinase JNK and 
p38) pathways. The MAPK pathway interferes with the cell cycle ma-
chinery at many stages [133]. Transcriptional regulation of cell cycle 
components by MAPKs links CDK4/6 to the MAP kinase cascade. MAPKs 
regulate the expression levels of D-type cyclins, key players of the cell 
cycle [135]. Changing the levels of D-type cyclins impacts on the acti-
vation of their cell cycle partners, CDK4 and CDK6. 

De Leeuw et al. [136], demonstrated that acquired resistance to 
palbociclib results in a kinome rewiring that not only promotes thera-
peutic resistance, but imparts aggressive phenotypes associated with 
tumor proliferation and invasion. Furthermore, mechanistic research 
has identified a dependence on MAPK activation. Thus, the MAPK 
signaling pathway may be a potential therapeutic target for tumors that 
bypass CDK4/6 inhibition. 

4.6. Immunotherapy 

Recent studies suggest that CDK4/6-targeted therapies actually exert 
a complex network of immunomodulatory effects not only on tumor 
cells but also on immune cells from the tumor microenvironment [137]. 
As previously mentioned, in a mouse model of HER2-driven mammary 
carcinoma, CDK4/6 inhibition resulted in reduced proliferation of the 
immunosuppressive FoxP3+ Treg population [97]. Combination of 
CDK4/6 inhibitors with anti-PDL1 blockade results in tumor regressions 
accompanied by enhanced antigen presentation, T cell inflamed 
phenotype, and cytotoxic T cell-mediated clearance of breast and lung 
cancer cells [97,138]. In addition to the above data, the findings of 
several other preclinical studies involving not only breast cancer but also 
other solid tumors provide the rationale for the synergy between CDK4/ 
6 inhibition and immune checkpoint blockade [137,139]. 

The MORPHEUS-HR + BC phase Ib/II trial (NCT03280563) is 
enrolling patients with metastatic or unresectable locally advanced HR- 
positive breast cancer who have progressed during or after first-line 
treatment with a CDK 4/6 inhibitor and whose tumors do not express 
HER2 [140], while the MORPHEUS-TNBC trial (NCT03424005) is 
recruiting patients with metastatic or unresectable locally advanced 
TNBC who have progressed during or after first-line treatment with 
chemotherapy. The phase II part of the MORPHEUS-HR + BC trial is an 
umbrella study that randomizes patients to various immunotherapy- 
based treatment combinations: atezolizumab + entinostat, atezolizu-
mab + fulvestrant, atezolizumab + ipatasertib, atezolizumab + ipata-
sertib + fulvestrant, atezolizumab + bevacizumab + endocrine therapy 
selected by the physician (fulvestrant, exemestane, or tamoxifen), and 
atezolizumab + abemaciclib + fulvestrant. In the randomized part, 
fulvestrant is the active comparator. 

Another multicenter phase II trial (PACE), randomizes patients with 
HR-positive/HER2-negative mBC that has progressed despite prior 
CDK4/6 inhibition and endocrine therapy in a 1:2:1 ratio to fulvestrant 
alone (with option for palbociclib monotherapy crossover at time of 
progression), fulvestrant + palbociclib, or fulvestrant + palbociclib +
avelumab [141]. The primary objective is to evaluate PFS with the 
combination of fulvestrant and palbociclib versus fulvestrant alone. 
Secondary objectives include ORR and PFS comparisons for other arms 
and assessment of outcomes in predefined molecular subgroups 
including ESR mutation, PI3K mutation, loss of Rb, safety and tolera-
bility, and comparing OR by RECIST versus irRECIST. Table 4 shows 
selected ongoing clinical trials evaluating immunotherapy after pro-
gression on CDK4/6 inhibitors. 

4.7. Other combinatorial approaches 

4.7.1. Combined CDK4/6, PI3K, and BET inhibition 
The bromodomain and extraterminal (BET) protein family (BRD2, 

BRD3, BRD4, and BRDT) are epigenetic readers that, via bromodomains, 
regulate gene transcription by binding to acetylated lysine residues on 
histones and master transcriptional factors. Dysregulated bromodo-
mains of BET proteins are frequently found in cancer showing aberrant 
chromatin remodeling and gene expression. BET inhibitors prevent 
protein-protein interaction between BET proteins and acetylated his-
tones and transcription factors [142]. Clinical trials of BET inhibitors 
have already been initiated for breast cancer. These include phase I 
clinical trials on Mivebresib (ABBV-075) (NCT02391480), GSK525762 
NCT01587703, R06870810 (NCT03292172, NCT01987362), phase I/II 
clinical trials on INCB057643 (NCT02711137), INCB054329 
(NCT02431260), GS-5829 (NCT02983604), LX 51107, (NCT02683395), 
BMS-986158 (NCT02419417) and GSK525762 (NCT01587703) and a 
phase II trial on ZEN003694 (NCT03901469) [143]. 

Burgoyne et al. [144], described a new synthetic small molecule 
inhibitor (SRX3177) with triple action against the targets CDK4/6, PI3K 
and BET. The molecule has shown potent inhibitory activity against the 
three targets and demonstrated increased specific cytotoxicity against a 

Table 3 
Ongoing phase I and II clinical trials evaluating FGFR inhibitors after progres-
sion on CDK4/6 inhibitors.  

Trial identifier Type 
of trial 

Study population Regimen/ 
treatment 
arms 

Status 

NCT03238196 Phase 
I 

Patients with 
ER+, HER2-, 
FGFR-amplified 
metastatic BC 

Fulvestrant +
Palbociclib +
Erdafitiniba 

Active not 
recruiting 

NCT04483505 
(ROGABREAST) 

Phase 
I 

Patients with 
FGFR1/2/3- 
positive, HR+, 
HER2- mBC and a 
previous 
hormonal 
treatment line for 
metastatic disease 
with a CDK4/6 
inhibitor 

Rogaratinibb 

+ Palbociclib 
+ Fulvestrant 

Recruiting 

NCT04504331 Phase 
I 

Patients with 
HR+, HER2-, 
FGFR altered mBC 

Infigratinibc 

+ Tamoxifen 
or Fulvestrant 

Recruiting 

NCT04024436 Phase 
II 

Patients with 
locally advanced/ 
metastatic BC 
harboring FGFR 
gene 
amplifications 
who have 
received 1–3 prior 
lines of endocrine 
therapy and up to 
2 prior 
chemotherapy 
regimens and a 
prior treatment 
with a CDK4/6 
inhibitor or are 
ineligible for such 
a treatment 

Experimental 
Arm 1: 
TAS-120d 

Experimental 
Arm 2: 
TAS-120 +
Fulvestrant 

Recruiting  

a FGFR inhibitor. 
b Rogaratinib (BAY-1163877) is an FGFR1/2/3 inhibitor. 
c FGFR1/2/3 inhibitor. 
d TAS-120 (futibatinib) is an orally bioavailable, irreversible FGFR inhibitor. 

M.C. Papadimitriou et al.                                                                                                                                                                                                                     



BBA - Molecular Cell Research 1869 (2022) 119346

11

variety of cancer cells compared with the correspondent most promising 
single inhibitors (palbociclib, BKM120 and JQ1, respectively) or a 
combination of those. The triple inhibitor has the potential of over-
coming some of the problems associated with combination therapy and 
offering a promising strategy against drug resistant tumors. Further-
more, SRX3177 is non-toxic in vitro to normal epithelial cells. 

4.7.2. Chemotherapy and CDK4/6 inhibitors 
Because of their impact on the cell cycle, CDK4/6 inhibitors have 

been hypothesized to eliminate the antitumor effects of cytotoxic 
chemotherapy in tumors that are dependent on CDK4/6 for increased 
proliferation [145]. More specifically, most chemotherapeutic drugs 
used target cells in the S phase and their activity therefore relies on 
active proliferation. On the other hand, inhibition of CDK4/6 causes 
cell-cycle arrest in G0/G1, thus preventing entry into the subsequent 
phases of the cell cycle. Therefore, an antagonistic effect is expected 
when combining CDK4/6 inhibitors with chemotherapeutic agents 
[146]. Indeed, CDK4/6 inhibitors have been found antagonistic in tumor 
models, including TNBC and T-ALL, when used either concomitantly or 
in sequence with chemotherapeutic agents administered to treat these 
malignancies [147,148]. Furthermore, the strong effect of CDK4/6 in-
hibitors in preventing cell-cycle entry can actually be used as an 
advantage to prevent the cytotoxic effect of chemotherapy in normal 
cells. Despite the observed antagonism between CDK4/6 inhibitors and 
chemotherapeutic agents, a few recent studies suggest that CDK4/6 in-
hibitors may actually cooperate with conventional chemotherapy in 

some circumstances. Cao et al. [149], have shown in glioma xenografts 
that selective CDK4/6 inhibition enhances in vivo tumor cell sensitivity 
to temozolomide, while the sequential administration of CDK4/6 in-
hibitors after taxanes cooperates to prevent cellular proliferation in 
pancreatic ductal adenocarcinoma cells, patient-derived xenografts, and 
genetically engineered mice with KRAS G12V and CDKN2a-null muta-
tions frequently observed in pancreatic cancer [150]. 

5. Conclusions 

CDK4/6 inhibitors have been approved in combination with hor-
mone therapy for the treatment of patients with HR+, HER2-negative 
advanced or metastatic breast cancer. Despite their significant activ-
ity, approximately 10 % of patients present with inherent resistance and 
the rest will develop acquired resistance after 24–28 months when used 
as first-line therapy and after a shorter period when used in the second- 
line. Various mechanisms of resistance to CDK4/6 inhibitors have been 
described, including alterations of factors controlling cell cycle pro-
gression, such as RB loss-of-function, E2F amplification, p16 amplifi-
cation, CDK4/6 amplification, and cyclin E-CDK2 amplification. Other 
mechanisms involve alterations in cell cycle-nonspecific mechanisms, 
such as aberrant FGFR signaling, aberrant PI3K/AKT/mTOR signaling, 
and ATM-Chk2 activation. Identifying and targeting these mechanisms 
can be an interesting strategy for bypassing resistance to CDK4/6 in-
hibitors. In clinical trials, targeting of the PI3K/AKT/mTOR pathway, as 
well as that of FGFR, has yielded promising results. Other interesting 

Table 4 
Clinical trials evaluating immune checkpoint inhibitors in combination with various agents after progression on CDK4/6 inhibitors.  

Trial identifier Type of trial Study population Regimen/treatment arms Status 

NCT03294694 Phase I Patients with metastatic HR+, HER- BCa and metastatic ovarian 
cancer 

Cohort A (metastatic ovarian cancer): 
Ribociclib + PDR001 (spartalizumab)b 

Cohort B (metastatic BC): 
Ribociclib + PDR001 + Fulvestrant 

Active, not 
recruiting 

NCT02791334 Phase Ia/Ib Advanced refractory solid tumors including HR+, HER- BC LY-3300054 (lodapolimab)c alone or in 
combination with other agents (with 
abemaciclib in BC) 

Active, not 
recruiting 

NCT03566485 Phase I/II Patients with metastatic ER+, HER2- BC that have been previously 
exposed to an AI or a SERM/SERD + a CDK4/6 inhibitor 

Atezolizumabc + Cobimetinibd or Idasanutline Active not 
recruiting 

NCT03280563 
(MORPHEUS- 
HR + BC) 

Phase Ib/II Patients with advanced or metastatic HR+, HER2- BC who have 
progressed during or following treatment with a CDK4/6 inhibitor in 
the first- or second-line setting 

Stage 1: 
Comparator Arm: 
Fulvestrant 
Experimental Arms: 
Atezolizumab + Entinostatf 

Atezolizumab + Fulvestrant 
Atezolizumab + Ipatasertib 
Atezolizumab + Ipatasertib + Fulvestrant 
Stage 2 (eligible are patients who experience 
disease progression or unacceptable toxicity during 
treatment in Stage 1): 
Atezolizumab + Bevacizumab + Endocrine 
Therapy (fulvestrant, exemestane, or 
tamoxifen) 

Recruiting 

NCT04251169 
(TATEN) 

Phase II Patients with ER+, HER2- locally advanced or metastatic BC, with no 
prior chemotherapy in this setting, refractory to CDK4/6 inhibitors 
(recurrence during or within 12 months after the end of adjuvant 
treatment or progression during or within 6 months after the end of 
treatment in the advanced/metastatic setting) 

Pembrolizumaba + Paclitaxel Recruiting 

NCT02778685 Phase II Patients with metastatic ER+, HER2- BC that have been previously 
exposed or not to a CDK4/6 inhibitor 

Pembrolizumab + Letrozole + Palbociclib Recruiting 

NCT03147287 
(PACE) 

Randomized 
Phase II 

Patients with HR+, HER2-metastatic BC with disease progression on 
an endocrine and CDK4/6 inhibitor regimen in the metastatic setting, 
and/or relapse/progression during or within 12 months of 
completion of an endocrine and CDK4/6 inhibitor regimen in the 
adjuvant setting 

Active Comparator: 
Fulvestrant 
Experimental Arms: 
Fulvestrant + Palbociclib 
Fulvestrant + Palbociclib + Avelumabc 

Recruiting  

a Breast cancer. 
b Anti-PD-1 monoclonal antibody. 
c Anti-PD-L1 monoclonal antibody. 
d An orally available inhibitor of mitogen-activated protein kinase 1 (MAP2K1 or MEK1). 
e An orally available, small molecule, antagonist of MDM2. 
f Histone deacetylase inhibitor. 
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approaches involve combined CDK2 and CDK4/6 inhibition, MAPK in-
hibition and immunotherapy with immune checkpoint inhibitors. 
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