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Abstract: The latest and newest discoveries for advanced and metastatic hormone receptor-positive
(HR+) and human epidermal growth factor receptor 2-negative (HER2-) breast cancer are the three
cyclin-dependent kinases 4 and 6 inhibitors (CDK4/6i) in association with endocrine therapy (ET).
However, even if this treatment revolutionized the world and continued to be the first-line treatment
choice for these patients, it also has its limitations, caused by de novo or acquired drug resistance
which leads to inevitable progression after some time. Thus, an understanding of the overview of the
targeted therapy which represents the gold therapy for this subtype of cancer is essential. The full
potential of CDK4/6i is yet to be known, with many trials ongoing to expand their utility to other
breast cancer subtypes, such as early breast cancer, and even to other cancers. Our research establishes
the important idea that resistance to combined therapy (CDK4/6i + ET) can be due to resistance to
endocrine therapy, to treatment with CDK4/6i, or to both. Individuals’ responses to treatment are
based mostly on genetic features and molecular markers, as well as the tumor’s hallmarks; therefore,
a future perspective is represented by personalized treatment based on the development of new
biomarkers, and strategies to overcome drug resistance to combinations of ET and CDK4/6 inhibitors.
The aim of our study was to centralize the mechanisms of resistance, and we believe that our work
will have utility for everyone in the medical field who wants to deepen their knowledge about ET +
CDK4/6 inhibitors resistance.

Keywords: CDK4/6 inhibitors; advanced/metastatic breast cancer; biomarkers of response; progres-
sion on CDK4/6 inhibitors; resistance mechanisms; endocrine therapy

1. Introduction

Breast cancer has the highest number of new cases for both sexes and all ages, ac-
cording to GLOBOCAN 2020. It is the second leading cause of mortality among women,
and it has become a global health challenge. It is estimated that about 7.8 million women
were diagnosed in 2021 [1]. Unfortunately, the global burden of breast cancer is increasing
both in developed countries and in developing ones [2]. Breast cancer is grouped into four
categories based on the immunohistochemical expression of hormone receptors: estrogen
receptor positive (ER+), progesterone receptor positive (PR+), human epidermal growth
factor receptor positive (HER2+), and triple-negative (TNBC), which is characterized by
the lack of expression of any of the above receptors [3].

We found it of great interest and intriguing that one of the latest studies [4] on the regu-
lation on signaling pathways, which highlighted that even natural products obtained from
plants, fruits and vegetables (such as viridiflorol, verminoside, novel phloroglucinol deriva-
tives, genistein, vulpinic acid, calcitrinone A, kaempferol, protopanaxadiol, thymoquinone,
arctigenin, glycyrrhizin, 25-OCH3-PPD, oridonin, apigenin, wogonin, fisetin, curcumin,
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berberine, cimigenoside, and resveratrol) show anticancer activities against breast cancer
through the inhibition of angiogenesis, cell migrations, proliferations, and tumor growth,
as well as cell cycle arrest by inducing apoptosis and cell death, the downstream reg-
ulation of signaling pathways (such as Notch, NF-κB, PI3K/Akt/mTOR, MAPK/ERK,
and NFAT-MDM2), and the regulation of EMT processes [4]. The investigators actually
concluded that natural products also act synergistically to overcome the drug resistance
issue, thus improving their efficacy as an emerging therapeutic option for breast cancer
therapy. However, in this review we stay focused on molecular resistance to the treatment
of HR+/HER2- breast cancer.

One of the most common subtypes (20–25% of all breast cancers) is HR+/HER2- breast
cancer [5]. Endocrine therapy (ET) is the main treatment for the HR+ luminal subtype of
breast cancer, in association with targeted therapy. Cyclin-dependent kinases 4 and 6 in-
hibitors (CDK4/6i) restore the cell cycle by selectively inhibiting cyclin-dependent kinases
4 and 6, and block cell proliferation in a variety of tumor cells, including those of breast
cancer [6]. There are three CDK4/6 inhibitors approved by the US Food and Drug Admin-
istration that are transforming the treatment landscape nowadays: palbociclib, ribociclib,
and abemaciclib (Table 1). They all have similar mechanisms of action and properties, with
few differences in their preclinical and pharmacological settings and toxicity profiles [7].
There is a need for a personalized approach to overcome the growing financial burden for
health care systems through more effective patient selection. Palbociclib, ribociclib and
abemaciclib are expensive anticancer drugs because they are currently protected by drug
patents, and hence the need for predictive biomarkers of response beyond estrogen receptor
positivity [8].

Table 1. Pivotal studies on the three approved CDK4/6 inhibitors.

Study Description Phase
Number of

Patients
Enrolled

Median PFS Identifier NCT Status Treatment

1st line PALOMA-1 Palbociclib + Letrozol vs. Placebo +
Letrozole II 177 18.1 m vs. 11.1 m NCT00721409 Completed

Palbociclib 125 mg/d orally for
3 weeks, followed by 1 week off
Letrozole 2.5 mg/d orally on a

continuous regimen
Placebo 125 mg/d orally for 3 weeks,

followed by 1 week off

PALOMA-2 Palbociclib + Letrozol vs. Placebo +
Letrozole III 666 24.8 m vs. 14.5 m NCT01740427 Active, not

recruiting

Palbociclib 125 mg/d orally for
3 weeks, followed by 1 week off
Letrozole 2.5 mg/d orally on a

continuous regimen
Placebo 125 mg/d orally for 3 weeks,

followed by 1 week off

MONALEESA-2 Ribociclib + Letrozol vs. Placebo +
Letrozole III 668 25.3 m vs. 16.0 m NCT01958021 Active, not

recruiting

Ribociclib 200 mg × 3/d orally for
3 weeks, followed by 1 week off
Letrozole 2.5 mg/d orally on a

continuous regimen
Placebo 200 mg × 3/d orally for
3 weeks, followed by 1 week off

MONALEESA-7

Ribociclib + Goserelin +
Tamoxifen/Letrozole/Anastrozole vs.

Placebo +Goserelin
+Tamoxifen/Letrozole/Anastrozole

III 672 23.8 m vs. 13.0 m NCT02278120 Active, not
recruiting

Ribociclib 200 mg × 3/d orally for
3 weeks, followed by 1 week off
Goserelin 3.6 mg subcutaneous

injection once every 28 days
Letrozole 2.5 mg/d orally or
Anastrozole 1 mg/d orally or

Tamoxifen 20 mg/d orally on a
continuous regimen

Placebo 200 mg × 3/d orally for
3 weeks, followed by 1 week off

MONARCH-3 Abemaciclib + Letrozole/Anastrozole
vs. Placebo + Letrozole/Anastrozole III 493 28.18 m vs. 14.76

m NCT02246621 Active, not
recruiting

Abemaciclib 150 mg × 2/d orally
Letrozole 2.5 mg/d orally or
Anastrozole 1 mg/d orally

Placebo 150 mg × 2/d orally

2nd line PALOMA-3 Palbociclib + Fulvestrant vs. Placebo +
Fulvestrant III 521 9.50 m vs. 4.60 m NCT01942135 Completed

Palbociclib 125 mg/d orally for
3 weeks, followed by 1 week off

Fulvestrant 500 mg intramuscular
injection on day 1 and day 15 of cycle

1 and then on day 1 of each cycle
Placebo 125 mg/d orally for 3 weeks,

followed by 1 week off

MONARCH-2 Abemaciclib + Fulvestrant vs. Placebo +
Fulvestrant III 669 16.40 m vs. 9.30

m NCT02107703 Active, not
recruiting

Abemaciclib 150 mg × 2/d orally
Fulvestrant 500 mg intramuscular

injection on day 1 and day 15 of cycle
1 and then on day 1 of each cycle

Placebo 150 mg × 2/d orally

Later line MONARCH-1 Abemaciclib alone
(one arm clinical trial) II 132 5.95 m NCT02102490 Completed Abemaciclib 200 mg × 2/d orally
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2. Aims and Objectives

The management of breast cancer CDK4/6 inhibitor resistance is one of the most
important clinical issues to be overcome, indicating a clear need for continuous discovery-
based preclinical and clinical approaches. In order to assess these issues, we performed a
systematic review of the published literature. The two key objectives were to identify resis-
tance biomarkers and to understand molecular mechanisms underpinning drug resistance
for CDK4/6 inhibition in breast cancer patients. Every single biomarker and signaling
pathway was taken and discussed in separate paragraphs, highlighting the mechanism of
possible resistance and its clinical and therapeutical implication.

3. Materials and Methods

The databases used to gather information for this review include Pubmed.gov and
Clinicaltrials.gov. We reviewed the PubMed database from January 2013 to January 2023
and selected all relevant articles. The inclusion criteria for this literature review encom-
passed studies that examined resistance to CDK4/6 inhibitors. The inclusion criteria were
studies that evaluated and validated biomarkers of predictive response to therapy and
potential mechanisms of resistance. Studies that addressed future directions after the pro-
gression of inhibitors were also assessed. Exclusion criteria were articles with unavailable
abstracts, non-English-written articles, and conference presentations. Keywords used to
search for references included CDK4/6 inhibitor, biomarker, progression, and resistance
in order to achieve the most specific results. The search generated 75 results, but only
25 articles met our criteria.

4. Review
4.1. How Do CDK4/6 Inhibitors Work?

The malignant transformation of normal cells begins with chaotic cellular proliferation,
which takes place due to cell cycle dysregulation [9]. The cell cycle has four important
stages: G1 (cells grow, increasing in size), S (synthesis of the DNA), G2 (cells grow more
and make proteins), and M (mitosis). In the end, the cell splits into two daughter cells [10].
One of the most important cell cycle malfunctions starts right at the beginning of the cell
cycle, which is controlled by the retinoblastoma protein (pRb). When in its active state, it
stops the cell from progressing in the S phase by binding and suppressing E2F transcription
factors. Phosphorylation of the Rb protein, which can be undertaken by the cyclin D–
CDK4/6 complex, leads to E2F release. Thus, the cell can enter the S phase, and the cell
cycle continues [11]. In turn, the complex is activated through the PI3K/AKT/mTOR and
RAS/MAPK pathways by the activation of hormone receptors (including the estrogen
receptor (ER)) and growth factors [12]. Obviously, the complex itself is downregulated by
endogenous CDK inhibitors: the INK4 and Cip/Kip protein families [12]. A schematic
representation of how CDK4/6 inhibitors work can be found in Figure 1.

There are several resistance mechanisms and potential biomarkers of response to
CDK4/6 inhibitor regimens, which we will review in the upcoming paragraphs.
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Figure 1. Key mechanisms of action of CDK4/6 inhibitors in HR+/HER2- breast cancer.

4.2. Cyclin D–CDK4/6 Abnormal Activation

The most frequently encountered resistance to CDK4/6i is the upregulation of the
Cyclin D–CDK4/6–pRb pathway [13]. In a study conducted by Yang et al. in 2017, the
majority of cells that were resistant to abemaciclib contained an amplification of CDK6 [14].
While CDK6 amplification was demonstrated to have an impact on potential treatment
resistance, both high and low levels of CDK4 have been seen in resistance models [11].

In the same year, Gong et al. [15] demonstrated that cells with the highest sensitivity
to abemaciclib showed increased cyclin D activity, which promotes cyclin D1 turnover [12].
Additionally, the overexpression of Cyclin D1 in breast cancer cells showed higher sensi-
tivity to palbociclib [16]. However, many studies demonstrated that the overexpression
of Cyclin D, with or without Cyclin D1 gene amplification, occurred in more than 50%
of breast cancer cells [17]. Cyclin D1 is also a direct transcriptional target of ER [18], so
the activation of the Cyclin D–CDK4/6 complex also contributes to endocrine therapy
resistance [12].

Another important down-regulatory component of the complex is the p16 protein (a
member of the CDKN2/INK family), whose inactivity could also contribute to aggressive
breast cancer [17]. It is a tumor-suppressor protein that inhibits the activity of CDK4/6, and
its expression correlates with a better prognosis in breast cancer patients. Low activity of p16
is correlated with increased CDK4/6 activity and increased sensitivity to palbociclib [19].

4.3. Loss of pRb

The loss of G1/S control is a hallmark of cancer, and is often caused by the inactivation
of the retinoblastoma pathway [20]. As shown above, the integrity of the retinoblastoma
protein is an important condition for the cells to be sensitive to CDK4/6 inhibitors, as it
is at the center of the action mechanism. RB1 is the gene that encodes pRb, one of the most
studied and reported biomarkers to date. Its loss or mutation is one of the most observed
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resistance mechanisms for CDK4/6i [21]. However, pRb function loss prior to CDK4/6i
treatment is uncommon in metastatic breast cancer with HR+/HER2- [22]. In the PALOMA-
3 study, only six out of 127 patients developed an RB1 loss of function after treatment with
palbociclib and fulvestrant [23]. Another study conducted by Li et al. found a statistically
significant difference in progression-free survival (PFS) regarding treatment with CDK4/6i;
3.6 months for patients who had a loss of the RB1 gene, compared to 10.1 months for
patients with intact RB1 [16]. The first examples of acquired resistance were reported by
Condorelli et al. [24], where acquired RB1 mutations were detected in ER-positive breast
cancer patients treated with palbociclib and fulvestrant or ribociclib and letrozole.

To determine the function of Rb phosphorylation by cyclin D-CDK4/6, Topacio and
colleagues sought to generate variants of Rb that could no longer interact with cyclin
D-Cdk4,6 while preserving all the other interactions with other cyclin-Cdk complexes [25].
They analyzed the docking interactions between Rb and cyclin D-CDK4/6 complexes
and found that cyclin D-CDK4/6 targets the Rb family of proteins for phosphorylation,
primarily by docking a C-terminal alpha-helix, which is not recognized by the other major
cell-cycle cyclin-CDK complexes cyclin E-CDK2, cyclin A-CDK2, and cyclin B-CDK1 [25].
Their results showed that cyclin D-CDK4/6 phosphorylates and inhibits Rb via a C-terminal
helix, and that this interaction is a major driver of cell proliferation [25].

4.4. Cyclin E–CDK2 Pathway Activation

During a normal cell cycle, cyclin E1 and cyclin E2 can bind to and activate CDK2
in order to phosphorylate pRb, but only after it has already been phosphorylated by the
cyclin D–CDK4/6 complex as a second wave of signaling [11]. The activation of the cyclin
E1/cyclin E2-CDK2 complex permits cells to bypass the inhibiting activity of CDK4/6 and
encourage growth and proliferation [13]. Therefore, the overexpression of cyclin E1, cyclin
E2, and CDK2 can subvert the CDK4/6 inhibition [11].

An interesting study conducted by Guarducci et al. showed that the ratio of cyclin
E1 to RB1 level (not only cyclin E1 amplification and RB1 loss) is a poor prognostic factor
and predicts palbociclib de novo resistance in HR+ breast cancer [26]. Herrera-Abreu et al.
demonstrate in a study from 2016 that cyclin E1 is upregulated via CDK2 activation in
palbociclib-resistant cells (that were generated via chronic exposure to the drug and named
palbociclib-resistant MCF-7 breast cancer cells) [27]. In a phase II study (the NeoPalAna
trial), researchers studied palbociclib resistance in patients with high levels of cyclin E1 [28].
Cyclin E1 overexpression was also predictive of an abemaciclib response to targeted therapy,
as shown in the study conducted by Gong X et al. [29].

Next, gene expression analysis of 302 ER+ breast cancer samples from PALOMA-3
trial revealed that lower Cyclin E1 (CCNE1) mRNA levels were associated with a better
response to palbociclib [30]. This association was confirmed in a preoperative setting, in
the cohort of POP (PreOperative Palbociclib) trial [31].

Taking all this together, cyclin E1, cyclin E2, and CDK2 are upregulated in the CDK4/6
inhibitor resistance models [11].

4.5. PI3K/AKT/mTOR Pathway Activation

This signaling pathway activation is another mechanism for both de novo and acquired
resistance to CDK4/6i, with the hyperactivity of PI3K playing a role in endocrine-resistant
mechanisms [17]. PIK3CA mutations could be identified in almost 40% of breast cancers
with hormonal receptors [32]. Activating PIK3CA mutations could be a biomarker of either
intrinsic resistance or acquired resistance. However, PI3KCA mutations have not been
associated with resistance to CDK inhibitors in clinical studies to date [12].

One study identified that the PI3K pathway kinase (PDK1) was overexpressed in
ribociclib-resistant cells [21]. Not only in ribociclib-resistant cell lines, but also in palbociclib-
resistant cell lines, PIK3CA loss led to reduced proliferation of all cell lines regardless of RB
status, as shown by Attia and colleagues in a 2020 study [21,33].
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There are works in the literature that suggest adding a PI3K inhibitor, such as alpelisib,
to CDK4/6i in order to circumvent the resistance mechanisms that develop for CDK4/6.
It could be added after progression on CDK4/6i and ET (endocrine therapy), or from the
start in triple combination to prevent the onset of resistance to the combination of CDK4/6i
and ET (via modulation of early adaptive response) [34].

The mammalian target of rapamycin (mTOR) is implicated in cell cycle processes such
as cell growth, size control, division, and proliferation, and it could be one of the reasons for
CDK4/6i resistance. mTORC1 and mTORC2 are two different complexes that are formed
by the mTOR kinase. A study conducted by Michaloglou and colleagues demonstrates
that an mTORC1/mTORC2 inhibitor (vistusertib) could prevent early adaptive resistance
to palbociclib in HR-positive breast cancer cells [35]. According to the specialty literature,
the most frequent therapy used after progression on CDK4/6i is the mTOR inhibitor
(everolimus) [36].

The AKT (serine/threonine kinase of the AGC kinase family) is activated via phospho-
rylation, which induces growth and survival. For this process, PDK1 (3-phosphoinositide
dependent kinase 1) has an important role in the PI3K–AKT pathway. A low level of PDK1
makes tumor cells more sensitive to CDK4/6i [37]. On the other hand, a high level of AKT1
activity was seen in palbociclib-resistant cells [38].

4.6. FGFR1 Activation (FGF/FGFR Signaling Pathway Activation)

Fibroblast growth factor receptor 1 (FGFR1) is a protein of the tyrosine kinase family
that plays an important role in the cell cycle, being implicated in the migration, proliferation,
differentiation, and survival of the cells. In more than 15% of breast cancers with hormone
receptors present, a mutation of FGFR1 is found [39]. Thus, the causal relationship between
FGFR1 mutations and endocrine therapy resistance has already been explained and demon-
strated [13]. It is also important to find out if there is a connection between these mutations
and resistance to CDK4/6 inhibitors. In order to do this, Formisano and colleagues showed
that the cells that overexpressed FGFR1 were resistant to ribociclib and fulvestrant, and they
also demonstrated that the cells that received an FGFR1 tyrosine kinase inhibitor (lucitanib)
reversed the resistance. Moreover, the study highlighted a shorter PFS rate in those with
FGFR overexpression among patients enrolled in the MONALEESA-2 clinical trial [38].
Surprisingly, the patients enrolled in the PALOMA-2 trial with FGFR2 amplification in the
palbociclib + letrozol arm benefited from a longer PFS than those who were given placebo
and letrozole [40].

In a study from 2019, Drago and colleagues [39] evaluated the clinical response to
endocrine and targeted therapies in a cohort of 110 patients with HR+/HER2− metastatic
breast cancer and validated the functional role of FGFR1-amplification in mediating re-
sponse/resistance to hormone therapy in vitro. The investigators concluded that, while
FGFR1 amplification confers broad resistance to ER, PI3K, and CDK4/6 inhibitors, mTOR in-
hibitors might have a unique therapeutic role in the treatment of patients with ER+/FGFR1+
metastatic breast cancer [39]. Another study conducted by Mouron et al. [41] included 251
patients with HR+ breast cancer and studied the role of ER, CDK4/6, and/or FGFR1 block-
ade alone or in combinations in Rb phosphorylation, cell cycle, and survival. They showed
how hormonal deprivation leads to FGFR1 overexpression, thus being associated with
resistance to hormonal monotherapy or in combination with palbociclib. Both resistances
have been reverted with triple ER, CDK4/6, and FGFR1 blockade [41].

4.7. RAS Activation

The RAS family of protooncogenes encodes three oncogenes, KRAS, NRAS, and HRAS,
each with important roles in the cell cycle, such as apoptosis, growth, and differentiation.
Kirsten Rat Sarcoma Viral Oncogene Homolog (KRAS) is the most frequently mutated
RAS gene [13]. Many studies over the last years have revealed how the engagement of
RAS function might result in mandatory downstream varied oncogenic alterations for
progression, metastatic dissemination, and therapy resistance in breast cancers [42]. In this
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direction, we found a review from 2019 conducted by Galie where he underlined the major
studies over the last 30 years which have explored the role of RAS proteins and their
mutation in breast cancer patients [42].

An overexpression of KRAS has been associated over the years with many types of
cancer growth and development, including breast cancer resistance to CDK4/6i. A study
from 2021 by Raimondi et al., who enrolled 106 patients with HR+ metastatic breast
cancer, showed resistance to palbociclib and fulvestrant in the cells that developed a
KRAS amplification. Moreover, the PFS was just three months for the subjects with KRAS
mutations, whereas, in the other arm, the PFS had not even been reached by the 18-month
follow-up [8,13]. Cells with KRAS, NRAS, and HRAS activating mutations are, therefore,
susceptible to CDK4/6 inhibitor resistance [8,13].

4.8. FAT1 Loss

Another important and well-studied biomarker of possible resistance to CDK4/6i is the
loss of FAT1. FAT atypical cadherin 1 (FAT1) is among the most frequently mutated genes
in many types of cancer [43]. This is a tumor suppressor gene, a member of the cadherin
superfamily, which interacts with beta-catenin and Hippo signaling pathways. It is found
in 6% of metastatic HR+ breast cancers [44]. Chen and colleagues performed a literature
review on the diverse functions of FAT1 in cancer progression and presented the phenotypic
alterations due to FAT1 mutations, several signaling pathways and tumor immune systems
known or proposed to be regulated by this protein [43]. A study conducted by Li et al.
on 348 patients treated with CDK4/6 inhibitors highlighted, after genetic sequencing,
that patients with loss of FAT1 had a lower PFS compared to those with intact FAT1
(2.4 months and 10.1 months, respectively) and rendered cells resistant to all three CDK4/6i.
The investigators highlighted that FAT1 loss is also associated with CDK6 overexpression
via downregulation of the Hippo signaling pathway (through YAP and TAZ transcription
factors) [45]. The role of FAT1 deleterious mutations was then confirmed in vivo. Cells with
FAT1 knockout or knockdown did not stop cell growth upon exposure to abemaciclib, and
MCF7-implanted xenografts experienced much less sensitivity to abemaciclib than mice
with a non-mutated FAT1 gene [13,21].

4.9. PTEN Loss

PTEN is a tumor suppressor gene and one of the frequently mutated genes in human
cancers [46]. The increased expression of PTEN leads to the inactivation of CDK, which en-
ables the Rb1 to keep dephosphorylating, while binding to transcription factor E2F, which
ultimately inhibits cell proliferation [47]. The overexpression of AKT could reduce PTEN
expression and render breast cancer cells resistant to CDK4/6i [48]. Costa and colleagues per-
formed an analysis of serial biopsies, which uncovered both RB and PTEN loss as mechanisms
of acquired resistance to CDK4/6i. The investigators demonstrated that, in breast cancer
cells, the ablation of PTEN through increased AKT activation was sufficient to promote
resistance to CDK4/6 inhibition (ribociclib and letrozole) in vitro and in vivo; PTEN loss
resulted in the exclusion of p27 from the nucleus, leading to increased activation of both
CDK4 and CDK2 [49]. PTEN loss is rare in treatment-naïve ER-positive tumors [50,51]. The
loss of PTEN confers resistance to PI3K inhibitors (alpelisib) [48], as well as cross-resistance
to CDK4/6i and PI3K inhibitors [52]. Lee and colleagues conducted a retrospective analysis
using real-world data, molecular biomarkers such as FGFR1 amplification, PTEN loss, and
DNA repair pathway gene mutations, and showed a significant association of shorter PFS
with CDK4/6i therapy [53].

4.10. S6K1 Amplification

S6K1 is a conserved serine/threonine protein kinase that belongs to the family of
protein kinases, being the principal kinase effector downstream of the mammalian target of
rapamycin complex 1 (mTORC1) [54]. S6K1 is an important regulator of cell size control,
protein translation and cell proliferation [55]. S6K1 is one of the best-characterized down-
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stream targets of mTORC1, and rapamycin treatment results in rapid dephosphorylation
and inactivation of S6K1 [56]. The hyperactivation of mTORC1/S6K1 signaling may be
closely related to ER-positive status in breast cancer, and may be utilized as a marker for
prognosis and a therapeutic target [54]. A study from 2012 highlights that the S6K1–ER
relationship creates a positive feed-forward loop in the control of breast cancer cell prolif-
eration and, furthermore, the co-dependent association between S6K1 and ERα may be
exploited in the development of targeted breast cancer therapies [57]. During the literature
review, we found of interest a recent research article from August 2022 conducted by Mo
and colleagues [58] regarding S6K1 amplification. The Chinese investigators demonstrated
that S6K1 amplification confers innate resistance to palbociclib and ET through activating
c-Myc pathway in 36 patients with ER+ breast cancer. In those who had received palboci-
clib, patients with high-expressed S6K1 had significantly worse progression-free survival
and significantly worse relapse-free survival than those with low S6K1 expression. S6K1
overexpression was sufficient to promote resistance to palbociclib. S6K1 overexpression
increased the expression levels of G1/S transition-related proteins and the phosphorylation
of Rb, mainly through the activation of the c-Myc pathway. Mo et al. showed that this
resistance could be abrogated by the addition of the mTOR inhibitor, which blocked the
upstream of S6K1, in vitro and in vivo [58].

4.11. AURKA Amplification

Aurora kinase A (AURKA) belongs to the family of serine/threonine kinases, whose
activation is necessary for cell division processes via the regulation of mitosis. AURKA
shows significantly higher expression in cancer tissues than in normal control tissues
for multiple tumor types [59]. The amplification of the mitotic kinase AURKA has been
identified in 11 out of 41 HR+ breast cancer biopsies from tumors resistant to CDK4/6
inhibitors, including examples of both intrinsic and acquired resistance, with no alterations
detected in sensitive samples [60]. Aurora A has been previously shown to mediate
endocrine resistance through the downregulation of ER expression in an SMAD5-dependent
manner [61]. Two studies have shown that Aurora kinase A/B inhibition is synthetically
lethal with RB1 deficiency in breast cancer and small-cell lung cancer cell lines [62,63],
suggesting alternative therapeutic strategies for RB1-null tumors or new combinatorial
strategies to prevent acquired resistances to CDK4/6 inhibitors [57].

4.12. c-Myc Upregulation

c-Myc is a member of a family of protooncogenes that code for transcription factors,
and is often overexpressed in cancer [64]. It is activated by phosphorylation, and in this
form c-Myc is stable and allows cells to escape senescence. CDK2 and CDK4/6 inhibition
decreases the phosphorylation of c-Myc, which destabilizes the gene and allows cells to
enter the apoptosis process [13]. Mateyak et al. performed a comprehensive analysis and
found that the largest defect observed in c-myc-/- cells was a 12-fold reduction in the
activity of cyclin D1-CDK4/6 complexes during the G0 to S transition. The investigators
suggested that c-Myc affects the cell cycle at multiple independent points, because the
restoration of the CDK4 and 6 defect does not significantly increase growth rate [65].

Pandey et al. concluded in a study from 2020 that overexpression of c-Myc leads to
palbociclib-resistant cells [66]. In the MONARCH-3 trial, 5% of patients with newly acquired c-
Myc mutations were associated with resistance to abemaciclib + ET, and 9% of patients treated
with abemaciclib alone in the MONARCH-1 trial acquired new Myc alterations [13,67].

4.13. miR Downregulation

MicroRNAs are non-coding RNA molecules involved in the post-transcriptional regu-
lation of gene expression and regulate 30–60% of the human genome. MicroRNAs regulate
the cell cycle through cyclin-dependent kinases and cyclins. The downregulation of miR-
NAs negatively regulates CDK6, which leads to CDK6 activation. CDK6 activation results
in palbociclib resistance, as shown by Li and colleagues in a study from 2020 [44,68]. More-
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over, in a retrospective analysis of 44 patients treated with CDK4/6i, microRNA levels
were higher in those with intrinsic or acquired CDK4/6i resistance [69].

Krasniqi et al. summarized in their study that some miRNAs (such as miR-326, miR-
29b-3p, miR-126, and miR3613-3p) are associated with sensitivity to CDK4/6 inhibitors,
whereas others (such as miR-432-5p, miR-223, and miR-106b) appear to confer treatment
resistance [70]. Identifying specific expression patterns of miRNAs could be a promising
approach to study tumor response to CDK 4/6 inhibitors and exploit them as novel
biomarkers [70]. Non-coding RNAs have been demonstrated to be strictly lineage-specific;
their expression may therefore determine cell phenotype, allowing for the identification of
specific tumor sub-populations resistant to CDK inhibitors [71].

4.14. TK1 Activity

Thymidine kinase 1 (TK1) is a DNA salvage pathway enzyme involved in regenerating
thymidine for DNA synthesis and DNA damage [72]. It catalyzes the conversion of
thymidine to deoxythymidine monophosphate, which is further phosphorylated to di-
and triphosphates before its use for DNA synthesis [73]. In resting cells, observable TK1
activity is low to absent, increasing during G1/S transcription and peaking at S phase [74].
In healthy subjects, levels of TK1 are low to absent, with contrastingly elevated levels
observed in patients with a range of malignancies, including breast cancer [75]. TK1 is a
phosphotransferase that plays a role in DNA replication, is regulated by the E2F pathway,
and is downstream of CDK4/6. Its activity is a marker of tumor proliferation. TKs’ activity
has been shown to be a prognostic marker in patients with metastatic breast cancer, both
when measured at baseline and during treatment. There are some clinical studies that
support this statement [36,44].

A prospective monitoring trial (ClinicalTrials.gov NCT01322893) from Sweden, in
which 156 metastatic breast cancer patients planned to start first-line systemic therapy, has
reported that the TK1 activity level is prognostic for survival (decreases in TK1 levels from
3 to 6 months correlate to improved survival PFS and OS) in patients with newly diagnosed
metastatic breast cancer [76].

McCartney and colleagues reported that intense TK1 activity is seen in cell lines
resistant to palbociclib. The phase II TRend study also reported a shorter PFS for patients
with high levels of TK1 than in the other arm [22,66] (3 months vs. 9 months) [77]. Another
study (the ECLIPS trial) reported progressive disease in patients with metastatic breast
cancer treated with palbociclib [78]. In the NeoPalAna trial, investigators observed an
important reduction in TK1 activity after the initiation of palbociclib, suggesting a reduction
in tumor proliferation [28,79].

4.15. Endocrine Resistance and CDK4/6i Sensitivity—An Association Worthy of Consideration

Endocrine treatment is one of the most important approaches when it comes to ER+
breast cancers, and for metastatic disease it becomes the physician’s first choice, along with
other targeted therapies (except in the case of a visceral crisis scenario, when chemotherapy
should be the first choice). To date, some endocrine-resistant mechanisms have been
described, including the upregulation of ER coactivators (e.g., FOXA1), cyclins (cyclin D
and E), CDK proteins (CDK2 and CDK6), mitogen signaling pathways (PI3K and RAS
pathways), or the downregulation of CDK inhibitor proteins (p16) [11]. As already known,
CDK4/6 inhibition acts downstream of endocrine therapy; therefore, some resistance
mechanisms are common to both types of treatments (endocrine therapy and CDK4/6
inhibitors) [11].

Among these resistance mechanisms, many studies and clinical trials have found a
connection between estrogen receptor 1 (ESR1) mutations and acquired resistance to en-
docrine therapy. ESR1 mutations are the most important alterations resulting in resistance
to aromatase inhibitor treatment, and can be found in almost 40% of metastatic breast
cancer patients [80] and in approximately 20% of patients with endocrine-resistant breast
cancer [81]. However, no association was found between ESR1 and CDK4/6i resistance. In
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the MONALEESA-2 trial, there was no correlation between ESR1 levels and response to ri-
bociclib [80], and neither was there in the PALOMA-3 trial, where there was no link between
ESR1 mutations and response to palbociclib [9]. Moreover, the PFS was improved both for
patients with ESR1 mutations and for patients with non-mutated ESR1, demonstrating that
this mutation does not affect treatment response. However, in the PALOMA-3 trial, at the
end of the treatment 12.8% of patients developed new mutations in the ESR1 gene, with
the Y537S mutation in particular [12]. Different results were observed in MONARCH-2, in
which patients with ERS1 mutations showed an overall survival benefit [82]. O’Leary and
colleagues also investigated PIK3CA mutations and concluded that both PIK3CA and ESR1
mutations were evenly distributed in both arms of the study, which leads to the idea that
these mutations are more likely to affect the response to fulvestrant than to palbociclib [23].
The PALOMA-3 trial highlights the idea that ET resistance should be taken into considera-
tion when talking about resistance to combination regimens in HR+/HER2-breast cancer.
There is also an ongoing trial from Johns Hopkins University (NCT03439735) that studies
the association between ESR1 mutations and clinical outcomes in patients treated with
palbociclib and aromatase inhibitor as a first-line treatment regimen; its reported results
should be available in June 2024.

However, all three pivotal clinical trials (PALOMA-3, MONARCH-2, and MONALEESA-
3) demonstrated that CDK4/6 inhibitors prolong PFS even after ET resistance, which
demonstrates that CDK4/6i maintain effectiveness regardless of the endocrine-resistant
disease. Additionally, endocrine-resistant tumors maintain sensitivity to CDK4/6 inhibitors,
particularly when they are used in association with ET [11].

5. Discussions

CDK4/6 inhibitors remain a landmark for the treatment of hormone receptor-positive
and human epidermal growth factor receptor 2-negative metastatic breast cancer, being the
most significant advance in the last decade. Various preclinical and translational research
efforts have begun to shed light on the genomic and molecular landscape of resistance to
these agents [83]. As we showed above, it is important to understand the mechanism of
action of CDK4/6 inhibitors in order to target specific signaling pathways and predictive
biomarkers of response, taking into consideration that intrinsic and acquired resistance
could limit the activity of these inhibitors. In addition, one of the greatest challenges is
distinguishing between mechanisms causing resistance to CDK4/6 inhibition and endocrine
resistance.

Approximately 10% of patients will have primary resistance to CDK4/6 inhibitors [84].
For instance, patients with evidence of functional Rb loss at baseline are not likely to
benefit from CDK4/6 inhibition, or from increased cyclin E1/E2 expression. A rise in TK1
activity may also provide a marker of early resistance [84]. Mutations in RB1, resulting
in the activation of other cell cycle factors, such as E2F and the Cyclin E-CDK2 axis, have
been demonstrated in cases of acquired resistance [84]. In the table below (Table 2), we
summarized the main resistance mechanisms and biomarkers of resistance, which we have
previously reviewed.
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Table 2. The main resistance mechanisms and biomarkers of resistance to CDK 4/6 inhibitors.

Activation Downregulation ET Resistance

Cyclin E1, E2 RB ESR1 mutations
PI3K/AKT/mTOR FAT1

AKT1 PTEN
CDK2 miR
CDK6
FGFR1
MYC
RAS

AURKA
S6K1

Following progression, no prospective randomized data exist to help guide second-
line treatment [85]. While prospective data are needed, analysis of real-world data suggests
a survival benefit for the continuation of CDK4/6i beyond a frontline progression for
patients with HR+/HER2- metastatic breast cancer [85]. Several ongoing Phase 1 and 2
trials (MAINTAIN NCT02632045, PACE NCT03147287, NCT01857193, NCT 02871791, and
TRINITI-1 NCT 02732119) are investigating the potential benefit of continuing CDK4/6i
beyond progression [84]. For more successful treatment, biomarkers are of potential
interest in order to identify patients who might be responsive or not to CDK4/6 inhibitors,
facilitating an early switch to a more efficacious treatment.

6. Conclusions

To date, no biomarker has been studied enough to be approved as a predictor of response
to treatment or a targeted signaling pathway. Personalized treatment based on an individ-
ual’s response and tumor genomics represents the future of oncology. Therefore, it is a
justification for future clinical trials because the identification of biomarkers of resistance
is still a problem universally, and there is still more to be discovered about CDK4/6 in-
hibitor resistance. The optimum management of HR+/HER2-metastatic breast cancer is
essential for patients as they might have only one more card to play, so future therapeutic
targets should be examined in clinical trials to delay or overcome treatment resistance to
combinations of ET and CDK4/6 inhibitors.

In conclusion, we strongly believe that the validation of proposed biomarkers should
be an option to consider before starting treatment with CDK4/6 inhibitors and hormonal
therapy. This can be carried out via whole exome and targeted sequencing of solid and
liquid biopsies, in order to reveal several possible genomic alterations that could change
the course of treatment. In Romania, unfortunately there are few patients who can afford
the costs of this type of testing. After doing such exhaustive research for this review, our
personal opinion is that some biomarkers are worth testing more than others, such as loss of
retinoblastoma protein. Some mechanisms of resistance, such as PI3K/AKT/mTOR or Cyclin
E–CDK2 pathway activation, have already had their implication validated in resistance to
CDK4/6i + ET; therefore it would be a worthy idea to take into consideration before starting
the treatment. Breast cancer patients, maybe more than any other patients, are susceptible
to depression and self-esteem loss, thus making any kind of treatment more difficult. We
believe that a good start is always a better start and we do hope that in the near future
breast cancer patients would benefit from the best personalized treatment.

Author Contributions: I.-M.S. performed the literature review and drafted the manuscript; C.F.P.,
A.I.P., C.M.O. and R.C.V. revised and improved the manuscript; resources, C.O.-S.; supervision, I.C.I.,
A.M.P. and C.N.; manuscript revision: I.-M.S. and C.F.P. All authors have read and agreed to the
published version of the manuscript.

Funding: The cost for the publication of this manuscript will be supported by the Romanian National
Society of Medical Oncology.



Diagnostics 2023, 13, 987 12 of 15

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jha, V.; Devkar, S.; Gharat, K.; Kasbe, S.; Matharoo, D.K.; Pendse, S.; Bhosale, A.; Bhargava, A. Screening of Phytochemicals as

Potential Inhibitors of Breast Cancer using Structure Based Multitargeted Molecular Docking Analysis. Phytomedicine Plus 2022,
2, 100227. [CrossRef]

2. Nassif, A.B.; Talib, M.A.; Nasir, Q.; Afadar, Y.; Elgendy, O. Breast cancer detection using artificial intelligence techniques: A
systematic literature review. Artif. Intell. Med. 2022, 127, 102276. [CrossRef]

3. Shaath, H.; Elango, R.; Alajez, N.M. Molecular Classification of Breast Cancer Utilizing Long Non-Coding RNA (lncRNA)
Transcriptomes Identifies Novel Diagnostic lncRNA Panel for Triple-Negative Breast Cancer. Cancers 2021, 13, 5350. [CrossRef]
[PubMed]

4. Naeem, M.; Iqbal, M.O.; Khan, H.; Ahmed, M.M.; Farooq, M.; Aadil, M.M.; Jamaludin, M.I.; Hazafa, A.; Tsai, W.-C. A Review of
Twenty Years of Research on the Regulation of Signaling Pathways by Natural Products in Breast Cancer. Molecules 2022, 27, 3412.
[CrossRef]

5. Ran, R.; Ma, Y.; Wang, H.; Yang, J.; Yang, J. Treatment strategies for hormone receptor-positive, human epidermal growth factor
receptor 2-positive (HR+/HER2+) metastatic breast cancer: A review. Front. Oncol. 2022, 12, 975463. [CrossRef]

6. Huang, J.; Zheng, L.; Sun, Z.; Li, J. CDK4/6 inhibitor resistance mechanisms and treatment strategies (Review). Int. J. Mol. Med.
2022, 50, 128. [CrossRef]

7. George, M.A.; Qureshi, S.; Omene, C.; Toppmeyer, D.L.; Ganesan, S. Clinical and Pharmacologic Differences of CDK4/6 Inhibitors
in Breast Cancer. Front. Oncol. 2021, 11, 693104. [CrossRef]

8. Asghar, U.S.; Kanani, R.; Roylance, R.; Mittnacht, S. Systematic Review of Molecular Biomarkers Predictive of Resistance to
CDK4/6 Inhibition in Metastatic Breast Cancer. JCO Precis. Oncol. 2022, 6, e2100002. [CrossRef] [PubMed]

9. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
10. Phases of the Cell Cycle (Article)|Khan Academy. Available online: https://www.khanacademy.org/_render (accessed on 8

February 2023).
11. Portman, N.; Alexandrou, S.; Carson, E.; Wang, S.; Lim, E.; Caldon, C.E. Overcoming CDK4/6 inhibitor resistance in ER-positive

breast cancer. Endocr. Relat. Cancer 2019, 26, R15–R30. [CrossRef]
12. Sharifi, M.N.; Anandan, A.; Grogan, P.; O’Regan, R.M. Therapy after cyclin-dependent kinase inhibition in metastatic hormone

receptor-positive breast cancer: Resistance mechanisms and novel treatment strategies. Cancer 2020, 126, 3400–3416. [CrossRef]
[PubMed]

13. Scheidemann, E.R.; Shajahan-Haq, A.N. Resistance to CDK4/6 Inhibitors in Estrogen Receptor-Positive Breast Cancer. Int. J. Mol.
Sci. 2021, 22, 12292. [CrossRef]

14. Yang, C.; Li, Z.; Bhatt, T.; Dickler, M.; Giri, D.; Scaltriti, M.; Baselga, J.; Rosen, N.; Chandarlapaty, S. Acquired CDK6 amplification
promotes breast cancer resistance to CDK4/6 inhibitors and loss of ER signaling and dependence. Oncogene 2017, 36, 2255–2264.
[CrossRef]

15. Gong, X.; Litchfield, L.M.; Webster, Y.; Chio, L.-C.; Wong, S.S.; Stewart, T.R.; Dowless, M.; Dempsey, J.; Zeng, Y.; Torres, R.; et al.
Genomic Aberrations that Activate D-type Cyclins Are Associated with Enhanced Sensitivity to the CDK4 and CDK6 Inhibitor
Abemaciclib. Cancer Cell 2017, 32, 761–776.e6. [CrossRef] [PubMed]

16. Li, Z.; Razavi, P.; Li, Q.; Toy, W.; Liu, B.; Ping, C.; Hsieh, W.; Sanchez-Vega, F.; Brown, D.N.; Da Cruz Paula, A.F.; et al. Loss of
the FAT1 Tumor Suppressor Promotes Resistance to CDK4/6 Inhibitors via the Hippo Pathway. Cancer Cell 2018, 34, 893–905.e8.
[CrossRef] [PubMed]

17. Zhang, J.; Wang, Q.; Wang, Q.; Cao, J.; Sun, J.; Zhu, Z. Mechanisms of resistance to estrogen receptor modulators in ER+/HER2−
advanced breast cancer. Cell. Mol. Life Sci. 2020, 77, 559–572. [CrossRef]

18. Watts, C.K.W.; Sweeney, K.J.E.; Warlters, A.; Musgrove, E.A.; Sutherland, R.L. Antiestrogen regulation of cell cycle progression
and cyclin D1 gene expression in MCF-7 human breast cancer cells. Breast Cancer Res. Treat. 1994, 31, 95–105. [CrossRef]

19. Schoninger, S.F.; Blain, S.W. The Ongoing Search for Biomarkers of CDK4/6 Inhibitor Responsiveness in Breast Cancer. Mol.
Cancer Ther. 2020, 19, 3–12. [CrossRef]

20. van Harn, T.; Foijer, F.; van Vugt, M.; Banerjee, R.; Yang, F.; Oostra, A.; Joenje, H.; te Riele, H. Loss of Rb proteins causes genomic
instability in the absence of mitogenic signaling. Genes Dev. 2010, 24, 1377–1388. [CrossRef]

21. Gomatou, G.; Trontzas, I.; Ioannou, S.; Drizou, M.; Syrigos, N.; Kotteas, E. Mechanisms of resistance to cyclin-dependent kinase
4/6 inhibitors. Mol. Biol. Rep. 2021, 48, 915–925. [CrossRef]

22. Xi, J.; Ma, C.X. Sequencing Endocrine Therapy for Metastatic Breast Cancer: What Do We Do After Disease Progression on a
CDK4/6 Inhibitor? Curr. Oncol. Rep. 2020, 22, 57. [CrossRef]

http://doi.org/10.1016/j.phyplu.2022.100227
http://doi.org/10.1016/j.artmed.2022.102276
http://doi.org/10.3390/cancers13215350
http://www.ncbi.nlm.nih.gov/pubmed/34771513
http://doi.org/10.3390/molecules27113412
http://doi.org/10.3389/fonc.2022.975463
http://doi.org/10.3892/ijmm.2022.5184
http://doi.org/10.3389/fonc.2021.693104
http://doi.org/10.1200/PO.21.00002
http://www.ncbi.nlm.nih.gov/pubmed/35005994
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
https://www.khanacademy.org/_render
http://doi.org/10.1530/ERC-18-0317
http://doi.org/10.1002/cncr.32931
http://www.ncbi.nlm.nih.gov/pubmed/32426848
http://doi.org/10.3390/ijms222212292
http://doi.org/10.1038/onc.2016.379
http://doi.org/10.1016/j.ccell.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29232554
http://doi.org/10.1016/j.ccell.2018.11.006
http://www.ncbi.nlm.nih.gov/pubmed/30537512
http://doi.org/10.1007/s00018-019-03281-4
http://doi.org/10.1007/BF00689680
http://doi.org/10.1158/1535-7163.MCT-19-0253
http://doi.org/10.1101/gad.580710
http://doi.org/10.1007/s11033-020-06100-3
http://doi.org/10.1007/s11912-020-00917-8


Diagnostics 2023, 13, 987 13 of 15

23. O’Leary, B.; Cutts, R.J.; Liu, Y.; Hrebien, S.; Huang, X.; Fenwick, K.; André, F.; Loibl, S.; Loi, S.; Garcia-Murillas, I.; et al. The
Genetic Landscape and Clonal Evolution of Breast Cancer Resistance to Palbociclib plus Fulvestrant in the PALOMA-3 Trial.
Cancer Discov. 2018, 8, 1390–1403. [CrossRef] [PubMed]

24. Condorelli, R.; Spring, L.; O’Shaughnessy, J.; Lacroix, L.; Bailleux, C.; Scott, V.; Dubois, J.; Nagy, R.J.; Lanman, R.B.; Iafrate, A.J.;
et al. Polyclonal RB1 mutations and acquired resistance to CDK 4/6 inhibitors in patients with metastatic breast cancer. Ann.
Oncol. 2018, 29, 640–645. [CrossRef] [PubMed]

25. Topacio, B.R.; Zatulovskiy, E.; Cristea, S.; Xie, S.; Tambo, C.S.; Rubin, S.M.; Sage, J.; Kõivomägi, M.; Skotheim, J.M. Cyclin
D-Cdk4,6 Drives Cell-Cycle Progression via the Retinoblastoma Protein’s C-Terminal Helix. Mol. Cell 2019, 74, 758–770.e4.
[CrossRef]

26. Guarducci, C.; Bonechi, M.; Benelli, M.; Biagioni, C.; Boccalini, G.; Romagnoli, D.; Verardo, R.; Schiff, R.; Osborne, C.K.; De
Angelis, C.; et al. Cyclin E1 and Rb modulation as common events at time of resistance to palbociclib in hormone receptor-positive
breast cancer. Npj Breast Cancer 2018, 4, 38. [CrossRef] [PubMed]

27. Herrera-Abreu, M.T.; Palafox, M.; Asghar, U.; Rivas, M.A.; Cutts, R.J.; Garcia-Murillas, I.; Pearson, A.; Guzman, M.; Rodriguez, O.;
Grueso, J.; et al. Early Adaptation and Acquired Resistance to CDK4/6 Inhibition in Estrogen Receptor–Positive Breast Cancer.
Cancer Res. 2016, 76, 2301–2313. [CrossRef] [PubMed]

28. Ma, C.X.; Gao, F.; Luo, J.; Northfelt, D.W.; Goetz, M.; Forero, A.; Hoog, J.; Naughton, M.; Ademuyiwa, F.; Suresh, R.; et al.
NeoPalAna: Neoadjuvant Palbociclib, a Cyclin-Dependent Kinase 4/6 Inhibitor, and Anastrozole for Clinical Stage 2 or 3 Estrogen
Receptor–Positive Breast Cancer. Clin. Cancer Res. 2017, 23, 4055–4065. [CrossRef]

29. Miller, T.W.; Rexer, B.N.; Garrett, J.T.; Arteaga, C.L. Mutations in the phosphatidylinositol 3-kinase pathway: Role in tumor
progression and therapeutic implications in breast cancer. Breast Cancer Res. 2011, 13, 224. [CrossRef]

30. Turner, N.C.; Liu, Y.; Zhu, Z.; Loi, S.; Colleoni, M.; Loibl, S.; DeMichele, A.; Harbeck, N.; André, F.; Bayar, M.A.; et al. Cyclin E1
Expression and Palbociclib Efficacy in Previously Treated Hormone Receptor–Positive Metastatic Breast Cancer. J. Clin. Oncol.
2019, 37, 1169–1178. [CrossRef]

31. Arnedos, M.; Bayar, M.A.; Cheaib, B.; Scott, V.; Bouakka, I.; Valent, A.; Adam, J.; Leroux-Kozal, V.; Marty, V.; Rapinat, A.; et al.
Modulation of Rb phosphorylation and antiproliferative response to palbociclib: The preoperative-palbociclib (POP) randomized
clinical trial. Ann. Oncol. 2018, 29, 1755–1762. [CrossRef]

32. Attia, Y.M.; Shouman, S.A.; Salama, S.A.; Ivan, C.; Elsayed, A.M.; Amero, P.; Rodriguez-Aguayo, C.; Lopez-Berestein, G. Blockade
of CDK7 Reverses Endocrine Therapy Resistance in Breast Cancer. Int. J. Mol. Sci. 2020, 21, 2974. [CrossRef]

33. O’Brien, N.A.; McDermott, M.S.J.; Conklin, D.; Luo, T.; Ayala, R.; Salgar, S.; Chau, K.; DiTomaso, E.; Babbar, N.; Su, F.; et al.
Targeting activated PI3K/mTOR signaling overcomes acquired resistance to CDK4/6-based therapies in preclinical models of
hormone receptor-positive breast cancer. Breast Cancer Res. 2020, 22, 89. [CrossRef] [PubMed]

34. Michaloglou, C.; Crafter, C.; Siersbaek, R.; Delpuech, O.; Curwen, J.O.; Carnevalli, L.S.; Staniszewska, A.D.; Polanska, U.M.;
Cheraghchi-Bashi, A.; Lawson, M.; et al. Combined Inhibition of mTOR and CDK4/6 Is Required for Optimal Blockade of E2F
Function and Long-term Growth Inhibition in Estrogen Receptor–positive Breast Cancer. Mol. Cancer Ther. 2018, 17, 908–920.
[CrossRef]

35. Migliaccio, I.; Bonechi, M.; McCartney, A.; Guarducci, C.; Benelli, M.; Biganzoli, L.; Di Leo, A.; Malorni, L. CDK4/6 inhibitors: A
focus on biomarkers of response and post-treatment therapeutic strategies in hormone receptor-positive HER2-negative breast
cancer. Cancer Treat. Rev. 2021, 93, 102136. [CrossRef]

36. Jansen, V.M.; Bhola, N.E.; Bauer, J.A.; Formisano, L.; Lee, K.-M.; Hutchinson, K.E.; Witkiewicz, A.K.; Moore, P.D.; Estrada, M.V.;
Sánchez, V.; et al. Kinome-Wide RNA Interference Screen Reveals a Role for PDK1 in Acquired Resistance to CDK4/6 Inhibition
in ER-Positive Breast Cancer. Cancer Res. 2017, 77, 2488–2499. [CrossRef] [PubMed]

37. Lenihan, C.; Bouchekioua-Bouzaghou, K.; Shia, A.; Wilkes, E.; Casado-Izquierdo1, P.; Cutillas, P.; Schmid, P. Abstract P3-06-02:
Characterization of resistance to the selective CDK4/6 inhibitor palbociclib in ER positive breast cancer. Cancer Res. 2016, 76,
P3-06-02. [CrossRef]

38. Finn, R.; Liu, Y.; Martin, M.; Rugo, H.; Dieras, V.; Im, S.-A.; Gelmon, K.; Harbeck, N.; Zhu, Z.; Lu, D.; et al. Abstract P2-09-10:
Comprehensive gene expression biomarker analysis of CDK 4/6 and endocrine pathways from the PALOMA-2 study. Cancer Res.
2018, 78, P2-09-10. [CrossRef]

39. Drago, J.Z.; Formisano, L.; Juric, D.; Niemierko, A.; Servetto, A.; Wander, S.A.; Spring, L.M.; Vidula, N.; Younger, J.; Peppercorn, J.;
et al. FGFR1 Amplification Mediates Endocrine Resistance but Retains TORC Sensitivity in Metastatic Hormone Receptor–Positive
(HR+) Breast Cancer. Clin. Cancer Res. 2019, 25, 6443–6451. [CrossRef] [PubMed]

40. Raimondi, L.; Raimondi, F.M.; Pietranera, M.; Di Rocco, A.; Di Benedetto, L.; Miele, E.; Lazzeroni, R.; Cimino, G.; Spinelli, G.P.
Assessment of Resistance Mechanisms and Clinical Implications in Patients with KRAS Mutated-Metastatic Breast Cancer and
Resistance to CDK4/6 Inhibitors. Cancers 2021, 13, 1928. [CrossRef]

41. Mouron, S.; Manso, L.; Caleiras, E.; Rodriguez-Peralto, J.L.; Rueda, O.M.; Caldas, C.; Colomer, R.; Quintela-Fandino, M.; Bueno,
M.J. FGFR1 amplification or overexpression and hormonal resistance in luminal breast cancer: Rationale for a triple blockade of
ER, CDK4/6, and FGFR1. Breast Cancer Res. 2021, 23, 21. [CrossRef]

42. Galiè, M. RAS as Supporting Actor in Breast Cancer. Front. Oncol. 2019, 9, 1199. [CrossRef]
43. Chen, Z.G.; Saba, N.F.; Teng, Y. The diverse functions of FAT1 in cancer progression: Good, bad, or ugly? J. Exp. Clin. Cancer Res.

2022, 41, 248. [CrossRef]

http://doi.org/10.1158/2159-8290.CD-18-0264
http://www.ncbi.nlm.nih.gov/pubmed/30206110
http://doi.org/10.1093/annonc/mdx784
http://www.ncbi.nlm.nih.gov/pubmed/29236940
http://doi.org/10.1016/j.molcel.2019.03.020
http://doi.org/10.1038/s41523-018-0092-4
http://www.ncbi.nlm.nih.gov/pubmed/30511015
http://doi.org/10.1158/0008-5472.CAN-15-0728
http://www.ncbi.nlm.nih.gov/pubmed/27020857
http://doi.org/10.1158/1078-0432.CCR-16-3206
http://doi.org/10.1186/bcr3039
http://doi.org/10.1200/JCO.18.00925
http://doi.org/10.1093/annonc/mdy202
http://doi.org/10.3390/ijms21082974
http://doi.org/10.1186/s13058-020-01320-8
http://www.ncbi.nlm.nih.gov/pubmed/32795346
http://doi.org/10.1158/1535-7163.MCT-17-0537
http://doi.org/10.1016/j.ctrv.2020.102136
http://doi.org/10.1158/0008-5472.CAN-16-2653
http://www.ncbi.nlm.nih.gov/pubmed/28249908
http://doi.org/10.1158/1538-7445.SABCS15-P3-06-02
http://doi.org/10.1158/1538-7445.SABCS17-P2-09-10
http://doi.org/10.1158/1078-0432.CCR-19-0138
http://www.ncbi.nlm.nih.gov/pubmed/31371343
http://doi.org/10.3390/cancers13081928
http://doi.org/10.1186/s13058-021-01398-8
http://doi.org/10.3389/fonc.2019.01199
http://doi.org/10.1186/s13046-022-02461-8


Diagnostics 2023, 13, 987 14 of 15

44. Myc. Wikipedia. 2023. Available online: https://en.wikipedia.org/wiki/Myc (accessed on 27 January 2023).
45. Pandey, K.; Park, N.; Park, K.-S.; Hur, J.; Cho, Y.B.; Kang, M.; An, H.-J.; Kim, S.; Hwang, S.; Moon, Y.W. Combined CDK2

and CDK4/6 Inhibition Overcomes Palbociclib Resistance in Breast Cancer by Enhancing Senescence. Cancers 2020, 12, 3566.
[CrossRef]

46. Dosil, M.A.; Mirantes, C.; Eritja, N.; Felip, I.; Navaridas, R.; Gatius, S.; Santacana, M.; Colàs, E.; Moiola, C.; Schoenenberger,
J.A.; et al. Palbociclib has antitumour effects on Pten- deficient endometrial neoplasias: Inhibition of cyclin D-CDK4/6 axis in
Pten-deficient neoplasias. J. Pathol. 2017, 242, 152–164. [CrossRef]

47. Wang, B.; Li, R.; Wu, S.; Liu, X.; Ren, J.; Li, J.; Bi, K.; Wang, Y.; Jia, H. Breast Cancer Resistance to Cyclin-Dependent Kinases 4/6
Inhibitors: Intricacy of the Molecular Mechanisms. Front. Oncol. 2021, 11, 651541. [CrossRef]

48. Juric, D.; Castel, P.; Griffith, M.; Griffith, O.L.; Won, H.H.; Ellis, H.; Ebbesen, S.H.; Ainscough, B.J.; Ramu, A.; Iyer, G.; et al.
Convergent loss of PTEN leads to clinical resistance to a PI(3)Kα inhibitor. Nature 2015, 518, 240–244. [CrossRef] [PubMed]

49. Costa, C.; Wang, Y.; Ly, A.; Hosono, Y.; Murchie, E.; Walmsley, C.S.; Huynh, T.; Healy, C.; Peterson, R.; Yanase, S.; et al. PTEN Loss
Mediates Clinical Cross-Resistance to CDK4/6 and PI3Kα Inhibitors in Breast Cancer. Cancer Discov. 2020, 10, 72–85. [CrossRef]
[PubMed]

50. The Cancer Genome Atlas Network. Comprehensive molecular portraits of human breast tumours. Nature 2012, 490, 61–70.
[CrossRef]

51. Pereira, B.; Chin, S.-F.; Rueda, O.M.; Vollan, H.-K.M.; Provenzano, E.; Bardwell, H.A.; Pugh, M.; Jones, L.; Russell, R.; Sammut,
S.-J.; et al. The somatic mutation profiles of 2,433 breast cancers refine their genomic and transcriptomic landscapes. Nat. Commun.
2016, 7, 11479. [CrossRef] [PubMed]

52. Razavi, P.; Dickler, M.N.; Shah, P.D.; Toy, W.; Brown, D.N.; Won, H.H.; Li, B.T.; Shen, R.; Vasan, N.; Modi, S.; et al. Alterations in
PTEN and ESR1 promote clinical resistance to alpelisib plus aromatase inhibitors. Nat. Cancer 2020, 1, 382–393. [CrossRef]

53. Lee, J.S.; Yost, S.E.; Li, S.M.; Cui, Y.; Frankel, P.H.; Yuan, Y.-C.; Schmolze, D.; Egelston, C.A.; Guo, W.; Murga, M.; et al. Genomic
Markers of CDK 4/6 Inhibitor Resistance in Hormone Receptor Positive Metastatic Breast Cancer. Cancers 2022, 14, 3159.
[CrossRef]

54. Holz, M.K. The role of S6K1 in ER-positive breast cancer. Cell Cycle 2012, 11, 3159–3165. [CrossRef]
55. Fingar, D.C.; Blenis, J. Target of rapamycin (TOR): An integrator of nutrient and growth factor signals and coordinator of cell

growth and cell cycle progression. Oncogene 2004, 23, 3151–3171. [CrossRef] [PubMed]
56. Hay, N.; Sonenberg, N. Upstream and downstream of mTOR. Genes Dev. 2004, 18, 1926–1945. [CrossRef] [PubMed]
57. Maruani, D.M.; Spiegel, T.N.; Harris, E.N.; Shachter, A.S.; Unger, H.A.; Herrero-González, S.; Holz, M.K. Estrogenic regulation of

S6K1 expression creates a positive regulatory loop in control of breast cancer cell proliferation. Oncogene 2012, 31, 5073–5080.
[CrossRef]

58. Mo, H.; Liu, X.; Xue, Y.; Chen, H.; Guo, S.; Li, Z.; Wang, S.; Li, C.; Han, J.; Fu, M.; et al. S6K1 amplification confers innate resistance
to CDK4/6 inhibitors through activating c-Myc pathway in patients with estrogen receptor-positive breast cancer. Mol. Cancer
2022, 21, 171. [CrossRef]

59. Du, R.; Huang, C.; Liu, K.; Li, X.; Dong, Z. Targeting AURKA in Cancer: Molecular mechanisms and opportunities for Cancer
therapy. Mol. Cancer 2021, 20, 15. [CrossRef] [PubMed]

60. Wander, S.A.; Cohen, O.; Gong, X.; Johnson, G.N.; Buendia-Buendia, J.; Lloyd, M.R.; Kim, D.; Luo, F.; Mao, P.; Helvie, K.; et al.
The genomic landscape of intrinsic and acquired resistance to cyclin-dependent kinase 4/6 inhibitors in patients with hormone
receptor positive metastatic breast cancer. Cancer Discov. 2020, 10, 1174–1193. [CrossRef] [PubMed]

61. Opyrchal, M.; Salisbury, J.L.; Zhang, S.; McCubrey, J.; Hawse, J.; Goetz, M.P.; Lomberk, G.A.; Haddad, T.; Degnim, A.; Lange, C.;
et al. Aurora-A Mitotic Kinase Induces Endocrine Resistance through Down-Regulation of ERα Expression in Initially ERα+
Breast Cancer Cells. PLoS ONE 2014, 9, e96995. [CrossRef]

62. Gong, X.; Du, J.; Parsons, S.H.; Merzoug, F.F.; Webster, Y.; Iversen, P.W.; Chio, L.-C.; Van Horn, R.D.; Lin, X.; Blosser, W.; et al.
Aurora A Kinase Inhibition Is Synthetic Lethal with Loss of the RB1 Tumor Suppressor Gene. Cancer Discov. 2019, 9, 248–263.
[CrossRef]

63. Oser, M.G.; Fonseca, R.; Chakraborty, A.A.; Brough, R.; Spektor, A.; Jennings, R.B.; Flaifel, A.; Novak, J.S.; Gulati, A.; Buss, E.; et al.
Cells Lacking the RB1 Tumor Suppressor Gene Are Hyperdependent on Aurora B Kinase for Survival. Cancer Discov. 2019, 9,
230–247. [CrossRef] [PubMed]

64. Goetz, M.P.; Hamilton, E.P.; Campone, M.; Hurvitz, S.A.; Cortes, J.; Johnston, S.R.D.; Jerusalem, G.H.M.; Graham, H.; Wang,
H.; Litchfield, L.; et al. Acquired genomic alterations in circulating tumor DNA from patients receiving abemaciclib alone or in
combination with endocrine therapy. J. Clin. Oncol. 2020, 38, 3519. [CrossRef]

65. Mateyak, M.K.; Obaya, A.J.; Sedivy, J.M. c-Myc Regulates Cyclin D-Cdk4 and -Cdk6 Activity but Affects Cell Cycle Progression
at Multiple Independent Points. Mol. Cell. Biol. 1999, 19, 4672–4683. [CrossRef]

66. Ji, W.; Zhang, W.; Wang, X.; Shi, Y.; Yang, F.; Xie, H.; Zhou, W.; Wang, S.; Guan, X. c-myc regulates the sensitivity of breast cancer
cells to palbociclib via c-myc/miR-29b-3p/CDK6 axis. Cell Death Dis. 2020, 11, 760. [CrossRef]

67. Cornell, L.; Wander, S.A.; Visal, T.; Wagle, N.; Shapiro, G.I. MicroRNA-Mediated Suppression of the TGF-β Pathway Confers
Transmissible and Reversible CDK4/6 Inhibitor Resistance. Cell Rep. 2019, 26, 2667–2680.e7. [CrossRef]

https://en.wikipedia.org/wiki/Myc
http://doi.org/10.3390/cancers12123566
http://doi.org/10.1002/path.4896
http://doi.org/10.3389/fonc.2021.651541
http://doi.org/10.1038/nature13948
http://www.ncbi.nlm.nih.gov/pubmed/25409150
http://doi.org/10.1158/2159-8290.CD-18-0830
http://www.ncbi.nlm.nih.gov/pubmed/31594766
http://doi.org/10.1038/nature11412
http://doi.org/10.1038/ncomms11479
http://www.ncbi.nlm.nih.gov/pubmed/27161491
http://doi.org/10.1038/s43018-020-0047-1
http://doi.org/10.3390/cancers14133159
http://doi.org/10.4161/cc.21194
http://doi.org/10.1038/sj.onc.1207542
http://www.ncbi.nlm.nih.gov/pubmed/15094765
http://doi.org/10.1101/gad.1212704
http://www.ncbi.nlm.nih.gov/pubmed/15314020
http://doi.org/10.1038/onc.2011.657
http://doi.org/10.1186/s12943-022-01642-5
http://doi.org/10.1186/s12943-020-01305-3
http://www.ncbi.nlm.nih.gov/pubmed/33451333
http://doi.org/10.1158/2159-8290.CD-19-1390
http://www.ncbi.nlm.nih.gov/pubmed/32404308
http://doi.org/10.1371/journal.pone.0096995
http://doi.org/10.1158/2159-8290.CD-18-0469
http://doi.org/10.1158/2159-8290.CD-18-0389
http://www.ncbi.nlm.nih.gov/pubmed/30373918
http://doi.org/10.1200/JCO.2020.38.15_suppl.3519
http://doi.org/10.1128/MCB.19.7.4672
http://doi.org/10.1038/s41419-020-02980-2
http://doi.org/10.1016/j.celrep.2019.02.023


Diagnostics 2023, 13, 987 15 of 15

68. McCartney, A.; Bonechi, M.; De Luca, F.; Biagioni, C.; Curigliano, G.; Moretti, E.; Minisini, A.M.; Bergqvist, M.; Benelli, M.;
Migliaccio, I.; et al. Plasma Thymidine Kinase Activity as a Biomarker in Patients with Luminal Metastatic Breast Cancer Treated
with Palbociclib within the TREnd Trial. Clin. Cancer Res. 2020, 26, 2131–2139. [CrossRef]

69. Del Re, M.; Bertolini, I.; Crucitta, S.; Fontanelli, L.; Rofi, E.; De Angelis, C.; Diodati, L.; Cavallero, D.; Gianfilippo, G.; Salvadori, B.;
et al. Overexpression of TK1 and CDK9 in plasma-derived exosomes is associated with clinical resistance to CDK4/6 inhibitors in
metastatic breast cancer patients. Breast Cancer Res. Treat. 2019, 178, 57–62. [CrossRef] [PubMed]

70. Krasniqi, E.; Goeman, F.; Pulito, C.; Palcau, A.C.; Ciuffreda, L.; Di Lisa, F.S.; Filomeno, L.; Barba, M.; Pizzuti, L.; Cappuzzo, F.;
et al. Biomarkers of Response and Resistance to CDK4/6 Inhibitors in Breast Cancer: Hints from Liquid Biopsy and microRNA
Exploration. Int. J. Mol. Sci. 2022, 23, 14534. [CrossRef]

71. Pulito, C.; Cristaudo, A.; Porta, C.L.; Zapperi, S.; Blandino, G.; Morrone, A.; Strano, S. Oral mucositis: The hidden side of cancer
therapy. J. Exp. Clin. Cancer Res. 2020, 39, 210. [CrossRef] [PubMed]

72. Bitter, E.E.; Townsend, M.H.; Erickson, R.; Allen, C.; O’Neill, K.L. Thymidine kinase 1 through the ages: A comprehensive review.
Cell Biosci. 2020, 10, 138. [CrossRef]

73. Welin, M.; Kosinska, U.; Mikkelsen, N.-E.; Carnrot, C.; Zhu, C.; Wang, L.; Eriksson, S.; Munch-Petersen, B.; Eklund, H. Structures
of thymidine kinase 1 of human and mycoplasmic origin. Proc. Natl. Acad. Sci. USA 2004, 101, 17970–17975. [CrossRef]

74. Sherley, J.L.; Kelly, T.J. Regulation of human thymidine kinase during the cell cycle. J. Biol. Chem. 1988, 263, 8350–8358. [CrossRef]
[PubMed]

75. Finn, R.S.; Crown, J.P.; Lang, I.; Boer, K.; Bondarenko, I.M.; Kulyk, S.O.; Ettl, J.; Patel, R.; Pinter, T.; Schmidt, M.; et al. The
cyclin-dependent kinase 4/6 inhibitor palbociclib in combination with letrozole versus letrozole alone as first-line treatment of
oestrogen receptor-positive, HER2-negative, advanced breast cancer (PALOMA-1/TRIO-18): A randomised phase 2 study. Lancet
Oncol. 2015, 16, 25–35. [CrossRef]

76. Larsson, A.-M.; Bendahl, P.-O.; Aaltonen, K.; Jansson, S.; Forsare, C.; Bergqvist, M.; Jørgensen, C.L.T.; Rydén, L. Serial evaluation
of serum thymidine kinase activity is prognostic in women with newly diagnosed metastatic breast cancer. Sci. Rep. 2020, 10, 4484.
[CrossRef] [PubMed]

77. Bagegni, N.; Thomas, S.; Liu, N.; Luo, J.; Hoog, J.; Northfelt, D.W.; Goetz, M.P.; Forero, A.; Bergqvist, M.; Karen, J.; et al. Serum
thymidine kinase 1 activity as a pharmacodynamic marker of cyclin-dependent kinase 4/6 inhibition in patients with early-stage
breast cancer receiving neoadjuvant palbociclib. Breast Cancer Res. 2017, 19, 123. [CrossRef] [PubMed]

78. Schiavon, G.; Hrebien, S.; Garcia-Murillas, I.; Cutts, R.J.; Pearson, A.; Tarazona, N.; Fenwick, K.; Kozarewa, I.; Lopez-Knowles, E.;
Ribas, R.; et al. Analysis of ESR1 mutation in circulating tumor DNA demonstrates evolution during therapy for metastatic breast
cancer. Sci. Transl. Med. 2015, 7, 313ra182. [CrossRef]

79. Razavi, P.; Chang, M.T.; Xu, G.; Bandlamudi, C.; Ross, D.S.; Vasan, N.; Cai, Y.; Bielski, C.M.; Donoghue, M.T.A.; Jonsson, P.; et al.
The Genomic Landscape of Endocrine-Resistant Advanced Breast Cancers. Cancer Cell 2018, 34, 427–438.e6. [CrossRef]

80. Hortobagyi, G.N.; Stemmer, S.M.; Burris, H.A.; Yap, Y.S.; Sonke, G.S.; Paluch-Shimon, S.; Campone, M.; Petrakova, K.; Blackwell,
K.L.; Winer, E.P.; et al. Updated results from MONALEESA-2, a phase III trial of first-line ribociclib plus letrozole versus placebo
plus letrozole in hormone receptor-positive, HER2-negative advanced breast cancer. Ann. Oncol. 2018, 29, 1541–1547. [CrossRef]

81. Fribbens, C.; O’Leary, B.; Kilburn, L.; Hrebien, S.; Garcia-Murillas, I.; Beaney, M.; Cristofanilli, M.; Andre, F.; Loi, S.; Loibl, S.;
et al. Plasma ESR1 Mutations and the Treatment of Estrogen Receptor–Positive Advanced Breast Cancer. J. Clin. Oncol. 2016, 34,
2961–2968. [CrossRef]

82. Tolaney, S.M.; Toi, M.; Neven, P.; Sohn, J.; Grischke, E.-M.; Llombart-Cussac, A.; Soliman, H.; Wang, H.; Wijayawardana, S.; Jansen,
V.M.; et al. Clinical Significance of PIK3CA and ESR1 Mutations in Circulating Tumor DNA: Analysis from the MONARCH 2
Study of Abemaciclib plus Fulvestrant. Clin. Cancer Res. 2022, 28, 1500–1506. [CrossRef]

83. Lloyd, M.R.; Spring, L.M.; Bardia, A.; Wander, S.A. Mechanisms of Resistance to CDK4/6 Blockade in Advanced Hormone
Receptor–positive, HER2-negative Breast Cancer and Emerging Therapeutic Opportunities. Clin. Cancer Res. 2022, 28, 821–830.
[CrossRef] [PubMed]

84. McCartney, A.; Migliaccio, I.; Bonechi, M.; Biagioni, C.; Romagnoli, D.; De Luca, F.; Galardi, F.; Risi, E.; De Santo, I.; Benelli, M.;
et al. Mechanisms of Resistance to CDK4/6 Inhibitors: Potential Implications and Biomarkers for Clinical Practice. Front. Oncol.
2019, 9, 666. [CrossRef] [PubMed]

85. Martin, J.M.; Handorf, E.A.; Montero, A.J.; Goldstein, L.J. Systemic Therapies Following Progression on First-line CDK4/6-
inhibitor Treatment: Analysis of Real-world Data. Oncologist 2022, 27, 441–446. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1158/1078-0432.CCR-19-3271
http://doi.org/10.1007/s10549-019-05365-y
http://www.ncbi.nlm.nih.gov/pubmed/31346846
http://doi.org/10.3390/ijms232314534
http://doi.org/10.1186/s13046-020-01715-7
http://www.ncbi.nlm.nih.gov/pubmed/33028357
http://doi.org/10.1186/s13578-020-00493-1
http://doi.org/10.1073/pnas.0406332102
http://doi.org/10.1016/S0021-9258(18)68484-4
http://www.ncbi.nlm.nih.gov/pubmed/3372530
http://doi.org/10.1016/S1470-2045(14)71159-3
http://doi.org/10.1038/s41598-020-61416-1
http://www.ncbi.nlm.nih.gov/pubmed/32161278
http://doi.org/10.1186/s13058-017-0913-7
http://www.ncbi.nlm.nih.gov/pubmed/29162134
http://doi.org/10.1126/scitranslmed.aac7551
http://doi.org/10.1016/j.ccell.2018.08.008
http://doi.org/10.1093/annonc/mdy155
http://doi.org/10.1200/JCO.2016.67.3061
http://doi.org/10.1158/1078-0432.CCR-21-3276
http://doi.org/10.1158/1078-0432.CCR-21-2947
http://www.ncbi.nlm.nih.gov/pubmed/34725098
http://doi.org/10.3389/fonc.2019.00666
http://www.ncbi.nlm.nih.gov/pubmed/31396487
http://doi.org/10.1093/oncolo/oyac075
http://www.ncbi.nlm.nih.gov/pubmed/35552450

	Introduction 
	Aims and Objectives 
	Materials and Methods 
	Review 
	How Do CDK4/6 Inhibitors Work? 
	Cyclin D–CDK4/6 Abnormal Activation 
	Loss of pRb 
	Cyclin E–CDK2 Pathway Activation 
	PI3K/AKT/mTOR Pathway Activation 
	FGFR1 Activation (FGF/FGFR Signaling Pathway Activation) 
	RAS Activation 
	FAT1 Loss 
	PTEN Loss 
	S6K1 Amplification 
	AURKA Amplification 
	c-Myc Upregulation 
	miR Downregulation 
	TK1 Activity 
	Endocrine Resistance and CDK4/6i Sensitivity—An Association Worthy of Consideration 

	Discussions 
	Conclusions 
	References

