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Abstract: Over the last decade, treatment paradigms for breast cancer have undergone a renaissance,
particularly in hormone-receptor-positive/ HER2-negative breast cancer. These revolutionary ther-
apies are based on the selective targeting of aberrancies within the cell cycle. This shift towards
targeted therapies has also changed the landscape of disease monitoring. In this article, we will
review the fundamentals of cell cycle progression in the context of the new cyclin-dependent kinase
inhibitors. In addition to discussing the currently approved cyclin-dependent kinase inhibitors for
breast cancer, we will explore the ongoing development and search for predictive biomarkers and
modalities to monitor treatment.
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1. Introduction

Breast cancer, the most prevalent cancer among women, is a heterogeneous disease
with various subtypes. The most common subtype, hormone-receptor-positive/ HER2-
negative (HR+ or ER+/HER2—), accounts for 69% of all cases [1]. This subtype, like others,
proliferates through dysregulation of the cell cycle, particularly the transition from the G1 to
S phase, facilitated by cyclins and cyclin-dependent kinases (CDKs) [2]. CDK 4/6 inhibitors,
such as palbociclib, ribociclib, and abemaciclib, have emerged as innovative therapeutics
for advanced or metastatic HR+/HER2— breast cancer. These drugs target the disrupted
pathway in breast cancer and have shown significant efficacy in improving progression-free
and overall survival, especially when combined with hormone therapy [3-11]. Despite their
similar mechanism of action, these inhibitors exhibit nuanced pharmacological differences,
affecting their clinical utility [12]. Currently, the optimal sequencing of these therapies
with other treatments, like endocrine therapy, is an area of ongoing research. The key
to determining the appropriate sequence of therapy lies, in part, in finding predictive
biomarkers to determine the response to CDK 4/6 inhibitors. Such biomarkers could
enable a more tailored therapeutic approach, potentially improving response rates and
minimizing unnecessary toxicity. This review will discuss the basic science behind CDK
inhibitors, the seminal trials which led to the approval of these inhibitors in HR+/HER2—
breast cancer, their use in the adjuvant setting as well as in HR+/HER2+ breast cancer, and
the ongoing research to determine optimal sequencing and find predictive biomarkers.

2. CDK Pathway and Inhibition
2.1. The Pathway

Cyclin-dependent kinases interact with the E2F transcription factor and retinoblastoma
(Rb) protein in a pathway essential to the regulation of the cell cycle. It involves the
interaction CDK4 and CDK6 with D-type cyclins to form an inactive ternary complex.
The complex is stabilized and transported to the nucleus by proteins p21 and/or p27.
Interestingly, p21 and p27 also serve as CDK inhibitors by sequestering CDK 4/6, thereby
serving to both facilitate activation and directly inhibit the cyclin-CDK4/6 complex [13].
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Once the cyclin-CDK4/6 complex is translocated to the nucleus by p21/p27, it is
phosphorylated at T172 by cyclin activating kinase (CAK). This phosphorylation has
been shown to be the rate-limiting step of cyclin-CDK4/6 complex activation. The now
active and stabilized holoenzyme then phosphorylates the Rb protein, resulting in the
inactivation of Rb. Once Rb is inactivated, the E2F transcription factor is released, resulting
in the transcription of genes responsible for the transition of the cell from the G1 to the S
phase [14]. This is illustrated in Figure 1.
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Figure 1. Cyclin-CDK-E2F-Rb pathway with estrogen signaling resulting in amplification of cyclin D
is shown. In box 1, estrogen (E2) binds with estrogen receptor (ER) and is translocated to the nucleus,
where it, then promotes the transcription of the CCND1 gene resulting in cyclin D1. Pro-mitogenic
signals and other pathways can also amplify cyclin D1 transcription, which is discussed elsewhere.
In box 2, cyclin D1 then binds with cyclin-dependent kinase (CDK) 4 and 6 to create an activated
holoenzyme. In box 3, this cyclin-CDK 4/6 complex phosphorylates retinoblastoma protein (Rb),
which results in the dissociation of Rb from the E2F transcription factor seen in box 4. In box 5, the
now free E2F transcription factor promotes the downstream cascade of protein synthesis, ultimately
transitioning the cell from G1 to S phase. Further, E2F transcribes the CDK2NA gene, which results
in the synthesis of p16INK4a, a potent inhibitor of the cyclin-CDK 4/6 complex. This results in a
negative feedback loop, which arrests the progression of the cell cycle.

One specific gene that is transcribed because of this process is the CCNE1 gene, which,
when transcribed, forms cyclin E. In an interesting positive feedback loop, cyclin E binds
with cyclin-dependent kinase 2 (CDK2), which in turn hyperphosphorylates Rb, resulting
in further suppression of Rb [15].

Ultimately, the release of E2F through the phosphorylation of Rb by CDK—cyclin
complexes results in the progression of the cell from the G1 to the S phase.
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2.2. Regulation of the Pathway

D-type cyclins (D1, D2, and D3) are produced by the gene CCND1 in response to
various external signals, including growth-promoting mitogens, inhibitory cytokines, and
differentiation signals, amongst others. It is worth noting that CCND1 is a transcriptional
target of nuclear receptors such as the estrogen receptor (ER) [16]. This supports why
ER-positive breast cancer patients respond well to the therapeutic combination of CDK 4/6
inhibition and endocrine therapy, as there is an overexpression of cyclin D via ER activation.

Following the discovery of D-type cyclins, CDK4 and CDK6 were identified. These
kinases were found to bind to and be activated by any of the three D-type cyclins. CDK4
and CDKG6 function during the G1 phase to push quiescent cells that have entered the cell
cycle, or proliferating cells that have completed mitosis, toward the S phase [17]. This
process is regulated by the CDKN2A gene, which produces p16INK4a, an inhibitor of the
CDK4/6 enzyme. It is worth noting that mutations in CDK2NA can result in the loss of
p16INK4a, resulting in unchecked progression from the G1 to the S phase [18].

2.3. Inhibition of the Dysregulated Pathway

The CDK E2F Rb pathway has been a long-sought-after target for cancer therapy, as it
is dysregulated in virtually all human cancer cells [19]. Dysregulation can occur through
one of many processes, including the overexpression of cyclin D1, the loss of endogenous
CDK inhibition vis-a-vis the absence of p16INK4a, the mutation of CDK4 to a p16INK4a-
refractory state, or the loss of the Rb1 gene [20]. This dysregulation results in unfettered
cellular proliferation, forming the basis of tumorigenesis. The inhibition of this pathway
and preventing the phosphorylation of Rb halts the cell cycle in the G1 phase, effectively
inducing cell cycle arrest or cytostasis [20]. As a result, these inhibitors can curtail the
uncontrolled proliferation of cancer cells.

The initial CDK inhibitors were pan-selective and ultimately ineffective due to their
significant dose-limiting toxicities. Agents such as flavopiridol and roscovitine inhibited
CDK 1, 2,4, 6,7, and 9, resulting in cellular cytotoxicity [21,22]. A trio of new CDK in-
hibitors, palbociclib, ribociclib, and abemaciclib, are highly selective for CDK4/6, resulting
in potent cytostatic activity. However, variance in their chemical structures results in
differences in their pharmacology [23].

Palbociclib and ribociclib are the closest in chemical structure and thus exhibit sim-
ilar potency in CD4 inhibition; however, palbociclib inhibits CD6 more potently than
ribociclib [3,6]. They also share similar toxicity profiles, with myelosuppression being the
dose-limiting toxicity. A key differentiator between these two agents is the prevalence of
QT prolongation with ribociclib. As such, patients with co-morbid cardiac conditions are
advised to avoid ribociclib [8]. These two agents are also dosed once daily due to their
long half-lives.

The chemical structure of abemaciclib varies from its siblings in several key ways
and may explain its unique biochemical and clinical properties [24]. Abemaciclib has
several unique interactions with CD6. For one, it is the only CDK inhibitor that can form a
hydrogen bond with CD6 [24]. Further, due to its structure and lipophilicity, it can access
deep within the ATP-binding pocket of CD6, where ribociclib and palbociclib cannot [24].
The result of this is a highly potent inhibition, which can be observed when comparing the
IC50s between the three agents [24].

Although a potent CDK4/6 inhibitor, abemaciclib also has an inhibitory activity on
cyclin T1/CDK9, cyclin E2/CDK2, p25/CDKS5, and p35/CDKS. This point is crucial in un-
derstanding why abemaciclib is the only agent efficacious as a monotherapy, as determined
by the MONARCH-3 trial [11,24]. A proposed mechanism for CDK4 inhibition resistance
is the upregulation of cyclin E2/CDK2 function, which essentially takes over the role of
cyclin D-CDK4/6 in the cell progression from the G1 to the S phase [25]. Abemaciclib’s
inhibitory activity against E2/CDK2 could hamper this compensatory pathway. Addition-
ally, early agents like flavopiridol and roscovitine were potent inhibitors of CDKD9, a key
player in global transcription regulation [21,22]. The inhibition of CDK9 results in cellular
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cytotoxicity, suggesting that abemaciclib also exhibits a cytotoxic effect in addition to the
cytostatic effects of CDK4/6 inhibition [26]. This relative “pan-selectivity” of abemaciclib
compared to the other CDK inhibitors could also, at least in part, explain its unique GI
toxicity profile [11]. Abemaciclib has a shorter half-life and, thus, is dosed continuously
and twice daily compared to the once-daily dosing of palbociclib and ribociclib [11]. The
difference in chemical structures of the three agents can be compared in Table 1.

Table 1. This table lists the CDK inhibitors along with their chemical structures and major
toxicity profiles.

CDK Inhibitor Chemical Structure Adverse Effects
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3. Clinical Use of CDK 4/6 Inhibitors
3.1. Metastatic or Advanced ER+/HER2— Breast Cancer

The first CDK4/6 inhibitor approved for first-line treatment for ER+/HER2— breast
cancer treatment was palbociclib after the pivotal PALOMA-1 trial in 2017 [3]. The
PALOMA-1 trial, a phase II study, involved 165 treatment-naive postmenopausal pa-
tients. It found that palbociclib, when combined with letrozole, improved progression-free
survival (PFS) from 10.2 to 20.2 months.

The PALOMA-2 trial, a phase III study, enrolled 666 similar patients and found that
palbociclib improved PFS from 14.5 to 24.8 months when added to letrozole [4]. The
PALOMA-3 trial, another phase III study, involved 521 women who had progressed on
previous endocrine therapy. It was found that palbociclib prolonged PFS from 4.6 to
9.5 months and overall survival when added to fulvestrant [5].

All PALOMA trials showed palbociclib’s PFS improvement when added to endocrine
therapy and its good tolerability, with neutropenia being the most common side effect.

Today, palbociclib is the most widely used agent in combination therapy with ET
for advanced ER+/HER2— breast cancer. Approval for palbociclib was followed shortly
after by the approval of ribociclib and abemaciclib through the MONALEESA-2 and
MONARCH-2 trials, respectively [6,9].

The MONALEESA clinical trial program investigated the clinical activity and safety
of ribociclib. The program included three trials: MONALEESA-2, MONALEESA-3, and
MONALEESA-7.

The MONALEESA-2 trial evaluated the combination of ribociclib with letrozole as
a first-line therapy in postmenopausal women with advanced breast cancer (ABC). The
median progression-free survival (PFS) in patients who received ribociclib was 25.3 months

Abemaciclib GI toxicity
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versus 16 months in those who received a placebo (hazard ratio (HR): 0.568 (95% CI:
0.457-0.704); p < 0.001) [6].

The MONALEESA-3 trial evaluated ribociclib plus fulvestrant in postmenopausal
women who had relapsed >12 months from their endocrine therapy or presented with de
novo ABC. The median PFS was 20.5 months (95% CI: 18.5—23.5 months) and 12.8 months
in the ribociclib and placebo arm, respectively (HR, 0.593, 95% CI, 0.480-0.732; p < 0.001) [7].

The MONALEESA-7 trial evaluated a treatment of ribociclib plus goserelin with either
tamoxifen or a nonsteroidal aromatase inhibitor (NSAI) in pre/perimenopausal women.
The median PFS was 23.8 months in the ribociclib group and 13.0 months in the placebo
group (HR, 0.55, 95% CI, 0.44-0.69; p < 0.0001) [8].

The overall safety profiles of ribociclib in all three trials were similar. The most
common adverse events of any grade that occurred in >25% of patients were neutropenia,
leukopenia, and nausea. Corrected QT interval (Fridericia’s formula) prolongation was
reported in <10% of patients receiving ribociclib in each of the three trials [6-8].

Abemaciclib received its first approval from the U.S. Food and Drug Administration
(FDA) in September 2017 [8]. It was initially approved for the treatment of HR-positive,
HER2-negative advanced or metastatic breast cancer. Since then, its approved use has
expanded to include its utilization as a monotherapy [9-11].

The MONARCH 2 trial focused on patients who had progressed during prior en-
docrine therapy. It involved 669 women, with 446 randomized to the abemaciclib-plus-
fulvestrant arm and 223 to the placebo-plus-fulvestrant arm. The trial found a statistically
significant improvement in overall survival (OS) in the abemaciclib group, with a median
OS of 46.7 months compared to 37.3 months in the placebo group (HR, 0.757, 95% (I,
0.606-0.945; p 0.014). The improvement was more pronounced in patients with visceral
disease and those with primary resistance to prior endocrine therapy. Other measures
such as time to second disease progression, time to chemotherapy, and chemotherapy-free
survival were also significantly improved in the abemaciclib group [10].

The MONARCH-3 trial evaluated abemaciclib as an initial treatment for postmenopausal
women with HR+, HER2— advanced breast cancer. The trial involved 493 women and
found that the median progression-free survival (PFS) was significantly longer in the
abemaciclib group (28.18 months) compared to the placebo group (14.76 months). The
objective response rate (ORR) was also higher in the abemaciclib group (61.0% versus
45.5%) [11].

In both trials, the safety profile of abemaciclib was consistent with previous re-
ports, with the most frequent grade >3 adverse events being neutropenia, diarrhea, and
leukopenia [10,11].

All three trial programs, PALOMA (1, 2, 3), MONALEESA (2, 3,7), and MONARCH
(1, 2, 3), showed significant improvement in PFS amongst advanced ER+/HER2— breast
cancer patients across all menopausal statuses; however, there were some key differences.

Overall survival was only seen with ribociclib in the MONALEESA-2 and -3 trials,
whereas the PALOMA trials did not show a significant increase in OS [3-7]. It is unclear
why this is. It can be speculated that this could be due to differences in CDK inhibition
potency and missing survival data from the PALOMA trial; however, without a head-
to-head study, conclusions remain speculation. The data for OS with abemaciclib is still
maturing; however, interim analyses do show a trend suggesting that the final analysis will
result in an improvement in OS [27].

Among the three drugs, only abemaciclib has been approved as a monotherapy
after the results of the MONARCH-1 phase 2 trial, which studied heavily pre-treated
ER+/HER2— breast cancer patients who progressed on or after ET and chemotherapy.
They found that patients on continuous monotherapy with abemaciclib had an ORR of
19.7%, a CBR of 42.4%, an mPFS of 6 months, and an OS of ~18 months [9]. The trials
referenced above are summarized in Table 2.
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Table 2. This table summarizes the seminal trials of the three FDA-approved cyclin-dependent kinase
inhibitors for HR+/HER2— breast cancer.

Trial N Regimens Median OS Hazard Ratio (95% CI) p-Value
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3.2. Considering Endocrine Resistance in Treatment of ER+/HER2— Advanced Breast Cancer

There are many patients that do well with endocrine therapy alone; however, there
are some that progress. Approximately 1 in 6 women with node-positive HR+/HER2—
early-stage BC receiving endocrine therapy experience recurrence or death within 5 years
of initiating treatment [28]. However, most recurrences occur after 5 years, a phenomenon
that is largely attributed to endocrine resistance [28]. Endocrine resistance is a heterogeneic
process consisting of multiple potential resistant pathways. The most common process is
the loss of ESR1 gene expression through CpG island methylation or histone deacetylase
activity on the ESR1 promoter [29]. The ESR1 gene normally transcribes the estrogen
receptor, so the loss of ESR1 results in resistance to anti-estrogen therapy [29]. Other
processes include the up-regulation of the MAPK and PI3K pathways, which results
in the estrogen-independent activation of the ER pathway and the over-expression of
cyclin D [30]. These pathways act upstream of the cyclin-CDK-E2F pathway and thus
suggest why the new CDKis have shown PFS in patients who progressed on or after ET.
The advent of CDK4/6 inhibition has been groundbreaking, as it is a common pathway for
several resistance mechanisms; however, resistance develops with CDK inhibition as well,
underscoring the complexity of endocrine resistance.

Currently, combination treatments, including the inhibition of other pathways such
as P13K, are currently being studied. Alpelisib, a PI3K inhibitor, was approved by the
FDA in 2019 for use in combination with fulvestrant for the treatment of PIK3CA-mutated,
hormone-receptor-positive, HER2-negative advanced or metastatic breast cancer [31].

3.3. Determining Sequence of Therapy

Given that CDKI'’s are approved for first- and second-line therapy, endocrine re-
sistance is inevitable with or without CDK inhibition. Since many patients do well on
endocrine monotherapy, the placement of the new CDK inhibitors in the therapeutic lineup
becomes challenging.

The SONIA trial, recently published in 2023, evaluated the efficacy, safety, and cost-
effectiveness of CDK4/6i added to either first- or second-line endocrine therapy (ET)
in patients with HR+, HER2— ABC who had received no prior therapy for ABC [32].
In the trial, 1050 pre- and post-menopausal woman were randomized to either strategy
A or B. Strategy A consisted of a first-line CDKi + non-steroidal aromatase inhibitor
with progression treated with fulvestrant. Strategy B consisted of a first-line NSAI with
progression treated by CDKi + fulvestrant. Which CDKi to use was determined by the
treating physician; however, over 90% used palbociclib.

The study found no statistical difference in their primary endpoint of PFS between
either strategy. The median PFS2 was 31.0 months in strategy A versus 27.8 months in
strategy B (hazard ratio: 0.89; 95% confidence interval: 0.75 to 1.04; p = 0.14). Secondary
endpoints such as toxicity and cost-effectiveness were also examined, which determined
that first-line use prolonged the time on CDK4/6i by 16.4 months and increased toxicity
and costs [32].
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This study suggests that although CDKi’s are approved for both first- and second-line
treatment of ABC, it may be reasonable to reserve their use for the second-line setting to
avoid both drug and financial toxicity. There is speculation that PFS was blunted due to the
use of fulvestrant monotherapy in the second line, a treatment strategy that is uncommon in
today’s practice. The results of this study underscore the importance of tailoring treatment
using predictive biomarkers.

3.4. Adjuvant Use of CDK4/6 Inhibitor in Early Breast Cancer (EBC): PENELOPE-B, PALLAS,
MonarchE, and NATALEE Trials

CDK4/6 inhibitors have been implemented as an adjuvant treatment for EBC. Specifi-
cally, two CDK4/6 inhibitors are becoming part of the standard treatment for HR+, HER2—
EBC. Two main studies have been pivotal in achieving this accomplishment: MonarchE
and NATALEE. The MonarchE study paved way for the utilization of adjuvant abemaciclib
with endocrine therapy (ET) in the setting of high-risk EBC, while the NATALEE trial data
presented at ASCO 2023 added ribociclib to the landscape of adjuvant CDK4/6 inhibitors
in a similar setting.

Before these trials emerged, the PENELOPE-B trial was a randomized, double- blind,
phase III trial that investigated the use of palbociclib (PAL) in HR+, HER2— breast cancer
patients with residual disease after neoadjuvant chemotherapy who were at high risk of
relapse [33]. A total of 1250 women were enrolled in the trial. In one arm, PAL was given
for 13 cycles with at least 5 years of ET compared to ET with placebo. Unfortunately, this
trial failed to meet its primary endpoint of improved invasive disease-free survival (iDFS).
However, this was the first trial that had mature data on the use of a CDK4/6 inhibitor as
part of adjuvant treatment for early breast cancer, paving the way for more studies in the
non-metastatic setting.

Similarly, in a prospective, randomized, phase IIl PALLAS trial investigating the use
of PAL in HR+ EBC, there was no statistically significant difference between either treat-
ment arm. At a median follow-up of 31 months, iDFS occurred in 8.8% in the PAL + ET
group compared to 9.1% in the ET alone arm, with an iDFS at 4 years of 84.2% vs. 84.5%
(HR =0.96, 95% CI: 0.81-1.14, p = 0.65) [34]. In 2021, abemaciclib gained approval in the
treatment of high-risk HR+, HER2—, node-positive breast cancer patients based on the
data from the MonarchE study. The MonarchE study enrolled patients with HR+, HER2—
high-risk EBC [34]. High risk was defined as >4 axillary lymph nodes (ALN) or 1-3 ALN
with either tumor size > 5 cm, histologic grade 3, or Ki67 > 20%. One arm received abe-
maciclib (150 mg twice daily for 2 years) with ET for 5-10 years, and the other arm received
ET alone. The primary endpoint was iDFS. Overall, the 3-year iDFS improved by 5.4%
in the abemaciclib group (HR = 0.70, 95% CI: 0.59-0.82), with the primary toxicity being
diarrhea and neutropenia. This study was groundbreaking, in that it was the first study to
demonstrate an improvement in iDFS with the use of a CDK4/5 inhibitor in the adjuvant
setting in patients with HR+, HER2— EBC at risk of relapse [35]. The NATALEE trial,
presented at ASCO 2023, is an ongoing, open-label, large, randomized, multicenter, phase 3
trial investigating the use of adjuvant ribociclib with ET in stage II and III patients with
HR+, HER2— breast cancer [36]. Out of a total of 5101 patients, 2549 patients were random-
ized 1:1 to receive either ribociclib and ET > 5 years (with either letrazole or anastrozole)
(RIBO + ET) or ET only (2552 patients). Ribociclib was dosed at 400 mg/day, 3 weeks on,
1 week off, for 3 years. The primary endpoint was iDFS. The secondary endpoints included
recurrence-free survival (RFS), overall survival (OS), distant-disease-free survival (DDFS),
safety, and tolerability. The absolute iDFS rate difference was 3.3%, favoring the ribociclib
group, with a risk reduction of 25.2%. The absolute distant-disease-free survival difference
was 2.2% favoring ribociclib, with a 26.1% reduction in distant disease risk. About 20% of
the patients completed 3 years of ribociclib, with 19% discontinuing due to adverse events.
The most frequent adverse events that led to discontinuation included elevation in liver
function tests and arthralgia. Grade 3 or higher neutropenia and QTc prolongation was
also reported in the ribociclib arm.
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This study was a breakthrough, as it was large, including more patients than the
MonarchE study. It was different from previous studies in that it included patients with
no nodal involvement (NO) with high-risk features, setting a new standard in NO patients.
A lower dose of ribociclib was utilized (400 mg instead of 600 mg) compared to the
MONALEESA trial, which allowed for a higher tolerability. It also extended the duration of
CDK4/6 inhibitor use to 3 years instead of the previously studied 2 years with abemiciclib
in the MonarchE study. One of the limitations was that not all the patients in the high-risk
NO group received standard chemotherapy, favoring the ribociclib arm. Moreover, with
an absolute iDFS rate difference of 3.3%, the standards to better define minimal clinically
relevant differences should be further explored. Overall, this is an impressive study that
will likely reshape the standard of care in high-risk EBC patients. It would be interesting to
see the long-term survival data for this study in the future. The trials referenced above are
summarized in Table 3.

Table 3. This table summarizes the trials investigating the use of cyclin-dependent kinase inhibitors
in the adjuvant setting.

Trial Year Status Patient Population Intervention Control Arm Primary Outcome
42.8-month iDFS: no
difference; (HR = 0.93
PAL (125 mg once ! !
PENELOPE-B . 95% CI: 0.74-1.17);
(NCT01864746) 2013-2020 Completed  HR+, HER2— EBC daily for 13 cycles) + ET + placebo two-sided weighted
>5 years ET 1 .
og-rank test (Cui, Hung,
and Wang) p = 0.525
31-month iDFS: 8.8% PAL
PALLAS PAL (125 mg orally + ET vs. 9.1% ET, iDFS at
(NCT02513394) 2015-2020 Completed  HR+, HER2— EBC once daily for 2 years)  ET alone 4 years: 84.2% vs. 84.5%
+ >5 years ET (HR =0.96, 95% CI:
0.81-1.14, p = 0.65)
MonarchE Ab.emaci.clib (150 mg gz;f irnﬂtjlfese;lr)r;lrgrf;‘:/iiﬁ;y
(NCT03155997) 2017-2020 Completed ~ HR+, HER2— EBC ;VZ;EE)CTE}% fgg 2y e ET alone group (HR = 0.70, 95% CI:
= 0.59-0.82)
34-month iDFS improved
RIBO (400 mg/day 3 by 3.3% in the RIB + ET
MonarchE . B weeks on, 1 week off group; iDFS (HR, 0.748;
(NCT03155997) 2018-2026  Active HR+, HER2— EBC for 3 years) + ET alone 95% CI, 0.618-0.906;

ET >5 years

p = 0.0014); 3-year iDFS

rates: 90.4% vs. 87.1%

3.5. CDK Inhibtor Use in ER+/HER2+ Breast Cancer

CDK 4/6 with cyclins plays a critical role in cell proliferation. The ER and HER2
pathways, independently or collectively, converge to facilitate cell proliferation. HER2
signaling targets cyclin D downstream. Preclinical studies have shown that ER+/HER2+
breast cancer is responsive to cell cycle inhibitors [37]. As a result, there have been emerging
studies working on treating ER+/HER2+ disease with a combination of CDKi and HER2
target therapy. It may provide synergistic pharmacological benefits in limiting tumor
progression, enhancing treatment sensitivity, and improving mortality [38].

The SOLTI-1303 PATRICIA trial is a prospective, randomized, open-label, multicenter,
phase II trial. It was designed to evaluate the efficacy and safety of palbociclib in combina-
tion with trastuzumab with or without letrozole in treating localized advanced or metastatic
ER+/HER2+ breast cancer patients who had received 2—4 prior lines of anti-HER2-based
regimens. Seventy-one postmenopausal patients were divided into three cohorts based on
the ER status: ER- (cohort A), ER+ (cohort B1), and ER+ with letrozole (cohort B2). The
primary interest was the PFS rate at 6 months. The secondary objectives included the safety
and evaluation of the PAM50 intrinsic subtypes [39].

The study revealed that the PFS rate at 6 months in cohorts A, B1, and B2 was 33.3%
(5/15), 42.8% (12/28), and 46.4% (13/28), respectively. The safety analysis showed that
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97.7% of patients had grade 1-2 toxicities and 84.4% of patients developed 3—4 toxicities
including neutropenia (66.4%) and thrombocytopenia (11.3%). Luminal disease defined by
PAMS50 was reported to be associated with a longer PFS compared with nonluminal disease
(PFS: 10.6 vs. 4.2 months; adjusted hazard ratio: 0.40; p = 0.003). In conclusion, palbociclib
used with trastuzumab is safe and shows survival benefits in ER+/HER2+ advanced breast
cancer with a PAM50 luminal disease [39].

The PATINA trial is a randomized, open-label, international, phase III trial. It was
designed to evaluate the safety and efficacy of palbociclib in combination with anti-HER-2
and endocrine therapy vs. anti-HER2 and endocrine therapy in HR+/HER2+ metastatic
breast cancer patients [40]. After receiving 4-8 cycles of induction chemotherapy (taxane
or vinorelbine) with an anti-HER2 regimen, 496 patients were randomized to receive anti-
HER2-plus-endocrine therapy, with or without palbociclib. The primary interest is the PFS.
The secondary outcomes included OS, 3- and 5-year survival probabilities, the objective
response rate (OR), the clinical benefit rate, safety, patient-reported outcomes, and the
incidence of CNS metastasis. The trial is being conducted in Australia, New Zealand, the
United States, Spain, and Germany. The study hypothesized that the addition of a CDKi
to anti-HER?2 and endocrine therapy after induction therapy would delay the onset of
therapeutic resistance, prolong survival, and improve endocrine resistance in HR+/HER2
breast cancer [40]. The trials referenced above are summarized in Table 4.

Table 4. This table summarizes the trials investigating the use of cyclin-dependent kinase inhibitors
in ER+/HER2+ breast cancer.

Trial Phase Setting Arms Primary Outcomes
1. Palbociclib + anti-HER2 therapy
(trastuzumab/pertuzumab) +
PA‘T¥NA endocrine therapy (letrozole,
fallfnéi(jclistﬁiz o e Eh—aéslzgn Metastatic 2??18:11;/()ezsct)i§ln€t};(eme8tane/ Progression-free
petec Lierapy, -0 HR+/HER2+ breast o &)
palbociclib, to treat International cancer Control arm: anti-HER2 therapy  survival (PFS)
metastatic breast cancer  centers (trastuzumab /pertuzumab) +
(NCT02947685) endocrine therapy (letrozole,
anastrozole, exemstane,
or fulvestrant)
Palbociclib + trastuzumab
(HR-/HER2+)
Palbociclib + trastuzumab
(HR+/HER2+)
Trastuzumab + palbociclib +
letrozole (HR+/HER2+)
PATRICIA II Palbociclib, trastuzumab, and
Palbociclib and endocrine therapy (aromatase
trsflstuzumat? Phase II Metastatic 1nh1b1t‘0r, fulvestrant, or ‘
with endocrine therapy tamoxifen) for HR+/HER2+, Progression-free
. . n =102 HR+/HER2+ breast . L .
in HER2-positive Spain cancer luminal intrinsic survival (PFS)
metastatic p subtype (PAM50)
breast cancer Control arm: physician’s choice
(NCT02448420) (T-DM1 or chemotherapy

(gemcitabine, vinorelbine,
capecitabine, eribulin, or taxane)
+ trastuzumab or endocrine
therapy + trastuzumab) for
HR+/HER2+, luminal intrinsic
subtype (PAM50)
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4. Search for Biomarkers

With the results of the SONIA trial and the inevitable development of resistance, when
to use CDK inhibition becomes an important question. The key to answering this question
lies in predictive biomarkers that can identify de novo and acquired CDK inhibitor and ET
resistance mechanisms. Such biomarkers would allow for the use of CDK inhibition in a
more tailored manner, avoiding the drug and financial toxicities suggested by the SONIA
trial. To find such biomarkers, innovations such as liquid biopsy, a blood-based method
of profiling tumor-derived materials, are being employed. This method avoids the need
for invasive biopsy, especially in metastatic lesions in which a tissue sample is required, as
they often do not reflect the primary tumor biology [41].

4.1. Prediciting Response

De novo FAT1 mutations have shown potential to predict treatment resistance in
ER+/HER2— advanced breast cancer. FAT1 is a member of the cadherin superfamily, which
interacts with the Hippo signaling pathway. Interestingly, the loss of FAT1 is correlated with
increased CDK6 mRNA levels mediated through the Hippo pathway. CDK6 amplification
has been shown to be associated with CDK inhibitor resistance as well [42]. A study
examined the effect of FAT1 mutations on PFS among 348 patients treated with palbociclib,
ribociclib, and abemaciclib [43]. The pretreatment biopsies underwent genetic sequencing
to determine the presence of FAT1. Patients with FAT1 mutations resulting in a loss of
FAT1 had a significantly decreased median PFS of 2.4 months, compared to 10.1 months for
patients without FAT1 mutations across all three CDK inhibitors [42]. It should be noted
that de novo FAT1 loss-of-function mutations are only observed in approximately 6% of
metastatic breast cancers [44]. This suggests that FAT1 mutations represent a small minority
of patients who have primary resistance to CDK inhibitors.

The loss of RB1 determined by IHC has been studied extensively during the PALOMA-
1 and -2 trials, which revealed that approximately 10% of patients developed acquired
RB1 loss during treatment with palbociclib [3,4]. They found that those patients with RB1
loss had a statistically significant decrease in PFS compared to the RB1-positive patients of
3.6 months compared to 10.1 months. The PALOMA-3 trial studied RB1 loss via ctDNA and
found that 5% of patients acquired RB1 loss with no significant impact on PFS [5]. Analysis
of the ctDNA from patients in the MONALEESA-2, -3, and -7 trials found that for patients
with RB1 mutations, ribociclib-plus-endocrine therapy did not significantly improve the
median PFS [6-8]. Although this supports that RB1 loss can determine if a patient will
respond to CDKi, given the small amount of RB loss mutations noted in these study
populations, it appears that it only makes up a small fraction of the resistant mechanisms.

The PALOMA-1 trial also evaluated CCND1 and p16 ctDNA levels as potential mark-
ers; unfortunately, presence of these mutations did not correlate with changes in PFS [3].
Interestingly, a study evaluating patient-derived xenografts of ER+/HER2— early and ad-
vanced breast cancer showed that a high expression of the tumor suppressor p16 conferred
de novo resistance to CDK inhibitors [45]. As mentioned earlier in this review, p27 has
both activating and inhibiting properties on CDK 4/6. Its activating effects are dependent
on phosphorylation at p27’s tyrosine-88 residue (pY88). One study found IHC staining of
pY88 to be a biomarker predictive of de novo resistance, as pY88-negative tumor cells were
resistant to palbociclib-mediated cell arrest, whereas pY88-positive patients were sensitive
to it [46]. Taken together, it appears that when CD4/6 is heavily bound by either p16 or
p27, it is resistant to inhibition by CDK inhibitors. This suggests that ctDNA levels of p16
or p27 could potentially predict CDK inhibitor responsiveness.

The PALOMA-3 trial also evaluated CCNE1 and CCNE2, the genes responsible
for cyclin E, and found that the amplification of CCNE1/2 is associated with a poorer
prognosis [5]. This coincides with preclinical models which showed that the over-expression
of CCNE1 was found in CDK4/6 non-responders, and those with a low CCNE1 expres-
sion prior to treatment had a longer PFS [3]. Further, the MONALEESA-7 trial evaluated
CCND1 and found that patients with CCND1 alterations in their baseline ctDNA had a
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worse median PFS for both treatment arms, indicating the role of CCND1 as a potential
prognostic biomarker [8].

Mutations in other signaling pathways have also been studied as possible predictive
biomarkers, such as PIK3CA, FGFR, TP53, and KRAS; however, none have been shown to
be of significant clinical use.

The SONIA trial is currently comparing several biomarkers addressed above; however,
the data are still immature.

4.2. Monitoring Response

The dynamic monitoring of ctDNA is being increasingly used to monitor treatment
response in patients with cancer. For one, monitoring ctDNA levels at regular intervals
provides information regarding the proliferative activity of the cancer. Monitoring ctDNA
in this way can identify the ever-changing genetics and epigenetics within a cancer.

The ALCINA trial sought to determine if ctDNA can be used as a biomarker to
determine treatment response with palbociclib and fulvestrant. A total of 25 patients in
their study group were found to have somatic mutations in archived tissue that could be
tracked by ctDNA. They took ctDNA samples at baseline, day 15, and day 30. They found
that an elevated day-30-to-baseline ctDNA ratio was correlated with a worse PFS. Notably,
ctDNA was present in all patients with radiologic progression, suggesting that serial
ctDNA testing can anticipate radiologic progression. Baseline ctDNA did not correlate with
PFES [47]. Given the small sample size, a larger study is needed to determine if serial ctDNA
measurements are of clinical utility.

The PADA-1 trial successfully showed that biomarker monitoring can improve PFS.
The PADA-1 trial, conducted in 83 French hospitals, investigated the efficacy and safety
of adjusting treatment based on rising ESR1 mutations in blood (bESR1mut) for patients
with advanced ER-positive, HER2-negative breast cancer. Of the 1017 enrolled women,
279 (27%) exhibited an increase in bESRImut. Among these, 172 were randomized to
either maintain their current aromatase inhibitor and palbociclib treatment or switch to
fulvestrant and palbociclib. The results indicated that the group that switched to fulvestrant
and palbociclib experienced a median progression-free survival of 11.9 months, which was
significantly longer than the 5.7 months observed in the continued aromatase inhibitor
group (HR 0.61; p 0.0040) [48]. This trial underscores the potential of the early therapeutic
targeting of bESR1mut in providing significant clinical benefits and offers insights into
addressing acquired resistance in future studies.

5. Conclusions

The advent of CDK inhibitors has dramatically shifted the paradigm of breast cancer treat-
ment. Clinical data accumulated over the last decade convincingly demonstrate their efficacy,
especially in HR+/HER2— breast cancer, heralding a new chapter in targeted therapies.

Concurrently, the emergence of ctDNA as a novel monitoring tool has provided
profound insights into real-time tumor dynamics. ctDNA, due to its non-invasiveness and
ability to capture tumor heterogeneity, is increasingly being recognized as a significant
advancement in assessing treatment response. As CDK inhibition impacts the tumor
milieu, changes in the ctDNA landscape can offer valuable insights into treatment efficacy
and potentially forecast resistance mechanisms. By gauging these subtle genomic shifts
in ctDNA, clinicians can now potentially tailor therapeutic strategies, making adaptive
decisions during the treatment course rather than relying solely on empirical evidence.

In sum, the nexus between CDK inhibition and ¢tDNA monitoring embodies the
epitome of precision oncology. As we delve deeper, it is hoped that we will usher in a new
era of breast cancer management, one that is tailored to individual genetic landscapes and
real-time tumor dynamics, ensuring the highest level of care for patients.



Int. J. Mol. Sci. 2024, 25,1242 12 of 14

Author Contributions: Writing—Original Draft Preparation, L.P,; Writing—Original Draft Preparation,
C.J.; Writing—Original Draft Preparation, T.G.; Writing—Review and Editing, A.C.; Writing—Review and
Editing, A.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: Authors L.P., C.]J., T.G., A.C. and A.H. were employed by the company Memorial
Health System. The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

U.S. Cancer Statistics Data Visualizations Tool | CDC. 9 June 2023. Available online: https://www.cdc.gov/cancer/uscs/dataviz/
index.htm (accessed on 1 September 2023).

Massagué, J. G1 Cell-Cycle Control and Cancer. Nature 2004, 432, 298-306. [CrossRef] [PubMed]

Finn, R.S.; Boer, K.; Bondarenko, I.; Patel, R.; Pinter, T.; Schmidt, M.; Shparyk, Y.V.; Thummala, A.; Voitko, N.; Bananis, E.; et al.
Overall Survival Results from the Randomized Phase 2 Study of Palbociclib in Combination with Letrozole versus Letrozole
Alone for First-Line Treatment of ER+/HER2— Advanced Breast Cancer (PALOMA-1, TRIO-18). Breast Cancer Res. Treat. 2020,
183, 419-428. [CrossRef] [PubMed]

Rugo, H.S.; Finn, R.S,; Diéras, V.; Ettl, ].; Lipatov, O.; Joy, A.A.; Harbeck, N.; Castrellon, A.; Iyer, S.; Lu, D.R.; et al. Palbociclib plus
Letrozole as First-Line Therapy in Estrogen Receptor-Positive/Human Epidermal Growth Factor Receptor 2-Negative Advanced
Breast Cancer with Extended Follow-Up. Breast Cancer Res. Treat. 2019, 174, 719-729. [CrossRef]

Cristofanilli, M.; Turner, N.C.; Bondarenko, I.; Ro, J.; Im, S.A.; Masuda, N.; Colleoni, M.; DeMichele, A.; Loi, S.; Verma, S.;
et al. Fulvestrant plus Palbociclib versus Fulvestrant plus Placebo for Treatment of Hormone-Receptor-Positive, HER2-Negative
Metastatic Breast Cancer That Progressed on Previous Endocrine Therapy (PALOMA-3): Final Analysis of the Multicentre,
Double-Blind, Phase 3 Randomised Controlled Trial. Lancet Oncol. 2016, 17, 425-439. [CrossRef] [PubMed]

O’shaughnessy;, J.; Petrakova, K.; Sonke, G.S.; Conte, P.; Arteaga, C.L.; Cameron, D.A.; Hart, L.L.; Villanueva, C.; Jakobsen, E.;
Beck, J.T,; et al. Ribociclib plus Letrozole versus Letrozole Alone in Patients with de Novo HR+, HER2— Advanced Breast Cancer
in the Randomized MONALEESA-2 Trial. Breast Cancer Res. Treat. 2018, 168, 127-134. [CrossRef] [PubMed]

Fasching, P.A.; Beck, J.T.; Chan, A.; De Laurentiis, M.; Esteva, FJ.; Jerusalem, G.; Neven, P; Pivot, X.; Bianchi, G.V.; Martin, M.;
et al. Ribociclib plus Fulvestrant for Advanced Breast Cancer: Health-Related Quality-of-Life Analyses from the MONALEESA-3
Study. Breast Off. J. Eur. Soc. Mastol. 2020, 54, 148-154. [CrossRef] [PubMed]

Lu, Y.S.; Im, S.A,; Colleoni, M.; Franke, F.; Bardia, A.; Cardoso, F; Harbeck, N.; Hurvitz, S.; Chow, L.; Sohn, J.; et al. Updated
Overall Survival of Ribociclib plus Endocrine Therapy versus Endocrine Therapy Alone in Pre- and Perimenopausal Patients
with HR+/HER2— Advanced Breast Cancer in MONALEESA-7: A Phase III Randomized Clinical Trial. Clin. Cancer Res. Off. .
Am. Assoc. Cancer Res. 2022, 28, 851-859. [CrossRef] [PubMed]

Dickler, M.N.; Tolaney, S.M.; Rugo, H.S.; Cortés, J.; Diéras, V.; Patt, D.; Wildiers, H.; Hudis, C.A.; O’Shaughnessy, J.; Zamora, E.;
et al. MONARCH 1, A Phase II Study of Abemaciclib, a CDK4 and CDK6 Inhibitor, as a Single Agent, in Patients with Refractory
HR+/HER2— Metastatic Breast Cancer. Clin. Cancer Res. Off. ]. Am. Assoc. Cancer Res. 2017, 23, 5218-5224. [CrossRef]

Sledge, G.W., Jr.; Toi, M.; Neven, P.; Sohn, J.; Inoue, K,; Pivot, X.; Burdaeva, O.; Okera, M.; Masuda, N.; Kaufman, P.A.; et al.
MONARCH 2: Abemaciclib in Combination With Fulvestrant in Women With HR+/HER2— Advanced Breast Cancer Who Had
Progressed While Receiving Endocrine Therapy. J. Clin. Oncol. Off. ]. Am. Soc. Clin. Oncol. 2017, 35, 2875-2884. [CrossRef]
Johnston, S.; Martin, M.; Di Leo, A.; Im, S.A.; Awada, A.; Forrester, T.; Frenzel, M.; Hardebeck, M.C.; Cox, J.; Barriga, S.; et al.
MONARCH 3 Final PFS: A Randomized Study of Abemaciclib as Initial Therapy for Advanced Breast Cancer. NPJ Breast Cancer
2019, 5, 5. [CrossRef]

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] [PubMed]

Cheng, M.; Olivier, P; Diehl, ].A.; Fero, M.; Roussel, M.E,; Roberts, ].M.; Sherr, C.J. The P21(Cip1) and P27(Kip1) CDK ‘inhibitors’
Are Essential Activators of Cyclin D-Dependent Kinases in Murine Fibroblasts. EMBO ]. 1999, 18, 1571-1583. [CrossRef] [PubMed]
Paternot, S.; Bockstaele, L.; Bisteau, X.; Kooken, H.; Coulonval, K.; Roger, P. Rb Inactivation in Cell Cycle and Cancer: The Puzzle
of Highly Regulated Activating Phosphorylation of CDK4 versus Constitutively Active CDK-Activating Kinase. Cell Cycle 2010, 9,
689-699. [CrossRef] [PubMed]

Harbour, ].W.; Luo, R.X,; Dei Santi, A.; Postigo, A.A.; Dean, D.C. Cdk Phosphorylation Triggers Sequential Intramolecular
Interactions That Progressively Block Rb Functions as Cells Move through G1. Cell 1999, 98, 859-869. [CrossRef]

Eeckhoute, J.; Carroll, ].S.; Geistlinger, T.R.; Torres-Arzayus, M.I.; Brown, M. A Cell-Type-Specific Transcriptional Network
Required for Estrogen Regulation of Cyclin D1 and Cell Cycle Progression in Breast Cancer. Genes Dev. 2006, 20, 2513-2526.
[CrossRef]


https://www.cdc.gov/cancer/uscs/dataviz/index.htm
https://www.cdc.gov/cancer/uscs/dataviz/index.htm
https://doi.org/10.1038/nature03094
https://www.ncbi.nlm.nih.gov/pubmed/15549091
https://doi.org/10.1007/s10549-020-05755-7
https://www.ncbi.nlm.nih.gov/pubmed/32683565
https://doi.org/10.1007/s10549-018-05125-4
https://doi.org/10.1016/S1470-2045(15)00613-0
https://www.ncbi.nlm.nih.gov/pubmed/26947331
https://doi.org/10.1007/s10549-017-4518-8
https://www.ncbi.nlm.nih.gov/pubmed/29164421
https://doi.org/10.1016/j.breast.2020.09.008
https://www.ncbi.nlm.nih.gov/pubmed/33065342
https://doi.org/10.1158/1078-0432.CCR-21-3032
https://www.ncbi.nlm.nih.gov/pubmed/34965945
https://doi.org/10.1158/1078-0432.CCR-17-0754
https://doi.org/10.1200/JCO.2017.73.7585
https://doi.org/10.1038/s41523-018-0097-z
https://doi.org/10.3389/fonc.2021.693104
https://www.ncbi.nlm.nih.gov/pubmed/34327137
https://doi.org/10.1093/emboj/18.6.1571
https://www.ncbi.nlm.nih.gov/pubmed/10075928
https://doi.org/10.4161/cc.9.4.10611
https://www.ncbi.nlm.nih.gov/pubmed/20107323
https://doi.org/10.1016/S0092-8674(00)81519-6
https://doi.org/10.1101/gad.1446006

Int. J. Mol. Sci. 2024, 25,1242 13 of 14

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Asghar, U.; Witkiewicz, A K,; Turner, N.C.; Knudsen, E.S. The History and Future of Targeting Cyclin-Dependent Kinases in
Cancer Therapy. Nat. Rev. Drug Discov. 2015, 14, 130-146. [CrossRef]

Agarwal, P; Sandey, M.; Delnnocentes, P; Bird, R.C. Tumor Suppressor Gene P16/INK4A /CDKN2A-Dependent Regulation into
and out of the Cell Cycle in a Spontaneous Canine Model of Breast Cancer. |. Cell. Biochem. 2013, 114, 1355-1363. [CrossRef]
Malumbres, M.; Barbacid, M. To Cycle or Not to Cycle: A Critical Decision in Cancer. Nat. Rev. Cancer 2001, 1, 222-231. [CrossRef]
Goel, S.; DeCristo, M.].; McAllister, S.S.; Zhao, ].J. CDK4/6 Inhibition in Cancer: Beyond Cell Cycle Arrest. Trends Cell Biol. 2018,
28,911-925. [CrossRef]

Bose, P.; Simmons, G.L.; Grant, S. Cyclin-Dependent Kinase Inhibitor Therapy for Hematologic Malignancies. Expert Opin.
Investig. Drugs 2013, 22, 723-738. [CrossRef]

Whittaker, S.R.; Mallinger, A.; Workman, P.; Clarke, P.A. Inhibitors of Cyclin-Dependent Kinases as Cancer Therapeutics.
Pharmacol. Ther. 2017, 173, 83-105. [CrossRef]

Braal, C.L.; Jongbloed, E.M.; Wilting, S.M.; Mathijssen, R.H.; Koolen, S.L.; Jager, A. Inhibiting CDK4/6 in Breast Cancer with
Palbociclib, Ribociclib, and Abemaciclib: Similarities and Differences. Drugs 2021, 81, 317-331. [CrossRef] [PubMed]

Chen, P;; Lee, N.V;; Hu, W,; Xu, M; Ferre, R A.; Lam, H.; Bergqvist, S.; Solowiej, J.; Diehl, W.; He, Y.A.; et al. Spectrum and Degree
of CDK Drug Interactions Predicts Clinical Performance. Mol. Cancer Ther. 2016, 15, 2273-2281. [CrossRef] [PubMed]
Guarducci, C.; Bonechi, M.; Boccalini, G.; Benelli, M.; Risi, E.; Di Leo, A.; Malorni, L.; Migliaccio, I. Mechanisms of Resistance to
CDK4/6 Inhibitors in Breast Cancer and Potential Biomarkers of Response. Breast Care 2017, 12, 304-308. [CrossRef] [PubMed]
Hino, H.; Iriyama, N.; Kokuba, H.; Kazama, H.; Moriya, S.; Takano, N.; Hiramoto, M.; Aizawa, S.; Miyazawa, K. Abemaciclib
Induces Atypical Cell Death in Cancer Cells Characterized by Formation of Cytoplasmic Vacuoles Derived from Lysosomes.
Cancer Sci. 2020, 111, 2132-2145. [CrossRef] [PubMed]

touchONCOLOGY. Matthew Goetz, ESMO 2022: MONARCH 3 Trial—Interim Overall Survival Results of Abemaciclib + NSAI in
Patients with HR+, HER2— Advanced Breast Cancer. 14 September 2022. Available online: https:/ /touchoncology.com/breast-
cancer/conference-hub/matthew-goetz-esmo-2022-monarch-3-trial-interim-overall-survival-results-of-abemaciclib-nsai-in-
patients-with-hr-HER2-advanced-breast-cancer/ (accessed on 1 September 2023).

Elgene Lim, M.D.; Metzger-Filho, O.; Winer, E.P. The Natural History of Hormone Receptor-Positive Breast Cancer. Oncology
2012, 26, 688-694, 696. [PubMed]

Jeselsohn, R.; Buchwalter, G.; De Angelis, C.; Brown, M.; Schiff, R. ESR1 Mutations—A Mechanism for Acquired Endocrine
Resistance in Breast Cancer. Nat. Rev. Clin. Oncol. 2015, 12, 573-583. [CrossRef] [PubMed]

Dong, C.; Wu, J.; Chen, Y.; Nie, J.; Chen, C. Activation of PI3K/AKT/mTOR Pathway Causes Drug Resistance in Breast Cancer.
Front. Pharmacol. 2021, 12, 628690. [CrossRef]

André, E; Ciruelos, EM.; Juric, D.; Loibl, S.; Campone, M.; Mayer, I.A.; Rubovszky, G.; Yamashita, T.; Kaufman, B.; Lu, Y.S,;
et al. Alpelisib plus Fulvestrant for PIK3CA-Mutated, Hormone Receptor-Positive, Human Epidermal Growth Factor Receptor-2-
Negative Advanced Breast Cancer: Final Overall Survival Results from SOLAR-1. Ann. Oncol. Off. ]. Eur. Soc. Med. Oncol. 2021,
32,208-217. [CrossRef]

Sonke, G.S.; Van Ommen-Nijhof, A.; Wortelboer, N.; van der Noort, V.; Swinkels, A.C.; Blommestein, H.M.; Beeker, A.; Beelen, K,;
Hamming, L.C.; Heijns, ].B.; et al. Primary Outcome Analysis of the Phase 3 SONIA Trial (BOOG 2017-03) on Selecting the
Optimal Position of Cyclin-Dependent Kinases 4 and 6 (CDK4/6) Inhibitors for Patients with Hormone Receptor-Positive (HR+),
HER2—Negative (HER2—) Advanced Breast Cancer (ABC). J. Clin. Oncol. 2023, 41 (Suppl. 17), LBA1000. [CrossRef]

Loibl, S.; Marmé, F; Martin, M.; Untch, M.; Bonnefoi, H.; Kim, S.B.; Bear, H.; McCarthy, N.; Melé Olivé, M.; Gelmon, K; et al.
Palbociclib for Residual High-Risk Invasive HR-Positive and HER2-Negative Early Breast Cancer-The Penelope-B Trial. . Clin.
Oncol. Off. ]. Am. Soc. Clin. Oncol. 2021, 39, 1518-1530. [CrossRef]

Gnant, M.; Dueck, A.C,; Frantal, S.; Martin, M.; Burstein, H.J.; Greil, R.; Fox, P.; Wolff, A.C.; Chan, A.; Winer, E.P; et al. Adjuvant
Palbociclib for Early Breast Cancer: The PALLAS Trial Results (ABCSG-42/ AFT-05/BIG-14-03). |. Clin. Oncol. 2022, 40, 282-293.
[CrossRef] [PubMed]

Johnston, S.R.D.; Harbeck, N.; Hegg, R.; Toi, M.; Martin, M.; Shao, Z.M.; Zhang, Q.Y.; Martinez Rodriguez, ].L.; Campone, M.;
Hamilton, E.; et al. Abemaciclib Combined With Endocrine Therapy for the Adjuvant Treatment of HR+, HER2—, Node-Positive,
High-Risk, Early Breast Cancer (monarchE). J. Clin.Oncol. Off. ]. Am. Soc. Clin. Oncol. 2020, 38, 3987-3998. [CrossRef]

Slamon, D.J.; Fasching, P.A.; Hurvitz, S.; Chia, S.; Crown, J.; Martin, M.; Barrios, C.H.; Bardia, A.; Im, S.A.; Yardley, D.A ; et al.
Rationale and Trial Design of NATALEE: A Phase III Trial of Adjuvant Ribociclib + Endocrine Therapy versus Endocrine Therapy
Alone in Patients with HR+/HER2— Early Breast Cancer. Ther. Adv. Med. Oncol. 2023, 15, 17588359231178125. [CrossRef]
[PubMed]

Corona, S.P; Ravelli, A.; Cretella, D.; Cappelletti, M.R.; Zanotti, L.; Dester, M.; Gobbi, A.; Petronini, P.G.; Generali, D. CDK4/6
Inhibitors in HER2-Positive Breast Cancer. Crit. Rev. Oncol./Hematol. 2017, 112, 208-214. [CrossRef] [PubMed]

Koirala, N.; Dey, N.; Aske, ]J.; De, P. Targeting Cell Cycle Progression in HER2+ Breast Cancer: An Emerging Treatment
Opportunity. Int. J. Mol. Sci. 2022, 23, 6547. [CrossRef] [PubMed]

Ciruelos, E; Villagrasa, P; Pascual, T.; Oliveira, M.; Pernas, S; Paré, L.; Escriva-de-Romani, S.; Manso, L.; Adamo, B.; Martinez, E.;
et al. Palbociclib and Trastuzumab in HER2-Positive Advanced Breast Cancer: Results from the Phase II SOLTI-1303 PATRICIA
Trial. Clin. Cancer Res. Off. ]. Am. Assoc. Cancer Res. 2020, 26, 5820-5829. [CrossRef]


https://doi.org/10.1038/nrd4504
https://doi.org/10.1002/jcb.24476
https://doi.org/10.1038/35106065
https://doi.org/10.1016/j.tcb.2018.07.002
https://doi.org/10.1517/13543784.2013.789859
https://doi.org/10.1016/j.pharmthera.2017.02.008
https://doi.org/10.1007/s40265-020-01461-2
https://www.ncbi.nlm.nih.gov/pubmed/33369721
https://doi.org/10.1158/1535-7163.MCT-16-0300
https://www.ncbi.nlm.nih.gov/pubmed/27496135
https://doi.org/10.1159/000484167
https://www.ncbi.nlm.nih.gov/pubmed/29234249
https://doi.org/10.1111/cas.14419
https://www.ncbi.nlm.nih.gov/pubmed/32304130
https://touchoncology.com/breast-cancer/conference-hub/matthew-goetz-esmo-2022-monarch-3-trial-interim-overall-survival-results-of-abemaciclib-nsai-in-patients-with-hr-HER2-advanced-breast-cancer/
https://touchoncology.com/breast-cancer/conference-hub/matthew-goetz-esmo-2022-monarch-3-trial-interim-overall-survival-results-of-abemaciclib-nsai-in-patients-with-hr-HER2-advanced-breast-cancer/
https://touchoncology.com/breast-cancer/conference-hub/matthew-goetz-esmo-2022-monarch-3-trial-interim-overall-survival-results-of-abemaciclib-nsai-in-patients-with-hr-HER2-advanced-breast-cancer/
https://www.ncbi.nlm.nih.gov/pubmed/22957400
https://doi.org/10.1038/nrclinonc.2015.117
https://www.ncbi.nlm.nih.gov/pubmed/26122181
https://doi.org/10.3389/fphar.2021.628690
https://doi.org/10.1016/j.annonc.2020.11.011
https://doi.org/10.1200/JCO.2023.41.17_suppl.LBA1000
https://doi.org/10.1200/JCO.20.03639
https://doi.org/10.1200/JCO.21.02554
https://www.ncbi.nlm.nih.gov/pubmed/34874182
https://doi.org/10.1200/JCO.20.02514
https://doi.org/10.1177/17588359231178125
https://www.ncbi.nlm.nih.gov/pubmed/37275963
https://doi.org/10.1016/j.critrevonc.2017.02.022
https://www.ncbi.nlm.nih.gov/pubmed/28325261
https://doi.org/10.3390/ijms23126547
https://www.ncbi.nlm.nih.gov/pubmed/35742993
https://doi.org/10.1158/1078-0432.CCR-20-0844

Int. J. Mol. Sci. 2024, 25,1242 14 of 14

40.

41.

42.

43.

44.

45.

46.

47.

48.

Metzger, O.; Mandrekar, S.; Ciruelos, E.; Loibl, S.; Valagussa, P.; Demichele, A.M.; Lim, E.; Tripathy, D.; Winer, E.; Huang, C.;
et al. PATINA: A Randomized Open Label Phase III Trial to Evaluate the Efficacy and Safety of Palbociclib + Anti HER2 Therapy
+ Endocrine Therapy vs Anti HER2 Therapy + Endocrine Therapy after Induction Treatment for Hormone Receptor Positive,
HER2-Positive Metastatic Breast Cancer. Ann. Oncol. 2017, 28, v107-v108. [CrossRef]

Main, S.C.; Cescon, D.W.; Bratman, S.V. Liquid Biopsies to Predict CDK4/6 Inhibitor Efficacy and Resistance in Breast Cancer.
Cancer Drug Resist. 2022, 5, 727-748. [CrossRef]

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]

Li, Z.; Razavi, P;; Li, Q.; Toy, W,; Liu, B.; Ping, C.; Hsieh, W.; Sanchez-Vega, F.; Brown, D.N.; 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.€8. [CrossRef]
[PubMed]

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

Palafox, M.; Monserrat, L.; Bellet, M.; Villacampa, G.; Gonzalez-Perez, A.; Oliveira, M.; Bras6-Maristany, F.; Ibrahimi, N.;
Kannan, S.; Mina, L.; et al. High P16 Expression and Heterozygous RB1 Loss Are Biomarkers for CDK4/6 Inhibitor Resistance in
ER+ Breast Cancer. Nat. Commun. 2022, 13, 5258. [CrossRef] [PubMed]

Gottesman, S.R.; Somma, J.; Tsiperson, V.; Dresner, L.; Govindarajulu, U.; Patel, P; Blain, S.W. Tyrosine Phosphorylation of
p27Kip1 Correlates with Palbociclib Responsiveness in Breast Cancer Tumor Cells Grown in Explant Culture. Mol. Cancer Res.
MCR 2019, 17, 669-675. [CrossRef] [PubMed]

Darrigues, L.; Pierga, ].Y.; Bernard-Tessier, A.; Bieche, I; Silveira, A.B.; Michel, M.; Loirat, D.; Cottu, P.; Cabel, L.; Dubot, C.; et al.
Circulating Tumor DNA as a Dynamic Biomarker of Response to Palbociclib and Fulvestrant in Metastatic Breast Cancer Patients.
Breast Cancer Res. BCR 2021, 23, 31. [CrossRef] [PubMed]

Bidard, F.C.; Hardy-Bessard, A.C.; Dalenc, E; Bachelot, T.; Pierga, J.Y.; de la Motte Rouge, T.; Sabatier, R.; Dubot, C.; Frenel, ].S.;
Ferrero, ].M.; et al. Switch to Fulvestrant and Palbociclib versus No Switch in Advanced Breast Cancer with Rising ESR1 Mutation
during Aromatase Inhibitor and Palbociclib Therapy (PADA-1): A Randomised, Open-Label, Multicentre, Phase 3 Trial. Lancet
Oncol. 2022, 23, 1367-1377. [CrossRef]

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.


https://doi.org/10.1093/annonc/mdx365.087
https://doi.org/10.20517/cdr.2022.37
https://doi.org/10.1038/onc.2016.379
https://doi.org/10.1016/j.ccell.2018.11.006
https://www.ncbi.nlm.nih.gov/pubmed/30537512
https://doi.org/10.1016/j.ccell.2018.08.008
https://doi.org/10.1038/s41467-022-32828-6
https://www.ncbi.nlm.nih.gov/pubmed/36071033
https://doi.org/10.1158/1541-7786.MCR-18-0188
https://www.ncbi.nlm.nih.gov/pubmed/30559257
https://doi.org/10.1186/s13058-021-01411-0
https://www.ncbi.nlm.nih.gov/pubmed/33676547
https://doi.org/10.1016/S1470-2045(22)00555-1

	Introduction 
	CDK Pathway and Inhibition 
	The Pathway 
	Regulation of the Pathway 
	Inhibition of the Dysregulated Pathway 

	Clinical Use of CDK 4/6 Inhibitors 
	Metastatic or Advanced ER+/HER2- Breast Cancer 
	Considering Endocrine Resistance in Treatment of ER+/HER2- Advanced Breast Cancer 
	Determining Sequence of Therapy 
	Adjuvant Use of CDK4/6 Inhibitor in Early Breast Cancer (EBC): PENELOPE-B, PALLAS, MonarchE, and NATALEE Trials 
	CDK Inhibtor Use in ER+/HER2+ Breast Cancer 

	Search for Biomarkers 
	Prediciting Response 
	Monitoring Response 

	Conclusions 
	References

