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Abstract: The standard first-line treatment for advanced hormone receptor-positive (HR+) , human epidermal growth factor
receptor 2 negative (HER2-) breast cancer is the combination of cyclin-dependent kinase 4/6 (CDK4/6) inhibitors and endocrine
therapy, which significantly prolongs patients  progression-free survival. However, clinical resistance to CDK4/6 inhibitors
severely impacts patients prognosis. The resistance mechanisms of CDK4/6 inhibitors are complex, involving multiple
dimensions such as abnormal cell cycle regulation, activation of growth factor receptors and signaling pathways, abnormal
immune regulation, and autophagy activation. Current strategies to address resistance include diverse approaches:
combination with other endocrine agents [selective estrogen receptor degraders (SERDs) and selective estrogen receptor
covalent antagonists (SERCAs) ] , continuation use of CDK4/6 inhibitors  (cross-line therapy and new-generation inhibitors),
switching to alternative targeted therapies [ PI3K/AKT/mTOR pathway inhibitors, antibody-drug conjugate (ADC) , poly
ADP-ribose polymerase (PARP) inhibitors, histone deacetylase (HDAC) inhibitors] and chemotherapy. Clinical practice requires
tailoring precision treatment strategies based on individual patient characteristics. This article systematically reviews the
research progress on the resistance mechanisms of CDK4/6 inhibitors in breast cancer and corresponding therapeutic
strategies.
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Breast cancer ranks first among female malignant
tumors worldwide, and hormone receptor (HR)+/human
epidermal growth factor receptor 2 (HER2)- breast cancer
accounts for approximately 70% of all breast cancer cases
[1]. At present, patients with HR+ breast cancer require
5-10 years of endocrine therapy, and 20%-40% of
patients experience recurrence and metastasis due to drug
resistance [2]. Endocrine therapy remains the first-line
treatment for patients with HR+/HER2- breast cancer
accompanied by asymptomatic visceral metastasis.
Cyclin-dependent kinase 4/6 (CDK4/6) inhibitors
suppress the proliferation of tumor cells by regulating cell
cycle progression. Currently, the 5th ESO-ESMO
international consensus guidelines for advanced breast
cancer (ABC5) [3] and the Breast cancer, version 3.2024,
NCCN clinical practice guidelines in oncology [4]
recommend CDK4/6 inhibitor combined with endocrine
therapy as the standard treatment for progressive
HR+/HER2- breast cancer. Regimens combining CDK4/6
inhibitors with third-generation aromatase inhibitors or
fulvestrant, a selective estrogen receptor degrader
(SERD), serve as the standard first- and second-line
therapeutic options for advanced HR+/HER2- breast
cancer, which can significantly prolong patients’
progression-free survival (PFS). Four types of CDK4/6
inhibitors have been approved for marketing by the
National Medical Products Administration in China,
namely palbociclib, ribociclib, abemaciclib and

dalpiciclib, all of which have demonstrated favorable
clinical efficacy in combination with endocrine agents
[5].

Nevertheless, the median PFS is approximately 2
years following first-line treatment with CDK4/6
inhibitors combined with aromatase inhibitors in
advanced settings [6]. It is evident that drug resistance
severely limits therapeutic efficacy, drives disease
progression, and adversely affects patients’ long-term
prognosis. Therefore, in-depth exploration of therapeutic
strategies after CDK4/6 inhibitor resistance is of great
clinical significance.

1 Mechanisms of CDK4/6 Inhibitor Resistance

Aberrant overexpression of WEE1 and MDM?2 genes,
activation of histone deacetylase (HDAC), amplification
of CDK2/4/6 and cyclin E1, as well as functional loss of
Rb, FZR1 and FAT atypical cadherin 1 proteins, may
lead to dysregulated cell cycle progression, reduce the
sensitivity of tumor cells to CDK4/6 inhibitors, and
ultimately induce drug resistance [7-8]. Activation of
growth factor receptors and downstream signaling
pathways, such as fibroblast growth factor receptor
(FGFR) 1 and the PI3K/AKT/mTOR axis, can facilitate
tumor cell proliferation and trigger the development of
drug resistance. Accumulating evidence has confirmed
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that resistance to CDK4/6 inhibitors in tumor cells can be
reversed by inhibiting aberrant FGFR activity [9].

Meanwhile, relevant studies have demonstrated that
in palbociclib-resistant cell lines, the mutation frequency
of key immune regulatory genes related to T cell
activation and cytotoxicity is markedly increased.
Mutations in these immune-related genes disrupt CDK4/6
inhibitor-mediated immune pathway homeostasis [10],
impair the function of immune cells and the expression of
immune molecules in the tumor microenvironment,
induce tumor immune escape, and consequently result in
drug resistance.

In addition, autophagy activation not only reverses
CDK4/6 inhibitor-induced cell cycle arrest but also
participates in the development of CDK4/6 inhibitor
resistance [11], exerting dual regulatory effects in breast
cancer cells.

2 Therapeutic Strategies After CDK4/6 Inhibitor
Resistance

2.1 Combination with Alternative Endocrine Agents

2.1.1 Selective
(SERDs)

SERDs specifically degrade estrogen receptors,
thereby blocking estrogen signaling cascades and
suppressing tumor growth. Fulvestrant, a selective
estrogen receptor downregulator, can completely block
estrogen receptors and the transduction of downstream
signaling pathways. In the overall population of patients
with HR+/HER2- advanced breast cancer, the median
PFS of fulvestrant monotherapy was 8.5 months (95%CI:
7.0-10.0 months) [12]. Compared with placebo combined
with fulvestrant, the combination of CDK4/6 inhibitors
and fulvestrant significantly prolonged PFS (HR=0.51,
P<0.05) and overall survival (OS) (HR=0.73, P<0.05) in
breast cancer patients with endocrine resistance.

Although this combination regimen may induce
hematological adverse reactions, all adverse events are
clinically manageable and tolerable [13].

Next-generation oral SERDs, such as elacestrant and
giredestrant, have exhibited superior efficacy to
fulvestrant in clinical trials and can notably extend the
median PFS in patients with estrogen receptor mutations
(HR=0.55, P<0.05) [14]. However, clinical studies
investigating the combination of CDK4/6 inhibitors and
elacestrant remain absent to date. The Guidelines for
breast cancer diagnosis and treatment by China
Anti-cancer  Association(2024  edition) recommend
elacestrant for the treatment of ESR1-mutant HR+/HER2-
advanced breast cancer [15].

Estrogen Receptor Degraders

2.1.2 Selective Estrogen Covalent
Antagonists (SERCA)

The core mechanism of endocrine resistance in
breast cancer is ESR1 mutation-mediated
ligand-independent activation, which weakens drug

binding affinity. As a novel SERCA, H3B-6545

Receptor

irreversibly binds covalently to cysteine residues of ERa,
thereby restoring tumor cell sensitivity to endocrine
agents [16].

Johnston et al. [17] administered H3B-6545 in
combination with palbociclib to patients with CDK4/6
inhibitor resistance, with a median PFS of 11.5 months
and a 12-month overall survival rate of 72.5% (95%CTI:
50.1%-86.1%). Hamilton et al. [18] evaluated the efficacy
of single-agent H3B-6545, reporting a median PFS of
5.06 months and a median OS of 21.52 months. The
above studies have verified that H3B-6545 at the
recommended dose exerts potent preliminary anti-tumor
activity. Nevertheless, H3B-6545 is currently in phase II
clinical trials, and additional clinical evidence is required
to validate its clinical efficacy and safety profile.

2.2 Continued Application of CDK4/6 Inhibitors

2.2.1 Cross-line Therapy with Approved CDK4/6
Inhibitors

The PALOMA-3 [19], MONARCH 2 [20], and
MONALEESA-3 [21] trials adopted palbociclib,
abemaciclib and ribociclib combined with fulvestrant as
second-line regimens for HR+/HER2- advanced breast
cancer, respectively, achieving significant improvements
in median PFS of 11.2 months, 16.4 months and 20.5
months. With regard to second-line treatment options for
patients with first-line CDK4/6 inhibitor resistance, the
PACE trial yielded negative outcomes for cross-line
treatment with palbociclib [22]. The MAINTAIN and
TRINITI-1 studies confirmed that sequential treatment
with ribociclib significantly prolonged median PFS
[23-24]. In 2024, updated data from the postMONARCH
trial presented at the American Society of Clinical
Oncology (ASCO) annual meeting demonstrated that the
6-month progression-free survival rate was 50% in the
abemaciclib group versus 37% in the placebo group.
Abemaciclib combined with fulvestrant significantly
improved PFS in eligible patients (P=0.01) [25]. Patients
previously treated with palbociclib derived the most
prominent survival benefit from subsequent abemaciclib
therapy (HR=0.62), confirming that switching to an
alternative CDK4/6 inhibitor after disease progression on
prior CDK4/6 inhibitor treatment is a viable therapeutic
strategy [25]. Notably, only 8% of participants in this trial
had prior exposure to abemaciclib, with a limited sample
size. Thus, current evidence cannot confirm whether
re-administration of the same CDK4/6 inhibitor confers
clinical benefits in drug-resistant populations. A pooled
analysis of 18 clinical studies conducted by Ravani et al.
[26] indicated that continued CDK4/6 inhibitor treatment
in later lines was correlated with prolonged PFS
(HR=0.64, P<0.01) and OS (HR=0.70, P<0.01).
Furthermore, both maintenance of the original CDK4/6
inhibitor (HR=0.62, P<0.01) and switching to a different
CDK4/6 inhibitor (HR=0.49, P<0.01) provided
significant PFS benefits.

Collectively, these findings suggest that cross-line
CDK4/6 inhibitor therapy is a reasonable and effective
option for patients without actionable target mutations or
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ineligible for alternative targeted agents. Given the high
heterogeneity among patients with CDK4/6 inhibitor
resistance, the efficacy of CDK4/6 inhibitors is
influenced by multiple factors including patient
characteristics and combination regimens. Treatment
selection should be individualized and precisely tailored
based on clinical conditions.

2.2.2 Novel CDK4/6 Inhibitors and Selective CDK4
Inhibitors

Lerociclib (GB491), a next-generation potent and
highly selective oral CDK4/6 inhibitor, exhibits high
activity against CDK4/cyclin D1 and CDK6/cyclin D3, as
well as moderate inhibitory activity on CDK9/cyclin T in
preclinical studies. The phase III LEONARDA-1 trial
demonstrated that lerociclib combined with fulvestrant
prolonged median PFS to 11.07 months (P<0.01) with a
superior safety profile compared with conventional
CDK4/6 inhibitors [27].

PF-07220060, a novel selective CDK4 inhibitor, was
reported at the 2024 European Society for Medical
Oncology (ESMO) Breast Cancer Congress. In
HR+/HER2- metastatic breast cancer patients previously
treated with CDK4/6 inhibitors and endocrine therapy,
combination treatment with PF-07220060 plus letrozole
or fulvestrant achieved a median PFS of 8.1 months with
a low incidence of hematological toxicities and favorable
safety, representing a promising novel therapeutic option
for CDK4/6 inhibitor-pretreated patients [28].

2.3 Switch to Alternative Targeted Therapy

2.3.1 Targeted Therapy
PI3BK/AKT/mTOR Pathway

The PI3K/AKT/mTOR signaling axis regulates

tumor cell growth and proliferation, with gene mutations
in this pathway detected in approximately 50% of
advanced  breast cancer patients [29]. The
PI3BK/AKT/mTOR pathway plays a pivotal role in breast
cancer tumorigenesis and progression and is closely
implicated in the emergence of CDK4/6 inhibitor
resistance [30-31]. Combination regimens targeting this
pathway with CDK4/6 inhibitors have shown favorable
efficacy in clinical investigations.
Pathway-specific inhibitors are classified into three
categories: PI3K inhibitors (e.g., taselisib, alpelisib),
AKT inhibitors (e.g., capivasertib), and mTOR inhibitors
(e.g., everolimus).

Everolimus, a classic mTOR inhibitor, yielded
significant PFS improvement in the phase IIl BOLERO-2
trial, with a median PFS of 6.9 months in the everolimus
plus exemestane group versus 2.8 months in the control
group (P<0.01) [32]. Although the everolimus group
presented higher toxicity than the placebo group, the
combination of everolimus and exemestane remains a
viable therapeutic option for CDK4/6 inhibitor-resistant
breast cancer after balancing clinical benefits and adverse
reactions. The BOLERO-5 trial further validated the
clinical benefits of everolimus combined with exemestane
in postmenopausal Chinese women with breast cancer.

Against the

This combination regimen significantly prolonged PFS
with a favorable safety profile in the Chinese population,
and most adverse events were mild to moderate and
manageable via dose adjustment and symptomatic
intervention [33].

Inavolisib, a novel next-generation PI3K inhibitor
[34], has demonstrated robust anti-tumor efficacy in
interim analyses of the INAVO120 trial [35]. This trial
enrolled HR+/HER2- patients with endocrine resistance
and PIK3CA mutations, who received triple therapy with
inavolisib, palbociclib and fulvestrant. The median PFS
was 7.3 months in the placebo group and 15.0 months in
the inavolisib group in initial reports. Updated data
released at the 2024 ASCO annual meeting showed that
the median PFS was extended to 24.0 months in the
inavolisib group versus 15.1 months in the control group
[35]. In October 2024, the US Food and Drug
Administration (FDA) approved the combination of
inavolisib, palbociclib and fulvestrant for HR+/HER2-
breast cancer patients with PIK3CA mutations and
resistance to adjuvant endocrine therapy.

The Guidelines of CHINESE Society of Clinical
Oncology (CSCO) Breast Cancer [36] recommends AKT
inhibitor combined with endocrine therapy as a grade III
option for patients with disease progression after CDK4/6
inhibitor treatment. The CAPItello-291 trial investigated
capivasertib plus fulvestrant in patients with aberrant
PI3K/AKTI1/PTEN signaling pathways, among whom
69.1% had prior CDK4/6 inhibitor exposure. This
regimen significantly prolonged PFS in patients with
HR+/HER2- advanced breast cancer with a well-tolerated
safety profile [37]. These clinical findings provide
high-level evidence to support this regimen as a preferred
salvage treatment for HR+/HER2- advanced breast cancer
following CDK4/6 inhibitor failure.

2.3.2 Antibody-Drug Conjugates (ADCs)

Antibody—drug conjugates consist of three core
components: monoclonal antibodies, linkers and
cytotoxic  payloads, which specifically deliver
chemotherapeutic agents to tumor cells and exert precise
anti-tumor cytotoxicity [38].

Currently, novel ADC agents widely applied in
breast cancer treatment include trastuzumab deruxtecan
(T-DXd) and sacituzumab govitecan. Trophoblast
cell-surface antigen 2 (Trop-2), a transmembrane calcium
signaling transducer, has emerged as a novel and
promising molecular target for tumor targeted therapy
[39]. Sacituzumab govitecan, a Trop-2-targeted ADC,
achieved favorable efficacy and safety in the
TROPiCS-02 trial, with a median PFS of 5.5 months and
a median OS of 14.4 months [40]. For HR+/HER2-
advanced breast cancer patients with CDK4/6 inhibitor
failure, sacituzumab govitecan confers superior PFS and
OS benefits compared with conventional single-agent
chemotherapy [15]. The DESTINY-Breast06 trial
confirmed that T-DXd provided significant PFS
improvement over standard chemotherapy in CDK4/6
inhibitor-resistant patients (13.2 months vs 8.1 months)
[41]. Dawood et al. [42] found that in patients with
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advanced breast cancer previously treated with CDK4/6
inhibitors combined with endocrine therapy, both T-DXd
and sacituzumab govitecan could significantly improve
the 5-year overall survival rate (T-DXd: 74.8% versus
52.2%, P<0.05; sacituzumab govitecan: 73.4% versus
64.7%, P<0.05). The 2024 ESMO Clinical Practice
Guidelines recommend T-DXd for HER2-low-expressing
patients and sacituzumab govitecan for HER2- patients
with rapid disease progression after first-line CDK4/6
inhibitor combined endocrine therapy.

Datopotamab  deruxtecan is  another novel

Trop-2-targeted ADC that selectively delivers cytotoxic
agents to tumor cells and reduces off-target systemic
toxicity. The phase IIl TROPION-Breast01 trial revealed
that datopotamab deruxtecan significantly prolonged
median PFS compared with conventional regimens in
HR+/HER2- advanced breast cancer patients with
endocrine resistance (6.9 months vs 4.9 months, P<0.05)
[43]. Updated patient-reported outcomes presented at the
2024 ESMO Breast Cancer Congress indicated that
datopotamab  deruxtecan significantly delayed the
deterioration of secondary endpoints including global
health status, quality of life, physical function and pain
control [44]. Compared with traditional therapeutic
strategies, datopotamab deruxtecan delivers enhanced
anti-tumor efficacy with manageable safety profiles and
improves long-term quality of life, serving as a
well-tolerated novel treatment option.
However, Trop-2-targeted ADCs have not yet been
approved for clinical use in mainland China, and
additional clinical trials are required to verify their
domestic efficacy and safety.

2.3.3 Poly
Inhibitors

DNA damage mainly includes DNA single-strand
breaks (SSBs) and DNA double-strand breaks (DSBs).
Among the 18 identified PARP isoforms, only PARP1
and PARP2 are responsible for physiological DNA
damage repair. Deficient PARP activity leads to impaired
or inaccurate DNA repair, resulting in chromosomal
mutation and aberration. PARP inhibitors suppress the
catalytic function of PARP, interfere with the repair of
DNA single-strand breaks, block tumor cell DNA
replication, and ultimately exert anti-cancer effects.

Breast cancer susceptibility gene 1/2 (BRCA1/2) are
critical tumor suppressor genes that maintain genomic
stability via homologous recombination-mediated DNA
double-strand  break repair. Pathogenic BRCA1/2
mutations induce genomic instability and increase the risk
of multiple malignancies including breast and ovarian
cancer. BRCA2 mutations are predominantly detected in
HR+ breast cancer and associated with a high recurrence
risk [45]. Patients with germline BRCA-mutant breast
cancer exhibit poor survival outcomes and -elevated
mortality risk, highlighting the necessity of genetic
screening for high-risk populations in early clinical
stages.

Tumor cells retain proliferative capacity with the
deficiency of either PARP or BRCA1/2. 1In

(ADP-Ribose) Polymerase (PARP)

BRCA1/2-deficient tumor cells, PARP inhibitor
monotherapy blocks single-strand break repair, and the
dual impairment of single- and double-strand DNA repair
pathways triggers irreversible tumor cell apoptosis [46],
which constitutes the core therapeutic mechanism of
PARP inhibitors in BRCA-mutant malignancies. PARP
inhibitors promote error-prone non-homologous end
joining, increase DNA repair error rates, and inhibit
continuous tumor cell proliferation [47]. Accordingly,
genetic testing for BRCA1/2 mutations is strongly
recommended for HR+/HER2- breast cancer patients with
endocrine resistance who have not undergone hereditary
susceptibility gene detection. PARP inhibitors should be
prioritized for patients harboring pathogenic BRCA
mutations.

Olaparib is the most representative commercially
available PARP inhibitor. The FDA and European
Medicines Agency approved olaparib in January 2018
and March 2019, respectively, for the treatment of locally
advanced or metastatic gBRCAm/HER2- breast cancer.
In March 2022, the FDA further expanded its indication
to high-risk early-stage gBRCAm/HER2- breast cancer
patients after neoadjuvant or adjuvant chemotherapy,
enabling precise early and late-stage intervention for
BRCA-mutant breast cancer.

In the phase III clinical trial of olaparib for
BRCA-mutant HER2- metastatic breast cancer, olaparib
monotherapy prolonged median PFS by 2.8 months and
reduced the risk of disease progression or death by 42%
compared with standard single-agent chemotherapy
(P<0.05) [48], with a median OS of 19.3 months (P<0.05)
[49], confirming the superior efficacy of olaparib over
conventional chemotherapy.

Guidelines for breast cancer diagnosis and
treatment by China Anti-cancer Association (2024 edition)
[15] recommend PARP inhibitors such as olaparib as
alternative options for advanced breast cancer patients
with germline BRCA1/2 mutations. Nevertheless, these
agents have not been officially approved for breast cancer
indications in China.

2.3.4 HDAC Inhibitors

Preclinical studies have demonstrated that HDAC
inhibitors suppress the transcription of estrogen receptors
and downstream responsive genes in HR+ breast cancer
cells. In HR- breast cancer cells, HDAC inhibitors
upregulate estrogen receptor expression, indicating their
dual role in enhancing and restoring the anti-tumor effects
of endocrine therapy [50]. Multiple clinical trials have
validated that HDAC inhibitors can reverse endocrine
resistance when combined with endocrine agents in HR+
breast cancer [51].

Tucidinostat, a benzamide-class selective HDAC
subtype inhibitor, is the first domestically developed
HDAC inhibitor approved in China. A real-world clinical
study showed that among HR+/HER2- metastatic breast
cancer patients with disease progression after CDK4/6
inhibitor treatment, the median PFS was 4.5 months in
patients receiving immediate tucidinostat treatment, while
the overall median PFS of the entire cohort was only 2.0
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months [51]. In 2019, tucidinostat combined with
aromatase inhibitors was approved for postmenopausal
HR+/HER2- locally advanced or metastatic breast cancer
patients with recurrence or progression after prior
endocrine therapy. Consistently, the CSCO guidelines
recommend tucidinostat plus exemestane as a standard
salvage regimen for HR+ breast cancer patients with
failure to tamoxifen and/or non-steroidal aromatase
inhibitors.

Entinostat is the first HDAC inhibitor with
confirmed anti-tumor efficacy in phase II breast cancer
trials. Yardley et al [52] reported that entinostat
combined with exemestane yielded superior efficacy to
exemestane monotherapy in 130 HR+/HER2- metastatic
breast cancer patients with aromatase inhibitor resistance,
with a 2-month PFS extension and an 8.3-month OS
extension. However, the phase III CONNECT trial
conducted by Connolly et al. [53] enrolled 608 eligible
patients and revealed comparable efficacy between
entinostat plus exemestane and exemestane monotherapy
(PFS: 3.3 months vs 3.1 months; OS: 23.4 months vs 21.7
months). Thus, the survival benefit of adding entinostat to
endocrine regimens for aromatase inhibitor-resistant
HR+/HER2- breast cancer remains controversial.

A nationwide phase III clinical trial conducted in
China was performed to evaluate the efficacy and safety
of entinostat in Chinese breast cancer populations. The
results demonstrated that the median PFS was
significantly prolonged in the entinostat plus exemestane
group compared with the placebo group (6.32 months vs
3.72 months), with a 24% reduction in the risk of disease
progression or death (HR=0.76, P=0.046). The median
OS was 38.55 months in the entinostat group,
representing an over 9-month OS extension and a 25%
reduction in mortality risk (HR=0.75). Significant clinical
benefits were also observed in patients with CDK4/6
inhibitor resistance and prior chemotherapy exposure.
Moreover, patients without visceral metastasis, primary
endocrine resistance and no prior fulvestrant treatment
derived more prominent therapeutic benefits from
entinostat combination therapy.

On April 30, 2024, the National Medical Products
Administration officially approved the indication of
entinostat tablets: combined with aromatase inhibitors for
the treatment of HR+, HER2- locally advanced or
metastatic breast cancer with recurrence or progression
after prior endocrine therapy.

2.4 Conversion to Chemotherapy

Due to inherent differences in drug sensitivity,
HR+/HER2- breast cancer exhibits a significantly lower
pathological complete response (pCR) rate after
neoadjuvant chemotherapy compared with other
molecular subtypes [55]. Nevertheless, a high Ki-67
proliferation index indicates an increased proportion of
proliferating tumor cells and is correlated with enhanced
chemotherapy sensitivity in HR+/HER2- breast cancer
[56]. Furthermore, chemotherapy is indicated for patients
with endocrine resistance and symptomatic visceral

metastasis, aiming to alleviate clinical symptoms,
improve quality of life and prolong long-term survival.
Therefore, conventional chemotherapy remains an
indispensable component of salvage treatment for
CDK4/6 inhibitor-resistant breast cancer. Common
chemotherapy regimens include anthracyclines, taxanes,
capecitabine and platinum-based agents, which can be
administered as monotherapy or combination regimens.
While chemotherapy effectively controls tumor
progression and relieves systemic symptoms, it is
accompanied by inevitable adverse reactions such as
myelosuppression and gastrointestinal toxicity. Close
monitoring of treatment-related adverse events and
comprehensive  supportive  interventions, including
probiotic supplementation, moxibustion combined with
acupoint application, and acupuncture therapy, are
essential during chemotherapy.

Kim et al. [57] enrolled premenopausal patients with
locally advanced HR+/HER2- breast cancer and found
that neoadjuvant chemotherapy combined with ovarian
function suppression significantly improved the pCR rate
and reduced Ki-67 expression compared with
chemotherapy alone. Clinical evidence has verified that
neoadjuvant chemotherapy plus ovarian function
suppression remarkably improves disease-free survival in
young HR+/HER2- breast cancer patients aged <35 years
[58]. Hence, the addition of ovarian function suppression
to neoadjuvant chemotherapy is recommended for young
patients with locally advanced HR+/HER2- breast cancer.

3 Discussion

Substantial advances have been achieved in the
comprehensive management of HR+ breast cancer in
recent decades. In particular, the wide application of
CDK4/6 inhibitor combined endocrine therapy has
dramatically improved PFS and OS in advanced breast
cancer patients. However, the emergence of CDK4/6
inhibitor resistance poses a major clinical challenge for
long-term disease control. Fortunately, a variety of
optimized salvage therapeutic strategies have been
developed to address this clinical dilemma.

For the majority of eligible patients, cross-line
sequential treatment with CDK4/6 inhibitors combined
with endocrine agents achieves durable PFS benefits. In
parallel, continuous research and structural optimization
of next-generation CDK4/6 inhibitors and novel selective
CDK4 inhibitors aim to overcome intrinsic and acquired
drug resistance, showing promising clinical application
prospects. Rational combination of endocrine agents
targeting different nodes of hormone receptor signaling
pathways, sequential targeted therapy and combination
chemotherapy exert synergistic anti-tumor effects and
further enhance therapeutic efficacy. Despite high
inter-individual tumor heterogeneity, clinicians can
formulate personalized combination regimens based on
comprehensive clinical evaluation. Precision
individualized treatment maximizes anti-tumor efficacy,
minimizes treatment-related adverse reactions, prolongs
overall survival and relieves cancer-related symptoms.
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In summary, multiple diversified therapeutic options
with distinct advantages are currently available for
patients with CDK4/6 inhibitor-resistant HR-+/HER2-
breast cancer, providing abundant clinical choices for
individualized salvage treatment.
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CDK4/6 1M 57 FLER IS H 00 M 25 BIL il A X o i
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it 4/6 (CDKA/6) HI I R4 I 40 E T, 1T b 3 S A0 TEE JR A 47301 L AEL CDKA/6 0 ) 550 F) s PR T 24 14 7™ i i £ 3 T
CDKA/6 it 2L 52 5% , 6 B A ML S 98 2 S A A PR 7 32 R R A 5 B O L SR DR 5 S 1 Wi 45 2 J Tl
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Abstract: The standard first-line treatment for advanced hormone receptor-positive (HR+) , human epidermal growth factor receptor 2
negative (HER2-) breast cancer is the combination of cyclin-dependent kinase 4/6 (CDK4/6) inhibitors and endocrine therapy, which
significantly prolongs patients’ progression-free survival. However, clinical resistance to CDK4/6 inhibitors severely impacts patients’
prognosis. The resistance mechanisms of CDK4/6 inhibitors are complex, involving multiple dimensions such as abnormal cell cycle
regulation, activation of growth factor receptors and signaling pathways, abnormal immune regulation, and autophagy activation.
Current strategies to address resistance include diverse approaches: combination with other endocrine agents [selective estrogen
receptor degraders (SERDs) and selective estrogen receptor covalent antagonists (SERCAs) ], continuation use of CDK4/6 inhibitors
(cross-line therapy and new-generation inhibitors) , switching to alternative targeted therapies [ PI3K/AKT/mTOR pathway inhibitors,
antibody - drug conjugate (ADC) , poly ADP-ribose polymerase (PARP) inhibitors, histone deacetylase (HDAC) inhibitors | and
chemotherapy. Clinical practice requires tailoring precision treatment strategies based on individual patient characteristics. This article
systematically reviews the research progress on the resistance mechanisms of CDK4/6 inhibitors in breast cancer and corresponding
therapeutic strategies.
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FUIE AR B LN 2 WARYT , 200 ML SR 0 2 O e
4/6 (cyclin-dependent kinase 4/6 , CDK4/6 ) 417 il 371 ¢ 4 Jitd Ji5) 141
00K e e 20 M A 3 A . RO 0 L T B A R e (5
TR ) AN [ S 25 B AT [ 2 (NCON) HfE 77 CDK4/6 410
TS N IBIARYT b HR+/HER2-ZL R e A it i6 7
J7 %%, CDKA/6 FI I 5 55 =55 A ALl 700 sl e A e
TR 2 AR A# 5] (selective estrogen receptor degraders , SERDs)
WAEFIE (fulvestrant) 147 2 E WG —  —2i5Y 7 HR+/HER2-
FUBBROPRELLER , BENS I K AR R JEHE R A= A7) (progres-
sion-free survival,PFS) . HETCAT PUFH CDK4/6 FfiIHIZEF 52
b A URAILHE LT, Z 0 AWRAAPE A (palbociclib) i P A
(ribociclib) Bl U1 PG 7] (abemaciclib) FIA R VU] (dalpiciclib) , B
BN ZRES T R IR RS TR

SR, TR — 23R 77 P 1 CDK4/6 il 5 55 1k
RIS PRSTE 2454047, FUHCRT L, TR KRR T HAA
JPRCR, FEORERE, FERRE PUS . R, RAER
CDKA/6 IR BRY 7R I AR 7 A A o

1 CDK4/6 3057 it 254 1

WEE1 FI MDM2 55X i 323k , 4126 A & kAL (histone
deacetylase, HDAC) i 1k, CDK2/4/6 . cyclinE1 §" 3 , Rb . FZR1 .
FATHE SRS AR 1 1 23 T RETE R4 EAT 134 T Re (41 it J4]
SRR S 8 iR 200 B X CDKA/6 41 15 ) A A0S PR FAARG L A
= A 2 7 AR 32 A B A5 5 S AT, n 2T 4 2
Jifl A= K ] 7 3% 44 (fibroblast growth factor receptor , FGFR) 1.
PI3K/AKT/mTOR 3 55 , S5 7] 1k fipg 40 M i34 5, (ki 5 | A&
M2 . A3 BFFEUESE , Jrvea 20 M 6 CDK4/6 41570 (i 2404 vl
S S FGFR IS Mo

[FIE , A7 W52 7, 60 R AT P A 245 g At v, 5 T 4
UL P 3% A B 3% A3 A G 1) G e 1R s D B R IR 2 £ S8 ATt
FH T OGS IR R 22 AR I, CDR4/6 57175 T e g i
TRIHET S T TR TR PR B T G2 440 i ) ) BE R G e A G
Oy T IFE LA™ A G e kit , T BT 24

BRIz Ah , F RS AN AT 38 5% CDK4/6 15773 1
21 i 5 S REL A Lt T 22 5 CDKA/6 40 300 T 24 i 72 A2 ™ 78 3L
i 2 e B AR

2 CDK4/6 M5 25 FF B8 7 SR Bg

2.1 BAHAMA LY

2.1.1 SERDs SERDs R4 54 i 5 fiff M 0 22 52 44, AT BHL
WD R A S I, A B R A K H Y. SR R
— e B R A2 AN R NI 259, RE A TE AL
b BT 22 2 M B T U e i e . R R A
HR+/HER2- I 91 7L B 98 AN o PFS 2 8.5 4 H (95%C:
7.0~10.01H )™, CDK4/6 Ml 37 il 2wl BRER A FH 2540 H %2
LRI 2 W R, T A PN A WA T 24 170 2L g A 1Y)
PFS(HR=0.51, P<0.05) Al i A= 72 1 (overall survival, 0S) (HR=
0.73,P<0.05) , S EIZIRIT LT RES | R K R B,

R4 R 2 FE R P

1 — A H Ik SERDs [ 41 3C$7 7] B (elacestrant) | giredes-
trant ] ZEIG RIS 7R 00 T 2 RIRE G 785, T S 3 R
W A7 AR A8 R B ST PES (HR=0.55, P<0.05) " (B H
HIT 3 B A CDK4/6 1 il 57 + 38 v w) FE 3065 FH 25 19 1 PR AT 5%
i B Bt g W23 FLR RS 12 R 1 B S G ) IN A, SERL R B AT
FATIGYY ESR1 5875 i HR+/HER2- M 3 S A1
212 R MERER S AR SL A 5 BT (selective estrogen re-
ceptor covalent antagonists, SERCAs ) FLIRIE P 53- A it 24 ) 32
BEPLHZ ESR1 57 A M AR ARG 1 , 3 W56 A
U5 . H3B-65451F 4 SERCAs i — B, BERZ AN T 386 Hb 5 Mt 3
FZ Il LI AR I 25 &, NI 25 P e

Johnston %57 1 FH H3B-6545 56 & WRAA VG 13697 CDK4/6
09 S0 25 5 2, B E R A2 PFS M 115 A L 12 H i s
e AE 3N 72.5% (95%C1 - 50.1%~86.1% ) o Hamilton 258 %)
H3B-6545 H25 YT RGHAT VAN, /B E B TH 7 PFS A0S 435135
5064 A M21.5240 A0 ERUFITUESE, HEXEF = T AY
H3B-6545 HA A 01550 Mg i 4, 4K B #if H3B-6545
WA I R TR ZE B B , LR 75 AR A8 48 4 kb iz s
PRI T B0 22 R 2R S
22 k%4 A CDKA/6 4] 7
22.1 LA CDK4/6 3 5 5 L3697 7 PALOMA -3
MONARCH 2 \MONALEESA-3'fi}f 57 i, %F T HR+/HER2-
BRSO LR SR 3 SR T WA P ] D P R R P
F B e A EVE R ERIATT T 2 L PRS B i 4R
s E) 11.2.16.4.20.5 0 o X F—4 CDK4/6 i 57T 24
B RIAIT IR, PACE BIFFE R W1, (i FHWRAA PG 52635
7 R IS WA PR 25 522 MAINTAIN F1 TRINITI-1 B9 228, fid
FHERE TGRSR 7 RERS B AP (7 PRS2 2024 48, 75
2 I AR AR B2 2, postMONARCH #F5E 4538 T 5y
Bl BT D19 R 2 R 22 SR 4 6 A H DGk R A TE IRy B
50% 1 37% , UESE T (5 BAT DL 78 5645 S 4 v 7 T LA
FHGE B E W PFS(P=0.01)"  1ZBFST - BETE 4252 WRAA P
TRYT I R TS ST BT DL PG 3R 25 5 2 2 (HR=0.62) ,1IF 5K
CDK4/6 il RITAYT i J J5 i 53 —Fh CDK4/6 i 51 & il 4T
FITRIT e o (H I ZT Hp A i R BT D0 W ) ) R
8% , FEAS T/, IR IHG FLZ HL i AN REAIE 52 [ Rl CDK4/6 411 11551
B TAT LR A5 RERS T 25 (8 5 1K 25 . Ravani 557 2555011 18
TG K 0, Je 2 4k M F CDKA/6 151347 5 B K 1Y PRS
(HR=0.64, P<0.01) F10S(HR=0.70, P<0.01)AH & . #eAh, {fi 1]
J5L CDK4/6 1117 (HR=0.62 , P<0.01) 55,54 I AS [7] £ CDK4/6 111
I3 (HR=0.49, P<0.01) YT i PFS $54:5 .

BRI, X T AN S 15 58 A8 B T0 T (i FH oAb

B 2 HEATIRYT (0 B3, CDKA/6 130 I s 4ty 2 —Fh
AL HA IR TR . [FIRE, BT CDK4/6 3 751 i 24
14 5 B P i, CDKA/6 S R 7 38032 167 AR SRR YT
S Z N, PR 45 6 BARG BB ST 167 BT
JA-ARAE RS HEAE
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2.2.2  {dHHT B CDK4/6 $fi 5) 5L CDK4 il 57 8 — A%
CDK4/6 il 37 3k % 16 ] (lerociclib , GB491) 1 >k — Ffr i 2 H.
AT PG 11 Il CDKA/6 JMHf 5], 76 S50 2 A5 v s H
CDK4/cyclin D1 F1 CDK6/cyclin D3 A4 5 BE TG, DL K%t CDK9/
cyclin THYHEETGTE . 76 I LEONARDA-1 8758+ s, Sk %
PRI A JRLAE A RE A PRS #E K % 11.07 4 A (P<0.01), H%
AR TAESE CDKA/6 470,

2024 4RI Ji 933 PN B} 2% 2% (European Society for Medical
Oncology , ESMO ) L 1l 385 4 23 24 7 B8 % CDK4 4141 551 PF-
07220060, 7£ 2 3% b CDK4/6 41 %1 571 F1 PN 43 306 245 ) 38 97 1Y
HR+/HER2-FE R VEFLARE 35 v, 8 FHIZ CDKA #5500+ ith
W 4R F AR T, A PRS N 8.1 B, HP= A i I i
R R T A B A A CDKA/6 Il 5 2235 A
HEP TR A VS R
2.3 B At d iy
2.3.1 4%} PI3K/AKT/mTOR 3 i A HE 59697 PAM 3
A7 IR A0 B B 2L K RN B, FE 24 509 Y B 3U] B T A % 2%
B 50 s 19 FE R 2825 PIBK/AKT/mTOR 3 4 76 7L it
J i A 2 R P G, FLS CDK4/6 # i 3R 252 VA
SR ZOE A ) 259, 5 CDK4A/6 1 i 5 B A 4
L, ARG RWFFE P R Hh— 2 19 Y7 8% . PAM 3 B 40 3l 51
AT 3 Sk PI3K 10 550 [ 40 3% 76 F] 5] Craselisib ) | Bif 55 1) ]
(alpelisib) ]  AKT #1570 [ 41K 1A2E%87JE (capivasertib) JHImTOR
TR [ AR 4E 5] (everolimus ) ],

WRAESEFIVES mTOR A , 78 M K35 BOLERO-2
FPZE R R AR AR SRS R PE SR 4 1) PFS I 5 46K (6.9
A H s 281 ,P<0.01)™, BIR AKAESL R 4110 5 35
T TR AR 3540 5 IS R AR5 ] Sk P SR Y
I A1 FATY AT RE ISR VA T CDKA/6 41 i 70 it 25 1 L I F)
Iz —. BOLERO-5 WY 45 SRR, 4 28 )5 v [ Lo Ve FL Vs
ERH (PR A 5 ] SR VPG SEIR AT, T B 5 R T) PES,
B HE— 2 WE T BOLERO-2 ffF 4% M1 R RL 28, HLHAE o [ AR
HHEA R R A, REEOR RN RE ), ]
T T Y AR A A I T A TR R

BRI F1) 2 (inavolisib ) b — 8 PI3K M4l 57, 75 INA-
VO120 5% SEmir A AR I8 25 02 o SR R A A2 o sk IO
GEH PRSI ZE LA MR VU AN G4 78 L 45 F T N 3R 97
fit 2 HAEA PIK3CA 2875 1 HR+/HER2- %, 45 5 R, 23t
R PFS A 7.3 1 IR R ZELH B PFS IA 51 15.0 1~ H o
2024 4F- 3 [ Ifs R 7 2% 23 (American Society of Clinical Onco-
logy, ASCO) 425 iz b 5% B 1 %4 , (R ZE 4 rp 437 PRS
FERZE 24.0 0 W BELE N 150 Y SR 2
P15 (Food and Drug Administration , FDA) T 2024 4F 10 JT 4it
HE T IR S A WA V6 RN S84k FRE 0T FH TR 9T PIK3CA
AL FLUAT B 40 MA3A Y 7T 25 1) HR+HER2-FY FLIRI R

CHp I A B 27 2 (CSCO) FLARE 1297 46 1 2024) 4%
AKT I A A 43 WA 97V CDK4/6 J R 167 25 W 4
JEHY M A7 . CAPLtello-291 356045 AKT 4 715 285 e

%4 T AE I BE T PIK3CA/AKT1/PTEN il 4 S 8, 324t
HHA 69.1% B JeRTiE 32 CDK4/6 JHIFH1A YT, 458
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