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Abstract. In recent years, the incidence rate of breast cancer has 
increased year by year, and it has become a major threat to the 
health of women globally. Among all breast cancer subtypes, 
the hormone receptor (HR)+/human epidermal growth factor 
receptor 2 (HER2)‑ luminal subtype breast cancer is the most 
common form of breast cancer. cyclin‑dependent kinase 4 
and 6 (cdK4/6) inhibitors, the hotspots in the field of targeted 
therapy for breast cancer, have proved to exhibit a good effect 
on patients with HR+/HER2‑ breast cancer in a number of 
clinical trials, but the problem of drug resistance is inevitable. 
At present, three specific cdK4/6 inhibitors (palbociclib, 
ribociclib and abemaciclib) have been approved by the USA 
Food and Drug Administration for the first‑line treatment of 
HR+/HER2‑ breast cancer. The drug resistance mechanisms 
of cdK4/6 inhibitors can be divided into cell cycle‑specific 
resistance and cell cycle non‑specific resistance. With the 
discovery of the drug resistance mechanism of cdK4/6 
inhibitors, various targeted strategies have been proposed. The 
present review mainly discusses the mechanism of cdK4/6 
inhibitors, drug resistance mechanisms and treatment strate‑
gies after resistance.
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1. Introduction

Breast cancer is the most commonly diagnosed cancer (31% 
of the total cancer incidence) and the second highest cause of 
cancer‑associated death (15% of the total cancer‑associated 
mortality) in women worldwide (Fig. 1) (1). Among all breast 
cancer subtypes, hormone receptor (HR)+ luminal subtype 
breast cancer is the most common form of breast cancer, 
accounting for 75% of the total breast cancer cases and 70% of 
metastatic breast cancer (MBc) cases (2). Endocrine therapy 
is the main treatment for HR+ luminal subtype breast cancer, 
but its effectiveness is restricted by drug resistance, which 
is almost inevitable in patients with advanced breast cancer 
(ABc) (3‑6). In recent years, the use of targeted therapy 
combined with endocrine therapy to overcome the endocrine 
therapy resistance of specific populations has provided a new 
therapeutic prospect for patients with HR+ breast cancer (7). 
One of the most basic biological characteristics of malignant 
tumors is the malignant transformation and uncontrolled 
proliferation of tumor cells caused by the disorder of cell 
cycle regulation. cdK4/6 inhibitors restore the cell cycle 
by selectively inhibiting cyclin‑dependent kinases 4 and 6 
(cdK4/6), and block cell proliferation in a variety of tumor 
cells, including those of breast cancer. cdK4/6 inhibitors can 
effectively improve the prognosis of patients with HR+/human 
epidermal growth factor receptor 2 (HER2)‑ breast cancer, but 
different individuals have different sensitivities to cdK4/6 
inhibitors. The present review aims to discuss the mechanism 
of cdK4/6 inhibitors, drug resistance mechanisms and treat‑
ment strategies after resistance.

2. Mechanism of CDK4/6 inhibitors

To ensure that each cell cycle is completed accurately, complex 
regulatory mechanisms exist in the normal cell cycle. cdK4/6 
is a key regulator of the cell cycle, acting by forming a complex 
with cyclin d (8). This complex can directly phosphorylate 
retinoblastoma gene (RB), then release transcription factor 
E2F and promote the transcription of cell cycle‑related genes, 
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promoting the cell cycle from the G1 mitosis phase to the S 
phase, leading to dNA replication (Fig. 2) (9). In estrogen 
receptor (ER)+ breast cancer, estrogen induces the activation 
of the ER signaling pathway, which leads to the upregulation 
of the expression of cyclin d and cdK4/6, and further leads 
to uncontrolled cell proliferation (10,11). cdK4/6 is activated 
in ER+ breast cancer; therefore, CDK4/6 inhibitors can signifi‑
cantly inhibit the progression of ER+ breast cancer.

3. Key clinical trials of CDK4/6 inhibitors

Based on the data from three series of clinical trials, namely 
PALOMA, MONALEESA and MONARcH, three cdK4/6 
inhibitors have been approved by the USA Food and drug 
Administration (FdA) and European Medicines Agency for 
the treatment of patients with HR+/HER2‑ ABc: Palbociclib 
(Ibrance®; Pfizer, Inc.), ribociclib (Kisqali®; Novartis 
International AG) and abemaciclib (Verzenio®; Eli Lilly 
and company) (12‑17). In addition, a new cdK4/6 inhibitor, 
dalpiciclib, was reported in the 2021 AScO meeting (18). The 
dAWNA‑1 study showed that the dalpiciclib + fulvestrant 
group exhibited a significantly improved median progres‑
sion‑free survival time (15.7 vs. 7.2 months; hazard ratio, 0.42; 
P<0.0001) compared with the placebo + fulvestrant group in 
patients with HR+/HER2‑ ABc whose condition had relapsed 
or advanced after endocrine therapy (Table I) (19). In addition, 
the safety of dalpiciclib (SHR6390) was confirmed in clinical 
trial NcT03481998 (20).

4. Resistance mechanisms of CDK4/6 inhibitors

Cell cycle‑specific mechanisms
Loss of RB. As a tumor suppressor, RB is the main target of 
the cyclin d‑cdK4/6 complex and controls the cdK4/6‑RB1 
pathway and the cell cycle. Loss of RB is one of the most 
important reasons for the development of resistance to cdK4/6 
inhibitors (9). The main reason for the loss of RB is the inac‑
tivion of the RB1 gene by a mutation. despite the loss of RB, the 
constitutive progression of the cell cycle continues through the 
activation of other cell cycle mechanisms, including the E2F and 
cyclin E‑cdK2 axes, indicating that the progression of the cell 
cycle from G1 to S phase has lost its dependence on cdK4/6 (21). 
This indicates that the combination of cyclin E‑cdK2 axis 
inhibitors and cdK4/6 inhibitors may reverse the resistance of 
cdK4/6 inhibitors in patients with loss of RB (Fig. 3).

E2F amplification. The RB‑E2F complex plays an impor‑
tant role in regulating the cell cycle from G1 to S phase. As 
aforementioned, the hyperphosphorylation of RB by the cyclin 
d‑cdK4/6 complex reduces the association between RB and 
E2F. In turn, the RB‑E2F complex separates and releases the 
transcription factor E2F, which promotes the cell cycle from 
the G1 mitosis phase to the S phase, leading to dNA replica‑
tion. At the same time, cyclin E transcription is activated by 
the E2F transcription factor, which activates cdK2 and other 
proteins to form the cyclin E‑cdK2 complex. The cyclin 
E‑cdK2 complex further phosphorylates RB, which forms 
a positive feedback loop, leading to synthesis of protein and 
DNA eventually (22). Therefore, E2F amplification and the 
formation of the cyclin E‑cdK2 complex are also associated 
with the resistance of cdK4/6 inhibitors (Fig. 3).

Overexpression of the inhibitor of CDK4 (INK4) family. 
The INK4 family is a set of intrinsic tumor suppressor factors, 
including p16INK4A (coded by cdKN2A), p15INK4B (coded by 
cdKN2B), p18INK4c (coded by cdKN2c) and p19INK4d (coded 
by cdKN2d). The INK4 family members can inhibit the 
formation of the cyclin d‑cdK4/6 complex by competitively 
binding cdK4/6, and further inhibit the transition of cells from 
the G1 phase to the S phase (23). The expression of cdKN2 
in tumor cells is often silenced, resulting in the continuous 
activation of cdK4/6 and the drug resistance of cdK4/6 
inhibitors. However, when these inhibitors are overexpressed, 
due to the inhibition of the cyclin d‑cdK4/6 complex, tumor 
cell cycle progression may partly depend on other signaling 
pathways besides cdK4/6 signaling, resulting in resistance to 
cdK4/6 inhibitors. The study by Green et al (24) also reported 
that the p16 protein family can inhibit the binding of small 
molecule inhibitors, including palbociclib, to cdK4. However, 
the PALOMA‑1 trial did not reveal a significant difference in 
terms of PFS for the cohort with p16/CCND1 amplification 
loss compared with the unselected cohort (25). Similar results 
were gathered by biomarker analysis in the PALOMA‑2 and 
PALOMA‑3 trials (26,27). Therefore, the use of p16INK4 ampli‑
fication as a biomarker is controversial (Fig. 3).

CDK amplification. As aforementioned, cdK4/6 plays a 
vital role in the progression of the cell cycle from the G1 phase 
to the S phase. Various mechanisms such as gene amplifica‑
tion, mutation and epigenetic changes can upregulate cdK4/6, 
thereby activating the cyclin d‑cdK4/6‑RB pathway, which 
leads to a decreased blocking effect of cdK4/6 inhibitors on 
cell cycle progression (28‑30). In addition to kinase‑dependent 
functions, cdK6 also has some non‑kinase‑dependent 
functions. cdK6 upregulates the transcription of p16 in the 
presence of STAT3 and cyclin d (31). In addition, cdK6 
and c‑Jun synergistically upregulate VEGF‑A, induce tumor 
angiogenesis, and usually promote cancer progression and 
drug resistance (32,33). A previous study found that the onco‑
gene c‑Myc could reduce the inhibitory effect of microRNA 
(miRNA/miR)‑29b‑3p on cdK6 by downregulating 
miR‑29b‑3p, and that activated cdK6 further induced breast 
cancer resistance to palbociclib (34).

cyclin E‑cdK2 also plays an important role in the progres‑
sion of the cell cycle from the G1 phase to the S phase. A 
previous study emphasized that after cdK4/6 inhibitor‑resis‑
tant cells lost their dependence on cyclin d‑cdK4/6 signaling, 
the inhibition of a variety of alternative signal pathways, 
including the cyclin E‑cdK2 pathway, could significantly 
inhibit cell growth. cdK2 inhibitors effectively reduced the 
growth of cells overexpressing cyclin E1 (35).

Moreover, cdK7 is a cell cycle regulator. cdK7 plays 
the role of cdK‑activating kinase (cAK) and participates 
in the G1 and G2 phases by maintaining the activity of 
cdK1/2/4/6 (36). It has been reported that the increase in 
cdK7 expression confers resistance to cdK4/6 inhibitors 
(Fig. 3) (37). At the 2021 SABcS meeting, a study reported the 
confirmed efficacy and safety of the first oral selective CDK7 
inhibitor samuraciclib (cT7001) + fulvestrant in patients with 
HR+/HER2‑ ABc (38).

Loss of CDK interaction protein/kinase inhibitor protein 
(CIP/KIP) family expression. The cIP/KIP family includes 
p21cIP1 (coded by cdKN1A), p27KIP1 (coded by cdKN1B) and 
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p57KIP2 (coded by cdKN1c). This protein family has both 
cdK inhibitors and stable cyclin‑cdK complexes, and a study 
has concluded that p21 and p27 are involved in cell G1/S phase 
regulation (39). Therefore, the activation of the cyclin‑cdK‑Rb 
pathway signal caused by the deletion of the cIP/KIP family is 
associated with the resistance of cdK4/6 inhibitors (40).

In addition, a study has found that histone deacetylases 
(HdAcs) have an inhibitory effect on the intrinsic cdK 
inhibitor p21cIP1, and HdAc inhibitors can upregulate the 

expression of p21cIP1. Whether in vitro or in vivo, HdAc 
inhibitors can increase the expression of ER and aromatase, 
and restore the sensitivity of breast cancer cells to hormone 
blockade (41). Adding entinostat or tucidinostat to exemestane 
can improve the mPFS time (entinostat: 4.3 vs. 2.3 months; 
P=0.055; tucidinostat: 7.4 vs. 3.8 months; P=0.033), and 
significant improvement has been observed in patients with 
non‑steroidal aromatase inhibitor (NSAI) resistance (42,43). 
This supports the hypothesis that HdAc inhibition may 
enhance the activity of cdK4/6 inhibitors through the 
cIP/KIP family, suggesting that the combination of HdAc 
inhibitors and CDK4/6 inhibitors may be beneficial to patients 
with cdK4/6 inhibitor resistance (Fig. 3).

Overexpression of WEE1 G2 checkpoint kinase (WEE1). 
WEE1 belongs to the serine/threonine protein kinase family, 
which plays a key role in ensuring accurate dNA replica‑
tion, maintaining chromosome integrity, blocking abnormal 
cell dNA replication and G2/M phase transition during the 
cell cycle (44). WEE1 and cdK1 synergistically inhibit 
dNA‑damaged cells from entering mitosis, whereas WEE1 
inhibition promotes mitosis and propagates genomic insta‑
bility by forcing the cell through successive replication cycles, 

Figure 2. Mechanism of cdK4/6 inhibitors. cdK, cyclin‑dependent kinase; 
RB, retinoblastoma protein.

Figure 1. Top 10 cancer types with regard to estimated new cases and cancer‑associated deaths in the United States in 2022.
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ultimately resulting in apoptosis from mitotic catastrophe. It 
was found that WEE1 inhibitors combined with chemotherapy 
could synergistically strengthen the dNA damage to tumor 
cells and block cell cycle transition (44). At the same time, 
a study has shown that overexpression of WEE1 can induce 
tumor resistance to cdK4/6 inhibitors. Therefore, inhibiting 
WEE1 can increase the sensitivity of cdK4/6 inhibitor‑resis‑
tant cells to cdK4/6 inhibitors (Fig. 3) (45).

Loss of fizzy and cell division cycle 20‑related 1 (FZR1). 
FZR1 forms the anaphase‑promoting complex (APc/c)‑FZR1 
complex by activating the ubiquitin ligase APc/c. The 
APc/c‑FZR1 complex interacts with RB during the G1 phase 
of the cell cycle (46). In addition, the APc/c‑FZR1 complex 
further upregulates the natural cdK inhibitor p27 by degrading 
S‑phase kinase‑associated protein 2, leading to the decrease in 
the expression of cdK2, cdK4 and cdK6 (47). Therefore, 
the loss of FZR1 leads to resistance to cdK4/6 inhibitors, the 
mechanism of which needs further exploration (Fig. 3).

Mouse double minute 2 homolog (MDM2) overexpression. 
MdM2 is a protein that negatively regulates p53 activity. 
MdM2 inhibitors can activate p53 by disrupting the 
MdM2‑p53 complex (48). p53 can activate the natural 
cdK4 inhibitor p21cIP1, leading to cell cycle arrest (49). 
NVP‑CGM097 is one of the first new‑generation inhibitors 
and has entered phase I clinical trials (NcT01760525) (9). 
Although the mechanism of action of MdM2 inhibitors still 
needs further research and exploration, MdM2 inhibition 
may be a new therapeutic target for the treatment of resis‑
tance to cdK4/6 inhibitors (Fig. 3).

miRNAs. Numerous preclinical studies have discovered 
the role of miRNAs in the progression of various tumors, 

including glioblastoma, ovarian cancer and colon cancer. 
miR‑302 induces cell cycle G1/S arrest by inhibiting the cyclin 
d‑cdK4/6 and cyclin E‑cdK2 pathways (50). miR‑138 induces 
cell cycle G1/S arrest by directly targeting cell cycle genes 
such as cdK6, E2F2 and E2F3 (51). miR‑506 directly targets 
cdK4 and cdK6, and further inhibits cdK4/6‑forkhead box 
M1 signaling to inhibit cell proliferation (52). A family of 
miRNAs containing miR‑6883‑5p, miR‑149, miR‑6785‑5p and 
miR‑4728‑5p inhibit cell proliferation by directly targeting the 
untranslated regions of cdK4/6 mRNAs (53). miR‑432‑5p 
induces the overexpression of cdK6 in ER+ breast cancer cells 
by inhibiting the TGF‑β pathway, further antagonizing the 
effect of cdK4/6 inhibitors (54). Therefore, targeted regula‑
tion of associated miRNAs provides a therapeutic direction 
for patients with breast cancer who are resistant to cdK4/6 
inhibitors (Fig. 3).

Cell cycle non‑specific mechanisms
Fibroblast growth factor receptor 1 (FGFR1) signaling 
pathway. The FGFR1 signaling pathway is related to pivotal 
biological processes, including proliferation, differentiation 
and cell survival (55). FGFR1 plays an important role in 
cancer progression. In endocrine‑resistant breast cancer 
cells, the expansion of FGFR1 activates the PI3K/AKT and 
RAS/MEK/ERK signaling pathways, which is associated with 
cdK4/6 inhibitor resistance (56). In the MONALEESA‑2 trial, 
combined treatment with FGFR tyrosine kinase inhibitor luci‑
tanib eliminated the resistance to ribociclib, a specific CDK4/6 
inhibitor (57). Therefore, inhibition of FGFR1 pathway may be 
a viable option to overcome resistance to cdK4/6 inhibitors 
(Fig. 4).

Table I. Key clinical trials on cdK4/6 inhibitors in patients with hormone receptor+/human epidermal growth factor receptor 2‑ 
advanced breast cancer/metastatic breast cancer.

     Menopausal mPFS time, mOS time,
NcT Study name Phase Intervention LOT status months months

NcT00721409 PALOMA‑1 II Let ± Pal 1st Post 20.2 vs. 10.2 37.5 vs. 34.5
NcT01740427 PALOMA‑2 III Let ± Pal 1st Post 24.8 vs. 14.5 53.9 vs. 51.2
NcT01942135 PALOMA‑3 III Ful ± Pal 1st + 2nd + later Pre/post 9.2 vs. 3.8 34.9 vs. 28.0
NcT02297438 PALOMA‑4 III Let ± Pal 1st (Asian) Post 21.5 vs. 13.9 51.7 vs. 51.5
NcT01958021 MONALEESA‑2 III Let ± Ribo 1st Post 25.3 vs. 16.0 63.9 vs. 51.4
NcT02422615 MONALEESA‑3 III Ful ± Ribo 1st + 2nd  Post 20.5 vs. 12.8 53.7 vs. 41.5
NcT02278120 MONALEESA‑7 III TAM/NSAI ± Ribo 1st + 2nd  Pre 23.8 vs. 13.0 NR vs. 40.9
NcT02102490  MONARcH‑1 II Abema 2nd Pre/post 6.0 22.32
NcT02107703 MONARcH‑2 III Ful ± Abema 1st + 2nd  Pre/post 16.4 vs. 9.3 46.7 vs. 37.3
NcT02246621 MONARcH‑3 III NSAI ± Abema 1st Post 28.18 vs. 14.76 ‑
NCT02763566 MONARCH plus III Cohort A:   ≥1st (Chinese) Post A: NR vs. 14.73;  ‑
   NSAI ± Abema;    B: 11.47 vs. 5.59 
   cohort B: 
   Ful ± Abema
NcT03927456 dAWNA‑1 III Ful ± dal 2nd Pre/post 15.7 vs. 7.2 ‑

NCT, National ClinicalTrials.gov identifier; LOT, line of therapy; mPFS, median progression‑free survival; mOS, median overall survival; Pal, 
palbociclib; Ribo, ribociclib; Abema, abemaciclib; Let, letrozole; NSAI, non‑steroidal aromatase inhibitor; Ful, fulvestrant; TAM, tamoxifen; 
dal, dalpiciclib; Pre, premenopausal; Post, postmenopausal; NR, not reached.
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PI3K/AKT/mTOR signaling pathway. It has been reported 
that the PIK3/AKT/mTOR signaling pathway is associated 
with resistance to cdK4/6 inhibitors. A study has shown that 
direct inhibition of the PI3K/AKT/mTOR pathway can reduce 
the expression of cyclin d and cause cell cycle arrest, which 
may be the potential mechanism of PI3K/AKT/mTOR pathway 
inhibitors (58).

In addition, as a negative regulator of the AKT/mTOR 
signaling pathway, PTEN deletion causes tumor cells to develop 
resistance to cdK4/6 inhibitors by activating AKT (59). It has 

also been found that the deletion of PTEN induces the down‑
regulation of the nuclear cdK inhibitor protein p27 (coded by 
cdKN1B), which also leads to resistance to cdK4/6 inhibi‑
tors (Fig. 4) (60).

Mitogen‑activated protein kinase (MAPK) signaling 
pathway. The MAPK signaling pathway is one of the signaling 
pathways downstream of FGFR1. The MAPK pathway is also 
known as the RAS/RAF/MEK/ERK pathway based on the 
composition of its key kinases. Therefore, MEK/ERK is a key 
target for the treatment of patients with resistance to cdK4/6 

Figure 3. Cell cycle‑specific mechanisms for the resistance to CDK4/6 inhibitors. CDK, cyclin‑dependent kinase; RB, retinoblastoma protein; CHK1, check‑
point kinase 1; HdAc, histone deacetylases; HdAci, histone deacetylases inhibitor; INK4, inhibitor of cdK4; WEE1, WEE1 G2 checkpoint kinase; FZR1, 
fizzy and cell division cycle 20‑related 1; VEGF‑A, vascular endothelial growth factor A; MDM2, mouse double minute 2 homolog; ER, estrogen receptor; 
cIP/KIP, cdK interaction protein/kinase inhibitor protein; P, phosphate; cdK4/6i, cdK4/6 inhibitor; miR/miRNA, microRNA; APc/c, anaphase‑promoting 
complex.
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inhibitors. A study has found that the MEK1/2 inhibitor 
selumetinib combined with fulvestrant and palbociclib can 
effectively inhibit the proliferation of breast cancer cells 
resistant to cdK4/6 inhibitors (Fig. 4) (57).

Loss of ER/progesterone receptor (PR) expression and 
higher transcriptional activity of activator protein 1 (AP‑1). 
The activity of breast cancer cyclin d‑cdK4/6 complex 

depends on the activation of ER/PR induced by estrogen and 
progesterone hormones (61). A study has indicated that the 
resistance of cdK4/6 inhibitors is associated with changes 
in ER/PR levels (30). Therefore, for patients with cdK4/6 
inhibitor resistance due to the loss of ER/PR expression, 
HR‑ breast cancer subtype relative treatments may be a good 
choice.

Figure 4. Cell cycle non‑specific mechanisms for the resistance to CDK4/6 inhibitors. FGF2, fibroblast growth factor 2; FGFR1, fibroblast growth factor 
receptor 1; ER, estrogen receptor; AR, androgen receptor; PdK1, 3‑phosphoinositide‑dependent protein kinase‑1; dHT, 5‑α‑dihydrotestosterone; AP‑1, 
activator protein 1; EMT, epithelial‑mesenchymal transition; RB, retinoblastoma protein; P, phosphate; FAT1, FAT atypical cadherin 1; YAP, yes‑associated 
protein; PIP, prolactin‑induced protein; Smad, drosophila mothers against decapentaplegic protein.
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As a transcription factor that regulates cyclin d1, the AP‑1 
family consists of homodimers and heterodimers of the Jun, 
Fos, activation transcription factor and transcription factor 
MAF sub‑families (62). A study has found that 20‑40% of 
human patients with breast cancer have high levels of c‑Jun 
activation, which inhibits the activity of ER and activates the 
transcription of cyclin d1 to induce cdK4/6 inhibitor resis‑
tance (63). currently, various AP‑1 inhibitors are under active 
development, and a selective c‑Fos/AP‑1 inhibitor (T‑5224) has 
entered the second phase of clinical trials (64). The efficacy 
of AP‑1 inhibitors for patients with breast cancer resistant to 
cdK4/6 inhibitors needs further exploration, but the results 
are worth looking forward to (Fig. 4).

Overexpression of androgen receptor (AR). It has been 
reported that the acquired resistance of cdK4/6 inhibitors is 
associated with the activation of AR, which is expressed in 
>70% of breast cancer cases (65). A study has found ER signal 
loss and AR signal activation in the palbociclib‑resistant 
breast cancer cell line McF‑7pR. The non‑aromatizable 
androgen 5‑α‑dihydrotestosterone‑activated AR promotes 
G1/S transition by activating cyclin d1, cyclin E1 and cdK2, 
thereby inducing resistance to cdK4/6 inhibitors. As a new 
type of selective AR inhibitor, the combination therapy of 
enzalutamide and palbociclib can resensitize breast cancer 
cells to palbociclib and reverse the resistance to the drug (66). 
Therefore, AR inhibitors may be one of the treatment options 
for patients with breast cancer who are resistant to cdK4/6 
inhibitors (Fig. 4).

Hippo pathway. The tumor suppressor FAT atypical 
cadherin 1 (FAT1) belongs to the cadherin superfamily and 
interacts with the Hippo and β‑catenin signaling pathways (25). 
In a genome analysis of 348 cases of ER+ breast cancer after 
cdK4/6 inhibitor treatment, loss of function mutations of 
FAT1 were detected in cdK4/6 inhibitor‑resistant patients. 
Loss of FAT1 led to the inhibition of the Hippo pathway and 
induced the nuclear localization of Yes‑related protein/tafazzin 
to induce cdK6 expression. At the same time, the inactivation 
of neurofibrin 2, a component of the hippocampus pathway, 
also increased the expression of cdK6. The two approaches 
synergistically reduced the sensitivity to cdK4/6 inhibitors 
(Fig. 4) (67).

Epithelial‑mesenchymal transition (EMT) pathway and 
Smad3 suppression. EMT refers to the transformation of 

cells from epithelial cells to mesenchymal cells. The process 
plays an important role in embryonic development and tissue 
reconstruction, but EMT also confers the ability to invade and 
metastasize to cancer cells. The inhibition of cdK4/6 can induce 
EMT by activating the TGF‑β‑Smad and PI3K/AKT/mTOR 
signaling pathways (68‑70). Phosphorylated TGF‑β activates 
Smad2 and Smad3, and then forms a complex with Smad4, 
resulting in EMT by activation of the EMT transcription 
factor (70). However, it has been found that the inhibition of 
Smad3 can also induce resistance to cdK4/6 inhibitors (71). 
Inhibition of Smad3 induces the recovery of cell cycle arrest by 
releasing its blockage of E2F from the Rb‑E2F complex (72). 
In addition, the inhibition of Smad3 is associated with the 
activation of the cyclin E‑cdK2 axis (73). As aforementioned, 
miR‑432‑5p antagonizes the effects of cdK4/6 inhibitors by 
inhibiting the TGF‑β pathway. Therefore, the TGF‑β pathway 
has a very complicated association with cdK4/6 inhibitors, 
and more research is needed (Fig. 4).

5. Treatment strategies after CDK4/6 inhibitor resistance

Treatment with endocrine therapy drugs combined with 
cdK4/6 inhibitors has become the international recom‑
mended treatment plan for HR+ ABc without visceral crisis, 
and the level I recommended treatment plan of the 2020 cScO 
guidelines also agrees with this (74). However, cdK4/6 inhibi‑
tors can significantly delay but not prevent the emergence of 
acquired resistance of endocrine therapy. At present, there is 
no uniform recommended treatment option for patients who 
have progressed after treatment with endocrine therapy drugs 
combined with cdK4/6 inhibitors. Generally, the various treat‑
ment options can be divided into three categories: Switching 
to other endocrine therapy + cdK4/6i, combining targeted 
therapy and switching to chemotherapy (Fig. 5).

Switch to other endocrine drugs combined with CDK4/6 
inhibitors. The MonarchE and nextMONARcH studies have 
confirmed the effectiveness of abemaciclib combined with 
endocrine therapy (75,76). Another study from Harvard Medical 
School suggested that for patients who had previously received 
the cdK4/6 inhibitor palbociclib or ribociclib, switching to 
abemaciclib monotherapy or a combination with endocrine 
therapy after the disease progressed resulted in a mPFS time 

Figure 5. Treatment strategies after cdK4/6 inhibitor resistance. cdK, cyclin‑dependent kinase.
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of 5.4 months (77). As reported at the 2022 AScO meeting, 
a phase II clinical study (MAINTAIN study) compared the 
effect of receiving switch endocrine therapy ± ribociclib after 
the progression on cdK4/6 inhibitors (78). The PFS time of 
the combination group was prolonged by 2.5 months (5.29 vs. 
2.76 months; P=0.006) compared with the monotherapy group 
(Table II). A phase II clinical study (PAcE study) compared the 
post‑progression effect of receiving fulvestrant ± palbociclib on 
aromatase inhibitors (AIs) combined with cdK4/6 inhibitors 
and is currently ongoing (79). The results of the EMERALd 
phase 3 study presented at the 2021 SABcS meeting showed 
that elacestrant (an oral selective ER administration) was more 
effective than AI in patients with ER+/HER2‑ MBc who had 
advanced following prior endocrine therapy in combination 
with cdK4/6 inhibitors (80,81). Therefore, switching to other 
endocrine drugs combined with cdK4/6 inhibitors is one of 
the options after drug resistance.

Combined targeted therapy
Combined with phosphat idylinositol‑ 4, 5‑bisphos-
phate 3‑kinase catalytic subunit α (PI3K) inhibitor. PIK3cA 
is one of the most commonly mutated genes in breast cancer. 
Approximately 40% of patients with HR+ and HER2‑ ABc 
have PIK3cA mutations. PIK3cA mutations can promote 
endocrine resistance through the activation of the PI3K 
pathway, which is associated with a poor prognosis (82).

As an α‑selective PI3K inhibitor, alpelisib demonstrated 
its efficacy for the first time in the SOLAR‑1 study (74). In 
the SOLAR‑1 study, alpelisib + fulvestrant was compared with 
placebo + fulvestrant for patients with HR+/HER2‑ ABc with 
PIK3cA mutations who progressed during or after treatment 
with AI. The PFS time was prolonged by 5.3 months (11 vs. 
5.7 months; P=0.00065) (Table II). The 2020 ESMO meeting 
reported the final results of this study. Compared with that of 
the placebo + fulvestrant group, the median overall survival 
(mOS) time of alpelisib + fulvestrant group was prolonged by 
7.9 months (39.3 vs. 31.4 months) [https://dailyreporter.esmo.
org/esmo‑congress‑2020/articles/solar‑1‑trial‑reports‑overall‑ 
survival‑benefits‑in‑breast‑cancer‑patients‑with‑limited‑options‑ 
of‑treatment] (83). Alpelisib has also been approved by the 

FdA for marketing due to these study results. However, 
<10% of the patients enrolled in the SOLAR‑1 study received 
cdK4/6 inhibitor treatment. The BYLieve study reported at 
the 2020 AScO meeting addresses the question of whether 
alpelisib plays the same role in patients who progress after 
treatment with cdK4/6 inhibitors (84). Patients with PIK3cA 
mutations who progressed after first‑line treatment with AIs 
combined with cdK4/6 inhibitors were enrolled in cohort A 
and received alpelisib combined with fulvestrant as the 
second‑line treatment. At the 2020 AScO meeting, the mPFS 
time was reported as 7.3 months, and the 6‑month PFS rate 
was 50.4% (85). This time was 11.0 months in the SOLAR‑1 
study, suggesting that the first‑line CDK4/6 inhibitor treatment 
may not affect the efficacy of the follow‑up PI3K inhibitor 
(alpelisib) treatment (86). In addition, patients with PIK3cA 
mutations who progressed after fulvestrant combined with 
CDK4/6 inhibitor first‑line treatment were enrolled in cohort B 
in the BYLieve study and received alpelisib combined with 
letrozole as the second‑line treatment. At the 2020 SABcS 
meeting, the mPFS time was reported as 5.7 months, and the 
6‑month PFS rate was 46.1% (Table II) (87). Therefore, for 
patients with PIK3cA mutations who have progressed after 
endocrine therapy combined with CDK4/6 inhibitor first‑line 
treatment, the treatment of endocrine therapy combined with 
PI3K inhibitors can be a choice for patients.

Combined with mTOR inhibitor. The mTOR pathway is an 
important signaling pathway downstream of PI3K, so mTOR 
inhibitors have received as much attention as PI3K inhibitors. 
Everolimus is a representative of the mTOR inhibitors, and 
its effect has been confirmed in the BOLERO‑2 study. In the 
BOLERO‑2 study, for patients who progressed after NSAI 
treatment, the everolimus plus exemestane (SAI) group had 
significantly longer mPFS and mOS times than the placebo 
plus exemestane group (mPFS: 6.93 vs. 2.83 months; HR, 
0.43; P<0.0001; mOS: 31.0 vs. 26.6 months; HR, 0.89; P=0.14) 
(Table II). In patients who progressed after treatment with 
cdK4/6 inhibitors, the study also showed a good therapeutic 
effect of everolimus (88). The TRINITI clinical study reported 
at the 2019 AScO meeting enrolled patients who progressed 
after treatment with cdK4/6 inhibitors (89). After receiving 

Table II. Key clinical trials on treatments after cdK4/6 inhibitor resistance in patients with hormone receptor+/human epidermal 
growth factor receptor 2‑ advanced breast cancer/metastatic breast cancer.

     Menopausal mPFS time, mOS time,
NcT Study name Phase Intervention LOT status months months

NcT02632045 MAINTAIN II Ful ± Ribo 2nd Pre/post 5.29 vs. 2.76 ‑
NcT02437318 SOLAR‑1 III Ful ± Alp 2nd Post 11 vs. 5.7 39.3 vs. 31.4
NcT03056755 BYLieve II cohort A: Ful ± Alp 2nd Pre/post A: 7.3; B: 5.7 ‑
   cohort B: Let ± Alp
NcT00863655 BOLERO‑2 III Exe ± Eve 2nd Post 6.93 vs. 2.83 31.0 vs. 26.6
NcT02482753 AcE III Exe ± chi 2nd Post 7.4 vs. 3.8 ‑
NcT03584009 Veronica II Ful ± Ven 2nd Pre/post 2.69 vs. 1.94 ‑

NCT, National ClinicalTrials.gov identifier; LOT, line of therapy; mPFS, median progression‑free survival; mOS, median overall survival; Ful, 
fulvestrant; Ribo, ribociclib; Alp, alpelisib; Exe, exemestane; Eve, everolimus; chi, chidamide; Ven, venetoclax; Pre, premenopausal; Post, 
postmenopausal.
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exemestane, everolimus and ribociclib combination therapy, 
the clinical benefit rate at 24 weeks reached 41%, which exceeds 
the pre‑defined primary endpoint threshold (>10%). The 
mPFS time of the overall population reached 5.7 months (90). 
Therefore, mTOR inhibitors seem to be a good option for 
patients who are resistant to cdK4/6 inhibitors.

Combine with other targeted drugs. Resistance to cdK4/6 
inhibitors is a complex process involving multiple different 
mechanisms, including cdK2 and cdK7 activation, and 
FGFR1 mutations, among others. Therefore, a series of corre‑
sponding clinical studies are currently underway to explore 
whether the addition of these new targeted drugs can overcome 
the resistance of cdK4/6 inhibitors.

AKT acts as a bridge connecting the PI3K and mTOR 
signaling pathways. The TAKTIC study evaluated the efficacy 
of AKT‑1 inhibitor ipatasertib + endocrine therapy ± cdK4/6 
inhibitor palbociclib in the treatment of patients with 
HR+/HER2‑ ABc. The interim analysis of group c 
(ipatasertib + fulvestrant + palbociclib) was reported at the 
2020 AScO meeting (91). The results showed that for patients 
who had failed previous cdK4/6 inhibitor treatment, AKT 
inhibitor + cdK4/6 inhibitor + endocrine therapy achieved 
good clinical effects in some patients (8/12) and was well 
tolerated. The follow‑up results of the TAKTIc study remain 
to be seen. Therefore, AKT inhibitors may become one of the 
treatment choices after cdK4/6 inhibitor resistance.

HdAc inhibitors are another of the targeted drugs most 
focused upon. The AcE study showed that the mPFS time of 
the chidamide combined with exemestane group was longer 
than that of the placebo combined with exemestane group (7.4 
vs. 3.8 months; P=0.033) (Table II) (43). At the 2021 SABcS 
meeting, another HAdc inhibitor, entinostat, was shown to 
improve PFS time in patients with HR+/HER2‑ ABc with 
AI resistance. Therefore, HdAc inhibitors also provide new 
options for patients who are resistant to cdK4/6 inhibitors.

B‑cell lymphoma‑2 (BcL2) is an estrogen‑responsive 
gene and anti‑apoptotic protein overexpressed in ~80% of 
patients with HR+ breast cancer (92). Venetoclax combined 
with tamoxifen had a tolerable safety profile and significant 
activity in patients with ER+/HER2‑ ABc that overexpresses 
BcL2 in a phase I clinical trial (93). In addition, an ongoing 
phase I clinical trial, PALVEN (NcT03900884), is evaluating 
the safety and efficacy of AI + CDK4/6 inhibitor + veneto‑
clax triple therapy as first‑line treatment for patients with 
ER+/HER2‑ ABc with BcL2 overexpression. Another ongoing 
phase II clinical trial, Veronica (NcT03584009), is evaluating 
venetoclax + fulvestrant vs. fulvestrant in patients who have 
progressed after cdK4/6 inhibitor therapy. There was no 
significant difference in PFS time between the combination 
and monotherapy groups in the preliminary results of the 
Veronica trial presented at the AScO 2021 meeting (2.69 vs. 
1.94 months; P=0.7853) (Table II) (94,95). However, with the 
support of results from further clinical studies, BcL2 inhibi‑
tors are still expected to be a second‑line option after cdK4/6 
inhibitor resistance.

cdK4/6 inhibitors can effectively inhibit the proliferation 
of regulatory T cells and enhance the function of effector T cells 
in the tumor microenvironment, which provides a theoretical 
basis for the combination of cdK4/6 inhibitors with immune 
checkpoint inhibitors (96). An ongoing phase IB clinical trial, 

JPCE (NCT02779751), is evaluating the efficacy and safety of 
abemaciclib in combination with pembrolizumab (Pd‑1 inhib‑
itor) in the treatment of HR+/HER2‑ MBc. Another ongoing 
phase II clinical trial, PAcE (NcT03147287), is evaluating 
the efficacy of fulvestrant, palbociclib and avelumab (PD‑L1 
inhibitor) in patients with ER+/HER2‑ breast cancer who are 
resistant to palbociclib.

Switch to chemotherapy. chemotherapy is also a good option 
for patients with HR+/HER2‑ ABc who are resistant to 
endocrine therapy + cdK4/6i (97). In clinical practice, chemo‑
therapy is usually chosen as the follow‑up treatment plan. In the 
PALOMA‑3 clinical study, most of the patients who received 
fulvestrant combined with palbociclib treatment exhibited 
disease progression, and most of the researchers recommended 
that the patients should receive chemotherapy after leaving 
the group (98). A real‑world study from the United States 
showed that out of 525 patients who progressed after receiving 
cdK4/6 inhibitor treatment, more than one‑third of the patients 
received subsequent chemotherapy, and the chemotherapy 
drugs used were capecitabine and taxanes (99). There are three 
ongoing clinical trials (NcT04251169, NcT03901339 and 
NCT04134884) evaluating the efficacy of chemotherapy after 
cdK4/6 inhibitor resistance in patients with ER+/HER2‑ breast 
cancer. In addition, eribulin, a tubulin polymerization inhibitor, 
was reported at the 2021 AScO meeting as a monotherapy 
for patients with HR+/HER2‑ MBc after cdK4/6 inhibitor 
treatment (100). Therefore, following resistance to endocrine 
therapy + cdK4/6i for patients with HR+/HER2‑ ABc, chemo‑
therapy still remains a usual choice of treatment.

6. Conclusions

Optimizing the treatment of those patients with HR+/HER2‑ 
ABc with the highest proportion of ABc will have great 
significance for improving the prognosis of ABc. drug 
resistance is an unavoidable problem. In fact, the molecular 
mechanism of the resistance of cdK4/6 inhibitors is very 
complicated, so clarifying its resistance mechanism is crucial 
to the choice of the next treatment plan. According to the 
different resistance mechanisms, the targeted drugs that can 
be selected after resistance should also be different. Firstly, 
abnormalities in the key molecules of the cyclin d‑cdK4/6‑RB 
regulatory axis itself can lead to drug resistance. Secondly, 
abnormal upstream regulators of the cell cycle pathway are 
also common causes of drug resistance. Thirdly, in addition 
to cyclin d‑cdK4/6, cyclin E‑cdK2 also participates in 
promoting cell G1/S transition through phosphorylation of Rb. 
Lastly, tumor cells may also trigger drug resistance through 
other non‑specific cell growth signaling pathways that activate 
the cell cycle. dual‑target or even multi‑target combinations 
can be used to simultaneously inhibit cell cycle pathways 
and abnormally activated growth bypasses, thereby delaying 
cdK4/6 inhibitor resistance.

At present, treatment options after resistance to cdK4/6 
inhibitors are still limited and full of controversy. There is no 
clear and systematic treatment strategy internationally. The 
treatment options after cdK4/6 inhibitor resistance can be 
basically divided into three categories: The first is to switch 
to other endocrine drugs combined with cdK4/6 inhibitors, 
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the second is to used combined targeted therapy and the third 
is to switch to cytotoxic drugs for chemotherapy. However, 
the choice of treatment after cdK4/6 inhibitor resistance is 
mainly based on the number of lines of endocrine therapy 
combined with cdK4/6 inhibitor treatment used in previous 
treatment, the combination of drugs, the length of treatment 
time, the current metastatic site, the size of the metastatic 
load, whether there is a target for mutation in the circulating 
tumor dNA and the economic situation of the patient. After 
comprehensive consideration, patients should be provided with 
an individualized treatment plan.

The treatment solution after cdK4/6 inhibitor resistance 
is still the focus of research by scientists. At present, delaying 
resistance is more important for patients who use cdK4/6 
inhibitors. For example, attempts should be made to use 
cdK4/6 inhibitors as the second line treatment as much as 
possible. In this way, the early occurrence of acquired drug 
resistance can be avoided. combined targeted therapy is also a 
common combination method in clinical practice, which also 
helps delay the occurrence of drug resistance. However, it also 
depends on the status of the disease. If the disease progresses 
rapidly, it may be necessary to speed up the use of cdK4/6 
inhibitors to control the condition. Therefore, in order to more 
accurately determine the resistance mechanism of cdK4/6 
inhibitors and find new targets to overcome the resistance of 
cdK4/6 inhibitors, further exploratory research and clinical 
verification are needed.
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