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Abstract
Purpose Cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitors are widely used for the treatment of advanced estrogen 
receptor (ER)-positive breast cancer. To develop a treatment strategy for cancers resistant to CDK4/6 inhibitors, here, we 
established palbociclib-resistant sublines and analyzed their resistance mechanisms.
Methods Palbociclib-resistant sublines were established from T47D and MCF7 cells. Sensitivity to other drugs was assessed 
via the WST assay. Altered expression/phosphorylation of proteins related to signal transduction and cell cycle regulation 
was examined using western blotting. Copy number alterations and mutations in the retinoblastoma (RB1) gene were also 
analyzed.
Results Although an increase in CDK6 and decrease in retinoblastoma protein (Rb) expression/phosphorylation were com-
monly observed in the resistant sublines, changes in other cell cycle-related proteins were heterogeneous. Upon extended 
exposure to palbociclib, the expression/phosphorylation of these proteins became altered, and the long-term removal of 
palbociclib did not restore the Rb expression/phosphorylation patterns. Consistently a copy number decrease, as well as 
RB1 mutations were detected. Moreover, although the resistant sublines exhibited cross-resistance to abemaciclib, their 
response to dinaciclib was the same as that of wild-type cells. Of note, the cell line exhibiting increased mTOR phospho-
rylation also showed a higher sensitivity to everolimus. However, the sensitivity to chemotherapeutic agents was unchanged 
in palbociclib-resistant sublines.
Conclusion ER-positive breast cancer cells use multiple molecular mechanisms to survive in the presence of palbociclib, 
suggesting that targeting activated proteins may be an effective strategy to overcome resistance. Additionally, palbociclib 
monotherapy induces mutations and copy number alterations in the RB1 gene.
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Abbreviations
CDK4/6  Cyclin-dependent kinase 4 and 6
CNV  Copy number variation
ER  Estrogen receptor
ERK  Extracellular signal-regulated kinase
FBS  Fetal bovine serum
HER2  Human epidermal growth factor receptor-type 2
MAPK  Mitogen-activated protein

MLPA  Multiplex ligation-dependent probe 
amplification

PI3K  Phosphoinositide 3-kinase
Rb  Retinoblastoma
Wt  Wild-type
RSK  Ribosome S6 protein kinase

Introduction

Estrogen receptor (ER)-positive breast cancer (BC) 
accounts for approximately three-quarters of all BC cases. 
Postoperative adjuvant endocrine therapy has reduced BC 
mortality by approximately 40% (Flaum and Gradishar 
2018; Group EBCTC 2015). However, the emergence of 
resistance and consequent disease recurrence is common. 
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Various mechanisms underlying endocrine resistance have 
been reported, including ER loss or mutations, alterations 
in the ER pathway, activation of other signal transduction 
pathways, and deregulation of cell cycle signaling mol-
ecules (Osborne and Schiff 2011; Kuukasjarvi et al. 1996). 
Accordingly, molecular targeting drugs have been devel-
oped, such as mechanistic target of rapamycin (mTOR) or 
cyclin-dependent kinase (CDK) 4/6 inhibitors, thus diver-
sifying the treatment strategies for patients with relapsed 
or metastatic ER-positive BC (Goetz et al. 2017; O’Leary 
et al. 2016; Baselga et al. 2012; Hortobagyi et al. 2016).

Supported by the results of clinical trials, three CDK4/6 
inhibitors, palbociclib, ribociclib, and abemaciclib, are 
currently available (Goetz et al. 2017; Hortobagyi et al. 
2016; Finn et al. 2016). However, most tumors that ini-
tially respond to CDK4/6 inhibitors subsequently develop 
resistance. Several CDK4/6 inhibitors’ resistance mecha-
nisms have been characterized in BC cells, including the 
loss of or mutations in the retinoblastoma (RB1) gene, 
the alteration of CDK4/6 and CDK2 signaling, and the 
activation of growth signaling pathways (Klein et  al. 
2018; McCartney et al. 2019; Pandey et al. 2019; Portman 
et al. 2018). Nonetheless, the identification of biomarkers 
that allow the selection of appropriate strategies to treat 
CDK4/6 inhibitors-resistant BC is still underway (Schon-
inger and Blain 2020).

Herein, we established palbociclib-resistant sublines 
of two different ER-positive BC cell lines to elucidate the 
mechanism underlying palbociclib resistance. We dem-
onstrate that the continuous exposure of ER-positive BC 
cells to palbociclib leads to acquired resistance via multiple 
mechanisms that change over time.

Methods

Cell culture and reagents

MCF7 and T47D cells were purchased from the American 
Type Cell Collection (Manassas, VA, USA). Palbociclib-
resistant sublines were established via continuous exposure 
to a constant concentration of palbociclib for more than 6 
months as described in the Supplementary Methods. Three 
representative clones (MCF7-P1, MCF7-P2, and T47D-PR) 
were used in this study. Eribulin was provided by Eisai Co., 
Ltd. (Tokyo, Japan). Abemaciclib, dinaciclib, and everoli-
mus were purchased from Selleck Biotech Co., Ltd. (Tokyo, 
Japan). Palbociclib, paclitaxel, doxorubicin, and fluoroura-
cil were purchased from Sigma-Aldrich (Saint Louis, MO, 
USA). This study was approved by the Medical Ethics Com-
mittee on Clinical Investigation of Shinshu University (No. 
341).

Water soluble tetrazolium salts (WST) assay

Cell growth inhibition was measured using a tetrazo-
lium salt-based proliferation assay (WST assay; Wako 
Chemicals, Osaka, Japan); cell viability was determined 
as described previously (Oba et al. 2016; Oba and Ito 
2018). Each experiment was independently performed and 
repeated at least three times.

Western blotting

Proteins were extracted as previously described and used 
for western blot analyses (10 µg/lane) (Fujita et al. 2005; 
Ito et al. 2012). The membranes were probed with differ-
ent antibodies (Supplementary Table 1). Each experiment 
was repeated at least three times. The protein levels were 
quantified using the ChemiDoc XRS (Bio-Rad Laborato-
ries, Tokyo, Japan).

Targeted enrichment and sequencing

The coding regions and exon/intron junctions of 93 onco-
genes were enriched by multiplex PCR using the QIAseq 
Targeted DNA Human Breast Cancer Panel (DHS-001Z; 
QIAGEN, Valencia, CA, USA). The PCR products were 
sequenced using NextSeq 500 (Illumina, San Diego, CA, 
USA).

Alignment, somatic variant calling, and copy 
number variation analysis

Alignment, somatic variant calling, and copy number vari-
ation (CNV) analysis were performed using the QIAGEN 
Data Analysis Center web service (https:// ngsda taana lysis. 
qiagen. com/ QIAse qDNA) (Xu et al. 2019). Data were vis-
ualized using the Integrative Genomics Viewer (https:// 
softw are. broad insti tute. org/ softw are/ igv/). The nonsense 
RB1 variant identified via the cancer panel was confirmed 
via Sanger sequencing; data were analyzed using the 
Sequence Scanner software version 1.0 (Thermo Fisher 
Scientific, Waltham, MA, USA).

Multiplex ligation‑dependent probe amplification 
(MLPA)

To confirm large deletions in RB1, MLPA analysis was 
performed using the SALSA MLPA probemix P047-E1 
RB1 kit (MRC-Holland, Amsterdam, the Netherlands). 
The processed generated by the Applied Biosystems 

https://ngsdataanalysis.qiagen.com/QIAseqDNA
https://ngsdataanalysis.qiagen.com/QIAseqDNA
https://software.broadinstitute.org/software/igv/
https://software.broadinstitute.org/software/igv/
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3130xl Genetic Analyzer were analyzed using the Cof-
falyser.Net software (MRC-Holland).

Statistical analysis

The levels of protein expression or phosphorylation 
obtained in the densitometric analysis of at least three 
independent western blots were statistically examined by 
two-tailed unpaired t-test. Statistical significance between 
wild-type and palbociclib-treated/resistant cells was 
assessed. p < 0.05 was considered statistically significant 
GraphPad Prism V.9.02 (GraphPad Software, San Diego, 
CA, USA).

Results

Establishment of palbociclib‑resistant BC sublines

The palbociclib-resistant MCF7-P1, MCF7-P2, and T47D-
PR sublines were established in the presence of 1 µM, 2 µM, 
and 3 µM palbociclib, respectively (Fig. 1a). The palboci-
clib  IC50 values in the context of wild-type and palboci-
clib-resistant cells are shown in Table 1. As demonstrated, 
MCF7-P1 and MCF7-P2 exhibited over 2.1- and 3.3-fold 
higher palbociclib resistance than wild-type MCF7 (wt-
MCF7) cells, respectively. T47D-PR showed 7.9-fold higher 
palbociclib resistance than wild-type T47D (wt-T47D) cells.

Expression of ERα, HER2, and signal transduction 
pathways‑related proteins in palbociclib‑resistant 
BC cells

Next, we compared the expression or phosphorylation of 
signaling molecules in wild-type versus 1-month-old post 
establishment palbociclib-resistant cells (Fig.  1b). An 
increase in the expression of HER2 and in the phospho-
rylation of AKT and mTOR, together with a decrease in 
the expression of ERα were observed in T47D-PR cells. 
Additionally, in MCF-P1 cells, a decrease in the expression 
of HER2 and an increase in the phosphorylation of MEK, 
ERK, and AKT were observed, while in MCF-P2 cells, the 
expression of HER2 and the phosphorylation of ERK were 
increased. Of note, the average and standard error of the 
relative expression levels calculated from three independ-
ent experiments (referring to the represented western blot 
results in Fig. 1b) are presented in Supplementary Fig. 1. 
Altogether, these results indicate that different alterations in 
signal transduction pathways are induced during palbociclib 
resistance acquisition in BC cells.

Expression of proteins related to cell cycle 
regulation in palbociclib‑resistant BC sublines

We also investigated whether the expression or phospho-
rylation of molecules related to cell cycle regulation was 
altered in palbociclib-resistant sublines, 1 month post-
establishment (Fig. 1c). In T47D-PR cells, the expression 
of CDK6 increased, whereas that of cyclin E2, Rb, E2F-1, 
p21, and p27 decreased; additionally, the phosphorylation 
of CDK2 and Rb also decreased. MCF7-P1 and MCF7-P2 
exhibited unique alterations. The expression of CDK4 and 
CDK6 increased in both sublines; however, increases in the 
phosphorylation of CDK2 and in the expression of cyclin 
E2, E2F-1, and p21 were observed only in MCF7-P2 cells. 
Additionally, although the expression and phosphorylation 
of Rb decreased in both sublines, near-complete loss of Rb 
phosphorylation was only observed in MCF7-P2 cells. Over-
all, although a decrease in the expression and phosphoryla-
tion of Rb was commonly observed in palbociclib-resistant 
sublines, the alterations in molecules related to cell cycle 
regulation were heterogeneous.

Time‑course analysis of protein expression in MCF7 
and T47D cells after short exposure to palbociclib

To examine whether the altered protein expression and phos-
phorylation profiles of palbociclib-resistant sublines differed 
from those induced by short exposure to palbociclib, we also 
analyzed wt-MCF7 and wt-T47D cells exposed to palboci-
clib (concentration near the  IC50) for 24 or 48 h (Fig. 2). The 
expression of both ERα and HER2 was unchanged; however, 
the phosphorylation of AKT decreased 48 h after exposure 
to 2 µM palbociclib in wt-T47D cells. The expression of 
E2F-1 and cyclin E2, or of cyclin E2 alone was also reduced 
in wt-T47D or wt-MCF7 cells, respectively, while a slight 
increase in the expression of both CDK4 and CDK6 was 
detected in both cell lines after 48 h of palbociclib expo-
sure. Additionally, the phosphorylation of Rb at the CDK4/6 
specific site (Ser 780) decreased after 24 h of exposure of 
both cell lines to palbociclib; however, the levels remained 
higher than those detected in the counterpart-resistant sub-
lines. Thus, these results show that the alterations induced by 
short-time exposure of wild-type cells to palbociclib differ 
from those observed in palbociclib-resistant sublines.

Altered protein expression in palbociclib‑resistant 
BC sublines after long‑term palbociclib exposure

Next, we compared the expression/phosphorylation of 
signal transduction and cell cycle regulatory proteins in 
palbociclib-resistant sublines exposed to palbociclib for 
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1 (designated as “-E”) or 11 (designated as “-L”) months 
(Fig. 3a).

In T47D-PR cells, the expression of ERα first decreased 
(T47D-PR-E cells), then increased to a level lower than that 
in wild-type cells after 11 months (T47D-PR-L cells). Con-
versely, the expression of HER2 and CDK6 increased after 1 
month and decreased after 11 months. The phosphorylation 
of AKT and mTOR was increased in T47D-PR-E versus 

wild-type cells; thereafter, the phosphorylation of AKT fur-
ther increased (T47D-PR-L cells). Meanwhile, the expres-
sion and phosphorylation of Rb decreased over time, and 
phosphorylated Rb was not detected in T47D-PR-L cells. 
Additionally, the expression of E2F-1 and cyclin E2 and 
the phosphorylation of CDK2 were increased in T47D-PR-
L versus T47D-PR-E cells. With respect to the MCF7-P1 
and MCF7-P2 sublines, the expression and phosphorylation 

Fig. 1  Sensitivity of palbo-
ciclib-resistant breast cancer 
sublines and the corresponding 
wild-type cells to palbociclib 
and protein expression profiles. 
a The sensitivity of wild-type 
(wt) and palbociclib-resistant 
breast cancer cells to palboci-
clib was determined using the 
WST assay. The black lines 
indicate wild-type cells (wt-
MFF7, wt-T47D), and the gray 
lines with markers (▲, ■, ◆) 
indicate palbociclib-resistant 
sublines. Error bars represent 
the standard error of the values 
obtained in three independent 
experiments. b Expression and 
phosphorylation levels of the 
indicated proteins in palboci-
clib-resistant sublines (T47D-
PR, MCF7-P1, and MCF7-P2) 
1 month after establishment and 
in the corresponding wild-type 
cells (wt-MFF7, wt-T47D). c 
Expression of the indicated 
proteins in palbociclib-resistant 
sublines (T47D-PR, MCF7-
P1, and MCF7-P2) 1 month 
after establishment and in the 
wild-type cells (wt-MFF7, 
wt-T47D). The proteins were 
detected using western blotting. 
β-actin was used as a loading 
control. The relative densitom-
etry values (β-actin-corrected) 
are disclosed below each protein 
band. Quantitative data (relative 
expression levels) from three 
independent experiments are 
presented in Supplementary 
Fig. 1
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Table 1  IC50 values for 
palbociclib, abemaciclib, and 
everolimus for wild-type and 
palbociclib-resistant sublines

IC50 half-maximal inhibitory concentration
a Mean ± standard deviation
b Relative resistance ratio =  IC50 of palbociclib-resistant cells/IC50 of wild-type cells

Cell line Molecular-targeted agents

Palbociclib Abemaciclib Everolimus

IC50 (μM)a RR  ratiob IC50 (μM)a RR  ratiob IC50 (nM)a RR  ratiob

MCF7 3.60 ± 0.20 – 0.36 ± 0.10 – 0.35 ± 0.10 –
MCF7-P1 7.50 ± 1.80 2.10 0.78 ± 0.20 2.20 0.40 ± 0.10 1.10
MCF7-P2 12.00 ± 2.40 3.30 2.77 ± 0.50 7.70 0.35 ± 0.20 1.00
T47D 1.70 ± 1.30 – 0.21 ± 0.10 – 4.19 ± 2.50 –
T47D-PR 13.50 ± 0.30 7.90 13.60 ± 1.40 64.80 0.74 ± 0.30 0.20

Fig. 2  Protein expression time-course analysis after the short expo-
sure of wild-type T47D and MCF7 cells to palbociclib. The expres-
sion of the indicated proteins in wt-T47D and wt-MCF7 cells 0, 24, 
and 48  h after exposure to palbociclib (2  µM for T47D, 4  µM for 
MCF7) was analyzed using western blotting. β-actin was used as a 

loading control. Representative image of western blots (left). The 
relative densitometry values (β-actin-corrected) are disclosed below 
each protein band. Quantitative data (relative expression levels) 
from three independent experiments are presented in the right panel 
(*p < 0.05, #p < 0.01)
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of Rb was downregulated after 1 month and continued to 
decrease thereafter (MCF7-P1-E, and MCF7-P2-E versus 
MCF7-P1-L, and MCF7-P2-L cells, respectively). Addition-
ally, the increased expression of cyclin E2, CDK2, CDK4, 

and E2F-1 was observed in both MCF7-P2-E and MCF7-
P2-L cells, while the increase in the phosphorylation of Akt 
was only remarkable 11 months post-treatment (both MCF7-
P1-L and MCF7-P2-L cells). Thus, these results suggest that 

Fig. 3  Expression of protein profiles and palbociclib sensitivity in 
palbociclib-resistant breast cancer sublines after long-term exposure 
to palbociclib or removal of palbociclib. a Protein expression profiles 
in palbociclib-resistant breast cancer sublines after long-term expo-
sure to palbociclib or removal of palbociclib. WT: T47D and MCF7 
wild-type cells. E: palbociclib-resistant sublines 1 month after estab-
lishment. L: palbociclib-resistant sublines cultured with palbociclib 
for 11 months. RE: palbociclib-resistant cells after removal of palbo-
ciclib for more than 3 months. β-actin was used as a loading control. 
Representative image of western blots (left). The relative densitom-
etry values (β-actin-corrected) are disclosed below each protein band. 

Quantitative data (relative expression levels) from three independent 
experiments are presented in the right panel (*p < 0.05, #p < 0.01). b 
Sensitivity of palbociclib-resistant sublines after long-term removal 
of palbociclib (T47D-PR-RE, MCF7-P1-RE, and MCF7-P2-RE) as 
compared to that of the corresponding wild-type (wt) and palbociclib-
resistant sublines maintained with palbociclib (T47D-PR, MCF7-P1, 
and MCF7-P2). The black lines indicate wild-type cells, and the gray 
lines with markers (▲, ■, ◆) indicate palbociclib-resistant cells. 
The dotted lines indicate palbociclib-resistant cells after long-term 
removal of palbociclib. Error bars represent the standard error of the 
value obtained from triplicate experiments
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the expression/phosphorylation patterns of these molecules 
are altered over time, even after the acquisition of palboci-
clib resistance.

To further examine how the acquisition of palbociclib-
resistance affects major protein kinase signaling pathways 
in T47D and MCF7 cells, we compared the phosphorylation 
status of a panel of human kinases in wild-type cells versus 
T47D-PR-L, MCF7-P1-L, and MCF7-P2-L sublines (Sup-
plementary Fig. 2). In T47D-PR-L cells, the phosphoryla-
tion of AKT, signal transducer and activator of transcrip-
tion (STAT) 2/3, EGFR, SRC, and cyclic AMP response 
element-binding protein (CREB) was increased. On the 
other hand, the phosphorylation of p53, c-Jun, p70S6 kinase, 
ribosome S6 protein kinase (RSK) family, and STAT3 was 
commonly increased in MCF7-P1-L and P2-L cells. These 
results suggest that multiple pathways are activated in pal-
bociclib-resistant cells, and that the mechanisms behind may 
depend on the innate characteristics of BC cells.

Effect of long‑term palbociclib removal 
on palbociclib‑resistant BC sublines

Next, we investigated whether the long-term removal of pal-
bociclib would restore the sensitivity of resistant sublines to 
palbociclib. T47D-PR, MCF7-P1, and MCF7-P2 cells were 
cultured without palbociclib for more than 3 months (des-
ignated as “-RE”). While T47D-PR-RE and MCF7-P1-RE 
cells maintained the same level of palbociclib resistance as 
T47D-PR and MCF7-P1 cells, MCF7-P2-RE cells showed 
a decreased resistance  (IC50; 8.0 µM), which, however, 
remained higher than that of wt-MCF7 cells (Fig. 3b).

The protein expression and phosphorylation patterns in 
palbociclib-resistant sublines cultured without palbociclib 
for more than 3 months were also determined (Fig. 3a). In 
T47D-PR-RE cells, Rb phosphorylation remained mark-
edly decreased, whereas the phosphorylation of AKT and 
the expression of cyclin E2, CDK4, and p21 were reduced 
(versus T47D-PR-L cells). In MCF7-P1-RE cells, the phos-
phorylation of AKT and the expression of CDK6 decreased 
(versus MCF7-P1-L cells). Additionally, in MCF7-P2-RE 
cells, the phosphorylation of Rb did not change, whereas the 
phosphorylation of AKT, E2F-1, cyclin E2, and CDK4 as 
well as the expression of CDK6 decreased (versus MCF7-
P2-L cells).

Cross‑resistance of palbociclib‑resistant ER‑positive 
BC sublines to abemaciclib

The sensitivity of T47D-PR, MCF7-P1, and MCF7-P2 cells 
to another CDK4/6-specific inhibitor, abemaciclib, was also 
determined using the WST assay (Fig. 4a). The abemaci-
clib  IC50 values determined in the context of wild-type and 
palbociclib-resistant cells are shown in Table 1. The three 

palbociclib-resistant sublines demonstrated cross-resistance 
to abemaciclib; notably, MCF7-P2 cells, with the higher 
resistance levels to palbociclib were the ones that demon-
strated the higher resistance to abemaciclib.

Sensitivity of palbociclib‑resistant ER‑positive BC 
sublines to everolimus

As the phosphorylation of mTOR was increased in 
T47D-PR cells, next we tested whether the sensitivity to 
an mTOR inhibitor, everolimus, was altered in palboci-
clib-resistant cells (Fig. 4b). The everolimus  IC50 in wt-
T47D cells was 4.19 ± 2.5  nM, while that in T47D-PR 
cells was 0.74 ± 0.3 nM (Table 1). Meanwhile, no differ-
ence in sensitivity to everolimus (nor in the phosphoryla-
tion of mTOR), was observed between the wt-MCF7 and 

Fig. 4  Sensitivity of palbociclib-resistant sublines to other molec-
ular-targeted agents. The sensitivity of wild-type (wt) and palboci-
clib-resistant sublines (MCF7-P1, MCF7-P2, and T47D-PR) to abe-
maciclib, everolimus, and dinaciclib was determined using the WST 
assay. The black lines indicate wild-type cells, and the gray lines 
with markers (▲, ■, ◆) indicate palbociclib-resistant cells. Error 
bars represent the standard error of the value obtained from tripli-
cate experiments. a Sensitivity to the CDK4/6 inhibitor, abemaciclib. 
b Sensitivity to the mTOR inhibitor, everolimus. c Sensitivity to the 
CDK1/2/5/9 inhibitor, dinaciclib
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palbociclib-resistant MCF7-P1/-P2 cells. Thus, these results 
suggest that everolimus inhibits cell growth more efficiently 
in the palbociclib-resistant ER-positive sublines with ele-
vated mTOR phosphorylation.

Sensitivity of palbociclib‑resistant ER‑positive BC 
sublines to dinaciclib

We also investigated whether palbociclib-resistant sublines 
would show cross-resistance to another potent and specific 
CDK inhibitor (targeting CDK1, CDK2, CDK5, and CDK9), 
dinaciclib (Parry et al. 2010) (Fig. 4c). The results revealed 

that the sensitivity of the three palbociclib-resistant sublines 
to dinaciclib was similar to that of the corresponding wild-
type cells.

Sensitivity of palbociclib‑resistant ER‑positive BC 
sublines to various chemotherapeutic agents

Since CDK4/6 inhibitors arrest the cell cycle, next we assessed 
the sensitivity of palbociclib-resistant sublines to four other 
chemotherapeutic agents (eribulin, paclitaxel, doxorubicin, 
and fluorouracil) (Fig. 5). In line with the above results, the 

Fig. 5  Sensitivity of palboci-
clib-resistant sublines to differ-
ent conventional chemothera-
peutic agents. The sensitivity of 
wild-type (wt) and palbociclib-
resistant sublines (MCF7-P1, 
MCF7-P2, and T47D-PR) to 
conventional chemotherapeutic 
agents (paclitaxel, eribulin, 
doxorubicin, and fluorouracil) 
was determined using the WST 
assay. The black lines indicate 
wild-type cells, and the gray 
lines with markers (▲, ■, ◆) 
indicate palbociclib-resistant 
cells. Error bars represent the 
standard error of the value 
obtained from triplicate experi-
ments. a Sensitivity to eribulin. 
b Sensitivity to paclitaxel. c 
Sensitivity to doxorubicin. d 
Sensitivity to fluorouracil
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sensitivity of palbociclib-resistant sublines to these drugs was 
similar compared to the wild-type cells.

Sensitivity of palbociclib‑resistant ER‑positive 
BC sublines to the combination of palbociclib 
and fulvestrant

Next, we assessed the response to combination therapy with 
palbociclib and fulvestrant in wild-type and palbociclib-resist-
ant cells, either long-term exposed to palbociclib (T47D-PR-
L, MCF7-P1-L, and MCF7-P2-L) or deprived of palbociclib 
for more than 3 months (T47D-PR-RE, MCF7-P1-RE, and 
MCF7-P2-RE) (Fig. 6). In wt-T47D and -MCF7 cells, the 
addition of fulvestrant enhanced the growth inhibitory effect 
of palbociclib. In contrast, this effect was not observed in 
T47D-PR-L, MCF7-P1-L, and MCF7-P2-L cells. However, 
after deprivation from palbociclib for more than 3 months, 
T47D-PR-RE, MCF7-P1-RE, and MCF7-P2-RE cells demon-
strated sensitivity to fulvestrant equivalent to that of wild-type 
cells. Of note, the effect of fulvestrant peaked out at more than 
100 nM in both wild-type and palbociclib-resistant cells.

Mutation and copy number analyses 
of palbociclib‑resistant BC sublines

Next, we investigated whether genetic alterations in RB1 
occurred in the context of palbociclib resistance using digi-
tal DNA sequencing and MLPA analysis. In T47D-PR-E 
cells, the copy number of the region encompassing RB1 was 
reduced to half of that in wild-type cells (Fig. 7a). Addition-
ally, a major deletion after exon 18 of RB1 was observed in 
T47D-PR-L cells maintained with palbociclib for an additional 
10 months, (Fig. 7b). A decrease in the copy number of the 
region encompassing RB1 (chromosome 13q14) in wt-MCF7 
cells was detected in line with the previously reported stud-
ies (Fig. 7a) (Shadeo and Lam 2006; Przybytkowski et al. 
2011). However, the copy number of the region encompass-
ing RB1 was not altered in palbociclib-resistant MCF7-P1 
cells, and no mutations in RB1 were detected. In contrast, the 
copy number of the region encompassing RB1 was reduced 
in MCF7-P2 cells and a single-base substitution in exon 10 
of RB1 [NM_000321.2(RB1): g.48941633G>T (p.Glu315*)] 
predicted to create a termination codon was also observed 
(Fig. 7c, d). Based on these results, we inferred that muta-
tions in RB1 caused the irreversible loss of Rb phosphorylation 
observed in T47D-PR and MCF7-P2 cells after the long-term 
removal of palbociclib (Fig. 3a).

Discussion

Herein, we demonstrate that ER-positive BC cells acquire 
resistance to palbociclib through several molecular mecha-
nisms, including the alteration in intracellular signal trans-
duction and cell cycle regulation systems over time (even 
after the acquisition of resistance). Mutations in RB1 have 
been reported in the circulating tumor DNA (ctDNA) of 
several BC patients and in patient-derived tumor xenograft 
models (Herrera-Abreu et al. 2016; Condorelli et al. 2018; 
O’Leary et al. 2018). Of note, all RB1 mutations reported 
in the clinics were derived from patients treated with a 
combination of endocrine therapy and CDK4/6 inhibi-
tors (Herrera-Abreu et al. 2016; Condorelli et al. 2018; 
O’Leary et al. 2018). However, no studies have reported 
the generation of RB1 mutations in the presence of a 
CDK4/6 inhibitor in cultured BC cells in vitro. Here we 
identified RB1 mutations in two palbociclib-resistant ER-
positive BC sublines treated with palbociclib alone. To the 
best of our knowledge, this is the first report demonstrating 
the induction of mutations in RB1 in BC cells treated with 
a CDK4/6 inhibitor alone.

Past studies have demonstrated several mechanisms 
underlying the resistance of BC cells to CDK4/6 inhibi-
tors, including loss of, or mutations in RB1, altered 
CDK4/6 and CDK2 signaling pathways, and activation of 
growth signaling pathways (McCartney et al. 2019; Port-
man et al. 2018; Schoninger and Blain 2020; Guarducci 
et al. 2018). In the present study, exposure to palbociclib 
downregulated the expression and phosphorylation of Rb 
in MCF7 and T47D cells within 48 h. Consistent with 
previous studies (Caldon et al. 2009, 2012), the expres-
sion of E2F-1, and its transcriptional target cyclin E2 was 
reduced by palbociclib in both cell lines, indicating the 
inhibition of cyclin E2-CDK2 complexes. However, the 
emerging resistance mechanisms were not uniform across 
sublines. Particularly, we noted for the first time that the 
prolonged exposure of MCF7 and T47D cells to palboci-
clib after resistance acquisition induced further changes in 
the expression and phosphorylation of related molecules.

Loss of, or mutations in Rb has been the most frequently 
observed change in cells resistant to CDK4/6 inhibitors 
regardless of the cancer type (Herrera-Abreu et al. 2016; 
Taylor-Harding et al. 2015; Bollard et al. 2017). Recently, 
Iida et al. (Iida et al. 2019) reported the restoration of 
sensitivity in ribociclib-resistant cells after deprivation of 
ribociclib. In contrast, our established palbociclib-resistant 
sublines maintained palbociclib resistance even after they 
were deprived of palbociclib for 3 months or longer, with 
the persistent loss of Rb phosphorylation (in T47D-PR-
RE and MCF7-P2-RE cells). Further, we detected RB1 
mutations in these sublines. Of note, RB1 mutations in 
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Fig. 6  Sensitivity of palbociclib-resistant sublines to the combina-
tion of palbociclib and fulvestrant. The sensitivity of wild-type cells 
(a and d), palbociclib-resistant sublines maintained with palbociclib 
for long-term (b, T47D-PR-L; e, MCF7-P1-L; g, MCF7-P2-L) and 
palbociclib-resistant sublines deprived palbociclib for more than 3 
months (c, T47D-PR-RE; f, MCF7-P1-RE; h, MCF7-P2-RE) to the 

combination therapy with palbociclib and fulvestrant was determined 
using the WST assay. The black lines indicate the cells without ful-
vestrant. The gray lines with markers (▲, ■, ◆) indicate the cells 
treated with palbociclib in combination with 100  pM (●), 100  nM 
(▲), and 1 µM (■) of fulvestrant. Error bars represent the standard 
error of the value obtained from triplicate experiments
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the former cell line emerged during long-term exposure 
to palbociclib after the acquisition of resistance. Recently, 
Condorelli et al. (2018) reported the emergence of an RB1 
mutation in ctDNA from patients treated with a combi-
nation of endocrine therapy and CDK4/6 inhibitors for 
a long period. This observation, together with our data, 
suggests that long-term treatment with CDK4/6 inhibitors 
can induce RB1 mutations in ER-positive BC cells. Inter-
estingly, the RB1 mutations detected in this study differed 
from those reported previously (Herrera-Abreu et al. 2016; 
Condorelli et al. 2018; O’Leary et al. 2018). Additionally, 
a CNV in RB1 was detected in these palbociclib-resistant 
sublines, suggesting that CDK4/6 inhibitors induce vari-
ous changes in RB1. Of note, in the present study, RB1 
CNVs and mutations were not observed in MCF7-P1 cells, 
those maintained at a lower concentration of palbociclib. 
Therefore, our results suggest that the concentration of 
palbociclib may influence alterations in RB1.

Although the Rb function was suppressed in T47D-
PR, MCF7-P1, and MCF7-P2 cells, this was not the only 
alteration detected; there were differences in the expression/
phosphorylation of other molecules involved in signal trans-
duction and cell cycle regulation pathways. Interestingly, 
the established palbociclib-resistant sublines showed cross-
resistance to another CDK4/6 inhibitor, abemaciclib, despite 
the differences in the expression/phosphorylation status of 
proteins. Hence, it may be necessary to administer drugs 
targeting molecules other than CDK4/6 to efficiently treat 
patients with palbociclib-resistant BC.

Additionally, fulvestrant did not show additional growth 
inhibitory effect in the presence of palbociclib in the context 
of palbociclib-resistant sublines; however, after palbociclib 
deprivation for 3 months, these sublines became sensitive to 
fulvestrant, even though they maintained palbociclib resist-
ance. In these palbociclib-resistant sublines, the augmenta-
tion of AKT phosphorylation became statistically significant 
after long-term palbociclib exposure. However, long-term 
removal of palbociclib attenuated the phosphorylation of 
AKT in all three sublines. From these findings, we suggest 
that AKT plays an important role, either directly or indi-
rectly, in the survival of these BC cells under pressure by 
palbociclib. A decrease in AKT phosphorylation may be 
involved in the recovery of the additional growth inhibitory 
effect by fulvestrant observed in the palbociclib-resistant 
sublines deprived of palbociclib for 3 months. However, 
further experiments are required to elucidate the precise 
mechanisms. Altogether, these findings suggest that the 
signal transduction pathways activated by palbociclib may 
alter the susceptibility of BC cells, a hypothesis that must 
be proved via further experiments.

The cyclin E-CDK2 complex plays a key role in the pro-
gression of the cell cycle from G1 to the S phase. Inter-
estingly, previous studies have demonstrated that CDK4/6 

inhibitor-resistant cells lose their dependence on cyclin 
D1-CDK4/6 signaling; they activate bypass signaling path-
ways to survive, including the cyclin E-CDK2, and PI3K/
AKT/mTOR pathways (Caldon et al. 2012; Jansen et al. 
2017). In the present study, the expression of cyclin E2 and 
phosphorylation of CDK2 were remarkably increased in 
MCF7-P2 cells. Additionally, dinaciclib, a pan-CDK inhibi-
tor (Bose et al. 2013), showed the same growth-inhibitory 
effect on palbociclib-resistant and the corresponding wild-
type cells. Hence, these results suggest that targeting other 
CDKs may be a promising strategy to overcome resistance 
to CDK4/6 inhibitors.

On a different note, increased mTOR phosphorylation 
was observed in T47D-PR cells, whose sensitivity to an 
mTOR inhibitor, everolimus, was increased. Recently, the 
potential therapeutic benefits of combinatorial treatment 
with CDK4/6 and PI3K/AKT/mTOR pathway inhibitors 
to overcome resistance to the former, have been reported 
(Herrera-Abreu et al. 2016; Jansen et al. 2017; Michaloglou 
et al. 2018; Chen et al. 2019). The effects obtained with 
everolimus in our study support these findings.

Meanwhile, the conventional chemotherapeutic agents 
continue to occupy an essential role in the treatment of 
advanced or metastatic ER-positive BC. Herein, our estab-
lished palbociclib-resistant sublines did not show cross-
resistance to the four tested representative cytotoxic chemo-
therapeutic agents. Although further elucidation is required, 
our results suggest that the prior use of CDK4/6 inhibitors 
do not affect the efficacy of subsequently administered tra-
ditional chemotherapeutic agents, and consequently support 
their use for the treatment of recurrent BC.

This study is not without limitations. First, we charac-
terized the palbociclib-resistant mechanisms in the context 
of only two different cell lines. Since the characteristics of 
ER-positive BC cells are diverse, it is necessary to verify 
whether these mechanisms are transversal to other ER-pos-
itive BC cells. Moreover, it remains unclear why palbociclib 
affects the status of RB1. Also, as the results of phospho-
protein kinase arrays (Supplementary Fig. 2) suggested, the 
involvement of other kinases such as RSK or JNK as well as 
of other signaling systems such as the JAK-STAT pathway, 
their roles in palbociclib resistance should also be eluci-
dated. However, in line with previous preclinical and clinical 
data, our results clearly show that the mechanisms underly-
ing CDK4/6 inhibitor resistance are complex and dependent 
on the duration of drug pressure.

Conclusion

Here, we show that different molecular mechanisms are 
associated with resistance to palbociclib in BC cells. 
Importantly, we also show that RB1 mutations, as well as 
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CNV, can be induced with palbociclib alone. Of note, our 
data also support the notion that agents inhibiting alterna-
tive pathways must be used to treat drug-resistant BC. In 
the near future, the usage of CDK inhibitors is expected 
to become more widespread, including as adjuvant drugs. 
Hence, it will become more and more important to analyze 
the molecular status of tumors in real-time, using methods 
such as ctDNA analysis, to develop the best strategy to 
overcome drug resistance.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00432- 021- 03722-3.

Acknowledgements We thank Ms. Tomomi Yamaguchi for technical 
assistance. We would like to thank Editage (www. edita ge. com) for 
English language editing.

Author contributions MO and KI designed the study. MO, TO, and 
TS performed the in vitro experiments. MO and KI interpreted the 
data and wrote the manuscript. All authors have read and approved 
the final manuscript.

Funding This work was supported by a Grant-in-aid for Scientific 
Research (#17K10541) from the Japanese Society for the Promotion 
of Science; this work also received funding from Eisai Co., Ltd (Tokyo, 
Japan).

Availability of data and material The data supporting the findings of 
this work are available from the authors upon reasonable request.

Code availability Not applicable.

Declarations 

Conflict of interest The authors declare that they have no competing 
interests.

Ethical approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Baselga J, Campone M, Piccart M, Burris HA 3rd, Rugo HS, 
Sahmoud T, Noguchi S, Gnant M, Pritchard KI, Lebrun F, Beck 
JT, Ito Y, Yardley D, Deleu I, Perez A, Bachelot T, Vittori L, 
Xu Z, Mukhopadhyay P, Lebwohl D, Hortobagyi GN (2012) 
Everolimus in postmenopausal hormone-receptor-positive 
advanced breast cancer. N Engl J Med 366(6):520–529. https:// 
doi. org/ 10. 1056/ NEJMo a1109 653

Bollard J, Miguela V, Ruiz de Galarreta M, Venkatesh A, Bian 
CB, Roberto MP, Tovar V, Sia D, Molina-Sanchez P, Nguyen 
CB, Nakagawa S, Llovet JM, Hoshida Y, Lujambio A (2017) 
Palbociclib (PD-0332991), a selective CDK4/6 inhibitor, 
restricts tumour growth in preclinical models of hepatocellu-
lar carcinoma. Gut 66(7):1286–1296. https:// doi. org/ 10. 1136/ 
gutjnl- 2016- 312268

Bose P, Simmons GL, Grant S (2013) Cyclin-dependent kinase 
inhibitor therapy for hematologic malignancies. Expert Opin 
Investig Drugs 22(6):723–738. https:// doi. org/ 10. 1517/ 13543 
784. 2013. 789859

Caldon CE, Sergio CM, Schutte J, Boersma MN, Sutherland RL, 
Carroll JS, Musgrove EA (2009) Estrogen regulation of 
cyclin E2 requires cyclin D1 but not c-Myc. Mol Cell Biol 
29(17):4623–4639. https:// doi. org/ 10. 1128/ MCB. 00269- 09

Caldon CE, Sergio CM, Kang J, Muthukaruppan A, Boersma MN, 
Stone A, Barraclough J, Lee CS, Black MA, Miller LD, Gee JM, 
Nicholson RI, Sutherland RL, Print CG, Musgrove EA (2012) 
Cyclin E2 overexpression is associated with endocrine resist-
ance but not insensitivity to CDK2 inhibition in human breast 
cancer cells. Mol Cancer Ther 11(7):1488–1499. https:// doi. org/ 
10. 1158/ 1535- 7163. MCT- 11- 0963

Chen L, Yang G, Dong H (2019) Everolimus reverses palbociclib 
resistance in er+ human breast cancer cells by inhibiting phos-
phatidylinositol 3-kinase(PI3K)/Akt/mammalian target of rapa-
mycin (mTOR) pathway. Med Sci Monit 25:77–86. https:// doi. 
org/ 10. 12659/ MSM. 912929

Condorelli R, Spring L, O’Shaughnessy J, Lacroix L, Bailleux C, Scott 
V, Dubois J, Nagy RJ, Lanman RB, Iafrate AJ, Andre F, Bardia A 
(2018) Polyclonal RB1 mutations and acquired resistance to CDK 
4/6 inhibitors in patients with metastatic breast cancer. Ann Oncol 
29(3):640–645. https:// doi. org/ 10. 1093/ annonc/ mdx784

Finn RS, Martin M, Rugo HS, Jones S, Im SA, Gelmon K, Harbeck 
N, Lipatov ON, Walshe JM, Moulder S, Gauthier E, Lu DR, 
Randolph S, Dieras V, Slamon DJ (2016) Palbociclib and letro-
zole in advanced breast cancer. N Engl J Med 375(20):1925–
1936. https:// doi. org/ 10. 1056/ NEJMo a1607 303

Flaum LE, Gradishar WJ (2018) Advances in endocrine therapy 
for postmenopausal metastatic breast cancer. Cancer Treat Res 
173:141–154. https:// doi. org/ 10. 1007/ 978-3- 319- 70197-4_9

Fujita T, Ito K, Izumi H, Kimura M, Sano M, Nakagomi H, Maeno 
K, Hama Y, Shingu K, Tsuchiya S, Kohno K, Fujimori M (2005) 

Fig. 7  Analyses of Rb1 mutations and copy number alterations in 
palbociclib-resistant sublines. a Analysis of RB1 copy number altera-
tions via Multiplex Ligation-Dependent Probe Amplification (MLPA) 
in wt-T47D, T47D-PR-E, T47D-PR-L, wt-MCF7, MCF7-P1, and 
MCF7-P2 cells. RB1 and the flanking genes are aligned in the blue 
area; reference genes are aligned in the gray area of each chart. b 
Integrative Genomics Viewer (IGV) image for targeted sequencing 
data of RB1 in wild-type and palbociclib-resistant T47D and MCF7 
cells. In T47D-PR-L cells, a deletion after exon 18 was detected. c 
Snapshot of IGV focusing on a part of RB1 in wt-MCF7, MCF7-P1, 
and MCF7-P2 cells. The red bar indicates a single nucleotide altera-
tion in exon 10 of the RB1 gene in MCF7-P2 cells (lower window), 
while no mutation in the same region was detected in wt-MCF7 
(upper window) and palbociclib-resistant MCF7-P1 (middle window) 
cells. d Sanger sequencing confirmed a single nucleotide alteration 
from G to T (at 48941633G)

◂

https://doi.org/10.1007/s00432-021-03722-3
http://www.editage.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1056/NEJMoa1109653
https://doi.org/10.1056/NEJMoa1109653
https://doi.org/10.1136/gutjnl-2016-312268
https://doi.org/10.1136/gutjnl-2016-312268
https://doi.org/10.1517/13543784.2013.789859
https://doi.org/10.1517/13543784.2013.789859
https://doi.org/10.1128/MCB.00269-09
https://doi.org/10.1158/1535-7163.MCT-11-0963
https://doi.org/10.1158/1535-7163.MCT-11-0963
https://doi.org/10.12659/MSM.912929
https://doi.org/10.12659/MSM.912929
https://doi.org/10.1093/annonc/mdx784
https://doi.org/10.1056/NEJMoa1607303
https://doi.org/10.1007/978-3-319-70197-4_9


 Journal of Cancer Research and Clinical Oncology

1 3

Increased nuclear localization of transcription factor Y-box bind-
ing protein 1 accompanied by up-regulation of P-glycoprotein in 
breast cancer pretreated with paclitaxel. Clin Cancer Res 11(24 
Pt 1):8837–8844. https:// doi. org/ 10. 1158/ 1078- 0432. Ccr- 05- 0945

Goetz MP, Toi M, Campone M, Sohn J, Paluch-Shimon S, Huober J, 
Park IH, Tredan O, Chen SC, Manso L, Freedman OC, Garnica 
Jaliffe G, Forrester T, Frenzel M, Barriga S, Smith IC, Bourayou 
N, Di Leo A (2017) MONARCH 3: abemaciclib as initial ther-
apy for advanced breast cancer. J Clin Oncol 35(32):3638–3646. 
https:// doi. org/ 10. 1200/ JCO. 2017. 75. 6155

Group EBCTC (2015) Aromatase inhibitors versus tamoxifen in 
early breast cancer: patient-level meta-analysis of the ran-
domised trials. Lancet 386(10001):1341–1352. https:// doi. org/ 
10. 1016/ s0140- 6736(15) 61074-1

Guarducci C, Bonechi M, Benelli M, Biagioni C, Boccalini G, Romag-
noli D, Verardo R, Schiff R, Osborne CK, De Angelis C, Di Leo 
A, Malorni L, Migliaccio I (2018) Cyclin E1 and Rb modulation 
as common events at time of resistance to palbociclib in hormone 
receptor-positive breast cancer. NPJ Breast Cancer 4:38. https:// 
doi. org/ 10. 1038/ s41523- 018- 0092-4

Herrera-Abreu MT, Palafox M, Asghar U, Rivas MA, Cutts RJ, Garcia-
Murillas I, Pearson A, Guzman M, Rodriguez O, Grueso J, Bellet 
M, Cortes J, Elliott R, Pancholi S, Baselga J, Dowsett M, Martin 
LA, Turner NC, Serra V (2016) Early adaptation and acquired 
resistance to CDK4/6 inhibition in estrogen receptor-positive 
breast cancer. Cancer Res 76(8):2301–2313. https:// doi. org/ 10. 
1158/ 0008- 5472. CAN- 15- 0728

Hortobagyi GN, Stemmer SM, Burris HA, Yap YS, Sonke GS, Paluch-
Shimon S, Campone M, Blackwell KL, Andre F, Winer EP, Janni 
W, Verma S, Conte P, Arteaga CL, Cameron DA, Petrakova K, 
Hart LL, Villanueva C, Chan A, Jakobsen E, Nusch A, Burdaeva 
O, Grischke EM, Alba E, Wist E, Marschner N, Favret AM, Yard-
ley D, Bachelot T, Tseng LM, Blau S, Xuan F, Souami F, Miller M, 
Germa C, Hirawat S, O’Shaughnessy J (2016) Ribociclib as first-
line therapy for hr-positive, advanced breast cancer. N Engl J Med 
375(18):1738–1748. https:// doi. org/ 10. 1056/ NEJMo a1609 709

Iida M, Nakamura M, Tokuda E, Toyosawa D, Niwa T, Ohuchi N, 
Ishida T, Hayashi SI (2019) The p21 levels have the potential to 
be a monitoring marker for ribociclib in breast cancer. Oncotarget 
10(47):4907–4918. https:// doi. org/ 10. 18632/ oncot arget. 27127

Ito T, Kamijo S, Izumi H, Kohno K, Amano J, Ito K (2012) Altera-
tion of Y-box binding protein-1 expression modifies the response 
to endocrine therapy in estrogen receptor-positive breast cancer. 
Breast Cancer Res Treat 133(1):145–159. https:// doi. org/ 10. 1007/ 
s10549- 011- 1731-8

Jansen VM, Bhola NE, Bauer JA, Formisano L, Lee KM, Hutchin-
son KE, Witkiewicz AK, Moore PD, Estrada MV, Sanchez V, 
Ericsson PG, Sanders ME, Pohlmann PR, Pishvaian MJ, Rid-
dle DA, Dugger TC, Wei W, Knudsen ES, Arteaga CL (2017) 
Kinome-wide RNA interference screen reveals a role for PDK1 
in acquired resistance to CDK4/6 inhibition in ER-positive breast 
cancer. Cancer Res 77(9):2488–2499. https:// doi. org/ 10. 1158/ 
0008- 5472. CAN- 16- 2653

Klein ME, Kovatcheva M, Davis LE, Tap WD, Koff A (2018) CDK4/6 
inhibitors: the mechanism of action may not be as simple as once 
thought. Cancer Cell 34(1):9–20. https:// doi. org/ 10. 1016/j. ccell. 
2018. 03. 023

Kuukasjarvi T, Kononen J, Helin H, Holli K, Isola J (1996) Loss of 
estrogen receptor in recurrent breast cancer is associated with poor 
response to endocrine therapy. J Clin Oncol 14(9):2584–2589. 
https:// doi. org/ 10. 1200/ jco. 1996. 14.9. 2584

McCartney A, Migliaccio I, Bonechi M, Biagioni C, Romagnoli D, De 
Luca F, Galardi F, Risi E, De Santo I, Benelli M, Malorni L, Di 
Leo A (2019) Mechanisms of resistance to CDK4/6 inhibitors: 
potential implications and biomarkers for clinical practice. Front 
Oncol 9:666. https:// doi. org/ 10. 3389/ fonc. 2019. 00666

Michaloglou C, Crafter C, Siersbaek R, Delpuech O, Curwen JO, Car-
nevalli LS, Staniszewska AD, Polanska UM, Cheraghchi-Bashi 
A, Lawson M, Chernukhin I, McEwen R, Carroll JS, Cosulich SC 
(2018) Combined inhibition of mTOR and CDK4/6 is required for 
optimal blockade of E2F function and long-term growth inhibi-
tion in estrogen receptor-positive breast cancer. Mol Cancer Ther 
17(5):908–920. https:// doi. org/ 10. 1158/ 1535- 7163. MCT- 17- 0537

Oba T, Ito KI (2018) Combination of two anti-tubulin agents, eribulin 
and paclitaxel, enhances anti-tumor effects on triple-negative breast 
cancer through mesenchymal-epithelial transition. Oncotarget 
9(33):22986–23002. https:// doi. org/ 10. 18632/ oncot arget. 25184

Oba T, Izumi H, Ito KI (2016) ABCB1 and ABCC11 confer resistance 
to eribulin in breast cancer cell lines. Oncotarget 7(43):70011–
70027. https:// doi. org/ 10. 18632/ oncot arget. 11727

O’Leary B, Finn RS, Turner NC (2016) Treating cancer with selective 
CDK4/6 inhibitors. Nat Rev Clin Oncol 13(7):417–430. https:// 
doi. org/ 10. 1038/ nrcli nonc. 2016. 26

O’Leary B, Cutts RJ, Liu Y, Hrebien S, Huang X, Fenwick K, Andre F, 
Loibl S, Loi S, Garcia-Murillas I, Cristofanilli M, Huang Bartlett 
C, Turner NC (2018) The genetic landscape and clonal evolution 
of breast cancer resistance to palbociclib plus fulvestrant in the 
PALOMA-3 trial. Cancer Discov 8(11):1390–1403. https:// doi. 
org/ 10. 1158/ 2159- 8290. CD- 18- 0264

Osborne CK, Schiff R (2011) Mechanisms of endocrine resistance in 
breast cancer. Annu Rev Med 62:233–247. https:// doi. org/ 10. 
1146/ annur ev- med- 070909- 182917

Pandey K, An HJ, Kim SK, Lee SA, Kim S, Lim SM, Kim GM, Sohn J, 
Moon YW (2019) Molecular mechanisms of resistance to CDK4/6 
inhibitors in breast cancer: a review. Int J Cancer 145(5):1179–
1188. https:// doi. org/ 10. 1002/ ijc. 32020

Parry D, Guzi T, Shanahan F, Davis N, Prabhavalkar D, Wiswell D, 
Seghezzi W, Paruch K, Dwyer MP, Doll R, Nomeir A, Windsor 
W, Fischmann T, Wang Y, Oft M, Chen T, Kirschmeier P, Lees 
EM (2010) Dinaciclib (SCH 727965), a novel and potent cyclin-
dependent kinase inhibitor. Mol Cancer Ther 9(8):2344–2353. 
https:// doi. org/ 10. 1158/ 1535- 7163. Mct- 10- 0324

Portman N, Alexandrou S, Carson E, Wang S, Lim E, Caldon CE 
(2018) Overcoming CDK4/6 inhibitor resistance in ER positive 
breast cancer. Endocr Relat Cancer 26(1):R15–R30. https:// doi. 
org/ 10. 1530/ ERC- 18- 0317

Przybytkowski E, Ferrario C, Basik M (2011) The use of ultra-dense 
array CGH analysis for the discovery of micro-copy number alter-
ations and gene fusions in the cancer genome. BMC Med Genom 
4:16. https:// doi. org/ 10. 1186/ 1755- 8794-4- 16

Schoninger SF, Blain SW (2020) The ongoing search for biomarkers 
of CDK4/6 inhibitor responsiveness in breast cancer. Mol Cancer 
Ther 19(1):3–12. https:// doi. org/ 10. 1158/ 1535- 7163. MCT- 19- 0253

Shadeo A, Lam WL (2006) Comprehensive copy number profiles of 
breast cancer cell model genomes. Breast Cancer Res 8(1):R9. 
https:// doi. org/ 10. 1186/ bcr13 70

Taylor-Harding B, Aspuria PJ, Agadjanian H, Cheon DJ, Mizuno T, 
Greenberg D, Allen JR, Spurka L, Funari V, Spiteri E, Wang Q, 
Orsulic S, Walsh C, Karlan BY, Wiedemeyer WR (2015) Cyclin 
E1 and RTK/RAS signaling drive CDK inhibitor resistance via 
activation of E2F and ETS. Oncotarget 6(2):696–714. https:// doi. 
org/ 10. 18632/ oncot arget. 2673

Xu C, Gu X, Padmanabhan R, Wu Z, Peng Q, DiCarlo J, Wang Y 
(2019) smCounter2: an accurate low-frequency variant caller for 
targeted sequencing data with unique molecular identifiers. Bio-
informatics 35(8):1299–1309. https:// doi. org/ 10. 1093/ bioin forma 
tics/ bty790

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1158/1078-0432.Ccr-05-0945
https://doi.org/10.1200/JCO.2017.75.6155
https://doi.org/10.1016/s0140-6736(15)61074-1
https://doi.org/10.1016/s0140-6736(15)61074-1
https://doi.org/10.1038/s41523-018-0092-4
https://doi.org/10.1038/s41523-018-0092-4
https://doi.org/10.1158/0008-5472.CAN-15-0728
https://doi.org/10.1158/0008-5472.CAN-15-0728
https://doi.org/10.1056/NEJMoa1609709
https://doi.org/10.18632/oncotarget.27127
https://doi.org/10.1007/s10549-011-1731-8
https://doi.org/10.1007/s10549-011-1731-8
https://doi.org/10.1158/0008-5472.CAN-16-2653
https://doi.org/10.1158/0008-5472.CAN-16-2653
https://doi.org/10.1016/j.ccell.2018.03.023
https://doi.org/10.1016/j.ccell.2018.03.023
https://doi.org/10.1200/jco.1996.14.9.2584
https://doi.org/10.3389/fonc.2019.00666
https://doi.org/10.1158/1535-7163.MCT-17-0537
https://doi.org/10.18632/oncotarget.25184
https://doi.org/10.18632/oncotarget.11727
https://doi.org/10.1038/nrclinonc.2016.26
https://doi.org/10.1038/nrclinonc.2016.26
https://doi.org/10.1158/2159-8290.CD-18-0264
https://doi.org/10.1158/2159-8290.CD-18-0264
https://doi.org/10.1146/annurev-med-070909-182917
https://doi.org/10.1146/annurev-med-070909-182917
https://doi.org/10.1002/ijc.32020
https://doi.org/10.1158/1535-7163.Mct-10-0324
https://doi.org/10.1530/ERC-18-0317
https://doi.org/10.1530/ERC-18-0317
https://doi.org/10.1186/1755-8794-4-16
https://doi.org/10.1158/1535-7163.MCT-19-0253
https://doi.org/10.1186/bcr1370
https://doi.org/10.18632/oncotarget.2673
https://doi.org/10.18632/oncotarget.2673
https://doi.org/10.1093/bioinformatics/bty790
https://doi.org/10.1093/bioinformatics/bty790

	The mechanisms involved in the resistance of estrogen receptor-positive breast cancer cells to palbociclib are multiple and change over time
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Cell culture and reagents
	Water soluble tetrazolium salts (WST) assay
	Western blotting
	Targeted enrichment and sequencing
	Alignment, somatic variant calling, and copy number variation analysis
	Multiplex ligation-dependent probe amplification (MLPA)
	Statistical analysis

	Results
	Establishment of palbociclib-resistant BC sublines
	Expression of ERα, HER2, and signal transduction pathways-related proteins in palbociclib-resistant BC cells
	Expression of proteins related to cell cycle regulation in palbociclib-resistant BC sublines
	Time-course analysis of protein expression in MCF7 and T47D cells after short exposure to palbociclib
	Altered protein expression in palbociclib-resistant BC sublines after long-term palbociclib exposure
	Effect of long-term palbociclib removal on palbociclib-resistant BC sublines
	Cross-resistance of palbociclib-resistant ER-positive BC sublines to abemaciclib
	Sensitivity of palbociclib-resistant ER-positive BC sublines to everolimus
	Sensitivity of palbociclib-resistant ER-positive BC sublines to dinaciclib
	Sensitivity of palbociclib-resistant ER-positive BC sublines to various chemotherapeutic agents
	Sensitivity of palbociclib-resistant ER-positive BC sublines to the combination of palbociclib and fulvestrant
	Mutation and copy number analyses of palbociclib-resistant BC sublines

	Discussion
	Conclusion
	Acknowledgements 
	References




