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S6K1 amplification confers innate resistance 
to CDK4/6 inhibitors through activating 
c‑Myc pathway in patients with estrogen 
receptor‑positive breast cancer
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Abstract 

Background:  CDK4/6 inhibitors combined with endocrine therapy has become the preferred treatment approach 
for patients with estrogen receptor-positive metastatic breast cancer. However, the predictive biomarkers and 
mechanisms of innate resistance to CDK4/6 inhibitors remain largely unknown. We sought to elucidate the molecular 
hallmarks and therapeutically actionable features of patients with resistance to CDK4/6 inhibitors.

Methods:  A total of 36 patients received palbociclib and endocrine therapy were included in this study as the dis-
covery cohort. Next-generation sequencing of circulating tumour DNA in these patients was performed to evaluate 
somatic alterations associated with innate resistance to palbociclib. Then the candidate biomarker was validated in 
another independent cohort of 104 patients and publicly available datasets. The resistance was verified in parental 
MCF-7 and T47D cells, as well as their derivatives with small interfering RNA transfection and lentivirus infection. The 
relevant mechanism was examined by RNA sequencing, chromatin immunoprecipitation and luciferase assay. Patient-
derived organoid and patient-derived xenografts studies were utilized to evaluated the antitumor activity of rational 
combinations.

Results:  In the discovery cohort, S6K1 amplification (3/35, 9%) was identified as an important reason for innate resist-
ance to CDK4/6 inhibitors. In the independent cohort, S6K1 was overexpressed in 15/104 (14%) patients. In those 
who had received palbociclib treatment, patients with high-expressed S6K1 had significantly worse progression free 
survival than those with low S6K1 expression (hazard ratio = 3.0, P = 0.0072). Meta-analysis of public data revealed 
that patients with S6K1 amplification accounted for 12% of breast cancers. Breast cancer patients with high S6K1 
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Background
Breast cancer is the most common malignant tumour in 
women worldwide, with 272,4000 of new cases per year 
in China [1–3]. Estrogen receptor-positive (ER+) human 
epidermal growth factor receptor 2-negative (HER2−) 
breast cancer is the most common subtype, account-
ing for more than 60% of the metastatic breast cancers 
(MBCs) [4]. Cyclin-dependent kinase 4 and 6 (CDK4/6) 
inhibitors, including palbociclib, ribociclib, and abe-
maciclib, have been shown to significantly improve pro-
gression-free survival (PFS) and overall survival (OS) 
in patients with ER+HER2− MBC [5–8]. Thus, CDK4/6 
inhibitors in combination with endocrine therapy has 
become the most important treatment option for patients 
with ER+HER2− MBC.

However, the prevalence of drug resistance reduces 
the effect of CDK4/6 inhibitor treatment in patients with 
ER+HER2− MBC. Some patients do not derive any ben-
efit from CDK4/6 inhibitors and often switch to other 
therapies within 3 months—defined as innate resistance. 
In order to select more appropriate regimen and avoid 
the adverse events of palbociclib in these patients, it is 
critical to identify biomarkers that can predict innate 
resistance to palbociclib. Unfortunately, the biomarker 
analysis of several large-scale phase III clinical trials 
failed to establish constant biomarkers to predict the effi-
cacy of the combined use of palbociclib with endocrine 
therapy, mainly using tumour tissues [9, 10]. It is rela-
tively difficult to obtain metastatic tissues from advanced 
patients, and the gene status of a single tumour site can-
not reveal the genetic panorama of tumours throughout 
the body. Importantly, genotyping circulating tumour 
DNA (ctDNA) is useful for detecting the overall view of 
genomic alterations, especially in patients with heteroge-
neous metastatic sites [11–14].

Therefore, we performed ctDNA testing in a real-world 
cohort of patients with ER+HER2− MBC (Fig.  1A) to 
search for biomarkers that could predict innate resist-
ance to CDK4/6 inhibitors, and validated the candi-
date biomarker in another independent patient cohort 
(Fig. 1B). Using cellular experiments, we investigated the 
molecular mechanisms of the key genetic abnormality 
responsible for conferring resistance to CDK4/6 inhibi-
tors. Furthermore, based on the results of patient-derived 
organoid (PDO) and patient-derived xenografts (PDX) 
studies (Fig.  1C and D), we proposed a potential thera-
peutic strategy to overcome innate resistance to CDK4/6 
inhibitors.

Methods
Patients and sample collection
A total of 186 patients visited Cancer Hospital, Chinese 
Academy of Medical Sciences and were prescribed pal-
bociclib between May 2016 and November 2019. Among 
them, 36 patients agreed to draw blood for ctDNA analy-
sis on the first day of treatment, and constituted the dis-
covery cohort of this study (NCC Protocol #1787). The 
independent validation cohort consisted of ER+ breast 
cancer patients whose tissue sample was available in the 
Institutional Tumour Bank. A total of 104 patients were 
included in this study, 37 of whom had received pal-
bociclib treatment. Blood and tissue samples were all 
obtained with appropriate written informed consent. 
Clinical data were collected and reviewed in electronic 
medical charts retrieved from the database of the China 
National Cancer Center. Computed tomography (CT) 
scans were obtained using standard procedures in the 
Cancer Hospital, Chinese Academy of Medical Sciences 
as part of the routine clinical care of patients. RECIST 1.1 
measurements were performed by a physician formally 

expression had significantly worse relapse-free survival (hazard ratio = 1.31, P < 0.0001). In breast cancer cells, S6K1 
overexpression, caused by gene amplification, was sufficient to promote resistance to palbociclib. Mechanistically, 
S6K1 overexpression increased the expression levels of G1/S transition-related proteins and the phosphorylation of 
Rb, mainly through the activation of c-Myc pathway. Notably, this resistance could be abrogated by the addition of 
mTOR inhibitor, which blocked the upstream of S6K1, in vitro and in vivo.

Conclusions:  S6K1 amplification is an important mechanism of innate resistance to palbociclib in breast cancers. 
Breast cancers with S6K1 amplification could be considered for combinations of CDK4/6 and S6K1 antagonists.
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(See figure on next page.)
Fig. 1  The key genes related to the innate resistance of CDK4/6 inhibitors were explored by analysis of ctDNA derived from patients with breast 
cancer. A-D Schematic overview of the study design and analytical workflow. PFS: progression-free survival. ctDNA: circulating tumour DNA. ddPCR: 
droplet digital PCR. IHC: immunohistochemistry. Multi-IF: multiplex immunofluorescence. E The landscape of high-frequency altered genes in 
plasma from the discovery patient cohort. The plot shows patients with innate resistance or clinical benefit following palbociclib treatment, with 
individual information about numbers of metastases, treatment lines, and endocrine therapy drugs used in combination with palbociclib. S6K1 (i.e. 
RPS6KB1) amplification was observed in three patients with innate resistance to palbociclib but not in those with clinical benefit
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Fig. 1  (See legend on previous page.)
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trained in tumour metrics. This study was approved by 
the Ethics Committee of Cancer Institute and Hospital, 
Chinese Academy of Medical Sciences (12-123/657). All 
study participants provided informed consent.

PFS was defined as the period from the initiation of 
palbociclib administration to the date of disease pro-
gression, which was determined by the physician based 
on radiological information. Clinical benefit was defined 
as PFS > 3 months and innate resistance was defined as 
PFS ≤ 3 months following initiation of palbociclib admin-
istration. A PFS of 3 months was chosen as the cut-off 
value because most patients had been heavily treated; 
moreover, this cut-off period was based on a previous 
study [15]. The baseline characteristics of patients were 
categorised and compared using Fisher’s exact tests.

Sequencing and bioinformatics analysis
Plasma DNA from 36 patients with MBC was analysed 
using a customised panel of 1021 cancer-related genes 
[16]. Genes targeted by the panel are listed in Supple-
mentary Table S1. Samples were prepared following the 
standard laboratory procedures and the manufacturer’s 
protocols. DNA extraction, library preparation, hybrid 
capture, and sequencing were performed as previ-
ously described [17]. Somatic single nucleotide variants 
were analysed using the GATK toolkit version 3.4-46-
gbc02625 and subjected to filtering. Somatic copy num-
ber variants were analysed using the CONTRA 2.0.8 
software, and the matched peripheral blood cell samples 
were used as matched controls.

Whole exome sequencing data of patients with MBC 
from the INSERM cohort [18] and the Metastatic Breast 
Cancer Project (https://​www.​mbcpr​oject.​org/, a project 
of Count Me In (https://​joinc​ountm​ein.​org/)) [19], and 
patients with primary breast invasive carcinoma from 
The Cancer Genome Atlas (TCGA, Firehose Legacy) 
were used to analyse the prevalence of S6K1 gene ampli-
fication in breast cancer using cBioPortal (http://​www.​
cbiop​ortal.​org/). For pan-cancer analysis, the gene altera-
tion data involved 10,967 tumour samples from 32 TCGA 
PanCancer Atlas Studies was obtained from cBioPortal. 
The RNA-seq data in 17 cancer types from TCGA was 
downloaded from the Human Protein Atlas.

For differentially expressed gene (DEG) analysis, we 
retrieved expression levels of genes in terms of count 
values from the BRCA cohort through the PanCancer 
Atlas consortium publication page. We applied R (EdgeR) 
package [20] to calculate the relative fold changes of high 
S6K1 expression subtype versus low S6K1 expression. 
The Gene Set Enrichment Analysis (GSEA) method was 
performed using the cluster Profiler package to iden-
tify hub genes and significant common pathways [21]. 
For statistical analysis, t-test, Fisher’s exact test and 

Spearman test were performed. A two-sided P value 
< 0.05 was considered statistically significant. The R 3.6.1 
package was used for all the analyses.

For RNA sequencing, total RNA was extracted from 
MCF-7 cells transfected with S6K1 siRNA pool or non-
sense control siRNA by using TRIzol Reagent (Invitro-
gen). Next, 2 μg total RNA was used for RNA sequencing 
library preparation using KCTM Stranded mRNA 
Library Prep Kit (Wuhan Seqhealth Co., Ltd. China) fol-
lowing the manufacturer’s instruction. PCR products 
from 200 to 500 bps were enriched, quantified and finally 
sequenced on Novaseq 6000 sequencer (Illumina) with 
PE150 model.

Immunohistochemical staining
FFPE specimens from patients with breast cancer 
were collected at Cancer Hospital, Chinese Academy 
of Medical Sciences. Of a total of 104 samples, 61 were 
from metastases and the other 43 were from primary 
tumors. Incubation with polyclonal antibodies against 
S6K1 (diluted at 1:1000, Servicebio, Cat# GB111181) 
was performed at 4 °C for 18 h. They were incubated 
with the secondary antibody (diluted at 1:200, Service-
bio, Cat# GB23303) for 50 min at room temperature. 
Quality assessment was performed on each batch of 
slides by including a negative control in which the pri-
mary antibody was replaced by 10% normal goat serum 
to preclude non-specific signals. Staining was assessed 
by pathologists who were blinded to the sample origins 
and the patient outcomes. Each specimen was assigned a 
score according to the intensity of the cytoplasmic stain-
ing (no staining = 0; weak staining = 1, moderate stain-
ing = 2 and strong staining = 3) and the extent of stained 
cells (0–5% = 0, 6–25% = 1, 26–50% = 2, 51–75% = 3 and 
76–100% = 4). The final immunoreactivity positive score 
was determined by multiplying the intensity score by the 
score for the extent of stained cells, generating a score 
that ranged from 0 (the minimum score) to 12 (the maxi-
mum score). All patients were divided into high (positive 
score ≥ 6) and low (positive score < 6) expression sub-
groups. Log-rank test were used for the comparison of 
survival curves.

Droplet digital PCR (ddPCR)
A customized multiplex digital PCR assay was employed 
to assess copy number variation (CNV) of S6K1 gene in 
FFPE samples on the OS-300 digital PCR system (Dawei 
Biotech, China) using OsciDrop technique [22]. Paraf-
fin from FFPE slides was removed with deparaffinization 
solution. Genomic DNA was extracted using the GeneR-
ead DNA FFPE Kit (Qiagen N. V., Germany). DNA was 
eluted in 60 μL Buffer ATE (Qiagen), quantified with 
NanoDrop One spectrophotometer (Thermo Fisher 

https://www.mbcproject.org/
https://joincountmein.org/
http://www.cbioportal.org/
http://www.cbioportal.org/
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Scientific, USA), and diluted using nuclease-free water 
to 10 ng/μL for use. The ddPCR reaction mixture (25 μL) 
was prepared in 0.2 mL tubes, consisting of 12.5 μL 2X 
ddPCR Multiplex Supermix (Dawei Biotech), 2.5 μL 
primers and probes for S6K1 CNV detection (Dawei 
Biotech), 0.65 μL DNA Polymerase, 2.5 μL DNA tem-
plate, and 6.85 μL nuclease-free water. The PCR program 
included 5 min activation at 95 °C, followed by 45 cycles 
of 20 s denaturation at 94 °C and 60 s annealing at 58 °C, 
and finally held at 25 °C.

To set a cut-off for definition of positive S6K1 amplifi-
cation, an averaged copy-number ratio of the S6K1 gene 
relative to the reference gene, CEP17, from 26 breast 
cancer tissues with low S6K1 IHC expression (positive 
score < 6) was determined (Supplementary Table S2). A 
cut-off for a positive sample was set at 1 SD above the 
mean (threshold, 3.546).

Multiplex immunofluorescence (multi‑IF)
To evaluate the expression level of S6K1 as well as cell 
cycle-related proteins in tumours, FFPE slides from 
ER+HER2− breast cancer patients among the valida-
tion cohort of patients prescribed with palbociclib were 
subjected to multi-IF and multispectral imaging using 
antibodies targeting cyclin  E1 (Abcam, Cat# ab135380), 
cyclin D1(CST, Cat# 2978 T), phospho-Rb (CST, Cat# 
8516 T), S6K1 (CST, Cat# 2708 T), CDK4 (Proteintech, 
Cat#11026-1-AP), and CDK6 (Abcam, Cat# ab124821). 
After each primary antibody was sequentially applied, 
the slides were incubated with secondary antibodies, 
followed by tyramide signal amplification (TSA). Nuclei 
were stained with DAPI after all the human antigens had 
been labelled. To obtain multispectral images, the stained 
slides were scanned using the Mantra System (Perki-
nElmer), which captured the fluorescence excitation 
spectrum at 20-nm wavelength intervals (420–720 nm) 
within the same exposure time. Multiple scans were 
combined to build a single stack image. The spectrum of 
auto-fluorescence of the tissues and each fluorescein was 
extracted from images of unstained and single-stained 
sections. A spectral library required for multispectral 
unmixing was established by InForm image analysis 
software (Version 2.4, PerkinElmer). The reconstructed 
images were then obtained with the auto-fluorescence 
removed. The Spearman correlation analysis was used to 
analyse the correlations between the expression of S6K1 
and cell-cycle relevant markers. The Mann-Whitney test 
was performed for comparison of the proportions of spe-
cific cell subsets.

Cell culture and drugs
T47D and MCF-7 cell lines were obtained from 
American Type Culture Collection (ATCC) and were 

maintained in DMEM (Cell Technologies) with 10% foe-
tal bovine serum at 37 °C in a humidified atmosphere 
containing 5% CO2. These two cell lines have been vali-
dated by the short tandem repeat (STR) method. Inhibi-
tors used in the treatment of cells, including palbociclib 
(HYA0065) and rapamycin (HY-10219), were purchased 
from MedChemExpress (MCE).

Cell proliferation and drug sensitivity assays
Cell proliferation was examined using the xCELLi-
gence Real-Time Cell Analyser (RTCA)-Multiple Plates 
(MP) system (Acea Biosciences/Roche Applied Sci-
ence), which can measure the growth status of cells in 
real time. MCF-7 (3 × 103 cells/well) or T47D (1 × 104 
cells/well) cells were plated in 96-well electronic micro-
plates (E-Plate  96, Roche Applied Science). Then, the 
E-Plate 96 was placed in the RTCA-MP device and cul-
tured at 37 °C with 5% CO2. Every 15 min, the cell index 
was detected automatically according to the change of 
electrical impedance. For the drug sensitivity assay, the 
cells were first cultured in complete medium for the indi-
cated period, and the culture medium was subsequently 
replaced with different concentrations or types of addi-
tive drugs.

CCK-8 and clonogenic assays were also used to evalu-
ate the drug sensitivity. For CCK-8 assay, MCF-7 or 
T47D cells were plated in 96-well plates. After 12 h, the 
cells were treated with increasing doses of palbociclib 
for 5 days. Then, CCK-8 (NCM Biotech) assay was per-
formed according to the manufacturer’s instructions. 
For clonogenic assay, MCF-7 or T47D cells were plated 
in 12-well plates and treated with palbociclib alone or 
in combination with rapamycin. After 10 days, the cells 
were fixed and stained with crystal violet.

Western blotting and antibodies
Total proteins extracted from breast cancer cells were 
resolved by SDS-PAGE (10%) and transferred to PVDF 
membranes. After blocking with 5% non-fat milk, the 
membranes were incubated with the indicated primary 
antibodies overnight at 4 °C and the secondary antibodies 
for 1 h at room temperature. The primary antibodies used 
in this study were as follows: S6K1 (Proteintech, Cat# 
14485-1-AP), cyclin D1 (Proteintech, Cat# 60186-1-1 g), 
cyclin E1 (Abcam, Cat# ab33911), phospho-Rb (Abcam, 
Cat# ab109399), CDK2 (Proteintech, Cat# 10122-1-AP), 
CDK4 (Santa Cruz Biotechnology, Cat# sc-260), CDK6 
(CST, Cat# 3136S), c-Myc (CST, Cat# 5605S), β-Actin 
(CST, Cat# 3700S), and GAPDH (Proteintech, Cat# 
60004-1-Ig).
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Small interfering RNA transfection and lentivirus infection
Cells were transfected with siRNAs targeting S6K1 
(RiboBio #stB0004595A: GAT​GAG​AAG​TGG​CCA​CAA​
T; #stB0004595B: GGA​CGC​TGG​AGA​AGT​TCA​A; 
#stB0004595C: GAG​TTG​GAC​CAT​ATG​AAC​T) or non-
sense control siRNA using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions.

To establish a stable exogenous S6K1-expressed T47D 
cell line, HEK293T cells were used for S6K1-lentivirus 
packaging. Then, the lentiviral supernatant was collected 
and added to the T47D cell culture medium in a 1:1 ratio, 
followed by screening with puromycin.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR)
Total RNA of breast cancer cells was isolated with TRI-
zol reagent (Invitrogen) and was reverse-transcribed to 
cDNA using M-MLV reverse transcriptase (Promega). 
Quantitative PCR was performed using the BrightGreen 
2X qPCR MasterMix (abm) on the CFX96 Real-Time 
System (Bio-Rad). GAPDH was served as the internal 
control. The primers used in this study are the follows: 
S6K1, forward 5′-GCC​TCC​CTA​CCT​CAC​ACA​AG-3′, 
reverse 5′-CCA​CCT​TTC​GAG​CCA​GAA​GT-3′; c-Myc, 
forward 5′-GGC​TCC​TGG​CAA​AAG​GTC​A-3′, reverse 
5′-CTG​CGT​AGT​TGT​GCT​GAT​GT-3′; cyclin E1, for-
ward 5′-GCC​AGC​CTT​GGG​ACA​ATA​ATG-3′, reverse 
5′-CTT​GCA​CGT​TGA​GTT​TGG​GT-3′; GAPDH, for-
ward 5′-GCT​GAG​AAC​GGG​AAG​CTT​GT-3′, reverse, 
5′-GCC​AGG​GGT​GCT​AAG​CAG​TT-3′.

Cell cycle analysis
The cells were collected, washed with PBS, and fixed 
in 70% ethanol overnight at − 20 °C. Next, the cells 
were washed with PBS and stained with 500 μL of PI/
RNase Staining Buffer (BD Biosciences) for 15 min at 
37 °C, followed by analysis using a flow cytometer (BD 
Biosciences).

Chromatin immunoprecipitation (ChIP)
ChIP assay was carried out by using Pierce Magnetic 
ChIP Kit (Thermo Fisher Scientific) following the manu-
facturer’s instructions. The antibody against c-Myc (CST, 
Cat# 9402) was incubated with digested chromatin of 
MCF-7 cells followed by addition of magnetic beads. 
After purifying the coprecipitated DNA, qPCR was 
used to detect the promoter of CCNE1 with primers as 
follows:

CCNE1-promoter-1 (P1), forward 5′-AAG​GAC​TTA​
GCC​CAG​TGC​TG-3′, reverse 5′-CAT​CCT​GTG​CCC​GTT​
AGG​AAT-3′; CCNE1-promoter-2 (P2), forward 5′-GTC​
AGA​AAG​GTC​TTC​AGA​GAGCC-3′, reverse 5′-TGT​CCA​

TTC​ATC​CGT​CAG​TGC-3′; CCNE1-promoter-3 (P3), 
forward 5′-CCA​CAC​ATC​CCC​TTG​GCT​CA-3′, reverse 
5′-GCG​CGG​GTG​GAA​TGT​AAA​CA-3′.

Luciferase reporter assay
The pGL3-CCNE1-promoter vector was obtained by 
inserting the promoter region of CCNE1 from − 1 to 
− 2000 bp into pGL3-basic vector. MCF-7 cells were 
co-transfected with pGL3-CCNE1-promoter vector 
and pRL-TK vector, or pGL3-basic control vector and 
pRL-TK vector, together with siRNAs targeting S6K1 
or control siRNAs by using Lipofectamine 2000 (Invit-
rogen). Then, the transfected cells were lysed to meas-
ure the firefly and Renilla luciferase activities with a 
Dual Luciferase Reporter Assay System (Promega). The 
activity of Renilla luciferase was used as control for 
firefly luciferase activity.

PDO study
Breast cancer organoids derived from patients were 
established using previously described methods [23]. 
Breast cancer tissues were obtained from consenting 
patients of a clinical study (NCT03544047). Upon receipt, 
the tissues were minced with scissors and digested in an 
enzyme mixture of collagenase (Sigma-Aldrich, 1 mg/ml) 
and dispase (Sigma-Aldrich, 1 mg/ml) for 1–2 h at 37 °C. 
The separated breast cancer cells were mixed with ice-
cold growth factor-reduced Matrigel (Corning), seeded 
in culture plates and incubated at 37 °C for 30 min. The 
surface of the solidified mixture of cell suspension/
Matrigel was sealed with complete breast cancer orga-
noid medium, which comprised advanced DMEM/F12 
supplemented with several additives, as described by 
Sachs et  al. [23]. Breast cancer organoids were digested 
bi-weekly using TrypLE (Gibco). The dissociated orga-
noids were then subjected to passage or compound 
evaluation.

Breast cancer organoids were plated in 96-well plates 
with Matrigel for 2 days, followed by treatment with 
serially diluted palbociclib alone or in combination with 
mTOR inhibitor everolimus for 96 h. Cell viability was 
determined using the CellTiter-Glo® assay (Promega). 
Dose–effect curves were generated using GraphPad 
Prism software (version 8.0). The synergistic effect of 
palbociclib combined with mTOR inhibitor was assessed 
using a dose–response matrix [24]. Bliss synergy scores 
were calculated and plotted using the SynergyFinder 
package in R [24, 25].

PDX study
A breast cancer patient tumour specimen with S6K1 gene 
amplification was obtained from the commercial vendor 
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Crown Bioscience in China. Approximately 20-30 mg of 
tissue fragments were implanted subcutaneously into 
9 NOD.SCID mice. Mice were maintained and handled 
in accordance with the animal care and use committee–
approved animal protocols. Mice bearing tumours meas-
ured ≥150mm3 were randomized to treatment with (1) 
vehicle (control), (2) palbociclib (50 mg/kg, daily, p.o.), or 
(3) palbociclib plus rapamycin (6 mg/kg, daily, i.p.). Ani-
mal weights and tumour diameters (using callipers) were 
measured twice weekly. Four weeks later, all mice were 
executed and tumours were made into FFPE slides for 
immunohistochemical staining, using antibodies against 
cyclin E1 (Abcam, Cat# ab135380), cyclin D1(CST, Cat# 
2978 T), phospho-Rb (CST, Cat# 8516 T), S6K1 (Ser-
vicebio, Cat# GB111181), and Ki67 (Servicebio, Cat# 
GB13030-M-2).

Statistical analysis
Statistical analysis was performed as described in experi-
ment. Data are represented as the mean ± SD unless 
otherwise stated in the figure legend. P value was calcu-
lated by two-sided Student’s t-test between two groups, 
unless otherwise specified. ANOVA (no missing value) 
or Mixed-effects model (if there are missing values) was 
used for the comparison among multiple groups. P < 0.05 
was considered statistically significant (GraphPad Prism; 
****, P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05).

Results
Patients and clinical characteristics
To evaluate somatic alterations associated with clini-
cal resistance of breast cancer to CDK4/6 inhibitor, 36 
patients with ER+HER2− MBC received palbociclib and 
endocrine therapy were included in this study as the dis-
covery cohort (Fig.  1A). One patient discontinued pal-
bociclib due to severe myelosuppression after 4 weeks 
of treatment, whose resistance to palbociclib was not 
determined. Therefore, resistance-related ctDNA analysis 
included a total of 35 patients subsequently.

The clinical and pathological characteristics of patients 
in the discovery cohort are summarised in Supplemen-
tary Table S3. Of the 36 patients, 18 (50.0%) received 
palbociclib plus fulvestrant, 10 (27.8%) received palbo-
ciclib plus letrozole, 5 (13.9%) received palbociclib plus 
exemestane regimen, and 3 (8.3%) received the combi-
nation of palbociclib and anastrozole. These 36 patients 
had previously received a median of 3 (range 0–8) lines 
of systemic treatment for metastatic breast cancer before 
palbociclib therapy. Only 4 (11.1%) patients received 
CDK4/6 inhibitor-based therapy as first-line treatment 
for their metastatic disease. Nineteen patients (52.8%) 
received at least 3 lines of systemic treatment previously. 
Thirty-two patients experienced tumour progression 

following palbociclib therapy, while the other 3 patients 
were still being treated at the time of analysis. Fifteen 
patients showed clinical benefit from CDK4/6 inhibi-
tor and experienced disease progression for more than 
3 months after the initiation of treatment. Meanwhile, 
20 patients developed innate resistance (PFS ≤ 3 months) 
to palbociclib. There were no significant differences in 
the clinical and pathological characteristics of patients 
between the ‘clinical benefit’ (n = 15) and ‘innate resist-
ance’ (n = 20) groups (Supplementary Table S3).

ctDNA profiling reveals various mechanisms of palbociclib 
resistance
A total of 47 plasma samples was analysed for ctDNA 
profiling as our discovery cohort, using a panel compris-
ing 1021 cancer-related genes: 35 samples were collected 
before palbociclib treatment, and 12 samples were col-
lected after disease progression (Fig.  1A). The detected 
molecular alterations and their mutant allele fractions in 
ctDNA are presented in Supplementary Table S4.

We firstly investigated the potential biomarkers of pal-
bociclib resistance based on the detected molecular alter-
ations of ctDNA profiled from plasma that was collected 
before initiation of palbociclib. Out of the 35 baseline 
samples, 34 (97.1%) had at least one somatically genomic 
alteration in cancer-related genes, with a mean of 8 alter-
ations (range 0–24). The landscape of high-frequency 
altered genes (> 5%) in patients of the ‘innate resistance’ 
and ‘clinical benefit’ groups is presented in Fig. 1E. Con-
sistent with previous reports [12], ESR1, PIK3CA, and 
TP53 were the most frequently mutated genes in MBC. 
ESR1 mutations were detected in 13 patients (13/35, 
37.1%); the most common mutation was D538G (6/35), 
followed by Y537S (4/35) and L536H (3/35). PIK3CA 
mutations were detected in 13 patients (13/35, 37.1%); 
the most common mutation was H1047R (8/35), fol-
lowed by E545K (3/35). TP53 mutations were detected in 
11 patients (11/35, 31.4%); the most common mutation 
was R213* (2/35). In the 20 patients with innate resist-
ance to palbociclib, mutations were also mostly detected 
in PIK3CA (9/20, 45.0%), TP53 (8/20, 40.0%), and ESR1 
(7/20, 35.0%). The mutated loci of these genes were simi-
lar in patients with or without innate resistance to palbo-
ciclib (Supplementary Fig. S1A).

Diverse PI3K-pathway activating events were observed 
in 19 patients, including PIK, S6K1, MTOR, PTEN, AKT, 
and TSC1 (Supplementary Fig. S1B). The frequency of 
PI3K pathway alterations in the innate resistance group 
(14/20, 70.0%) was significantly higher than that in the 
clinical benefit group (5/15, 33.3%; P = 0.044), suggesting 
that altered PI3K signalling is a potential mechanism for 
innate resistance to palbociclib therapy. Notably, genetic 
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alterations in S6K1 (4/20, 20.0%), CCND1 (3/20, 15.0%), 
and MTOR (3/20, 15.0%) were enriched in patients with 
innate resistance but not detected in those with clini-
cal benefit from palbociclib (Fig. 1E; Supplementary Fig. 
S1C), thereby suggesting that they might be contributing 
to innate resistance to palbociclib.

ctDNA samples from 12 patients were tested both at 
the baseline and after disease progression. Significant dif-
ferences in genomic alternations were found between the 
samples at baseline and after disease progression (Sup-
plementary Fig. S1D). Of the 7 patients who had bene-
fited from palbociclib treatment, 3 patients demonstrated 
new mutations in genes after disease progression: one 
in TSC2, one in PTEN, while the other one had de novo 
mutations in ESR1, RB1, and TP53. These results suggest 
that these genes might be contributing to the acquired 
resistance to palbociclib.

S6K1 amplification contributes to palbociclib resistance 
in patients with breast cancer
In the ctDNA analysis of our discovery cohort, S6K1 
amplification (threshold = 2.5 copy number) was 
detected in 3 patients (3/20, 15.0%) with innate resistance 
to palbociclib at the baseline, but not in those with clini-
cal benefit (0/15, Fig. 1E). During the analysis of interac-
tions between the high-frequency altered genes, S6K1 
appeared to be mutually exclusive to PIK3CA in patients 
with innate resistance to palbociclib (Supplementary 
Fig. S1E). The three patients with S6K1 amplification at 
baseline were all pre-treated with more than two lines 
of endocrine therapy for their metastatic disease. Mean-
while, S6K1 amplification was not found in the plasma 
samples collected after palbociclib treatment, including 
those with acquired resistance to palbociclib. Therefore, 
S6K1 may be a novel candidate to understand the innate 
resistance mechanism.

S6K1 gene is an important component of the PI3K 
signalling pathway, which is located on chromosome 
17q23. Using the sequencing data from The Can-
cer Genome Atlas (TCGA), we found that high-levels 
of S6K1 gene amplification and RNA expression are 
mainly limited to breast cancer (P < 0.0001, Fig.  2A 
and B). The meta-analysis of the data using cBioPortal 
showed that S6K1 amplification is observed in approxi-
mate 12% of patients with breast cancer, mainly in the 
estrogenic receptor positive subtype (Fig.  2C). The 
incidence of S6K1 amplification is 14% in those with 
MBC and 11% in patients with primary disease (Sup-
plementary Fig. S2A). Amplification of S6K1 gene 
led to a significant increase in its mRNA expression, 
which was in turn correlated with the high expression 
of S6K1 protein in breast cancers (Supplementary Fig. 
S2B). Consistent with the results from our discovery 

cohort, analysis of breast cancer data from the TCGA 
PanCancer Atlas showed that the S6K1-PIK3CA pair 
had a tendency toward mutual exclusivity (P = 0.030, 
Log2 odds ratio = − 0.679, Supplementary Table S5). A 
total of 210 mRNAs were upregulated and 406 mRNAs 
were downregulated by at least two-fold in the S6K1-
overexpressed breast cancer samples from TCGA data-
base. In the S6K1 gene high expression group, several 
pathways including the cell cycle pathway were signifi-
cantly enriched (Supplementary Fig. S2C). Based on 
the gene expression levels of the BRCA cohort from 
the TCGA database by using the GEPIA, we observed 
that S6K1 gene is closely related to the RNA expression 
of the cell cycle pathway genes, especially the CCNE2 
(P < 0.001, r = 0.50), RB1 (P < 0.001, r = 0.46), CDK2 
(P < 0.001, r = 0.45), CCND1 (P < 0.001, r = 0.37), and 
CDK4 (P < 0.001, r = 0.24, Fig.  2D; Supplementary Fig. 
S2D). Kaplan-Meier Plotter [26] showed that breast 
cancer patients with high S6K1 expression had signifi-
cantly worse relapse-free survival (hazard ratio = 1.31, 
P < 0.0001), especially in the ER+ subgroup (hazard 
ratio = 1.34, P = 0.0013, Fig. 2E).

We then investigated the relationship between 
S6K1 and palbociclib resistance using an independ-
ent validation cohort of 104 patients with ER+MBC. 
First, we evaluated the expression level of S6K1 using 
immunohistochemistry (IHC). Figure  3A shows that 
S6K1 was overexpressed in 15/104 (14%) patients 
with an IHC positive score of 6-8. Thirty-seven out 
of these 104 patients had received palbociclib treat-
ment (Supplementary Table S6), and 29.7% (11/37) of 
them showed highly expressed S6K1. These patients 
with high-expressed S6K1 had significantly worse PFS 
than those with low S6K1 expression (median PFS 
3.9 vs 15.6 months, hazard ratio = 3.0, 95% CI 1.0-8.8, 
P = 0.0072, Fig.  3B). Using the ddPCR technique, we 
found that 4 out of these 37 patients had S6K1 ampli-
fication (Fig. 3C). The incidence of S6K1 amplification 
was 28.6% (2/7) in patients who had innate resistance to 
palbociclib and only 4.3% (1/23) in those with clinical 
benefit after palbociclib treatment. Next, we performed 
multiplex immunofluorescence (multi-IF) staining of 
multiple cell cycle-related markers in patients with high 
or low S6K1 expression. We found that the expression 
of S6K1 had a high correlation with the levels of cyclin 
E1 (r = 0.755. P = 0.006) and phosphorylated Rb (p-Rb) 
(r = 0.671, P = 0.020, Fig.  3D and E). In patients with 
highly expressed S6K1, the proportion of p-Rb + S6K1+ 
cells (median 5.1% vs 0.8%, P < 0.0001), as well as the 
proportion of cyclinE1+ S6K1+ cells (median 12.2% vs 
1.6%, P < 0.0001), were significantly higher than that of 
patients with low S6K1 expression (Fig. 3F).
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Collectively, these data show that S6K1 amplification 
is prominent in patients with breast cancer. Elevated 
expression of S6K1 might play an important role in the 
resistance mechanisms of palbociclib via the cell cycle 
pathway.

S6K1 overexpression promotes cell proliferation 
and the resistance to CDK4/6 inhibitors
We next examined S6K1 expression in T47D, MCF-7, 
MDA-MB-468, and MDA-MB-231 breast cancer cells. 
MCF-7 cells showed the highest S6K1 expression both 
at the mRNA and protein levels (Fig. 4A and B). Consist-
ently, according to the Cancer Cell Line Encyclopedia 
(CCLE) database [27], S6K1 mRNA expression in MCF-7 
cells was remarkably higher than that in most other 
breast cancer cell lines; the reason for this high expres-
sion in MCF-7 cells is high level of S6K1 DNA copy num-
ber (Supplementary Fig. S3A). Thus, we selected MCF-7 
and T47D cells, both of which were ER+HER2− breast 
cancer cells, to further explore whether S6K1 amplifica-
tion confers resistance to CDK4/6 inhibitors in vitro. As 
expected, MCF-7 cells were less sensitive to palbociclib 
than T47D cells (Fig.  4C and D). Furthermore, small 
interfering RNA (siRNA)-mediated knockdown of S6K1 
in MCF-7 cells (Supplementary Fig. S3B and C) restored 
the sensitivity to palbociclib (Fig. 4E and F). Conversely, 
lentivirus-infected, exogenous S6K1-expressed T47D 
cells showed reduced sensitivity to palbociclib compared 
to the control cells (Fig.  4G and H, Supplementary Fig. 
S3D and E). These results suggest that S6K1 overexpres-
sion, caused by gene amplification, promotes resistance 
to palbociclib in ER+HER2− breast cancer cells.

Moreover, we examined the function of S6K1 in cell 
proliferation by using the xCELLigence system. Knock-
down of S6K1 in MCF-7 cells inhibited their proliferation 
with or without palbociclib treatment (Fig. 4I). Further-
more, exogenous expression of S6K1 promoted T47D cell 
proliferation, even with palbociclib treatment (Fig. 4J).

Activation of c‑Myc/cyclin E1 pathway may mediate 
S6K1‑induced drug resistance
Next, we investigated the mechanism by which S6K1 
amplification promotes resistance to CDK4/6 inhibitors. 

Given that cell proliferation may attribute to cell cycle 
progression, we examined the cell cycle distribution 
using flow cytometry. As shown in Fig. 5A, S6K1 knock-
down increased the percentage of cells in the G1 phase, 
while exogenous expression of S6K1 decreased the per-
centage of cells in the G1 phase. To further unveil the key 
pathways affected by S6K1, we employed genome-wide 
RNA-sequencing (RNA-seq) to detect the S6K1 deple-
tion-induced RNA expression alterations. In total, 826 
significantly differentially expressed genes (DEGs) were 
identified, with 486 genes up regulated and 340 genes 
down regulated in S6K1-depleted MCF-7 cells (P < 0.05, 
log2Fold Change > 1 or < − 1, Supplementary Table S7). 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis and Gene Ontology (GO) analysis were then 
conducted on these down regulated genes, and showed 
that cell proliferation-related pathways and cell cycle-
related pathways were enriched (Fig.  5B and C). Mean-
while, protein chip detection also showed similar result 
(Supplementary Fig.  3F and G), further supporting the 
fact that knockdown of S6K1 in MCF-7 cells inhibited 
cell proliferation.

GSEA was further conducted by using the RNA-
seq data and revealed that cell cycle phase and the E2F 
targets sets were significantly enriched (Fig.  5D; Sup-
plementary Fig. S3H). Notably, the c-Myc targets also 
showed significant enrichment (Fig. 5D), indicating that 
the activation of c-Myc pathway may contribute to the 
cell cycle promotion caused by S6K1. Several cell cycle-
related proteins were then examined in S6K1-depleted 
and overexpressed cells. As expected, the expression lev-
els of CDK4, CDK6, cyclin D1, and cyclin E1, as well as 
the phosphorylation levels of Rb, were downregulated in 
S6K1 knockdown cells (Fig.  5E) but upregulated in the 
cells with exogenous expression of S6K1 (Fig. 5F), when 
compared to those in the control group.

Considering the results of GSEA and the literature 
reporting the translational activation of c-Myc by S6K1 
[28–30], we detected the protein level of c-Myc and 
found that it was decreased in the S6K1-depleted cells 
but increased in the exogenous S6K1-expressed cells 
compared with the control group (Fig.  5G). Meanwhile, 
the mRNA level of cyclin E1 was significantly decreased, 

Fig. 2  S6K1 amplification correlates with poor outcome in patients with breast cancer from public database. A The incidence of S6K1 genetic 
alteration in different cancer types from 10,967 samples, obtained by summarizing the data of TCGA PanCancer Atlas Studies on cBioPortal. B The 
mRNA level of S6K1 gene in TCGA patients with various cancers are reported as median FPKM (Fragment Per Kilobase of exon per Million reads), 
downloaded from the Human Protein Atlas. Data are represented as the mean ± SEM. P value was calculated by Kruskal-Wallis test. ****, P < 0.0001. 
C The S6K1 locus was substantially amplified in breast cancer samples from oestrogen receptor (ER) positive subtypes based on cBioPortal. D The 
correlations between the mRNA levels of S6K1 and cell cycle-related genes in BRCA cohort, using data from the GEPIA. E Kaplan-Meier Plotter 
showing the relapse free survival of patients with breast cancer according to S6K1 mRNA levels

(See figure on next page.)
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whereas c-Myc mRNA was not affected upon S6K1 
depletion (Supplementary Fig. S3I and J).

Given that cyclin E1 was previously reported to be 
transcriptionally regulated by c-Myc [31], we confirmed 
the binding of c-Myc to cyclin E1 promoter region in 
MCF-7 cells by applying the ChIP assay (Supplementary 
Fig. S3K). To detect whether cyclin E1 was transcription-
aly regulated in S6K1-depleted cells, luciferase reporter 
assay containing the cyclin E1 promoter region was con-
structed. Analysis of the dual luciferase assay showed that 
depletion of S6K1 in MCF-7 cells significantly decreased 
the luciferase activity (Fig.  5H). Rescue experiment was 
performed to validate the c-Myc-mediated decrease of 
cyclin E1 in S6K1-depleted cells. After re-expression of 
c-Myc in S6K1-depleted cells, the levels of cyclin E1 and 
p-Rb were increased accordingly (Fig. 5I).

Collectively, these results indicated that S6K1 pro-
moted cell proliferation by accelerating G1/S transition. 
Mechanically, S6K1 elevated the expression of cell cycle-
related proteins such as cyclin E1, mainly through stimu-
lating the c-Myc signaling pathway.

S6K1 blockade increases palbociclib sensitivity in vitro 
and in vivo
Given that S6K1 is directly activated by mTORC1 [32], 
we applied clinically available inhibitor of mTORC1 to 
assess whether palbociclib resistance could be reversed. 
Exogenous S6K1-expressed T47D cells were relatively 
resistant to palbociclib and this effect was completely 
reversed upon the addition of rapamycin (mTOR inhib-
itor, Fig.  6A). Similar results were obtained in MCF-7 
cells (Fig.  6B, Supplementary Fig. S4A). Moreover, the 
combination of palbociclib with rapamycin significantly 
reduced the levels of p-Rb and cyclin E1 compared to 
palbociclib alone in MCF-7 cells (Fig. 6C).

To further investigate the efficacy of the combina-
tion therapy, we identified 3 organoids with amplified 
S6K1 gene, KOBR-011, KOBR-029, and KOBR-716, 
from 32 organoids derived from patients with breast 
cancer (3/32, 9.4%, Fig.  1C). Compared with S6K1wt 
PDOs (KOBR-711, KOBR-715, KOBR-722), orga-
noids with S6K1 gene amplification (S6K1amp) were 
significantly more resistant to palbociclib (P < 0.0001, 
Fig.  6D). The IC50 values of palbociclib were 15 μM, 

15 μM and 11 μM in S6K1amp PDOs, respectively, and 
7 μM, 4 μM and 3 μM in S6K1wt PDOs, respectively. 
S6K1amp PDOs were resistant to both palbociclib and 
everolimus (mTOR inhibitor) as monotherapy, with 
IC50 values of 23 μM and 13 μM respectively (Sup-
plementary Fig. S4B). However, in the presence of 
everolimus, a significant left shift of the dose–efficacy 
curve and a decrease in IC50 were observed in S6K1amp 
PDOs (Fig. 6E). Upon the addition of 0.01 μM, 0.12 μM, 
1.11 μM, and 10.00 μM everolimus, the IC50 of palboci-
clib decreased from 16 μM to 13 μM (P = 0.436), 1 μM 
(P = 0.046), 0.06 μM (P = 0.046), and 0.6 nM (P = 0.024), 
respectively. The synergistic effect of the combined reg-
imen of palbociclib plus everolimus was then quantified 
in a S6K1amp PDO KOBR-011 using the Bliss method. 
Synergy heatmaps showed that palbociclib combined 
with everolimus had a synergistic effect (red areas in 
the model graph) on inhibition of cell proliferation at a 
wide range of drug combination ratios (Supplementary 
Fig. S4C). The combination of palbociclib with everoli-
mus showed an average synergy score of 11.6 (Fig. 6F). 
These data suggest that palbociclib in combination with 
everolimus exerts a synergistic effect in S6K1-amplified 
breast cancer PDO models.

To confirm the in  vivo translatability of our findings, 
we next examined the effect of the dual combination in 
the PDX model with S6K1 amplification. S6K1- amplifi-
cated tumours treated with palbociclib did not regress 
(P = 0.721, Fig.  6G), thus confirming the ability of S6K1 
amplification to confer resistance to palbociclib in  vivo. 
Consistent with our findings in cell experiments and 
PDO studies, the combination of mTOR inhibitor with 
palbociclib significantly reverted this drug resistance 
(P = 0.021, Fig.  6G). On day 28, tumour growth inhibi-
tion rate was 63% in the palbociclib monotherapy group, 
and 119% in the palbociclib plus everolimus group 
(P = 0.024, Supplementary Fig. S4D). Importantly, the 
drug combinations didn’t cause significant weight loss 
(P = 0.695, Fig. 6H), indicating a lack of generalized tox-
icity. We next assessed the expression of S6K1 and cell 
cycle genes in tumour sections by IHC (Fig.  6I and J). 
All of these tumours with S6K1 gene amplification had 
high expression of S6K1. In these S6K1-overexpressed 
tumours, palbociclib monotherapy could not successfully 

(See figure on next page.)
Fig. 3  Elevated expression of S6K1 is related to palbociclib resistance in the validation patient cohort. A The expression of S6K1 in patients with 
breast cancer was detected by immunohistochemistry (IHC). High S6K1 expression (positive score 6-8) was observed in 15/104 (14%) of patients. 
B Kaplan–Meier curves for PFS in the validation patient cohort who had received palbociclib treatment according to S6K1 expression. P value 
was calculated by log-rank test. C Copy number variation profiles for the S6K1 loci using droplet digital PCR (ddPCR). D Representative images 
showing multiplex immunofluorescence (multi-IF) stanning of tissue samples from patients with high or low S6K1 expression. E The expression of 
S6K1 had a high correlation with cyclin E1 and p-Rb based on the results of multi-IF in the patient with high S6K1 expression. F The proportion of 
p-Rb + S6K1+ cells and cyclin E1 + S6K1+ cells in patients with high or low S6K1 expression. Data are represented as the mean ± SD. P value was 
calculated by Mann-Whitney test. ****, P < 0.0001
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Fig. 4  S6K1 confers resistance to palbociclib in breast cancer cell lines. A, B The expression of S6K1 was measured in four breast cancer cell lines, 
including MCF-7, MDA-MB-231, MDA-MB-468, and T47D, using RT-qPCR (A) and western blotting (B), respectively. C, D MCF-7 (C) or T47D (D) cells 
were treated with increasing doses of palbociclib, as indicated, for 5 days. The cell viability was then detected using CCK-8 assay. E, F MCF-7 cells 
were transfected with two specific S6K1 siRNAs (siS6K1-1/− 2) or non-sense control siRNA (siNC), followed by CCK-8 assay (E) or clonogenic assay 
(F) upon treatment with increasing doses of palbociclib as indicated. G, H Exogenous S6K1-expressed T47D cells or control cells were subjected 
to CCK-8 assay (G) or clonogenic assay (H) with the indicated doses of palbociclib. I, J MCF-7 cells transfected with two specific S6K1 siRNAs or 
non-sense control siRNA (I) as well as exogenous S6K1-expressed T47D cells or control cells (J) were treated with or without palbociclib (10 μM for 
MCF-7 cells, 1 μM for T47D cells). The xCELLigence system was used for examining proliferation of these cells

(See figure on next page.)
Fig. 5  S6K1 promotes cell proliferation and palbociclib resistance via cell cycle progression. A Cell-cycle distribution was measured using PI staining 
followed by flow cytometry for MCF-7 cells transfected with S6K1 siRNA pool or non-sense control siRNA as well as exogenous S6K1-expressed 
T47D cells or control cells, respectively. P value was calculated by Student’s t-test. *, P < 0.05, **, P < 0.01. B, C KEGG pathway enrichment analysis 
(B) and GO functional analysis (C) of RNA-seq data obtained from S6K1-depleted MCF-7 cells. D GSEA showing an enrichment of E2F-targets and 
Myc-targets signatures in S6K1-depleted MCF-7 cells. E-G MCF-7 cells transfected with the indicated siRNAs as well as exogenous S6K1-expressed 
T47D cells or control cells with 70-80% confluent were harvested. Proteins were then subjected to western blotting with the antibodies against 
S6K1, cyclin D1, cyclin E1, CDK2, CDK4, CDK6, p-Rb, and c-Myc proteins. GAPDH/β-Actin was used as the loading control. H Dual luciferase reporter 
assay showing the transcriptional activity of CCNE1 promoter in S6K1-depleted MCF-7 cells. P value was calculated by Student’s t-test. **, P < 0.01. I 
c-Myc was re-expressed into S6K-depleted MCF-7 cells and the levels of cyclin E1 and p-Rb were measured by western blotting
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downregulate the levels of cell cycle-related genes, such 
as p-Rb (P = 0.962) and cyclin D1 (P = 0.320). The addi-
tion of mTOR inhibitor to palbociclib markedly reduced 
p-Rb (P = 0.017) and cyclin D1 (P < 0.001) levels in these 
S6K1-overexpressed tumours. The level of cyclin E1 
could be reduced by palbociclib monotherapy (P = 0.002), 
and furtherly decreased after adding the mTOR inhibitor 
(P < 0.001).

Together, these results suggest that S6K1plays  a criti-
cal role in the resistance of CDK4/6 inhibitors, and 
that mTOR inhibitor could be considered to convert 
the resistance of CDK4/6 inhibitor caused by S6K1 
amplification.

Discussion
To our knowledge, this study is the first to propose 
ctDNA-based S6K1 amplification to determine innate 
resistance to CDK4/6 inhibitors in patients with 
ER+HER2− MBC. The findings of in  vitro and in  vivo 
studies furtherly suggest that S6K1 amplification-induced 
resistance to CDK4/6 inhibitors may mainly mediate by 
c-Myc signalling cascades that induce hyperactivation 
of cyclins/CDKs (Supplementary Fig. S5). Thus, patients 
with S6K1 amplification may not be suitable for com-
bined endocrine treatment with CDK4/6 inhibitors. For 
these patients, S6K1 blockade using upstream mTOR 
inhibitor could increase the sensitivity of breast cancer to 
CDK4/6 inhibitor.

Genotyping ctDNA is useful for detecting the pan-
orama of genomic alterations, especially in clonal 
evolution for acquired drug resistance [12, 33]. Previ-
ous studies have also used ctDNA to search for genes 
related to innate resistance to CDK4/6 inhibitors, with 
much smaller panel size. In the PALOMA-3 cohort, 
by analysing the alteration of ctDNA in 17-mutated 
genes and 14-copy number altered genes, P53 mutation 
and FGFR1 amplification were identified to be associ-
ated with innate resistance to palbociclib [11]. The 
MONALEESA-7 study found a correlation between 
CCND1 abnormalities and ribociclib resistance using 

a ctDNA panel of fewer than 600 genes [34]. To our 
knowledge, this study employed the largest ctDNA 
assay panel to date to search for biomarkers associ-
ated with innate resistance to CDK4/6 inhibitor. We 
analysed ctDNA data using a panel of 1021 genes, and 
successfully found that S6K1 was a candidate for pre-
dicting innate resistance to CDK4/6 inhibitors in two 
cohorts of patients with MBC. S6K1 amplification 
occurs in a relatively large fraction of CDK4/6 inhibi-
tor- candidate patients (14% of patients with MBC, 
substantially in the ER+ subtype). Thus, we believe that 
patients with ER+ MBC would benefit from ctDNA 
analysis including S6K1 amplification before initiating 
CDK4/6 inhibitor treatment. ctDNA testing can detect 
S6K1 amplification as well as other mutations, thereby 
avoiding patients with drug resistance from receiving 
CDK4/6 inhibitor treatment.

Our study revealed that S6K1 amplification was 
detected exclusively at the baseline before use of CDK4/6 
inhibitors. S6K1 amplification did not occur after the 
treatment of palbociclib, thereby indicating that S6K1 
amplification is not induced by palbociclib. Thus, S6K1 
amplification is related to primary drug resistance to 
palbociclib (innate resistance), instead of acquired 
resistance. A series of large-scale phase III clinical trials 
have conducted ctDNA analysis for CDK4/6 inhibition 
in MBC, but have failed to find a specific target that is 
clearly related to the resistance of CDK4/6 inhibitors [34, 
35]. All these studies enrolled treatment-naïve patients 
or those with previously ≤1 line of endocrine therapy for 
MBC. However, in our study, we included heavily pre-
treated patients with a median of 3 lines of endocrine 
treatment. The efficacy of palbociclib-based therapy in 
this population is relatively low, but it may provide more 
opportunities to identify biomarkers of innate resistance 
to CDK4/6 inhibition.

The PI3K/AKT/mTOR signalling pathway has been 
previously implicated in mediating early adaptation or 
acquired resistance to CDK4/6 inhibitors in combination 
with endocrine therapy [36–38]. Inhibition of CDK4/6 

Fig. 6  mTOR inhibitors can reverse resistance to palbociclib in vitro and in vivo. A xCELLigence system analysis of the proliferation of exogenous 
S6K1-expressed T47D cells or control cells treated with either vehicle, palbociclib (100 nM) or palbociclib (100 nM) plus mTOR inhibitor rapamycin 
(500 nM). B Clonogenic assay of MCF-7 cells treated with either vehicle, palbociclib (5 μM), rapamycin (1 μM) or combination. C The expression of 
cyclin E1 and p-Rb in MCF-7 cells treated as described in B was detected by western blotting. β-Actin was used as the loading control. D Three 
breast cancer patient-derived organoids (PDOs) with S6K1 amplification (KOBR-011, − 029, − 716) were identified and confirmed to be resistant 
to palbociclib. KOBR-711, − 715, and − 722 with wild type S6K1 were used as negative controls. E Addition of mTOR inhibitor everolimus to 
palbociclib showed greater inhibition of cell viability in the S6K1-amplificated PDO. F The landscape of the combination responses for palbociclib 
plus everolimus in the S6K1-amplificated PDO (KOBR-011) via the Bliss model. G In vivo tumour-growth measurement of S6K1-amplificated patient 
derived xenografts treated with either vehicle, palbociclib or palbociclib plus rapamycin for 28 days. Data are presented as the mean ± SEM; P 
value was calculated by Mixed-effects model. ns, not significant. *, P < 0.05. H Dynamic changes in body weight of mice as described in G. Data 
are presented as the mean ± SEM; P value was calculated by Mixed-effects model. ns, not significant. I, J Immunohistochemistry analysis of mouse 
tumour slices with the indicated antibodies. I Representative images. J Quantitative analysis. Data are presented as the mean ± SEM. P value was 
calculated by one-way ANOVA. ns, not significant. *, P < 0.05, **, P < 0.01, ***, P < 0.001

(See figure on next page.)
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promotes the activation of AKT signalling in breast can-
cer cells, which results in cyclin D1 accumulation [37]. 
Thus, the gene abnormality of PI3K/AKT/mTOR related 
to CDK4/6 inhibition usually occurs after the initiation of 
CDK4/6 inhibitor (as acquired resistance) [36, 39]. Nota-
bly, our ctDNA analysis revealed that S6K1 gene amplifi-
cation, a downstream genetic abnormality that might be 
mutually exclusive to PI3K mutations, existed before the 
inhibition of CDK4/6, and is thus associated with innate 
drug resistance. Therefore, the use of ctDNA to detect 
S6K1 gene amplification has clinical value in predicting 
palbociclib efficacy before treatment initiation, which is 
not possible for PI3K mutations associated with acquired 
resistance.

S6K1 activation regulates the translation of a subset 
of mRNA by phosphorylating its downstream riboso-
mal protein S6 and eIF4B [40–42]. A previous study 
in melanoma found that S6K1 inhibition can revert 
PIK3CA mutation-induced resistance to CDK4/6 
inhibitor, while the specific molecular mechanism 
remained unknown [43]. In this study of breast can-
cer, our cell experiments revealed that overexpression 
of S6K1 increased the protein levels of c-Myc, thus 
activated the transcription of cyclin E1, which is con-
sistent with findings of previous studies [28–31]. High 
cyclin E1 levels may contribute to resistance to CDK4/6 
inhibitors by associating with CDK2 and subsequently 
promoting progression of the cell cycle from G1 to S 
phase [10, 37, 44]. Consistently, we observed that the 
inhibition of S6K1 activity by mTOR inhibitor was suf-
ficient to increase the inhibitory effect of palbociclib 
on cell proliferation. PDX studies further confirmed 
that mTOR inhibitor could revert resistance to CDK4/6 
inhibitor and downregulated the expression of cyclin 
E1. Thus, S6K1 gene amplification plays an important 
role in cell cycle progression and resistance to CDK4/6 
inhibitors.

Organoids formed from patient-derived cancer cells 
can recapitulate patient responses in the clinic and 
are now used for evaluating drug sensitivity in vari-
ous types of cancer, including breast cancer [23, 45]. 
Thus, we confirmed the relationship between S6K1 
amplification and palbociclib resistance in a PDO 
model system. Similar to the breast cancer cell lines, 
we observed palbociclib resistance in PDOs with S6K1 
amplification. Furthermore, we demonstrated that 
the combination of palbociclib plus mTOR inhibi-
tor everolimus showed higher sensitivity than mono-
therapy in PDOs with S6K1 amplification. This effect 
appeared to be due to the synergistic effect between 
these two drugs, demonstrated via the Bliss method. 
Everolimus in combination with several endocrine 
therapies has shown significant efficacy benefits with 

a tolerable safety profile in clinical trials and clinical 
routine [46, 47]. Clinical trials evaluating the safety 
and tolerability of the addition of everolimus to the 
combination of CDK4/6 inhibitor plus exemestane in 
patients with ER+ HER2− MBC have been launched 
(NCT02732119, NCT01857193).

Conclusions
In summary, S6K1 amplification occurred frequently in 
patients with ER+ MBC, could be detected by ctDNA 
analysis, and was closely related to the innate resist-
ance of CDK4/6 inhibitors. S6K1 gene amplification 
resulted in increased expression of c-Myc and subse-
quently elevated expression of cyclin E1, thus played 
an important role in regulating cell cycle progression. 
Based on these results, we propose mTOR inhibitors 
in combination with CDK4/6 inhibitors as a potential 
therapeutic strategy in ER+HER2− breast cancers with 
S6K1 amplification.
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based on cBioPortal. (B) Analysis of correlations between S6K1 (RPS6KB1) 
gene amplification and S6K1 mRNA expression (960 samples with data in 
both profiles) as well as S6K1 mRNA and protein expression (780 samples 
with data in both profiles) in breast cancer, based on cBioPortal. (C) The 
signalling pathways that are affected by high expression of S6K1 analysed 
by GSEA. (D) Analysis of correlations between S6K1 and cell cycle-related 
gene expression in BRCA cohort, based on GEPIA. P value was calculated 
by Spearman’s correlation.
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The copy number and mRNA levels of S6K1 in breast cancer cell lines 
were obtained from Cancer Cell Line Encyclopedia (CCLE) (https://​porta​
ls.​broad​insti​tute.​org/​ccle). Y-axis represents mRNA expression and X-axis 
represents copy number. (B, C) MCF-7 cells were transfected with S6K1 
siRNAs (siS6K1-1/− 2/− 3) or non-sense control siRNA (siNC). The RNAi 
efficiency was validated using RT-qPCR (B) and western blotting (C). (D, E) 
Stable exogenous S6K1-expressed T47D cells and control cells were vali-
dated using RT-qPCR (D) and western blotting (E). (F, G) KEGG enrichment 
of signalling pathways of phosphorylated (F) or non-phosphorylated (G) 
proteins detected by protein chip in S6K1-depleted MCF-7 cells. (H) GSEA 
plot of RNA-seq data from S6K1-depleted MCF-7 cells for cell cycle phase. 
(I, J) MCF-7 cells were transfected with S6K1 siRNA pool or non-sense 
control siRNA. The mRNA levels of c-Myc and cyclin E1 were measured 
using RT-qPCR. (K) ChIP assay for the binding ability of c-Myc to the cyclin 
E1 promoter element  in MCF-7 cells. P value was calculated by Student’s 
t-test. *, P < 0.05, **, P < 0.01, ***, P < 0.001.
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S6K1-amplified PDOs from breast cancers showed limited response to 
everolimus or palbociclib as monotherapy. Data are presented as the 
mean ± SEM; P value was calculated by 2-way ANOVA. (C) Dose–response 
matrix for the effect of palbociclib plus mTOR inhibitor (everolimus) 
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(D) Tumour growth inhibition (TGI) curve in S6K1-amplificated xeno-
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