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Abstract 

Background: Multidrug resistance (MDR) mediated by ATP binding cassette subfamily B member 1 (ABCB1/P‑gp) is a 
major cause of cancer chemotherapy failure, but the regulation mechanisms are largely unknown.

Methods: Based on single gene knockout, we studied the regulation of CDK6‑PI3K axis on ABCB1‑mediated MDR 
in human cancer cells. CRISPR/Cas9 technique was performed in KB‑C2 cells to knockout cdk6 or cdk4 gene. Western 
blot, RT‑PCR and transcriptome analysis were performed to investigate target gene deletion and expression of critical 
signaling factors. The effect of cdk4 or cdk6 deficiency on cell apoptosis and the cell cycle was analyzed using flow 
cytometry. In vivo studies were performed to study the sensitivity of KB‑C2 tumors to doxorubicin, tumor growth and 
metastasis.

Results: Deficiency of cdk6 led to remarkable downregulation of ABCB1 expression and reversal of ABCB1‑mediated 
MDR. Transcriptomic analysis revealed that CDK6 knockout regulated a series of signaling factors, among them, PI3K 
110α and 110β, KRAS and MAPK10 were downregulated, and FOS‑promoting cell autophagy and CXCL1‑regulating 
multiple factors were upregulated. Notably, PI3K 110α/110β deficiency in‑return downregulated CDK6 and the 
CDK6‑PI3K axis synergizes in regulating ABCB1 expression, which strengthened the regulation of ABCB1 over single 
regulation by either CDK6 or PI3K 110α/110β. High frequency of alternative splicing (AS) of premature ABCB1 mRNA 
induced by CDK6, CDK4 or PI3K 110α/110β level change was confirmed to alter the ABCB1 level, among them 10 
common skipped exon (SE) events were found. In vivo experiments demonstrated that loss of cdk6 remarkably 
increased the sensitivity of KB‑C2 tumors to doxorubicin by increasing drug accumulation of the tumors, resulting in 
remarkable inhibition of tumor growth and metastasis, as well as KB‑C2 survival in the nude mice.

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, 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/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

*Correspondence:  zhangl@fjirsm.ac.cn; jianyez@163.com; fangsh9@mail.sysu.
edu.cn
1 State Key Laboratory of Structural Chemistry, Fujian Institute of Research 
on the Structure of Matter, Chinese Academy of Sciences, Fuzhou 350002, 
China
5 Key Laboratory of Molecular Target & Clinical Pharmacology 
and the State & NMPA Key Laboratory of Respiratory Disease, School 
of Pharmaceutical Sciences & the Fifth Affiliated Hospital, Guangzhou 
Medical University, Guangzhou 511436, China
6 The department of clinical oncology, Guangdong Provincial Key 
Laboratory of Digestive Cancer Research, Precision Medicine Center, The 
Seventh Affiliated Hospital, Sun Yat‑Sen University, Shenzhen 518107, 
China
Full list of author information is available at the end of the article

http://orcid.org/0000-0003-1215-6486
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12943-022-01524-w&domain=pdf


Page 2 of 26Zhang et al. Molecular Cancer          (2022) 21:103 

Introduction
Multidrug resistance (MDR) can develop in cancer cells 
that survive during chemotherapy. P-glycoprotein (P-gp), 
revealed as ATP-binding cassette (ABC) subfamily B 
member 1 (ABCB1) is an ABC transporter and its over-
expression by various cancers can produce resistance 
to various chemotherapeutic drugs that have distinct 
structures and differing mechanisms of action [1], which 
hurdles the efficiency of chemotherapy against cancers. 
Despite the reversal efficacy of various types of ABCB1 
inhibitors, mechanisms of inducing and regulating 
ABCB1-mediated MDR are rarely reported on the level 
of signaling pathways. Lack of understanding of ABCB1 
regulation may lead to increased risk of side effects when 
treated with inhibitors, most of which are due to the lack 
of specificity.

An ideal target can exert its efficiency to inhibit cancer 
cell proliferation when it is used for attenuating MDR in 
cancer. Through CRISPR/Cas9 gene editing, we recently 
reported that 110α and 110β subunits of the phospho-
inositide 3-kinase (PI3K) signaling pathway are potential 
targets for reversal of ABCB1/P-gp- and ABCG2/BCRP-
mediated cancer MDR in a manner independent of AKT 
expression [2]. With the aim to characterize other effi-
cient and safe targets that can be used to reverse ABCB1-
mediated MDR in cancers, we further investigated the 
signaling pathways involved in the PI3K110α and 110β 
regulated ABCB1 expression.

The cyclin-dependent kinases (CDKs) are members 
of a family of serine-threonine kinases that regulate the 
cell cycle by altering cell proliferation and apoptosis 
[3–12]. Although many functional studies were based on 
the inhibitor-triggered variation of protein expression, 
which were frequently influenced by the cytotoxicity 
or non-specificity of the inhibitors instead of inhibition 
of CDKs themselves, some functions are demonstrated 
by protein-protein interactions. CDKs comprise three 
domains: the ATP binding and catalytic domain, the cyc-
lin-binding domain, and the P13suc1 binding domain, in 
which P13suc1 can inhibit the activity of CDK and cell 
phase alteration [13–15]. By mediating a common kinase 
domain containing peptide, PSTAIRE, CDKs bind to 
their corresponding cyclin, forming a cyclin-CDK com-
plex, where CDKs catalyze the phosphorylation of cer-
tain serine and threonine residues in target proteins. 

This regulates gene transcription and cell division, fur-
ther promoting alteration of cell cycle between different 
phases, e.g., phase G1 to S, G2 to M, and exit from phase 
M [16].

CDK4 and CDK6 are essential kinases and are draw-
ing increasing attention because they can drive cell pro-
liferation by combining with cyclin D1, D2, and D3 [17]. 
Imbalance in the activity of CDK4 and CDK6 can induce 
dysregulation and uncontrolled cell division, which is a 
hallmark of cancers [17]. The interaction of CDK4 and 
CDK6 with D-type cyclins constitutively phosphorylates 
and inactivates the retinoblastoma protein (Rb), a tumor 
suppressor, causing the release of its binding partner, E2 
transcription factor (E2F), allowing cancer cells to over-
come pRb-dependent growth suppression [18]. Further-
more, CDK4 and CDK6 can bind to the proteins p15, 
p16, p21 and p27 [19, 20], and are regulated by cytosolic 
sialidase (Neu2) [21], FAT1 [22], SRY homology box  2 
(SOX2) [23], reactive oxygen species (ROS) [24], and 
more. In addition, CDK6 may regulate epithelial-mesen-
chymal transition (EMT) via the CCNA2/MET pathway 
[25]. CDK6 also regulates malignant stem cell quiescence 
and facilitates nuclear factor kappaB (NF-κB) signaling 
[26]. The downregulation or inhibition of CDK6 or CDK 
4 induces cellular apoptosis, suppresses tumor prolifera-
tion, migration, and invasion [27, 28].

Currently, whether CDK4 and/or CDK6 have direct 
regulatory effects on ABCB1 and ABCB1-mediated MDR 
in cancer, their roles, and mechanisms are unknown. 
Most of the inhibitors lack specificity, and some of them 
cannot accumulate inside the cells efficiently because 
they may be substrates of ABCB1 [29–31]. In this study, 
by gene knockout with CRISPR/Cas9 gene editing tech-
nique, we determined the regulation of CDK4 or CDK6 
on ABCB1-mediated MDR in human epidermoid carci-
noma MDR cell line KB-C2 which overexpresses ABCB1 
and H460/MX80 which expresses ABCB1 at low level. 
Then we focused on the coordination of CDK6 with PI3K 
110α/β to regulate ABCB1 expression, and their func-
tion to induce alternative splicing (AS) of ABCB1 pre-
mRNA. Importantly, this study demonstrated that CDK6 
is a novel multi-functional target that may act as an on-
off switch for ABCB1 expression, potentially reversing 
ABCB1-mediated MDR in cancers, and therefore, has 
significance in combination with cancer chemotherapy.

Conclusions: CDK6‑PI3K as a new target signaling axis to reverse ABCB1‑mediated MDR is reported for the first time 
in cancers. Pathways leading to inhibition of cancer cell proliferation were revealed to be accompanied by CDK6 
deficiency.

Keywords: Multidrug resistance (MDR), cancer, Transcriptome sequencing, Cyclin dependent kinase 6 (CDK6), PI3K 
110α/110β, Signaling axis, ATP‑binding cassette (ABC) transporter ABCB1/P‑gp
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Materials and methods
Cells, plasmids, and chemicals
The human epidermoid carcinoma MDR cell line 
KB-C2 created by exposing KB-3-1 cells to increasing 
concentrations of colchicine and its parental cell line 
KB-3-1, which were used as a pair of models for study-
ing ABCB1-mediated MDR in cancer [32], were kindly 
provided by Dr. Shin-ichi Akiyama (Kagoshima Uni-
versity, Kagoshima, Japan). Non-small cell lung can-
cer (NSCLC) NCl-H460 cell line was kindly provided 
by Drs. Susan E. Bates and Robert W. Robey (NIH, 
Bethesda, MD). H460/MX80 cells with enhanced drug-
resistant ability were generated in our previous study 
[2]. KB-C2-k.o.110α, KB-C2-k.o.110β, MX80-k.o.110α, 
or MX80-k.o.110β gene-deficient cell populations were 
constructed using CRISPR/Cas9 editing technology 
according to our previous study [2]. The cells were cul-
tivated with DMEM supplemented with 10% FBS and 
1% penicillin/streptomycin in a humidified incubator 
containing 5%  CO2 at 37 °C. CRISPR/Cas9 all-in-one 
plasmids, encoding single guide RNA (SgRNA) and 
Cas9, were purchased from GeneCopoeia Inc. (Rock-
ville, MD).

Ribociclib was kindly provided by ChemieTek (Indi-
anapolis, IN). Paclitaxel, colchicine, and DOX were pur-
chased form Sigma Chemical Co. (St. Louis, MO). Mouse 
anti-ABCB1, HRP ligated or fluorescent secondary rab-
bit or goat-anti mouse antibodies, were purchased from 
Invitrogen, Thermo Fisher (Carlsbad, CA). Mouse-anti-
CDK4 and CDK6 antibodies were purchased from R&D 
Systems (Minneapolis, MN). Rabbit-anti-CKAP4 anti-
body and Cy3- or FITC-labeled goat-anti-rabbit antibod-
ies were purchased from Servicebio technology co., LTD 
(Wuhan, China). The other reagents were purchased 
from VWR International (West Chester, PA).

Determination of cell viability: MTT assay
Exponentially growing cells were seeded into 96 well 
plates at 5 ×  103 cells/well. After 72 h of incubation, 20 μL 
of MTT (5 mg/mL) was added to each well. After incuba-
tion for an additional 4 h, the medium containing MTT 
was discarded and replaced with 150 μL of DMSO to dis-
solve the dark blue-purple crystal. The absorbance was 
measured at a wavelength of 490 nm, using an ELx 800 
Universal Microplate Reader (Bio-Tek, Inc. Winooski, 
VT). The relative survival rate for the cells was analyzed 
using the SPSS 20 program (SPSS Inc., Chicago, IL) and 
the survival rate – drug concentration curves were gener-
ated using Origin 9.0 software (OriginLab Corporation, 
Northampton, MA). The concentration of drug required 
to inhibit cell viability by 50%  (IC50 value) was deter-
mined using Origin 9.0 software.

Western blot assay and immunofluorescence (IF) analysis
Parental KB-3-1 cells and MDR KB-C2 cells were incu-
bated with 9 μM of ribociclib for 2 h and co-cultured with 
paclitaxel or colchicine for 24 to 72 h. For the Western 
blot assay, the cells were lysed with SDS lysate reagent, 
separated on a gradient polyacrylamide gel and trans-
ferred to a PVDF membrane. After blocking with 5% milk 
and washed with TBST buffer, the membrane was incu-
bated with mouse anti-ABCB1 antibody at 4 °C for 2 h, 
adequately washed with TBST, and incubated with goat 
anti-mouse IgG-HRP at RT for 2 h. The membrane was 
then washed with TBST and exposed to the SignalFire™ 
ECL Reagent developing reagent (Cell Singling Technol-
ogy, Danvers, MA), and the results were quantified using 
a AI600 RGB GEL Imaging System (GE, Fairfield, CT) set 
for the chemiluminescence mode.

For the IF analysis, KB-C2 and KB-3-1 cells were 
washed with PBS buffer (pH 8.0), fixed with 4% formal-
dehyde, followed by incubation with 0.1% of Triton-100 
and then 6% BSA. The cells were co-incubated with 
ABCB1-specific antibodies (mouse originated, labeled 
with Alexa Fluor 488 (AF488); Santa Cruz Biotechnology, 
Inc. CA) for 1 h at 37 ̊C, washed with PBS for four times 
and stained with 0.5 μg  mL− 1 of 4′,6-diamidino-2-phe-
nylindole (DAPI) in PBS. Fluorescence was determined 
using a with Cytell™ Image Cytometer (GE Healthcare, 
Washington).

Analysis of regulation of CDK6‑PI3K axis on ABCB1 
mediated drug resistance
CRISPR/Cas9 technique was performed in KB-C2 cells 
to knockout cdk6 or cdk4 gene. Western blot, RT-PCR 
and transcriptome analysis were performed to investi-
gate target gene deletion and expression of critical signal-
ing factors. Detailed procedure and other methods were 
described in supplemental materials and methods.

CRISPR/Cas9 knockout and characterization for target 
gene deficiency
The cells were seeded into 48-well plates with serum-
free DMEM. A polymeric GenePORTER transfection 
reagent was mixed with sgRNA/Cas9 all-in-one expres-
sion plasmid HCP254656-CG12–1-10 or HCP288574-
CG12–1-10 to target AGT GTG AGA GTC CCC AAT GG 
in cdk4 (NM_000075.3) and GAA GAA CGG AGG CCG 
TTT CG in cdk6 (NM_001259.7), respectively (GeneCo-
poeia Inc., Rockville, MD). After incubation at room tem-
perature for 10 min, the mixture was added to the cells. 
After incubation for 4 h, FBS was added to the cultures at 
20% of the final volume ratio. To achieve a high transfec-
tion ratio, the same well of cells were transfected again 
after 48 h of cultivation. The drugs used in this study were 
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not used during transfection and cell stabilization, and 
RT-PCR and Western blotting were performed to deter-
mine the transcription and expression of the target genes 
after stabilizing the gene deficient cells for 1 month via 
continuous cell cultivation.

To determine the transcripts for cdk4, primers (5′) 
GCT ACC TCT CGA TATG (3′) and (5′) AGC CTG GTG 
GGG GTGC (3′) were used for RT-PCR and for cdk6, 
the primers (5′) GAG AAG GAC GGC CTGT (3′) and (5′) 
TCA AGT CTT GAT CGAC (3′) were used.

Analysis of CDK4 or CDK6 to regulate ABCB1 expression 
and ABCB1‑mediated anti‑drug efficacy
In the KB-C2 cells, either the cdk4 or cdk6 gene was 
deleted and the cells were cultured for 48 h and lysed 
with SDS lysate reagent. Western blot analysis of cell 
lysate was performed as described above for the deter-
mination of the effect of cdk4 or cdk6 knockout on the 
expression of the ABCB1 protein. The gene deficient cells 
were cultured with gradient concentrations (0.001, 0.01, 
0.1, 1, 10 or 100 μM) of either colchicine or paclitaxel for 
72 h. The MTT assay and  IC50 determination was carried 
out as described above.

Differential expression analysis and identification 
of AS events
Cells were lysed and Total RNA was extracted using 
the TRIzol® Reagent, according to the manufacturer’s 
instructions (Invitrogen). Genomic DNA was then 
removed using Dnase I (Takara Bio, Otsu, Japan). RNA 
quality was determined using a 2100 Bioanalyser (Agi-
lent Technologies, Palo Alto, CA, USA) and quantified 
using ND-2000 (NanoDrop Technologies, Inc. Wilm-
ington, DE, USA). RNA samples (5 μg) were used to 
construct the RNA-seq transcriptome library. The mes-
senger RNA (mRNA) was fragmentated using a fragmen-
tation buffer and isolated by the polyA selection method 
using oligo (dT) beads. According to Illumina’s library 
construction protocol, cDNA originated double-strands 
DNA (dscDNA) were synthesized, subjected to end-
repair, phosphorylation and ‘A’ base addition, selected for 
cDNA target fragments of 200–300 bp, followed by PCR 
amplification using Phusion DNA polymerase (NEB) for 
15 PCR cycles, and then sequenced using the Illumina 
HiSeq 4000 (2 × 150 bp read length). After map reading 
[33], differential expression genes (DEG) between two 
different samples were identified according to the frag-
ments per kilobase of exon per million mapped reads 
(FRKM) method [34]. Network of gene clusters and 
protein-protein interaction were analyzed on metascape 
(http:// metas cape. org) [35] or STRING (http:// string- 
db. org) platform, choosing Homo Sapiens as the control 
species. The data was visualized by drawing heatmaps 

using TBtools (https:// github. com/ CJ- Chen/ TBtoo ls). 
For the identification of AS events. All of the AS events 
that occurred in the samples were identified by using the 
program, Multivariate Analysis of Transcript Splicing 
(MATS, http:// rnaseq- mats. sourc eforge. net/) [36].

Analysis of cell apoptosis using flow cytometry
The KB-C2 cells and the derivative cdk4- or cdk6-defi-
cient cells were seeded into a 24-well plate at 1 ×  105 
cells per mL of medium and cultured with colchicine 
(1.25 μM) for 24 h. The cells were treated with 0.25% 
trypsin, followed by DMEM to terminate trypsin activ-
ity and washed two times with cold PBS. The cells incu-
bated with the medium were used as a control group. 
Cell apoptosis was determined using an Annexin V-FITC 
Apoptosis Detection Kit (Solarbio Science & Technology 
Co., Ltd., Beijing, China), following the manufacturer’s 
instructions. The cellular apoptosis and necrosis ratios 
were analyzed using a CytoFLEX flow cytometer (Beck-
man Coulter, Brea, CA).

Determining the effect of cdk4 or cdk6 deficiency 
on the cell cycle
The KB-C2 cells and cdk4- or cdk6-deficient cells derived 
from KB-C2 were seeded into a 24-well plate at 1 ×  105 
cells per mL of medium and cultured with colchicine 
(1.25 μM) for 24 h. Next, the cells were treated with 0.25% 
trypsin, followed by DMEM and washed two times with 
PBS. The cells incubated with medium were used as 
a control group. The stage of the cell cycle was deter-
mined using a Cell Cycle Staining Kit (Multi Sciences 
(LianKe) Biotech, Co., Ltd., Hangzhou, China), follow-
ing the manufacturer’s instructions. The cell populations 
were analyzed using a CytoFLEX flow cytometer (Beck-
man Coulter, Brea, CA) and the population range corre-
sponding to the untreated KB-C2 cells in the best status 
(approximately 65% among all cell events), was selected 
as the gate for all the tested cell groups. All experiments 
were repeated in triplicate.

In vivo studies
We established two tumor-bearing mouse models to eval-
uate the reversal of MDR tumor effect of cdk6 deficiency 
in  vivo. To establish the KB-C2 and KB-C2-k.o.cdk6 
tumor-bearing mouse models, the aliquots (0.1 mL) of 
cancer cells in sterilized saline solution (1.0 ×  107 cells/
mL) were subcutaneously inoculated into the back neck 
of the nude mice (BALB/c-nu). The mice were randomly 
divided into 4 groups (9 mice per group) with equiva-
lent average starting tumor size (~ 50  mm3) and body 
weight (~ 23 g) treated with 0.9% saline (set as control) 
or DOX (2 mg  Kg− 1), via the intraperitoneal route of 
administration for each tumor-bearing mouse model. 

http://metascape.org
http://string-db.org
http://string-db.org
https://github.com/CJ-Chen/TBtools
http://rnaseq-mats.sourceforge.net/
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Animals were examined daily, and their body weights and 
tumor sizes were determined using the formula: Tumor 
size = Length×Width×Height×π/6 [37]. The increased 
tumor sizes were calculated by subtracting the tumor 
sizes in the initial group from that of saline- or DOX-
treated group at the subsequent measurement time. Ani-
mals were sacrificed 19 days after treatment.

The pathological morphology of liver, lung, spleen, 
heart, stomach and kidney of nude mice after drug with-
drawal was analyzed by HE staining. Based on transcrip-
tome analysis, genes with high level of expression in both 
KB-C2 and KB-C2-k.o.cdk6 are screened. Among them, 
cytoskeleton-associated protein 4 (CKAP4) was used as a 
biomarker for determination of distribution of KB-C2 or 
KB-C2-k.o.cdk6 in different organs including liver, lung 
and spleen. Immunofluorescence staining was then per-
formed to analyze tumor cell migration in each group of 
tumor-bearing nude mice.

Statistical analysis
All experiments were performed three times and the 
results were analyzed using Student’s unpaired t-test 
using SPSS 20.0 software (SPSS Inc., Chicago, IL). Data 
were expressed as the mean ± standard error of the mean 
(SEM). Results showing P values less than 0.05 were con-
sidered statistically significant.

Experimental procedures
Reversal of MDR in cancer cells was studied by MTT 
assay. The expression level of ABCB1 was analyzed by 
Western blot assay and immunofluorescence (IF). the 
transcription and expression of the target genes were 
determined by RT-PCR and Western blotting, respec-
tively, after stabilizing the gene deficient cells for 1 month 
via continuous cell cultivation. Up- or down- regulation 
of relative proteins and signaling pathways was studied 
by differential expression analysis and the mechanism 
was explored by identification of AS events and protein-
protein interaction (PPI). Cell apoptosis and the cell cycle 
were analyzed by flow cytometry.

Results
Ribociclib, an inhibitor for CDK4/6, could downregulate 
ABCB1 expression
During screening the agents for reversal of ABCB1-
mediated MDR, we found that ribociclib (LEE011), an 
inhibitor for CDK4/6, could significantly downregulate 
ABCB1 expression in MDR KB-C2 cells, as shown by 
immunofluorescence results and Western blot (Fig.  1). 
To our knowledge, most of the CDK4/6 inhibitors did not 
show the capability to reverse ABCB1-mediated MDR or 
downregulate ABCB1 expression. This could possibly be 
related to the low efficacy of CDK4 or CDK6 to regulate 

ABCB1 expression, or to the low intracellular accumu-
lation efficiency and relatively poor specificity of many 
known inhibitors. Therefore, it is necessary to perform 
gene knockout to elucidate whether CDK4 or CDK6 
deficiency has a role in reversing ABCB1-mediated drug 
resistance.

The knockout of cdk4 and cdk6 genes using the CRISPR/
Cas9 gene editing technique
To explore the potential mechanism of CDK4 or CDK6 
in regulating ABCB1 expression, cdk4 and cdk6 genes 
were knocked out by transfecting KB-C2 cancer cells 
with the all-in-one CRISPR/Cas9 plasmid harboring the 
sgRNA that targets either the cdk4 or cdk6 genes (Fig. 2). 
The transfected cells were stabilized through continu-
ous culture for at least 2 weeks. The deletions of cdk4 or 
cdk6 genes in KB-C2 produced a significant decrease in 
the expression of the CDK4 and CDK6 proteins, respec-
tively (Fig. 2B). Western blot analysis (Fig. 2B), RT-PCR 
analysis (Fig.  2B) and transcriptome sequencing and 
quantification (Table S1) indicated that cdk4 or cdk6 
gene  were deleted by chromosomal recombination. The 
cdk4 or cdk6 deficient KB-C2 cells were named as KB-
C2-k.o.cdk4 or KB-C2-k.o.cdk6, respectively.

CDK6 is a potential target for on‑off regulation of ABCB1 
expression and ABCB1‑mediated MDR
Amazingly, the gene deletion experiments indicated that 
the cdk4 and cdk6 genes have different roles in regulat-
ing ABCB1 expression and ABCB1-mediated MDR in 
KB-C2 cells. Compared with the KB-C2 cells, the dele-
tion of the cdk6 alone induced significant downregulation 
in the expression of the ABCB1 transporter in the KB-
C2-k.o.cdk6 cells (Fig.  2C). The Western blot indicated 
that wild-type ABCB1 was remarkably downregulated 
in KB-C2-k.o.cdk6 cells (Fig. 2C) whereas trace amounts 
of ABCB1 homologous protein with a higher molecular 
weight might exist. Due to the decreased ABCB1 trans-
porter expression, cdk6-deficient KB-C2 cells achieved 
remarkable reversal of MDR, showing significant increase 
in sensitivity to ABCB1 substrates colchicine (Fig.  2D) 
and paclitaxel (Fig. 2E), demonstrating that CDK6 regu-
lates cancer MDR mediated by ABCB1 specifically.

Similarly, ABCB1 positive protein signal in Western 
blot was upregulated in KB-C2-k.o.cdk4 population, 
in which cdk4 gene was knocked out (Fig.  2C). In line 
with this phenomenon, MDR was increased in the KB-
C2-k.o.cdk4 (cdk4 deficient KB-C2) cells incubated with 
low-to-medium concentrations of colchicine (< 2.5 μM) 
or paclitaxel (< 4 μM). However, MDR was not enhanced 
at higher concentrations of these drugs, indicating that 
KB-C2 cells deficient in CDK4 were more suscepti-
ble when incubated with higher concentrations of the 
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drugs. Thus, our results clearly indicate that CDK6 and 
CDK4 function as possible on-off switches that regulate 
the expression of the ABCB1-mediated MDR, although 
CDK4 is homologous to CDK6. Native CDK6 may have 
a role in maintaining ABCB1-mediated MDR of cancers.

Determining potential pathway(s) for CDK6 to regulate 
ABCB1 expression
The downregulation of ABCB1 induced by CDK6 defi-
ciency in KB-C2-k.o.cdk6 attracted our attention. In 
order to uncover the pathway for CDK6 to downregulate 

Fig. 1 Downregulation of ABCB1 expression by ribociclib. A Molecular structure (3‑dimentional) of ribociclib. B, C Immunofluorescence (IF) and 
Western blot data indicating ABCB1 expression was significantly downregulated by incubating the KB‑C2 cells with 9 μM of ribociclib (Rib)/LEE011 
for 72 h. Before the analysis, KB‑C2 and KB‑3‑1 cells were incubated with 0.07 or 0.01 μM (lower than the  IC50 values) of colchicine, respectively (to 
simulate the conditions with presence of colchicine during reversal of MDR and to maintain normal morphology in cells). ABCB1 expressed on the 
cell membrane is depicted by arrows in red

(See figure on next page.)
Fig. 2 The effect of the deletion of cdk4 or cdk6 gene on the regulation of ABCB1 and the reversal of ABCB1‑mediated MDR. A An all‑in‑one plasmid 
for CRISPR/Cas9 gene editing. B Western blot and RT‑PCR analysis verifying the specific knockout of the targeted gene. The red stars depict the 
decrease in the copies of the target PCR. Truncated proteins are depicted by head‑down arrows. C ABCB1 expression in the cdk4‑ or cdk6‑deficient 
KB‑C2 cells. The cell lysates containing identical amounts of total proteins were used for determining gene knockout in (B) and ABCB1 expression 
(C). D, E The alteration of ABCB1‑mediated MDR in the cdk6- or cdk4-deficient KB‑C2 cells. Two substrate anticancer drugs of ABCB1, colchicine and 
paclitaxel, were used to compare ABCB1‑mediated MDR in the cancer cells
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Fig. 2 (See legend on previous page.)
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ABCB1 expression and reverse MDR, we analyzed dif-
ferential gene expression based on the transcriptome 
sequencing database of the KB-C2-k.o.cdk6 cell popula-
tion. Among the 8974 genes with significant variance in 
gene expression (p-adjust < 0.001, differential folds > 1.3), 
the Top10 KEGG pathways involved in the differential 
gene expression caused by knockout of CDK6 are inti-
mately related to advanced glycation end product (AGE)-
AGE receptor (AGE-RAGE) signaling, transforming 
growth factor-β signaling, endocrine resistance (acquired 
drug resistance to endocrine therapy of cancers), tumor 
necrosis factor signaling, et  al., among which CDK6 is 
one of the top10 factors (Fig.  3A). Among the proteins 
most correlated with endocrine resistance, neurogenic 
locus notch homolog protein 3 (NOTCH3), transcription 
factor AP-1 (JUN), and mitogen-activated protein kinase 
10 (MAPK10) were downregulated, whereas phosphati-
dylinositol 3-kinase regulatory subunit gamma (PIK3R3), 
G-protein coupled estrogen receptor 1 (GPER1), cyclin-
dependent kinase inhibitor 2C (CDKN2C), cytochrome 
P450 2D6 (CYP2D6), cAMP-dependent protein kinase 
catalytic subunit beta (PRKACB), phosphatidylinositol 
3-kinase regulatory subunit beta (PIK3R2) and notch 
2 N-terminal like B (NOTCH2NLB) were upregulated. 
Interactions between 1) MAPK10 and JUN, 2) PIK3R2 
and PIK3R3 were revealed (Fig. S1). We then selected 
the “drug resistance” associated genes from KEGG cat-
egory. Network analysis showed that they belong to 
one or more groups associated with different types of 
resistance or response to drugs or stimuli (Fig. 3B). The 
differential expression of these genes in KB-C2 and KB-
C2-k.o.cdk6 are shown in Fig. 3C. Protein-protein inter-
action (PPI) analysis revealed: 1) the signaling pathways 
involving CDK4, FOS, PRKACB, brain V-type proton 
ATPase subunit B2 (ATP6V1B2), mitochondrial ATP 
synthase subunit e (ATP5ME) and mitochondrial ATP 
synthase-coupling factor 6 (ATP5PF), and 2) PI3K/HRAS 
signaling pathways. However, no regulation between 
these genes and ABCB1 expression was retrieved, either 
using metascape or STRING platform (Fig. 3D, Fig. S2). 
Nevertheless, the experimental data showed that a series 
of endocrine resistance-related signaling factors were 
upregulated or downregulated in the cdk6-deficient cells. 
Among them, FOS-promoting cell autophagy [38] was 
upregulated, whereas PI3K (PIK3CA/PIK3CB), which is 
a key signaling factor in cancer and was found to regulate 

ABCB1-mediated MDR in our recent study [2], was 
downregulated accompanying the remarkable downregu-
lation of ABCB1 (Fig. 4A, B and C).

Cross‑downregulation between CDK6 and PI3K 110α/110β 
suppresses ABCB1 expression in cdk6 deficient cancer cells
Our previous study revealed that P110α and P110β could 
be potential targets that regulate ABCB1-mediated MDR 
in cancers [2]. It is of great interest whether cdk6 gene 
downregulation may cause co-downregulation of PI3K 
110α and 110β expression. In so doing, both P110α and 
P110β expression levels are significantly downregulated 
with the knockout of cdk6 gene (Fig.  4A and C, Table 
S1). Therefore, downregulation of ABCB1 expression and 
reversal of ABCB1-mediated MDR in KB-C2-k.o.cdk6 
could possibly, at least partially be induced by the down-
regulation of P110α and P110β resulted from knocking 
out the cdk6 gene.

Furthermore, knockout of cdk6, PIK3CA or PIK3CB in 
KB-C2 indicated that CDK6 and P110α/P110β could pos-
itively regulate each other (Tables S1, S2). This reverse 
regulation of P110α/P110β on CDK6 was also found in 
H460/MX80 cells via knockout of PIK3CA or PIK3CB 
genes (Table S2), and further strengthened the possibility 
that cross regulation exists between CDK6 and P110α/
P110β, which co-interact and synergize to regulate 
ABCB1 expression and ABCB1-mediated MDR in KB-C2 
and H460/MX80 cells (Fig. S2).

CDK6, CDK4 and PI3K 110α/110β regulate ABCB1 
expression by inducing AS of pre‑mRNA of ABCB1 gene
By using the TPM (transcripts per million mapped reads) 
level of GAPDH encoding transcript (ENST00000229239) 
as the standard, the levels of transcripts encoding native 
functional CDK6 (326 aa), i.e. ENST00000265734 and 
ENST00000424848, were dramatically decreased in KB-
C2-k.o.cdk6 cell populations, and 25 and 3%, respectively, 
remained as compared with those detected in non-gene-
deficient KB-C2 cells (Fig.  4A,C Table S1). The ABCB1 
transcripts ENST00000622132 and ENST00000265724 
encoding functional ABCB1 (1280 aa) protein decreased 
to 25 and 0%, respectively, in KB-C2-k.o.cdk6 as com-
pared with KB-C2 MDR cells (Fig. 4B, Table S1).

To study the mechanisms of the altered ABCB1 expres-
sion induced by CDK6 or CDK4, we analyzed the AS of 
the pre-mature mRNA of ABCB1 gene, which expresses 

Fig. 3 Category of the differential expression of genes and networks of the selected genes including the drug‑resistant genes in KB‑C2 and 
KB‑C2‑k.o.cdk6 cells. A Top10 KEGG pathways involved in the differential gene expression caused by knockout of cdk6 in KB‑C2. B Network of 
enriched genes. The items are colored by cluster ID, where nodes that share the same cluster ID are typically close to each other. C Differential 
degree of the drug‑resistant and ‑selected genes in KB‑C2‑k.o.cdk6 cells. D Protein‑protein interaction network of the proteins that are most 
correlated with acquired drug resistance to endocrine therapy of cancers

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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protein ABCB1. The results demonstrated that in either 
KB-C2 cell population with cdk6 or cdk4 deficiency, 
a high frequency of skipped exon (SE) splicing was 
detected in the ABCB1 pre-mRNA (Table 1). Among the 
14 SE events in ABCB1 pre-mRNA of KB-C2-k.o.cdk6 
cells, 12 of them were novel chromosomal AS events. 
Thirteen SE were found in KB-C2-k.o.cdk4 cells, where 
10 were novel chromosomal AS. The high frequency of 
AS events in ABCB1 pre-mRNA in response to cdk6 or 
cdk4 deficiency generated altered expression level of the 
ABCB1 protein, further demonstrating that CDK6 and 
CDK4 may regulate ABCB1 expression by generating 
responsive AS in ABCB1 pre-mRNA.

The knockout of either PIK3CA (encoding P110α) or 
PIK3CB (encoding P110β) in KB-C2 cells also resulted in a 
number of novel AS events in ABCB1 pre-mRNA and down-
regulation of ABCB1 protein expression (Table 1). Interest-
ingly, 10 common SE positions in ABCB1 were found in 
the four types of gene-deficient cell populations, i.e., KB-C2 
cells deficient in cdk6, cdk4, PIK3CA and PIK3CB (Table 1). 
They correspond to 87,550,170–87,550,296, 87,536,457–
87,536,541, 87,541,356–87,541,464, 87,549,347–87,549,518, 
87,550,724–87,550,838, 87,566,069–87,566,241, 87,566,784–
87,566,976, 87,595,765–87,595,814, 87,601,966–87,603,140, 
87,605,645–87,605,775 on Chromosome 7 (Table 1). These 
positions could be responsible for the high frequency of AS 
in ABCB1 pre-mRNA, leading to changes in ABCB1 expres-
sion in these gene-deficient cell populations.

Profile of the protein‑protein interaction network linking 
the most differently expressed factors in KB‑C2 cells 
deficient in cdk6
Transcriptome sequencing and quantification revealed 
that the knockout of cdk6 gene (indicated by a red star 
in Fig. 4D) induced downregulation of KRAS, CDKN2B, 
NOTCH3, GADD45A, JUN, FOXO3, TGFBR1, and 
upregulation of CDKN2C, further induced down-
regulation of a series of factors, such as PDPK1, SER-
PINE1, PTGS2, MAPK10, RASSF5, PTGS2 and NGFR, 
and upregulation of PIK3R2, PIK3R3, and PRKACB 
(Fig.  4D). The majority of the signaling factors were 

downregulated. CD36, ITGA11, AGT, FGF21, INHBA 
and TGFA were the most significantly downregu-
lated factors. FGF18, ACTN2, FGF11, GDF6, PIK3R3, 
PIK3R2 and MYH7 were the most significantly upregu-
lated ones (Fig. 4D). Among the downregulated factors, 
KRAS, JUN, MAPK10, FN1 and SERPINE1 are in a rela-
tively central position, and regulates multiple pathways 
(Fig.  4D). Among the upregulated factors, ATP2A2, 
PRKACB, PIK3R2, PIK3R3, and CXCL1 regulate multi-
ple pathways (Fig. 4D).

Among the significantly downregulated proteins, 
KRAS is a GTPase and a proto-oncogene product relay-
ing early signals from outside the cell to the cell nucleus 
[39]. It is one of the effectors downstream of EGFR acti-
vation and triggers intracellular signaling cascades such 
as MAPK and PI3K [40]. It is interesting that KRAS was 
significantly downregulated in either CDK6 or P100α/
P110β deficient cell populations. The JUN product, 
proto-oncoprotein c-JUN, in combination with c-Fos, 
forms oncogenic transcription factor that interacts with 
specific target DNA sequence to regulate gene expres-
sion and is involved in both translocations and deletions 
in human malignancies [41]. Mitogen-activated protein 
kinase 10 (MAPK10), also known as c-Jun N-terminal 
kinase 3 (JNK3) is a c-Jun N-terminal kinases (JNKs) 
that may prevent cell apoptosis. MAPK10/JNK3 sign-
aling may induce carcinogenesis [42]. Knocking down 
MAPK10 suppressed ovarian cancer cell growth and 
migration [43]. Fibronectin 1 (FN1) is a glycoprotein of 
the extracellular matrix that binds to integrins (a type of 
membrane-spanning receptor proteins) [44]. It can sup-
press apoptosis and promoted viability, invasion, and 
migration in cancers [45]. SERPINE1 gene in human 
encodes serpin E1, also known as endothelial plasmino-
gen activator inhibitor or plasminogen activator inhibi-
tor-1 (PAI-1), which has significant functions in the 
cancer occurrence, relapse and multidrug resistance [46]. 
Therefore, the knockout of cdk6 gene inducing remark-
able downregulation of these genes (Fig. 5) may contrib-
ute to the inhibition on the survivability or proliferation 
of the KB-C2 cells.

(See figure on next page.)
Fig. 4 Cross‑downregulation of CDK6‑PI3K axis in the cdk6‑deficient KB‑C2 cells reduced the expression of ABCB1 by inducing responsive 
alternative splicing (AS) in the pre‑mRNA of ABCB1. A Relative expression of the functional proteins including CDK6, CDK4, ABCB1, PIK3CA and 
PIK3CB in KB‑C2 and the cdk6‑deficient KB‑C2 cell populations. Major transcripts according to each intact protein were calculated in the cells 
expressing identical level of GAPDH. B Heatmap showed that through AS of pre‑mRNA in response to cdk6 deletion, the level of the transcripts 
expressing functional ABCB1 protein was significantly downregulated whereas some transcripts expressing truncated inactive ABCB1 peptides (e.g., 
ENST00000488737) were upregulated in the KB‑C2 cells with deleted cdk6 gene. C Differential expression heatmap showing downregulation of PI3K 
110α and 110β (encoded by PIK3CA and PIK3CB genes, respectively) in the KB‑C2‑k.o.cdk6 population as compared with the non‑gene deficient 
KB‑C2 cells. D Protein‑protein interaction network showing the pathways linking the differently expressed proteins in the KB‑C2 cells with deficiency 
of cdk6. This network reflects the factors that have most intimate relationships with CDK6, and the pathways that are regulated by deletion of cdk6 
and belong to different biological functions. Yellow represents the protein with no significant difference in expression. From green to blue, the 
downregulation of proteins is gradually obvious. From orange to red, the up regulation of proteins is gradually obvious
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Fig. 4 (See legend on previous page.)
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Among the significantly upregulated proteins, ATP2A2 
as one of the P-type pumps important for higher order 
physiological processes, is an isoform of the SERCA 
 Ca2+-ATPases that catalyze the hydrolysis of ATP, maintain 
nanomolar cytoplasmic  Ca2+ levels, and provide high lev-
els of  Ca2+ in the endoplasmic reticulum, Golgi, and secre-
tory vesicles which store  Ca2+ for a wide range of signaling 
functions [47, 48]. cAMP-dependent protein kinase cata-
lytic subunit beta (PRKACB) is a member of the serine/
threonine protein kinase family and is a catalytic subunit 
of PKA. By activating the protein kinase A (PKA), which 
transduces the signal through phosphorylation of variant 
target proteins, it functions as a signaling molecule impor-
tant for a variety of cellular activities [49]. As reported, 
down-regulation of PRKACB is related to the occurrence 
of various human malignancies [50]. the PI3K regulatory 
subunits PIK3R2/p85beta and PIK3R3/p55gamma, are 
frequently overexpressed in various cancers [51, 52]. The 
chemokine (C-X-C motif) ligand 1 (CXCL1) is a small pep-
tide belonging to the CXC chemokine family. It promotes 
arteriogenesis through enhanced monocyte recruitment 
into the peri-collateral space and has relationship with 

tumor progression [53, 54]. For these significantly upregu-
lated genes that have central regulation function and are 
involved in multiple signaling pathways (Fig. 4D), ATP2A2 
and PRKACB upregulation may contribute to inhibiting 
the viability of KB-C2 cells. It is also the first time to unveil 
the significant upregulation of some malignancy related 
genes including PIK3R2, PIK3R3 and CXCL1. These results 
indicated that responsive upregulation or downregula-
tion of a number of genes and signaling pathways occurred 
that affected multiple cell functions after cdk6 knockout. 
The mostly changed signaling pathways downregulating 
ABCB1 expression and inhibiting cancer cell proliferation 
were concluded in Fig. 5.

Knockout of cdk6 or cdk4 gene promotes apoptosis, 
but only cdk6 deficiency reverses MDR in KB‑C2 cells
In the cdk4- or cdk6-deficient KB-C2 cells cultured with or 
without colchicine, the proportion of non-apoptotic cells 
was half declined compared with the original KB-C2 cells 
(Fig. 6A). The deletion of the cdk6 gene induced transition 
of more cells from slightly apoptotic status to heavily apop-
totic status (Fig. 6).

Fig. 5 Regulation of CDK6‑PI3K axis on ABCB1‑mediated drug resistance. Knockout of cdk6 gene in KB‑C2 with CRISPR/Cas9 technique induced 
attenuation of ABCB1‑mediated drug resistance. It promoted AS in the pre‑mRNA expressing ABCB1, generating differential expression of the 
transcripts encoding functional ABCB1 protein or truncated abnormal peptides, further decreased the level of functional ABCB1 transporters. 
With the deficiency of cdk6 in KB‑C2 cells, PI3K 110α and 110β expression were downregulated, which induced AS of ABCB1 pre‑mRNA and led to 
inhibition of ABCB1 expression and reversal of ABCB1‑mediated MDR, inhibiting cell division and promoting cell apoptosis. A series of signaling 
pathways critical for malignancies were downregulated in the KB‑C2‑k.o.cdk6 cell population
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The culture of KB-C2 cells with colchicine (1.25 μM) only 
produced minor increase of apoptotic cells because KB-C2 
cancer cells are highly resistant to colchicine (Fig. 6). How-
ever, cdk6 knockout remarkably increased the drug sen-
sitivity and induced significantly promoted transition 
from moderately apoptotic cells to heavily apoptotic cells 
(15.6%) in KB-C2-k.o.cdk6 cells incubated with colchicine 
compared with control cells incubated without colchicine 
(8.35%) (Fig.  6). Slightly increase of non-apoptotic cells 
and decrease of moderately apoptotic cells was detected 
in the drug-treated KB-C2-k.o.cdk4 cell populations (cdk4 
deleted KB-C2) compared with control cells (Fig. 6).

The deletion of cdk6 or cdk4 accelerates cell senescence 
in the  G1 phase, whereas cdk6 deletion remarkably 
decreased the drug resistance of KB‑C2 cells to colchicine
Deletion of either cdk4 or cdk6 accelerated senescence in 
 G1 phase and promoted apoptosis of KB-C2 cells (Fig. 6B, 
Table S3). However, the deficiency of cdk6 but not cdk4, 
caused significant inhibition on cell division in G2-M 
phase in the presence of colchicine compared with non-
gene-deficient KB-C2 cells. This further demonstrated 
that the knockout of ckd6 gene but not cdk4 reversed the 
MDR of KB-C2 via a mechanism of inhibiting cell divi-
sion. As reported, colchicine binds to microtubules that 
form the mitotic spindle during cell division, thereby 
leads to mitotic arrest and ultimately cause cell death 
[55]. Downregulation of ABCB1 by the deficiency of 
CDK6 may reduce the efflux of colchicine which results 
in the increase of colchicine accumulation within the 
cells and enhanced inhibition on cell division.

Loss of gene cdk6 remarkably increased the sensitivity 
of KB‑C2 tumors to DOX by increasing DOX accumulation 
inside the tumor cells
DOX remarkably inhibited the cdk6 deficient KB-C2, i.e., 
KB-C2-k.o.cdk6 tumors. Among the 9 KB-C2-k.o.cdk6 
tumors, 6 were completely eliminated, and only 3 with 
very small sizes were detected (Fig. 7A and B) by the 19th 
day after DOX treatment. Tumor enlargement was most 
rapid in DOX-untreated KB-C2 group, followed by DOX-
treated KB-C2 and DOX-untreated KB-C2-k.o.cdk6 
groups. This result indicated that loss of gene cdk6 
remarkably increased the sensitivity of KB-C2 tumors 

to DOX. Meanwhile, cdk6 deficiency can inhibit tumor 
growth to some extent because this gene is important for 
cancer cell proliferation.

To find out the mechanisms of the enhanced inhibi-
tion in KB-C2-k.o.cdk6 tumors, the drug sensitivity to 
DOX was compared between the cdk6-present and cdk6-
deficient tumors. All remaining KB-C2-k.o.cdk6 tumors 
showed strong fluorescence of DOX, while only a small 
part of the KB-C2 tumors had detectable DOX accu-
mulation (Fig.  7C). This result demonstrated that cdk6 
deficiency greatly reversed the drug resistance caused by 
ABCB1, of which DOX is its substrate, as more amount 
of DOX was concentrated within the tumor cells where 
ABCB1 was downregulated by cdk6 deficiency.

With the inhibition of tumor growth, pathological 
changes including focal infiltration of peri-bronchial 
inflammatory cells and expansion of the germinal center 
in spleen white pulp was remarkably reduced in the 
DOX-treated nude mice bearing KB-C2-k.o.cdk6, as 
compared with the KB-C2 groups or the DOX-untreated 
KB-C2-k.o.cdk6 group (Fig. 7D).

Combining knockdown of cdk6 and DOX‑chemotherapy 
inhibited growth and metastasis of KB‑C2 tumor in vivo
Gene differential expression analysis and immunofluo-
rescence analysis indicated that KB-C2 cells with small 
cell nuclei and spindle-shaped morphology showed 
strong CKAP4-positive signal. High levels of tumor cell 
metastasis were detected in the liver, lung and spleen of 
KB-C2 tumor-bearing nude mice, and more tumor cells 
were distributed inside the organs, as compared with 
KB-C2-k.o.cdk6 tumor- bearing nude mice (Fig.  8). In 
KB-C2-bearing nude mice treated with DOX, the tumor 
cells in the organs were only slightly less than those 
without DOX treatment, and in the lungs, the tumor 
cells showed obvious inward invasion and growth. In 
KB-C2-k.o.cdk6-bearing nude mice with DOX treat-
ment, the tumor cells that had invaded in the interior of 
the organ were the least (Fig. 8), and for the lungs, they 
were detected only around one outside and no appar-
ent signals were detected inside the lung tissues. These 
results demonstrated that combining knockdown of cdk6 
and DOX chemotherapy inhibited the metastatic ability 

(See figure on next page.)
Fig. 6 Flow cytometer analysis of cell apoptosis and cell cycle in KB‑C2 cells with the deletion of cdk6 or cdk4 gene.A Apoptosis of KB‑C2 cells 
with deletion of cdk6 or cdk4 gene. The KB‑C2‑k.o.cdk6 and KB‑C2‑k.o.cdk4 cells were either incubated with a vehicle (media without colchicine) 
or colchicine (Col) for 24 h. The fluorescent intensity of the cells at the various heights on the axis are presented as spot groups showing the 
percentage of viable to severely apoptotic cell populations. The populations comprising heavily apoptotic (HA) cells (P1‑P6), moderately apoptotic 
(MA) cells, slightly apoptotic (SA) cells and non‑apoptotic (NA) cells were indicated by dots in black, blue, green, and red, sequentially.  Col: 
colchicine. The fluorescence of PI and FITC was determined through PC7‑A and FITC‑A tracks, respectively. B Alteration of cell cycle in the KB‑C2 
cells with the deletion of cdk6 or cdk4 gene. The cells were co‑incubated with the vehicle or colchicine (Col) for 24 h. The fluorescence of PI was 
determined through PE‑A track
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Fig. 6 (See legend on previous page.)
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of MDR KB-C2 cells. Interestingly, KB-C2-k.o.cdk6 cells 
were eliminated in the lungs of the nude mice after they 
received DOX by injection.

Discussion
MDR of cancers can induce failure of chemotherapy. As 
one major reason of MDR in cancers, ABC transporters 
are highly expressed in various MDR cancer cell lines [56, 

57]. Today, a number of ABC transporter inhibitors have 
been explored to attenuate the activity of the ABC trans-
porters to pump out chemotherapeutic drugs [2, 58]. 
However, most of the inhibitors may have several targets, 
some of which have important function in normal cells 
[31]. Furthermore, the regulatory mechanisms are greatly 
unknown; as such risks of side-effects may be increased. 
Seeking safer targets, often based on tumor-specific 

Fig. 7 In vivo study of the function of gene cdk6 to regulate drug‑resistance of KB‑C2 tumors. A Image of the tumors from the tumor‑bearing mice 
showing the tumor morphology and the fluorescent DOX (depicted with yellow‑green arrows) accumulated in the cdk6‑present or cdk6‑deficient 
tumors. The mice treated with saline were set as the blank control group. The tumors were sampled by the 19th day of DOX treatment. B Increased 
tumor sizes after the mice received chemotherapy using DOX. The mice treated with saline were set as the blank control group. C Comparison of 
the relative fluorescent intensity showing the difference of DOX accumulation in the cdk6‑present or cdk6‑deficient tumors. D Pathology of main 
organs of the mice bearing KB‑C2 or KB‑C2‑k.o.cdk6 tumors. The organs were sampled by the 19th day after DOX treatment. The circle in black 
depicts focal infiltration of peri‑bronchial inflammatory cells. The arrows in red depicts white pulp germinal center expansion, which occurred 
frequently in the tumor‑bearing mice untreated with DOX, but only occasionally detected in the DOX‑treated mice bearing KB‑C2‑k.o.cdk6
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Fig. 8 Migration of cdk6 intact and deficient KB‑C2 cells to lungs, spleens and livers in the nude mice. A The results of immunofluorescence 
labeling of CKAP4 showed that the cdk6‑deleted cancer cells in the nude mice injected with DOX were the least in number of metastasis spots. 
DOX had little effect on the metastasis of cancer cells without cdk6 deletion, and had a significant effect on the metastasis of cdk6‑deleted cancer 
cells. All nude mice without DOX injection had serious cancer cell metastasis. B KB‑C2‑k.o.cdk6 cells were eliminated from the lungs in nude mice 
after treatment with DOX. The arrows in orange depict the distorted dead KB‑C2‑k.o.cdk6 cells that had expressed high level of CKAP4. Due to the 
damage of the nuclei, DAPI fluorescence was absent in these cells. To testify this phenomenon, red and green fluorescence, respective of Cy3 and 
FITC labeled secondary antibodies, were used to determine antigen CKAP4‑abundant KB‑C2‑k.o.cdk6 cells
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proteins that regulate ABC transporters, has become an 
ideal approach to improve MDR-reversal in cancer ther-
apy. As ABCB1 is a vital ABC transporter for the cancer 
cells to extrude a variety of anti-cancer drugs [31, 59, 60], 
we investigated the targets to reverse ABCB1-mediated 
MDR based on screening of effective reversal agents and 
gene deletion technology, and revealed a novel targeting 
pathway. In KB-C2, CDK6 may induce on-off regulation 
of ABCB1 expression through coordination with PI3K 
110α/β and inducing AS in the ABCB1 pre-mRNA. In 
a parallel study, similar regulation of ABCB1-mediated 
MDR by CDK6 was observed in H460/MX80-k.o.cdk6, 
in which cdk6 was knocked out from the NSCLC H460/
MX80 MDR cells (Fig. S3). Therefore, CDK6 may be 
potential and secure targets for reversing ABCB1-medi-
ated MDR, since its overexpression has been shown to 
stimulate cancer cell proliferation [61].

At present, the project focusing on the function of ribo-
ciclib in inhibiting the ABCB1 mediated-MDR in cancers 
are undergoing in our laboratory. Because the mecha-
nisms for ribociclib to downregulate ABCB1 and inhibit 
P-gp mediated MDR in cancers could be associated with 
many aspects, we are currently performing experiments, 
including real-time PCR of ABCB1 in ribociclib treated 
cells, or transcriptome sequencing and quantification, 
in addition to Western blot and immunofluorescence 
which we have done, to explore the ABCB1 expression at 
the transcription level. We will also try to explore other 
potential pathway(s) through the participation of which, 
ribociclib might downregulate ABCB1 expression. In 
addition, our unpublished data showed that the struc-
ture of ABCB1 could be changed by ribociclib at effective 
MDR-reversal concentration (e.g., 9 μM) under physi-
ology condition, causing inhibition of the ATPase and 
drug-efflux activity of ABCB1, indicating that ABCB1 
was less stable through interaction with ribociclib. Due to 
the intricacy of the function of ribociclib within the MDR 
cancer cells, specific gene deletion was performed to ana-
lyze whether CDK6 could be an effective target for over-
coming ABCB1-mediated MDR in cancer cells.

We recently realized that the knockout of mutant PI3K 
110α or 110β achieved inhibition of ABCB1 expression 
as well as reversal of MDR mediated by ABCB1 [2]. We 
further found in this study that downregulation of CDK6 
expression through gene knockout downregulated the 
expression of PI3K P110α and P110β subunits, and vice 
versa. This cross regulation between CDK6 and P110α/
P110β could explain the remarkable decrease in ABCB1 
expression and MDR in cdk6 or P110α/P110β deleted 
KB-C2 cells.

Upon further analysis of the regulatory mechanism of 
ABCB1 expression by CDK6, CDK4 and PI3K 110 α/β, 
we surprisingly found that the TPM levels of the ABCB1 

transcripts expressing the ABCB1 protein and trun-
cated ABCB1 peptides varied significantly between the 
gene-deficient KB-C2 cell populations and non-gene-
deficient KB-C2 cells. In addition, we found that a high 
frequency of SE splicing events had occurred during AS 
of the ABCB1 pre-mRNA that expresses ABCB1. This 
could explain the markedly reduced ABCB1 level in KB-
C2-k.o.cdk6 cells and enhanced expression of ABCB1 or 
its isoform in KB-C2-k.o.cdk4 cells, which resulted in dif-
ferent efficacy on ABCB1-mediated MDR. Interestingly, 
a knockout experiment indicated that cdk6 was down-
regulated along with the knockout of cdk4 in KB-C2 cells. 
To our knowledge, it is the first time that the responsive 
AS occurrence in the pre-mRNA of ABCB1 was found to 
be induced by the deletion of cdk6, cdk4 or PI3K 110α/β 
subunits. This will surely have significance in reversing 
ABCB1-mediated MDR by modulating cdk6 or cdk4 gene 
expression.

CDK6 has been suggested to be a redundant homolog 
of CDK4 in the past [62]. For the first time, our study 
demonstrated that CDK6 and CDK4 may be two homol-
ogous proteins that differentially regulate ABCB1 expres-
sion in MDR KB-C2 cells. Indeed, our results indicated 
that the knockout of cdk6 reversed ABCB1-mediated 
MDR in KB-C2 cells (Fig.  2, Fig.  6). In this study, dif-
ferential gene expression revealed that, along with the 
deletion of CDK6, a series of signaling pathways altered, 
for example, JUN/MAPK10 which is crucial in regulat-
ing tumorigenesis [42, 63], NOTCH3 which is involved 
in carcinoma and immune tolerance [64], were down-
regulated in KB-C2-k.o.cdk6 cell population, whereas 
CYP2D6 which was responsible for the metabolism 
of many drugs [65], was upregulated. Combining our 
findings that cdk6-deficient cancer cells lost ABCB1-
mediated MDR via co-downregulating PI3K 110α/β, we 
deem that cdk6 could be a promising target for reversing 
ABCB1-mediated MDR and inhibiting cancer cell pro-
liferation simultaneously. It may be hopeful to develop 
strategies based on targeting CDK6 for combined chem-
otherapy of MDR cancers with improved accuracy. In 
this aspect, modernized functional biomaterials can be 
integrated for further enhancing the targeting inhibition 
on CDK6 in cancer cells.

In summary, we demonstrated that regulation of 
ABCB1 can be realized through targeting CDK6-PI3K 
axis. Knockout of the cdk6 gene unveiled a novel target-
ing pathway for overcoming ABCB1-mediated MDR in 
cancers. PI3K 110α/β signaling was downregulated in 
the cdk6-deficient KB-C2 cell populations. A high fre-
quency of responsive AS, mainly SE events, were induced 
by CDK6, CDK4, and PI3K 110α/β level changes, and 
these AS events finally led to the alteration of the ABCB1 
expression and ABCB1-mediated MDR in cdk6 or cdk4 
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deficient KB-C2 cancer cells. Cross-regulation between 
CDK6 and PI3K110α/110β was discovered, and knockout 
of either one of these two genes could induce downregu-
lation of the other and remarkable inhibition of ABCB1 
expression, implying that they may synergize with each 
other to regulate ABCB1 expression. This will greatly 
strengthen the efficiency during reversing ABCB1 when 
using either of them as target.

With the knockout of cdk6, quite a few of signaling fac-
tors leading to inhibition of cancer cell proliferation were 
found to be promoted. For example, FOS-promoting cell 
autophagy [38] was upregulated. It is possible that these 
genes are quite variable in expression to adapt to CDK6 
deficiency.

In the Western blot analysis, the positive signal band 
showed certain peptide with a reduced molecular weight 
in the cdk4 or cdk6 deficient cell populations. This should 
be induced by DNA repairment during CRISPR/Cas9 
gene editing, that is, truncated proteins with similarity 
to wild-type CDK4 or CDK6 was produced after chro-
mosomal repairment. To confirm this, we performed 
RT-PCR and certified deficiency of the objective region 
in cdk4 or cdk6 genes on chromosomes, and the results 
demonstrated knockout of wild-type cdk4 or cdk6 genes.

In vivo experiment demonstrated the function of cdk6 
in maintaining ABCB1-mediated drug resistance in can-
cers. Since cdk6 deficiency or PIK3CA/PIK3CB dele-
tion downregulated each other, and PIK3CA/PIK3CB 
knockout also downregulated ABCB1, we deem that 
CDK6-PI3K signaling axis is an efficient target for atten-
uating ABCB1-mediated MDR. To some degree, cdk6 
deficiency inhibited KB-C2 tumor growth, which showed 
similar efficacy with DOX treated KB-C2 tumors. How-
ever, the efficacy was far less than the DOX-treated 
KB-C2-k.o.cdk6 tumor group. ABCB1-mediated drug 
resistance appeared to be a dominant barrier for inhibi-
tion on KB-C2 tumor.

Most known cancer cells have increased PIK3CA 
expression or more active PIK3CA which may lead to 
enhanced cell survivability, proliferative or anti-apopto-
sis ability, and overexpression of ABCB1 as we reported 
[2]. therefore, realizing downregulation of PIK3CA and 
ABCB1 by knocking out CDK6 in MDR cancer cells 
overexpressing ABCB1 might benefit combined chemo-
therapy against cancer cells with ABCB1-mediated MDR.

Through transcriptome analysis in this study, we found 
that protein CKAP4 is expressed at especially high level 
in both KB-C2 and KB-C2-k.o.cdk6 cells. It was reported 
that CKAP4 was minimally expressed in non-tumor 
cells [66], therefore, it was adopted as a biomarker for 
investigation of KB-C2 and KB-C2-k.o.cdk6 metastasis 
in the tissues of nude mice. We performed transcrip-
tome sequencing and quantification to test the protein 

expression at the transcription level. The results reported 
that CDK6 expression in MDR KB-C2 cells (over express-
ing ABCB1, Fig. S4) was elevated to approximately 7 folds 
(Fig. S5) compared to drug sensitive parental KB-3-1 
cells which did not express detectable amount of ABCB1 
(Fig. S4). This provided a clue for clarifying the regula-
tory effect of CDK6 on ABCB1 by specific gene knockout 
experiment. By knocking down cdk6 in KB-C2 cell popu-
lation, metastasis and survival of KB-C2-k.o.cdk6 tumor 
cells were remarkably inhibited in the DOX-treated 
nude mice, mainly because the drug resistance of KB-
C2-k.o.cdk6 was inhibited compared with KB-C2.

Although a combination of prospective and retrospec-
tive cohort study involving 131 cases of advanced stage 
invasive breast cancer (which have received neoadjuvant 
chemotherapy) indicated that the expression of ABCB1 
had no significant statistical correlation to metastases 
(p = 0.659) [67], whether ABCB1 has any effect on tumor 
cell migration, which has not been clearly studied, is an 
undergoing project we are studying.

Based on these findings, combined targeted chemo-
therapy with improved efficacy can be realized through 
downregulating CDK6-PI3K signaling axis in cancers 
overexpressing ABCB1, which is a common ABC mem-
ber overexpressed in most malignant tumors and func-
tions to generate drug resistance by efflux of its substance 
drugs.

Conclusion
In conclusion, we deem that CDK6-PI3K axis can be ideal 
target for reversing ABCB1 mediated MDR in cancers 
without inducing cancer cell proliferation, and this find-
ing is of great significance for the combined anticancer 
chemotherapy which can reverse multidrug resistance 
and inhibit the growth of tumor cells at the same time. 
This study revealed the cross downregulation between 
CDK6 and PI3K in cdk6 deficient cancer cell popula-
tions, demonstrated that CDK6-PI3K axis could be new 
target for inhibiting ABCB1-mediated MDR. Meanwhile, 
knockout of cdk6 could inhibit cancer cell proliferation 
and malignancy. These new findings will surely benefit 
exploration of new drugs targeting cdk6 or PIK3CA/
PIK3CB genes or gene products through which the thera-
peutic effect could be optimized.
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