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Abstract

Background: Recent genomic analyses revealed that druggable molecule targets were only detectable in
approximately 6% of patients with nasopharyngeal carcinoma (NPC). However, a dependency on dysregulated
CDK4/6–cyclinD1 pathway signaling is an essential event in the pathogenesis of NPC. In this study, we aimed to
evaluate the therapeutic efficacy of a specific CDK4/6 inhibitor, palbociclib, and its compatibility with other
chemotherapeutic drugs for the treatment of NPC by using newly established xenograft models and cell lines
derived from primary, recurrent, and metastatic NPC.

Methods: We evaluated the efficacies of palbociclib monotherapy and concurrent treatment with palbociclib and
cisplatin or suberanilohydroxamic acid (SAHA) in NPC cell lines and xenograft models. RNA sequencing was then
used to profile the drug response–related pathways. Palbociclib-resistant NPC cell lines were established to
determine the potential use of cisplatin as a second-line treatment after the development of palbociclib resistance.
We further examined the efficacy of palbociclib treatment against cisplatin-resistant NPC cells.

Results: In NPC cells, palbociclib monotherapy was confirmed to induce cell cycle arrest in the G1 phase in vitro.
Palbociclib monotherapy also had significant inhibitory effects in all six tested NPC tumor models in vivo, as
indicated by substantial reductions in the total tumor volumes and in Ki-67 proliferation marker expression. In NPC
cells, concurrent palbociclib treatment mitigated the cytotoxic effect of cisplatin in vitro. Notably, concurrent
treatment with palbociclib and SAHA synergistically promoted NPC cell death both in vitro and in vivo. This
combination also further inhibited tumor growth by inducing autophagy-associated cell death. NPC cell lines with
induced palbociclib or cisplatin resistance remained sensitive to treatment with cisplatin or palbociclib, respectively.
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Conclusions: Our study findings provide essential support for the use of palbociclib as an alternative therapy for
NPC and increase awareness of the effective timing of palbociclib administration with other chemotherapeutic
drugs. Our results provide a foundation for the design of first-in-human clinical trials of palbociclib regimens in
patients with NPC.
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Background
Nasopharyngeal carcinoma (NPC) is a prevalent malig-
nancy in southern China and throughout Southeast Asia
[1]. Currently, a combination of platinum-based chemo-
therapy and radiotherapy is the mainstay of treatment
for primary and local NPC [1]. However, 5–10% of all
patients and 15–45% of those with stage IV NPC de-
velop locally recurrent disease after treatment, and ap-
proximately a quarter of patients in the latter group also
develop distant metastases [2, 3]. Accordingly, the man-
agement of advanced NPC, including recurrent, meta-
static, and chemoresistant tumors, remains a major
challenge. New targeted therapeutic methods that can
effectively control NPC at both early and advanced
stages of disease are highly sought after as a means of
improving survival outcomes.
Currently, the screening and evaluation of novel and

potentially effective therapeutic agents against NPC is
significantly limited by the lack of a preclinical NPC
model. NPC patient-derived xenografts and cell lines are
difficult to establish. Although a few such xenografts
have been developed for investigation, including
XenoC15 and XenoC17 (derived from African NPC pa-
tients [4];) and Xeno2117 and Xeno666 (derived from a
Hong Kong NPC patient [5];), all were established more
than 25 years ago and have been passaged continuously
in nude mice. As a result, the genetic and pathological
properties of these xenografts may have diverged from
those of the parental NPC tumors isolated from patients.
Only one in vitro Epstein–Barr virus (EBV)–positive
NPC cell line (C666–1) is available for investigation [6],
whereas other commonly used “NPC cells” have lost
their EBV episomes and may not be representative of
NPC [7]. Furthermore, the detection of HeLa cell’s and
HPV18’s genomic materials in these cell lines has cast
doubt on the cellular origins [7] and has limited the ap-
plications of these lines in evaluations of novel thera-
peutic agents against NPC. To address this limitation,
we have established new NPC xenografts and cell lines
for in vivo and in vitro investigations, including Xeno32
and Xeno76 (xenografts derived from primary NPC [8];),
Xeno23 and NPC43 (a xenograft and cell line respect-
ively derived from recurrent NPC [8];) and C17 (NPC
cell line derived from a xenograft of metastatic NPC [9];
). Together with the conventional NPC cell line C666–1,

these newly established NPC xenografts and cell lines
represent a comprehensive panel of preclinical NPC
models available to assess chemotherapeutic drug
efficacy.
The field of targeted therapy for NPC is grossly under-

developed due to the scarcity of representative preclin-
ical NPC models for novel agent evaluations and our
insufficient knowledge of the genomic properties of
NPC. Our group and others recently conducted several
genomic analyses to define the genetic alterations that
contribute to NPC tumorigenesis [10–12] and generated
knowledge that will shape the focus of future strategies
for NPC therapeutic development [13]. Currently, the
genetic alterations amenable to targeted therapies are
heterogenous and present at relatively low rates in NPC.
Specifically, mutations in PIK3CA, EGFR, FGFR1/2/3/4,
and BRCA1/BRCA2/ATM were identified in only 1.68,
0.24, 2.16, and 1.68% of patients with NPC, respectively
[10, 11, 14, 15].
Research evidence suggests that the aggressive growth

and metastatic behaviors of cancer cells depend on the
dysregulation of p16–CDK4/6–cyclin D1–RB signaling.
In proliferating cells, the suppression of p16 expression
relieves the inhibitory effect of this protein on the kinase
activity of CDK4/6. The CDK4/6 kinases then form an
active complex with cyclin D, which hyper-
phosphorylates RB and releases E2F to initiate a cascade
of downstream events involved in the transcription of
proliferation genes. This process enables the cell to enter
the cell cycle. The overexpression of cyclin D1 and
downregulation of p16 are common events in NPC, and
therefore treatment with a specific CDK4/6 inhibitor
could target this essential cell cycle regulatory pathway
and improve the druggability of NPC [16–18]. Previ-
ously, we detected cyclin D1 overexpression in more
than 90% of NPC tumor tissues [18]. Cyclin D1 is also
overexpressed in premalignant and dysplastic nasopha-
ryngeal epithelial (NPE) cells and may play an important
role in early NPC pathogenesis by supporting persistent
and latent EBV infection in the premalignant nasopha-
ryngeal epithelium [19]. A whole-exome sequencing ana-
lysis of a large cohort of patients with NPC (N > 100)
also identified cyclin D1 amplification and homozygous
p16 gene deletion as common features of NPC [10].
Importantly, the observation that RB mutation is
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uncommon in NPC suggests that a blockade of CDK4/6
activity could abolish the dependency of this tumor type
on the cyclin D1–RB pathway.
In this study, we used a comprehensive panel of

NPC models to examine the efficacy of palbociclib, a
selective CDK4/6 inhibitor approved by the Food and
Drug Administration (FDA), as a treatment for NPC.
Palbociclib was initially tested in both in vitro and
in vivo models of breast cancer and was shown to ef-
fectively inhibit the growth of tumor cells, especially
cell lines with increased RB phosphorylation and cyc-
lin D1 expression and decreased p16 expression [20].
Later, patients with breast cancer were recruited to
participate in the human clinical trial PALOMA-2,
which demonstrated that palbociclib treatment could
prolong the median progression-free survival duration
for more than 10 months. In 2016, palbociclib was ap-
proved by the FDA for the treatment of hormone re-
ceptor–positive, human epidermal growth factor
receptor 2–negative advanced or metastatic breast
cancer [21]. The results of preclinical studies in other
cancer types, such as hepatocellular carcinoma [22],
ovarian cancer [23], rhabdoid tumor [24], and glio-
blastoma [25], also indicated that palbociclib effect-
ively targets cancer cells with the following
characteristics: (a) cyclin D1 overexpression, (b) func-
tional RB, and (c) p16 inactivation. As described
above, the CDK4/6–cyclinD1 axis is often dysregu-
lated in NPCs at all stages, so inhibition of the re-
lated activity represents a common target in primary,
recurrent, and even metastatic NPC.
In this study, we also examined the therapeutic effi-

cacy of combinations of palbociclib with two other
FDA-approved chemotherapeutic drugs, cisplatin and
suberanilohydroxamic acid (SAHA). Antagonistic ef-
fect was observed in vitro when palbociclib and cis-
platin were used together to treat the NPC cells.
Interestingly, we observed a synergistic effect when
SAHA was combined with palbociclib. SAHA is a his-
tone deacetylase (HDAC) inhibitor that alters gene
transcription by inhibiting histone deacetylation and
inducing chromatin relaxation, leading to the general
expression of genes that encode tumor suppressors
[26]. The synergistic effects of combined treatment
with SAHA and palbociclib were also confirmed for
the first time in our preclinical NPC xenograft
models. Furthermore, transcriptome profiling of
SAHA- and palbociclib-treated NPC cells revealed
that the synergistic inhibitory actions of these drugs
on NPC cells may be related to the activation of au-
tophagy. Finally, we established palbociclib- and
cisplatin-resistant cell lines and evaluated the re-
sponses of these cells to cisplatin and palbociclib, re-
spectively. Our findings provide essential information

to support the design of the first in-human trial of
palbociclib therapy for the treatment of NPC.

Materials and methods
Non-malignant NPE and cancerous NPC cell lines
Three telomerase-immortalized, nonmalignant human
NPE cell lines (NP361 and NP460) [19, 27] and one
SV40T-immortalized NPE cell line (NP69) [28] were
used as non–cancer cell controls in this study. All NPE
cell lines were cultured under the conditions described
in our previous publication [29]. Three EBV-positive
NPC cell lines (C666–1, NPC43, and C17) were also
used in this study. C666–1 [6] was established from an
NPC xenograft, XenoC666, which is widely used in pre-
clinical studies on NPC. NPC43 [8] and C17 [9] were
newly established in our laboratory and have been care-
fully characterized with respect to EBV infection status,
genomic profiles, and growth properties. The NPC cell
lines were maintained as monolayers in RPMI supple-
mented with 10% FBS and 1% penicillin/streptomycin,
and their responses to palbociclib were evaluated under
both two-dimensional (2-D; monolayer) and 3-D (spher-
oid) culture conditions. For 3-D culture, the NPC cells
were seeded in ultra-low attachment plates (Corning,
#4520) to enable the formation of floating spheroids.

NPC xenografts
Four-week-old male immunodeficient (NOD/SCID)
mice were supplied by the Laboratory Animal Unit
(LAU) of The Hong Kong University (HKU) and housed
under pathogen-free conditions. All animal experiments
were conducted according to the animal license issued
by the Hong Kong Department of Health and with the
approval of the Committee on the Use of Live Animals
in Teaching and Research (CULATR) of HKU. To initi-
ate the growth of NPC cell lines (C17, NPC43, and
C666–1 cells) as tumor xenografts in NOD/SCID mice,
we resuspended 107 cells in 200 μl of a 1:1 (vol/vol) mix-
ture of Matrigel and culture medium and injected this
suspension subcutaneously into the left dorsal flank re-
gion of each mouse.
For the three newly established xenografts (Xeno23,

Xeno32, and Xeno76) [8], xenografted tumors were cut
into 2 mm3 blocks and implanted subcutaneously into
the left dorsal flank regions of mice. The mice were then
randomized into drug treatment or vehicle control
groups once the tumors became palpable (i.e., 4-mm
diameter). The CDK4/6 inhibitor palbociclib (Pfizer,
571,190–30-2) was dissolved in filtered distilled deion-
ized water (ddH2O; 7.5 mg/ml) and administered daily
to mice via oral gavage at the concentrations stated for
each experiment. SAHA (Cayman Chemical, 10,009,929)
was dissolved in DMSO to a concentration of 100 mg/ml
and administered by intraperitoneal injection (20 μl per
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mouse). The tumor size and animal body weight were
recorded every other day throughout the treatment
period. All mice were euthanized at the end of the ex-
periment, and the tumors were excised and fixed with
10% neutral buffered formalin (NBF) before histopatho-
logical and immunohistochemical examinations.
For the metastasis model, each NOD/SCID mouse was

injected with 106 C666–1 cells via the tail vein, and
treatment was initiated 10 days later. The mice were
dosed with vehicle or palbociclib continuously for 21
days and left for observation for 124 days. At the end of
the study, lung tissues were dissected from the mice,
fixed, and processed to examine the presence of growth
of C666–1 cells.

Cell viability determination
NPC cells in culture medium were seeded at a density of
4000 cells/well in a 96-well plate (100 μl per well) and
incubated overnight. Palbociclib (Selleck Chemicals,
S1116) was dissolved in cell culture medium to concen-
trations of 0–20 μM and added to the NPC cell cultures.
The viability of the cells was examined on Days 1, 3 and
5 of culture. SAHA was diluted from a stock solution
(100 mg/ml) into culture medium and used at various
treatment concentrations (0–0.5 μM). The concentration
of DMSO (vehicle) was less than 0.001% in the culture
with the highest concentration of SAHA. Cisplatin
(Sigma, 479,306) was diluted with dimethylformamide
(DMF) to a stock concentration of 40 mM.
A resazurin (Sigma, R7017) stock solution (0.02% w/v

dissolved in PBS) was added to the cells (10% v/v) to de-
termine cell viability after drug treatment. After incuba-
tion with resazurin for 4 h, the amount of the
fluorescent product resorufin in the cultures was mea-
sured at excitation/emission wavelengths of 530/590 nm
using a Victor 3 Plate Reader (PerkinElmer). Growth in-
hibition in each well was calculated as: (viabilitycontrol-
viabilitydrug) / viabilitycontrol *100%.

Western blot
RIPA lysis buffer [50 mM Tris-HCl (pH 8.0), 150 mM
NaCl, 1% Nonidet P40, 0.5% deoxycholic acid, 0.1% so-
dium dodecyl sulfate (SDS)] was supplemented with pro-
tease inhibitors (1 tablet/10ml RIPA buffer; Thermo
Scientific, A32961) and PhosSTOP (1 tablet/10 ml RIPA
buffer; Roche, 4,906,837,001) immediately prior to use.
After lysing the cells in RIPA buffer, the protein concen-
trations in the samples were measured and adjusted to
ensure that equal amounts of protein per sample would
be resolved by SDS–polyacrylamide gel electrophoresis.
The resolved proteins were then transferred from the
gels to PVDF membranes (GE Healthcare, 10,500,023).
The following specific antibodies were used to detect

various proteins in the membrane-bound samples: RB

(1:1000 dilution; BD, 554136), phosphorylated (phos-
pho)-RB (Ser708) (1:1000; Cell Signaling Technology,
9307S), cyclin A (1:1000; Santa Cruz, sc-751), cyclin B1
(1:1000; Cell Signaling Technology, 4138), cyclin D1 (1:
1000; BD Biosciences, 556,470), cyclin D2 (1:1000; BD
Biosciences, 3741), cyclin D3 (1:1000; BD Biosciences,
2936), cyclin E1 (1:1000; Cell Signaling Technology,
4129), cyclin E2 (1:1000; Cell Signaling Technology,
4132), Cyclin H (1:1000; BD Biosciences, 2927), cleaved
PARP (1:1000; Cell Signaling Technology, 9541S), CDK2
(1:1000; Santa Cruz, SC6248), CDK4 (1:1000; Santa
Cruz, SC260), CDK6 (1:1000; Santa Cruz, SC271364), E-
cadherin (1:1000; Santa Cruz, SC21791), N-cadherin (1:
1000; Santa Cruz, SC7939), caspase 3 (1:1000; Cell Sig-
naling Technology,14,220), cleaved caspase-3 (1:1000;
Cell Signaling Technology, 9664), PARP (1:1000; Santa
Cruz, SC8007), cleaved PARP (1:1000; Cell Signaling
Technology, 9541S), involucrin (1:1000; Thermo Fisher,
MS-126-P1ABX), Bcl-2 (1:1000; Cell Signaling Technol-
ogy, 15071S), Bax (1:1000; Cell Signaling Technology,
5023S), and LC3 (1:1000; Cell Signaling Technology,
2775S). The chemiluminescence signal corresponding to
each labeled protein was then captured with the Chemi-
Doc MP Imaging System (Bio-Rad). A specific antibody
against GAPDH (1:10000; Proteintech, 10,494–1-AP)
was used as a protein loading control.

Cell cycle analysis
Cells were detached from the plates using trypsin,
washed with cold PBS, and fixed in 70% ethanol at 4 °C
overnight. The cells were then washed with PBS and in-
cubated with propidium iodide (1 μg/ml; Invitrogen,
P3566) and RNase (10 μg/ml; Roche, 10,109,169,001) for
30 min. After washing, 104 cells per sample were ana-
lyzed on a FACSCalibur flow cytometer (BD Biosci-
ences) to detect the DNA content. FlowJo software
(TreeStar) was used for the data analysis.

Histology and immunohistochemistry
Fresh tumor samples collected from NOD/SCID mice
were fixed in 10% neutral buffered formalin, embedded
in paraffin and processed for immunohistochemical ex-
aminations. Five-micrometer-thick sections were cut
from embedded tumors and baked in a 37 °C oven over-
night before processing for hematoxylin–eosin and im-
munohistochemical staining.
For immunohistochemical staining, the tissues were

subjected to antigen retrieval by boiling in sodium cit-
rate buffer (10 mM, pH 6.0), followed by incubation at a
temperature just below boiling for 20 min. The paraffin
sections on slides were then de-waxed and rehydrated.
The sections were incubated with 3% H2O2 for 8 min to
inactivate endogenous peroxidases and then with 3% bo-
vine serum albumin for another 8 min to block non-
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specific protein binding sites. The following specific anti-
bodies were used for immunohistochemical analyses:
AE1/AE3 for keratin detection (1:250; DAKO, M3515)
and Ki-67 as a cell proliferation marker (1:200; Santa
Cruz, sc-23,900). After overnight incubation with the
primary antibody in a moist chamber, a horseradish
peroxidase-conjugated secondary antibody (DAKO,
K4001) was applied to the sections for 1 h at room
temperature. Finally, 3,3′-diamino-benzidine substrate
(DAB; DAKO, K346711–2) was applied to the sections
for brown color development. The slides were then
dehydrated, mounted with Permount mounting medium
(DAKO, S3023), and scanned and analyzed using a Vec-
tra Polaris Imaging System (Perkin Elmer).

RNAscope detection of EBV gene expression in NPC
xenografts
An RNA in situ hybridization protocol was conducted to
examine the expression of the selected EBV gene BZLF1
(Advanced Cell Diagnostic, 450,411). For this analysis,
the RNAscope 2.5HD detection kit (Advanced Cell Diag-
nostic, 322,370) was used according to the manufac-
turer’s recommended protocol. This new RNA-in situ
hybridization platform uses a specific and sensitive
RNA-FISH probe provided by the company to detect
specific EBV-RNA expression during lytic reactivation.

RNA sequencing analysis
To evaluate the RNA profiles of NPC cells after drug
treatments, mRNA libraries were prepared using the
TruSeq mRNA Library Prep kit (Illumina) and se-
quenced on a HiSeq2000 system (Illumina). The gene
expression ratio between the treatment groups was then
calculated based on the fragments per kilobase of tran-
script per million mapped reads of each gene (FPKM).
HISAT2 was used to perform a sequence alignment ana-
lysis based on the reference sequence [30], and the align-
ment results were inputted into Stringtie [31] to
complete the quantitative gene expression analysis. The
differential expression analysis was conducted using
edgeR [32]. Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) enrichment analyses
were conducted using ClusterProfiler.

Micro-positron emission tomography (PET)/magnetic
resonance imaging (MRI) scanning
The mice were scanned using a nanoScan PET/3 T MRI
scanner (Mediso) with spatial resolutions of 700 μm for
PET and 100 μm for MRI. Before scanning, the mice
were fasted overnight. Sixty minutes before the PET/
MRI scan, each mouse received an injection of 200 μCi
of 18F-flurodeoxyglucose (FDG) via the tail vein with < 2
min of isoflurane inhalation (5% in 100% oxygen). For
the scan, each mouse was placed into the PET/MRI

scanner in a head holder and remained under isoflurane
inhalation (2% in 100% oxygen) until the end of the scan.
The body temperature and respiration rate were moni-
tored throughout the scan. The FDG uptake was quanti-
fied using standardized uptake values (SUVs), which
were calculated using the following formula: ¼ regional
FDG concentration (Bq/mL)/injected FDG dose (Bq)*
body weight (kg). The raw images were anatomically
standardized to achieve a symmetrical midline align-
ment. The images were then reconstructed using
Nucline software (Mediso), and PET/MRI fused images
were coregistered using InterView FUSION (Mediso).
The internal liver metabolism (SUVliver = 0.5) was used
as the basal metabolism level. The SUV of the tumor
(SUVtumor) was normalized to the basal metabolism.
SUV=SUVtumor-SUVliver.

Small interfering RNA (siRNA) transfection
Cells were transiently transfected with siRNAs specific
for beclin-1 (Qiagen, GS8678) or ATG5 (Qiagen,
GS9474) in Lipofectamine RNAiMAX transfection re-
agent (Invitrogen, 13,778–150) according to the manu-
facturer’s protocol. After 48 h, the transfected cells were
trypsinized and seeded into 96-well plates for drug treat-
ment and cell viability analyses as described in previous
sections.

Autophagic flux assay with an GFP-LC3II reporter
NPC cells were infected with commercially available vi-
ruses engineered to carry the autophagy tandem sensor
GFP-LC3II (Invitrogen, P36239) according to the manu-
facturer’s protocol. The cells were then transferred into
a Vision 96-well plate (4titude, 4ti-0221) for live cell im-
aging. A LSM880 confocal microscope (Carl Zeiss) was
used to obtain images of the GFP-labeled
autophagosomes.

qPCR analysis
Extraction of total RNA and reverse transcription to
cDNA were performed using TRIzol® reagent (Invitro-
gen) and SuperScript® First-Strand Synthesis System for
qPCR (Invitrogen), respectively, according to the manu-
facturer’s protocols. Expression levels of cancer stemness
related genes were examined by qPCR. The primers and
probes for different genes were designed using Universal
Probe Library System (Invitrogen) as follow: SOX2
(probes#2; F: AATGCCTTCATGGTGTGGTC; R:
CGTCTCCGACAAAAGTTTCC), NANOG (probes:#1;
F: CCCCAGCCTTTACTCTTCCT; R: ACTGGATGTT
CTGGGTCTGG), ABCG2 (probes:#2; F: GCTGCCAA
GTTTCCTCTCTC; R: CCACGCCTACTAAACAGACG
A), MMP2 (probes:#1; F: CAGGAGGAGAAGGCTGTG
TT; R: GGTCAGTGGCTTGGGGTA), MMP9 (probes:
#6; F: GAACCAATCTCACCGACAGG; R: GCCACC
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CGAGTGTAACCATA), GAPDH (probes:#60; F: AGCC
ACATCGCTCAGACAC; R: GCCCAATACGACCAAA
TCC), BMI1 (probes#1; F:AAAGACAAAGAGAAATC-
TAAGGAGGA; R: AACTTTCTTAAGTGCATCACAG
TCA).

Statistical analysis
The results are presented as mean values ± standard er-
rors of the means. Comparisons between groups were
performed using the two-tailed Student’s t-test with an
assumption of equal variance. Statistical analyses were
performed using Prism (GraphPad, Inc.). A p-value of
less than 0.05 was considered to indicate statistical
significance.

Results
Palbociclib inhibited cell cycle progression in NPC cell
lines
Previous studies have established p16 inactivation, cyclin
D1 overexpression, and functional RB as predictors of
palbociclib sensitivity in cancer cells [22–25]. We first
examined the levels of p16, cyclin D1, phospho-RB-
Ser780 (an indicator of the functional status) and other
relevant proteins in lysates of NPC cell lines and immor-
talized NPE cell line grown in both 2D monolayer and
3D spheroid cultures for 3 days (Fig. 1a). Notably, p16
protein was detected in the immortalized NPE cell line
(NP69) but not the NPC cell lines (C666–1, C17 and
NPC43). RB (Ser780) phosphorylation was detected in
all the NPE and NPC cell lines, albeit at variable levels,
and was closely associated with the expression of cyclin
A, an indicator of the proliferation status. Cyclin D1 and
CDK4 were universally detected in all the NPE and NPC
cell lines (Fig. 1a).
We next examined whether 2D-cultured NPC cell

lines and non-malignant NPE cell lines would exhibit
different levels of sensitivity to palbociclib. All cell lines
were treated with 0.2-μM palbociclib for 24 h, and
changes in the levels of pRB, total RB and cyclin A from
before and after treatment were monitored. As shown in
Fig. 1b, treatment with palbociclib strongly reduced the
levels of pRB in all three NPC cell lines but not in the
immortalized NPE cells. Furthermore, the levels of cyclin
A, a marker of cell cycle entry, were reduced in all three
NPC cell lines after treatment with palbociclib, whereas
this drug had no significant effect on cyclin A protein
expression in the three immortalized NPE cell lines. A
flow cytometric cell cycle analysis verified that a 24-h
treatment with 0.2-μM palbociclib induced significant
G1 arrest in all three NPC cell lines but had no signifi-
cant effect on cell cycle progression in the three immor-
talized NPE cell lines (Fig. 1c). The proportions of cells
in G1 increased by approximately 0, 14, and 6% in the
immortalized NPE cell lines NP69, NP361, and NP460,

respectively, after palbociclib treatment, compared to
dramatic increases of 81, 55, and 53% in the NPC lines
C666–1, C17, and NPC43, respectively, after treatment.
These results suggest that NPC cells are more suscep-
tible than NPE cells to the inhibitory effects of
palbociclib.

Low-dose and high-dose palbociclib exhibited cytostatic
and cytotoxic effects, respectively, in NPC cell lines
We then evaluated the responses of the three NPC cell
lines in response to various palbociclib concentrations
over different time periods. The dose–response curves of
C666–1, C17, and NPC43 are shown in Fig. 1d. The
IC50 values of palbociclib in NPC43 at Days 1, 3, and 5
of treatment (50.07, 24.63, and 17.15 μM, respectively)
were generally higher than those of C666–1 (35.67,
22.36, and 10.53 μM, respectively) and C17 cells (36.12,
20.23, and 12.75 μM, respectively). We further compared
these IC50 values to the reported IC50 values of palboci-
clib in other cancer cell lines (adapted from the Genom-
ics of Drug Sensitivity in Cancer databank,
Supplementary Fig. S1) [33]. A mean IC50 of 35.7 μM on
Day 3 of treatment was calculated for 770 cancer cell
lines. Twenty-six of these cell lines were head-and-neck
cancer cell lines that had a mean IC50 of 49.2 μM on
Day 3, suggesting that our tested NPC cell lines may be
more sensitive to palbociclib treatment than other head
and neck cancer cell lines.
We also observed that palbociclib induced cytostatic

effects in NPC cells at low doses (8 nM–5 μM) and cyto-
toxic effects at high doses (20–40 μM) (Fig. 1e). Cleaved-
PARP, an apoptosis marker, was only detected in NPC
cells treated with high-dose palbociclib (20, 20, and
40 μM for C666–1, C17, and NPC43, respectively) (Fig.
1e, Supplementary Fig. S2). However, we observed po-
tent suppression of cyclin A protein expression and RB-
Ser780 phosphorylation in cells treated with much lower
doses of palbociclib. We also examined the growth in-
hibitory effect of palbociclib in 3D cultures of C666–1
and C17 (Supplementary Fig. S3) and confirmed the
suppression of cyclin A expression and RB-Ser780 phos-
phorylation in these NPC spheroids.
We further assessed the cell cycle distribution of

NPC43 cells exposed to different concentrations of pal-
bociclib from Days 1 to 5 (Fig. 1f). A sub-G1 peak indi-
cative of cellular apoptosis was only observed in NPC
cells treated with high-dose palbociclib (20 μM). How-
ever, G1 arrest was observed even at lower doses of pal-
bociclib, which further supports the distinct dose-
dependent effects of palbociclib on NPC cells.
We then subjected the three NPC cell lines to RNA

sequencing to identify the changes in gene expression in
response to palbociclib treatment for 24 h. The differen-
tially expressed genes were subjected to a KEGG
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database analysis (Fig. 1g), which revealed the downregu-
lated expression of genes related to cell cycle progres-
sion in all three tested cell lines (Table 1). The RNA
expression profiling analysis further confirmed that pal-
bociclib induces cell-cycle arrest in NPC cells.

Oral administration of palbociclib suppressed the growth
of multiple NPC xenograft models in vivo
This study included a comprehensive evaluation of the
efficacy of palbociclib in six NPC preclinical xenografts
models representing early- and advanced-stage NPC.
Xeno32, Xeno76, and C666–1 xenografts were estab-
lished from primary NPCs, Xeno23 and NPC43 were
established from recurrent NPC and C17 was established
from a metastatic NPC. Immunohistochemical analysis
was used to evaluate the expression of p16, RB, and cyc-
lin D1 proteins in these xenografts grown in NOD/SCID
mice (Supplementary Fig. S4). Notably, all six xenografts
lacked p16 protein but expressed readily detectable RB
and cyclin D1.
For the treatment experiment, palbociclib was sus-

pended in deionized water and administered daily (75
mg/kg/day) to mice bearing the Xeno32, Xeno76, C666–
1, Xeno23, NPC43, and C17 xenografts for 15, 23, 13,
54, 29, and 19 days, respectively. The treatment duration
in each group was dependent on the growth rate of each
type of xenograft. Mice in the vehicle groups received an
equivalent volume of deionized water on the treatment
days. The tumor volumes were measured thrice weekly
using a digital Vernier caliper. Mice were euthanized at
the end of the treatment period, which was determined
when the tumor diameter in the control group reached
approximately 1 cm. As shown in Fig. 2a–b & Supple-
mentary Fig. S5, oral palbociclib administration success-
fully inhibited the tumorigenic growth of all the NPC
xenografts, and this finding supports the potential effi-
cacy of palbociclib for the treatment of NPC.
We also performed immunohistochemical analysis to

examine the expression of Ki-67, a commonly used

marker of cancer cell proliferation, in NPC xenografts
from the control and treatment groups at the end of the
study (Fig. 2c–d). The method used to quantify Ki-67
staining in the sectioned tissues is illustrated in Supple-
mentary Fig. S7. For all six NPC xenograft types, the
percentages of Ki-67-expressing cells were significantly
lower in the palbociclib treatment groups than in the
control groups. The body weights of treated and control
animals were measured throughout the treatment
period, and no significant differences were observed.
These results suggest that the palbociclib dosages ad-
ministered to the NPC-bearing mice had no major ad-
verse effects on general well-being (Fig. 2e).
The C666–1 cells used in this study could colonize the

lungs of mice after tail vein injection. We therefore ex-
amined whether palbociclib could suppress the metasta-
sis of C666–1 cells to the lungs in vivo. Four NOD/
SCID mice each were included in the palbociclib treat-
ment and control groups, and the mice were treated for
124 days. At the end of the study, lung tissues were dis-
sected from the mice, fixed, and processed to examine
the growth of C666–1 cells. Histological analysis of
hematoxylin–eosin-stained lung tissues revealed that
palbociclib effectively suppressed the colonization of
C666–1 cells (Supplementary Fig. S8).

Combination treatment with palbociclib and other drugs
revealed antagonistic effects with cisplatin but synergistic
effects with SAHA against NPC cells
The treatment outcomes of patients may be worsened
by drug resistance and the adverse effects of high-dose
therapies. Combination treatment with two or more an-
ticancer drugs that target different cellular pathways is a
common strategy used to minimize treatment toxicity.
We therefore examined the effects of combination treat-
ments of palbociclib and other therapeutic agents,
namely cisplatin or SAHA, on NPC cells. Cisplatin is
commonly used for the clinical management of NPC,
and SAHA has been evaluated in preclinical models of

(See figure on previous page.)
Fig. 1 Palbociclib specifically inhibited nasopharyngeal carcinoma (NPC) cell growth in vitro by inhibiting cell cycle progression. a. Western blot
analysis of cell cycle-related proteins in two- and three-dimensional cultures of NPC cells (C666–1, NPC43, and C17) and two-dimensional culture
of nasophayngeal epithelial cells (NP69). The levels of markers predictive of palbociclib sensitivity were examined. b. Western blot analysis of total
RB, phosphorylated (p) RB (Ser780), and cyclin A in NPC and NPE cells after treatment with 0.2 μM palbociclib for 24 h. c. Cell cycle distribution
analysis of NPC and NPE cells after treatment with 0.2 μM palbociclib for 24 h. A prominent accumulation of cells in the G1 phase was observed
in the NPC but not the NPE cell cultures after palbociclib treatment. d. IC50 values of palbociclib in NPC cell lines were determined at Days 1, 3
and 5 using a resazurin assay (e). Western blot analysis of cell cycle-related proteins [total RB, pRB (Ser780), cyclin A, cyclin D1, CDK4] and an
apoptosis marker (cleaved PARP) in NPC cell lines after treatment with palbociclib at different doses for 24 h. Quantitative protein expression data
are presented in Supplementary Figure S2. f. Cell cycle distribution analysis of NPC43 cells after treatment with different doses of palbociclib for 1,
3 and 5 days. g. RNA transcriptome analysis of the three NPC cell lines after treatment with palbociclib for 24 h. Differentially expressed genes
(DEG) were subjected to a KEGG pathway analysis. The top 20 KEGG pathways with the most significant gene ratios are plotted in the order of
gene ratio. The sizes of the dots are scaled according to the numbers of significant genes revealed by the DEG analysis. The colors of the dots
represent the p-adjusted significance values. Genes involved in cell cycle regulation were significantly enriched in all three cell lines after
treatment with palbociclib
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NPC [34]. These drugs have distinct mechanisms of ac-
tion: cisplatin induces DNA damage, whereas SAHA in-
hibits HDAC activity. To determine whether the
combined use of palbociclib and cisplatin or SAHA
would have antagonistic, synergistic or additive effects,
NPC cells were treated in vitro with either palbociclib
monotherapy or a combination of palbociclib with cis-
platin or SAHA at serially concentrations. In all three

tested NPC cell lines, the combined use of palbociclib
plus cisplatin did not further suppress NPC cell growth.
Rather, this combination did not act as effective as either
cisplatin or palbociclib monotherapy in suppressing
NPC growth (Fig. 3a). This antagonistic interaction was
not unexpected because cisplatin induces DNA damage,
which could only be elicited once the cell entered the
cell cycle. The inhibitory effects of palbociclib on cell

Table 1 Downregulated cell cycle related genes in C666–1, C17 and NPC43 after 24 h treatment with 15 μM of palbociclib
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cycle entry could protect cells from the cytotoxic effect
of cisplatin. In contrast, we observed that treatment with
SAHA significantly enhanced the ability of palbociclib to
suppress NPC cell growth (Fig. 3b).
We also used the Chou–Talalay method to calculate

the combination index (CI) of each drug combination as
an indicator of the potential synergistic, additive, or an-
tagonistic effects of the two reagents [35, 36]. CI values
of < 1, 1, and > 1 imply synergistic, additive, and antag-
onistic effects, respectively [35, 36]. The combination of
palbociclib and cisplatin at concentrations of 2.5 μM
each yielded CI values of 1.58, 2.54, and 1.041 for
NPC43, C17, and C666–1, respectively, indicating a sig-
nificant antagonistic effect of this combination in NPC
cell lines (Fig. 3c). In contrast, the Chou–Talalay calcula-
tion confirmed the synergistic effect of the combination
of palbociclib with SAHA at respective concentrations of
1.0 and 0.1 μM, which yielded CI values of 0.36, 0.38,
and 0.6 in NPC43, C17, and C6661 cells, respectively
(Fig. 3c).

Combined treatment with palbociclib and SAHA
suppressed NPC xenograft growth in vivo
Based on the results of our Chou–Talalay analysis [35,
36], we aimed to confirm the synergistic suppressive ef-
fect of combined treatment with palbociclib and SAHA
on the growth of Xeno23, Xeno76, and C666–1 tumors
in vivo. NPC xenograft-bearing mice were treated with
palbociclib (75 mg/kg on alternate days) and/or SAHA
(20mg/kg on alternate days). This reduction in the pal-
bociclib dose from a monotherapeutic dose of 75 mg/kg
per day to the same dose on alternating days in the com-
bination treatment was done to ensure that any potential
additive or synergistic effect of SAHA could be observed.
The average tumor volumes, growth curves, and histo-
logical appearances of all NPC xenografts subjected to
monotherapies and combination therapies are shown in
Fig. 4a. Significant tumor growth inhibition was ob-
served in all mice in the combination palbociclib and
SAHA treatment group, compared to both monotherapy
groups, and the decreased tumor volume was particu-
larly prominent in Xeno23 and C666–1 xenograft
models. We further examined Ki-67 expression in NPC
cells in the control and treatment groups as a measure

of the cell proliferation status. In all three NPC xeno-
graft models, all combination treatment groups exhibited
significant decreases in Ki-67 expression relative to the
control groups (Fig. 4b & Supplementary Fig. S9).
We subjected Xeno23 model mice to 18F-FDG micro-

PET scans to examine the metabolic rates in the tumors
after combination treatment, which were represented by
the mean SUV (SUVmean). After normalization to the
liver basic metabolic rate, the tumor metabolic rates
were 0.76 and 0.09 in the vehicle and combination treat-
ment groups, respectively (Supplementary Fig. S10). The
body weights of mice in both groups were also measured
throughout the treatment period, and no significant
between-group differences were observed (Fig. 4c).

Autophagy-associated cell death as a mediator of
enhanced cytotoxicity induced by combined treatment in
NPC cells
We sought to explore some of the mechanisms under-
lying the enhanced death of NPC43 cells in response to
palbociclib and SAHA monotherapy or combination
therapy (Supplementary Fig. S11). The levels of multiple
protein markers associated with the cell cycle, differenti-
ation and apoptosis were analyzed by Western blotting.
Palbociclib monotherapy inhibited cell cycle progression
in treated NPC43 cells, as shown by the suppression of
RB-Ser780 phosphorylation and cyclin A expression.
SAHA monotherapy at the indicated doses was a much
less effective suppressor of RB phosphorylation and cyc-
lin A expression, which highlights the different modes of
action of these drugs. We did not observe significant ef-
fects of palbociclib and SAHA monotherapy or combin-
ation therapy on involucrin (a squamous cell
differentiation marker), cleaved-PARP, or cleaved-
caspase 3 (apoptosis markers) in NPC43 cells treated
with SAHA alone or in combination with palbociclib.
Reactivation of the EBV lytic cycle was reported to play

a role in NPC cell apoptosis after drug treatment [34]. Al-
though we detected the lytic gene, BZLF1, at the single-
cell level using RNAscope (Supplementary Fig. S12), less
than 1% of the tumor cells expressed BZLF1 before or
after the treatment, suggesting that EBV reactivation did
not account for the enhanced cell death observed in re-
sponse to combined treatment. Therefore, to explore the

(See figure on previous page.)
Fig. 2 Palbociclib-mediated inhibition of nasopharyngeal carcinoma (NPC) xenograft growth in vivo in NOD-SCID mice. Different NPC xenograft
models were treated with palbociclib at a dose of 75 mg/kg/day via oral gavage. a-d. Left panel: Excised subcutaneous tumors at the end of
palbociclib treatment. Middle left panel: NPC tumor growth curves during palbociclib treatment, which was initiated when the subcutaneously
injected or implanted NPC xenografts became palpable (100–200mm3). The tumor size was calculated as the Length × Width × Height/2. Middle
right panel: Hematoxylin-eosin staining and immunohistochemistry (IHC) analyses of NPC tissue slides. Right Panel: Statistical analysis of Ki-67-
stained cells in the tumor sections. Represents a tumor that regressed completely after drug treatment. Enlarged images of tissues subjected to
IHC are presented in Supplementary Figure S6. e. Left panel: Average body weights of C17 tumor-bearing mice were measured throughout the
experiment. Middle panel: Individual body weights of C17 tumor-bearing mice. Right panel: Bar chart of average body weights in the treatment
and vehicle groups of all NPC xenografted models. P < 0.0001 ****, p < 0.001***, p < 0.005**, p < 0.01*

Xue et al. Journal of Experimental & Clinical Cancer Research          (2020) 39:262 Page 11 of 24



biological pathways that may have contributed to the en-
hanced cell death associated with combined palbociclib
and SAHA treatment, we compared the RNA-sequencing
profiles of three NPC cell lines (C666–1, NPC43, and

C17) to identify differential gene expression (DEG) after
palbociclib and SAHA treatment. The resulting Venn dia-
gram revealed 914 upregulated genes shared by all three
NPC cell lines after treatment with both drugs (Fig. 5a). A

Fig. 3 Palbociclib suppressed the cytotoxicity of cisplatin but potentiated the growth inhibitory effect of SAHA in NPC cells. a. Combined
palbociclib + cisplatin treatment did not enhance growth suppression in NPC cells (NPC43 and C17) relative to treatment with cisplatin treatment
alone. b. Combined treatment with palbociclib + SAHA strongly suppressed viability in the C666–1, C17 and NPC43 cell lines. c. Combination
index (CI) values were calculated using the Chou–Talalay Method to demonstrate the antagonistic, additive, and synergistic effects of drug
combinations on the viability of NPC cells. The CI values of palbociclib + cisplatin and palbociclib + SAHA at various doses in the three NPC cell
lines are presented as a heatmap. CI values > 1 were observed in all cell lines treated with palbociclib + cisplatin, suggesting an antagonistic
effect between these drugs. CI values < 1 were observed in all NPC cell lines treated with palbociclib + SAHA, suggesting a synergistic effect
between these drugs
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KEGG pathway analysis of these upregulated genes was
conducted to identify the top 20 pathways based on the
gene ratios related to each pathway. Interestingly, many of
the upregulated genes were involved in autophagy path-
ways, as listed according to the CPDB (ConsensusPathDB)
database (Fig. 5b). The autophagy-related genes involved
in the enriched lysosome, macroautophagy, mitophagy,
and autophagy pathways are listed in Table 2. We per-
formed Western blot analysis of NPC cells treated with a
combination of palbociclib and SAHA and identified in-
creases in the LC3-II (the phosphatidylethanolamine con-
jugated form of LC3), which indicated increases in the
cellular autophagy flux (Fig. 5c).
Elevated LC3-II may be attributable to enhanced autop-

hagosome formation or blocked autophagic degradation.
We next evaluated the effect of chloroquine (CQ), a spe-
cific inhibitor that blocks autophagic flux by decreasing
autophagosome–lysosome fusion, on the LC3-II and via-
bilities of NPC cell lines. In a fully autophagic cell, CQ
would induce an increased accumulation of LC3-II. If au-
tophagy is blocked at the autophagic degradation step,
however, CQ treatment would not further increase the
level of LC3-II [37]. As shown in Fig. 5d, we determined a
higher level of LC3-II in C666–1 cells subjected to com-
bination treatment (~ 5.8-fold increase after normalization
to GAPDH expression) than in cells subjected to palboci-
clib (~ 2.9-fold increase) or SAHA monotherapy (~ 2-fold
increase), indicating that combination therapy induced an
increase in autophagic flux. In the presence of CQ, the
LC3-II level increased by 7.6-fold in C666–1 cells treated
with the combination of palbociclib and SAHA, compared
to the control. Importantly, treatment with CQ also led to
a significant increase in viability in cells treated with the
combination therapy, compared to palbociclib monother-
apy (50% vs. 31%) at 24 h (Fig. 5e), and similar trends were
observed at 48 and 72 h and in C17 and NPC43 cells (Sup-
plementary Fig. S13).
We further determined that knockdown of the

autophagy-related proteins ATG5 and beclin-1 also re-
versed the NPC cell death induced by palbociclib mono-
therapy or palbociclib and SAHA combination
treatment (Fig. 5f, Supplementary Fig. S14). We further
visualized autophagosomes in cells transfected to express
GFP-LC3-II and determined that these structures were
enriched in cells treated with palbociclib alone or in

combination with SAHA (Fig. 5g, Supplementary Fig.
S15).
We also examined the levels of LC3-II in proteins ex-

tracted from C666–1 xenograft tumors from mice
treated with a combination of palbociclib and SAHA.
We observed a significant increase in the LC3-II/LC3-I
turnover ratio in the combination treatment group rela-
tive to the monotherapy groups, consistent with the re-
sults of the Western blot analysis of cultured C666–1
cells (Fig. 5h). Taken together, our results suggest that
autophagy plays a role in the cytotoxicity induced by
combined treatment with palbociclib and SAHA.

Sensitivity of palbociclib-resistant NPC cells to cisplatin
treatment
Cancer cells often develop mechanisms to resist the in-
hibitory effects of a particular drug after prolonged treat-
ment. Consequently, NPC cells may eventually gain
resistance to palbociclib. We conducted a preclinical in-
vestigation to determine whether palbociclib-resistant
NPC cells would retain their responsiveness to other
chemotherapeutic agents, such as cisplatin. To establish
palbociclib-resistant (PD_R) NPC cell lines, we treated
C666–1 and NPC43 cells with increasing doses of palbo-
ciclib over a period of 1.5 years. We then characterized
the levels of cell cycle-related proteins in parental and
resistant NPC43 cells in response to treatment with pal-
bociclib or vehicle (Fig. 6a). The levels of RB and
phospho-RB (Ser780) were decreased in NPC43 PD_R
cells. Notably, resistant cells maintained the basal ex-
pression of cyclin A even when treated with 5 μM palbo-
ciclib, which was shown to inhibit cyclin A expression in
parental NPC43 cells. NPC43 PD_R cells also expressed
higher levels of cyclin E1, cyclin D2, and cyclin D3.
Taken together, our results suggest that the resistant
cells may have acquired alternate CDK4/6/cyclin D1/RB-
independent pathways to maintain cell proliferation in
the presence of palbociclib. The resistant lines also ex-
hibited downregulated E-cadherin expression and upreg-
ulated N-cadherin expression, suggesting that these cells
may be more prone to metastasis. A qPCR analysis also
revealed elevated expression of the cancer stemness-
related genes MMP2, MMP9, Nanog and SOX2 (Fig. 6b),
suggesting that NPC43 PD_R cells may have acquired an
increase in cancer stemness.

(See figure on previous page.)
Fig. 4 Combined treatment with palbociclib and SAHA more strongly suppressed the in vivo growth of NPC tumors than either monotherapy. A.
Mice bearing Xeno23, Xeno76, and C666–1 xenografts were treated with the vehicle, palbociclib (75 mg/kg every other day), SAHA (20 mg/kg
every other day) or palbociclib + SAHA. The tumor sizes were compared between groups using Student’s t-test (p < 0.0001 ****, p < 0.001***, p <
0.005**, p < 0.01*). b. Representative photos of tumor sections from Xeno23, Xeno76, and C666–1 xenografts in control and treatment groups
after IHC for Ki-67. The percentage of Ki-67–positive cells was significantly lower in tumors subjected to combination treatment. The statistical
analysis was calculated based on five randomly selected areas of each treated tumor section. Enlarged images of tissue sections subjected to IHC
are presented in Supplementary Figure S9. c. Average body weights of Xeno23 tumor-bearing mice during the treatment period
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We conducted a colony formation assay to verify the
palbociclib-resistant status of NPC43 PD_R cells (Fig.
6c). Parental NPC43 cells could no longer sustain colony
formation under treatment with 0.8 μM palbociclib,
whereas NPC43 PD_R cells could maintain colony for-
mation even under treatment with a 10-fold higher con-
centration of palbociclib (8 μM). We also established a
C666–1 PD_R cell line and determined the concentra-
tions that would induce a 50% inhibition of colony for-
mation (ICol50) in both the parental and PD_R NPC43
and C666–1 cell lines. Relative to their parental lines,
NPC43 PD_R and C666–1 PD_R exhibited increases in
the ICol50day16 values of 25-fold (from 0.065 to
1.645 μM) and 133.5-fold (from 0.03048 to 4.07 μM), re-
spectively (Fig. 6d).
We next examined the responses of the two

palbociclib-resistant NPC cell lines to treatment with
cisplatin (Fig. 6e) and observed comparable IC50day5

values in both the parental and PD_R NPC43 and
C666–1 lines. This observation suggests that palbociclib-
resistant cells retain sensitivity to cisplatin, and therefore
cisplatin could potentially be used to treat patients with
palbociclib resistance.

Sensitivity of cisplatin-resistant NPC cells to palbociclib
treatment
Platinum-based therapies are used as a first-line treat-
ment for primary NPC, a salvage treatment for recurrent
disease and a palliative treatment for metastasis [2, 3,
38]. Therefore, we assessed whether cisplatin-resistant
NPC cells would remain responsive to palbociclib treat-
ment. In our analysis, two cisplatin-resistant sublines of
NPC43 exhibited approximately 6-fold increases in the
IC50 values relative to the parental NPC43 (IC50day2 in-
creases from 6.8 to 48.58 and 51.31 μM; Fig. 6f). We

then determined the efficacy of palbociclib in these
cisplatin-resistant sublines and observed IC50day3 values
of 28.61 μM versus 19.74 μM and 16.83 μM for the
NPC43 parental versus the cisplatin-resistant sublines
(Fig. 6g). This slight decrease in the IC50 indicated that
the cisplatin-resistant NPC cells retained the parental
sensitivity to palbociclib.

Discussion
In this study, we aimed to generate preclinical evidence
to support the administration of palbociclib as a targeted
drug therapy for NPC and to assess the compatibility of
palbociclib with other chemotherapies for the treatment
of this malignancy. Recent genomic profiling analyses of
NPC determined the existence of few druggable targets
in NPC [10, 11, 13, 14]. Nevertheless, dysregulated p16–
CDK4/6–cyclinD1 signaling is a well-known common
event in the pathogenesis of NPC that promotes uncon-
trolled tumor growth and metastasis.
Targeted therapies for various types of cancer have

been widely adopted and continuously investigated over
the past decade, and many FDA-approved targeted ther-
apies have been developed based on the genomic prop-
erties of prevalent malignancies such as gastric, breast,
and liver cancers. In contrast, concurrent and adjuvant
chemotherapy remain the main lines of treatment for
NPC, particularly in the advanced stage of disease [39].
Most current phase III clinical trials of NPC are asses-
sing the therapeutic efficacies of combination of conven-
tional cytotoxic drugs (e.g., cisplatin, doxorubicin, and 5-
fluorouracil) [40]. Therefore, the development of effect-
ive and selective therapeutic agents with novel molecular
targets may improve the efficacy of NPC treatment. Very
few clinical trials are investigating the use of targeted
drugs for the treatment of NPC. The clinical effects of

(See figure on previous page.)
Fig. 5 Involvement of autophagy-related pathways in the enhanced cell death of NPC cells under combined treatment with palbociclib and
SAHA. a. Venn diagram of the numbers of upregulated DEGs in the three NPC cell lines after combination treatment with palbociclib + SAHA.
The number in the central region denotes the number of overlapping genes in all three cell lines. A total of 914 genes were commonly
upregulated in all three cell lines treated with palbociclib + SAHA relative to their vehicle-treated counterparts. b. The top 20 enriched pathways
among the 914 DEGs were identified from the CPBD database and are listed in the order of p-value, which depended on the numbers and fold
changes of the genes. Upregulated genes were enriched in autophagy or its related cellular functions (highlighted in red rectangles). c. Detection
of the autophagy marker, LC-3II, in the C666–1, C17, and NPC43 cell lines treated with the vehicle, palbociclib (15 μM), SAHA (5 μM), or palbociclib
+ SAHA. The numbers above the blots indicate the normalized grayscale values of LC3-II. d. Autophagic flux analysis of C666–1 cells treated with
palbociclib, SAHA, or palbociclib + SAHA and chloroquine (CQ), an inhibitor of autophagic flux (25 μM), for 24 h. Lower panel: Bar chart
demonstrating the fold changes in LC3-II relative to the vehicle control. e. Viability of C666–1 cells subjected to the same treatment as in Fig. 5d
for 24, 48, and 72 h. f. Knockdown of the autophagy-related proteins BECN1 and ATG5 via siRNAs partially reversed the cytotoxic effects in C666–
1 cells treated with palbociclib and SAHA for 24 h. Cell viability was tested using the resazurin assay. Corresponding verification of the siRNA-
mediated knockdown efficiency is presented in Supplementary Figure S14. g. Detection of the autophagy level in NPC43 cells using the
Autophagy Tandem Sensor GFP-LC3B kit. The cells were treated with palbociclib and SAHA for 24 h as described in Fig. 5c. The presence of GFP-
LC3-II–positive autophagic vacuoles in the NPC cells was visualized using a Carl Zeiss LSM 880 confocal microscope. h. Combined treatment
upregulated the turnover of LC-3II in C666–1 the tumors in vivo relative to the other treatment groups. Left panel: Western blot analysis of LC-3I
and LC-3II in tumors excised from mice in different treatment groups. Middle panel: Bar chart of the LC3-I and LC3-II levels relative to the
corresponding GAPDH level in each treatment group, as detected in the left panel. Right panel: Bar chart of the LC3-II/LC3-I ratio in each
treatment group as detected in the left panel. P < 0.0001 ****, p < 0.001***, p < 0.005**, p < 0.01*
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Table 2 Upregulation of autophagy-related genes of C666–1, NPC43 and C17 under the combined treatment of palbociclib and
SAHA compared to vehicle treatment
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camrelizumab and tislelizumab, which target pro-
grammed cell death-1 (PD-1), and of anlotinib and
nimotuzumab, which respectively target receptor tyro-
sine kinases and epidermal growth factor receptor
(EGFR) [41–44], remain to be reported.
In this study, we evaluated the tumor-suppressive ef-

fects of palbociclib in a large panel of NPC preclinical
models, including newly established and well-
characterized xenografts and cell lines derived from pri-
mary, recurrent, and metastatic NPCs [45]. We con-
firmed that functional RB and inactivated p16 are
common features in our tested NPC models, as de-
scribed in our previously published study [8]. We also
confirmed the sensitivity of NPC to palbociclib both
in vitro in NPC cell lines and in vivo in xenografts and
determined that this drug induced cell cycle arrest in the
G1 phase. All the examined NPC xenografts were sensi-
tive to treatment with 75mg/kg palbociclib each day,
which is comparatively lower than the doses used in
many reported in vivo studies of other cancer types
(150–200 mg/kg/day) [46–48]. The variable responses of
different NPC xenografts to palbociclib (Supplementary
Fig. S5) may be related to the varied basal expression of
some markers that are sensitive to palbociclib or to
other intrinsic properties of various NPC cell lines and
xenografts. In our study, the Xeno23, Xeno76, and
Xeno32 xenografts exhibited the strongest responses to
palbociclib; in these models, tumor growth was arrested
throughout the treatment (Fig. 2b). Although the NPC
xenografts from established NPC cell lines (NPC43,
C666–1, and C17) exhibited slight increases in tumor
size during the treatment periods, the tumors remained
significantly smaller in the treatment groups than in the
vehicle control groups.
Palbociclib is an FDA-approved drug for clinical use,

so potential adverse effects should not be a significant
issue. In this preclinical trial, we did not observe signifi-
cant differences in body weights between the mice in the
treatment and control groups. Interestingly, we also ob-
served that palbociclib could inhibit the in vivo
colonization of lung tissues with intravenously injected
NPC cells, which suggests that this drug could poten-
tially inhibit NPC metastasis (Supplementary Fig. S8).
Consistent with this observation, palbociclib was shown

to inhibit breast cancer metastasis in animal models
through a mechanism that involves inhibition of the c-
Jun/COX-2 signaling pathway [49]. However, the de-
tailed molecular mechanism by which palbociclib sup-
pressed NPC metastasis warrants further investigation.
The potent suppressive effects of palbociclib on the

growth of NPC xenografts derived from patients with
primary, recurrent, and metastatic tumors support the
application of this drug in clinical trials related to NPC
treatment. A previous preclinical study evaluated an-
other CDK4/6 inhibitor, ribociclib, that targets a differ-
ent site in the ATP-binding pocket of CDK4/6 and
similarly demonstrated that the inhibition of this signal-
ing pathway could inhibit the growth of NPC cells [50].
An integrated genomic and transcriptomic study of five
patient-derived xenografts also determined that the copy
numbers of CCND1 and CDKN2A are potential targets
of palbociclib and may mediate the suppression of tumor
growth [51]. A case report also demonstrated the clinical
benefits of palbociclib treatment in a patient with previ-
ously treated metastatic NPC with CDK4 amplification
[52]. Taken together, these observations emphasize the
strong therapeutic value of targeting the dependency of
NPC cells on the CDK4/6–cyclinD1 pathway.
In the second part of this study, we furthered our ex-

ploration of the efficacy of combination treatments that
include palbociclib for the treatment of NPC. Combina-
tions of chemotherapy drugs are commonly used in can-
cer treatment to prevent drug resistance, reduce drug
dosages, and minimize adverse effects. Because
platinum-based chemotherapy (e.g., cisplatin) is the most
commonly used NPC treatment option, we first assessed
the combined effect of cisplatin and palbociclib on the
viability of NPC cells in vitro. Previous studies have re-
ported antagonistic effects when CDK4/6 inhibitors are
combined with other specific chemotherapeutic drugs
[53, 54] such as taxane, PLK1 inhibitors, gemcitabine,
and other drugs with mechanisms of action that rely on
continuous cell cycle progression. In this study, palboci-
clib also protected NPC cells from the cytotoxic effects
of cisplatin (Fig. 3a), possibly because palbociclib induces
cell cycle arrest in the G1 phase. To mediate its cyto-
toxic actions, cisplatin induces DNA damage by cross-
linking purine bases on DNA, interfering with DNA

(See figure on previous page.)
Fig. 6 Palbociclib-resistant and cisplatin-resistant NPC cells remain sensitive to cisplatin and palbociclib, respectively. a. Western blot analysis of
the cell cycle-related genes E-cadherin and N-cadherin in parental and PD-resistant NPC43 cell lines in the presence or absence of palbociclib
treatment (5 μM). b. The cancer stem cell–related gene expression profiles in parental and palbociclib-resistant (PD_R) cells were evaluated by
qPCR. c. A colony formation assay verified the resistance of NPC43 PD_R cells to palbociclib. d. Determination of the concentrations that would
induce a 50% inhibition of colony formation (ICol50) in both the parental and pablbociclib-resistant NPC43 and C666–1 cell lines. e. The sensitivity
of NPC43 PD_R and C666–1 PD_R cells to cisplatin was compared to that of the respective parental cell lines through a resazurin cell viability
assay. f. Cisplatin resistance in NPC43 sublines #5 and #5 N was verified through a resazurin cell viability assay. g. The sensitivity of parental and
cisplatin-resistant NPC43 cells to palbociclib was tested through a resazurin cell viability assay
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damage repair and triggering apoptosis and cell death
[55]. These actions take place in the S phase of cell cycle
and therefore may be abrogated by the effects of
palbociclib.
In contrast, we observed a synergistic effect when

palbociclib was combined with SAHA, an FDA-
approved drug for the treatment of cutaneous T cell
lymphoma [56]. SAHA is a broad-spectrum HDAC
inhibitor that disables HDAC by removing acetyl
groups from histone proteins, thus disrupting the
regulation of gene expression [57, 58]. SAHA can in-
duce growth arrest and death in a broad range of
transformed cells both in vitro and in vivo at concen-
trations that induce few or no toxic effects on normal
cells [26, 59]. Although the exact mechanisms remain
to be elucidated, the anticancer effect of SAHA is at-
tributed to dysregulation of the expression of genes
involved in cell proliferation and death pathways [26].
In this study, we confirmed the synergistic effects of
palbociclib and SAHA in three authenticated EBV-
infected NPC cell lines (Fig. 3b). We further observed
that the addition of SAHA enhanced the tumor
inhibitory effect of palbociclib in our Xeno76,
Xeno23, and C666–1 xenograft models (Fig. 4a). This
is the first report to demonstrate the ability of SAHA
to enhance the efficacy of palbociclib for the treat-
ment of NPC.
We sought to understand the mechanisms that under-

lie enhanced NPC cell death in response to this combin-
ation treatment. In a previous study of NPC, SAHA was
shown to induce apoptosis and suppress tumor growth
by activating the lytic cycle of EBV [34, 60]. In our study,
we demonstrated the lytic reactivation of EBV at the
single-cell level by using an RNAscope analysis of the
lytic gene, BZLF1 (Supplementary Fig. S12). However,
fewer than 1% of the xenograft tumor cells were shown
to express this gene, suggesting that lytic reactivation
was not the major cause of the enhanced cell death in
response to combined treatment. We also did not detect
increased levels of apoptosis and differentiation markers in
cells subjected to the combined treatment (Supplementary
Fig. S11), suggesting that these processes were not respon-
sible for the enhanced cell death. Interestingly, RNA se-
quencing and Western blot analyses revealed the common
induction of autophagy-related pathways in all three NPC
cell lines in response to the combination of palbociclib and
SAHA (Fig. 5). Evidence suggests that autophagy can par-
ticipate in a caspase-independent form of programmed cell
death induced by anticancer drugs [61]. Autophagic cell
death is due to the accumulation of presumably toxic au-
tophagic cargo in cells with a defective ability to degrade
this material in lysosomes. Autophagy has been reported to
play contradictory roles in tumor initiation and progression,
and both autophagic repression and stimulation have been

identified as therapeutic approaches, depending on the cel-
lular context of the tumor.
Autophagy-associated cell death can be induced thera-

peutically by modulating regulators of autophagy. In a
previous study, a combination of autophagy-associated
mTOR inhibition and radiation yielded enhanced thera-
peutic effects in cancer cells and xenografted tumors
[62]. In our study, palbociclib increased the expression
of LC3-II, and the combined use of palbociclib and
SAHA further augmented this expression (Fig. 5). The
autophagy inhibitor CQ can alkalize the lysosomal
lumen and block autolysosomal degradation. In our
study, CQ treatment further enhanced the increased ex-
pression of LC3-II in groups treated with palbociclib
monotherapy or combined palbociclib and SAHA, indi-
cating that palbociclib itself can upregulate autophagic
flux. Furthermore, we found that CQ could inhibit the
death of C666–1 cells exposed to palbociclib alone or in
combination with SAHA. In vivo, the combined treat-
ment induced higher LC3-II/LC3-I ratios in the xeno-
graft tumors (Fig. 5h). These observations suggest that
autophagy is a factor in the cell death induced by palbo-
ciclib monotherapy or combined palbociclib and SAHA
therapy. A previous study of hepatocellular carcinoma
cells demonstrated that palbociclib induced autophagy
in a CDK4/6-independent manner; in those cells, au-
tophagy was induced via a mechanism involving 5′
AMP-activated protein kinase (AMPK) activation and
protein phosphatase 5 (PP5) inhibition [63]. Other stud-
ies reported that HDAC inhibitors could induce caspase-
independent autophagic cell death in HeLa and chon-
drosarcoma cells [64, 65]. In our NPC cell systems,
SAHA appeared to potentiate the autophagy-inducing
effect of palbociclib, which may have led to the massive
degradation of essential cellular structures and
autophagy-associated cell death. Investigations are
needed to further elucidate the role of autophagy as a
mediator of the enhanced cytotoxic effects of palbociclib,
either alone or in combination with SAHA, especially in
the context of NPC cells.
We have demonstrated the potent effect of palbociclib

as a suppressor of the growth of primary, recurrent and
metastatic cancer cells and anticipate a first-in-human
clinical trial of this drug in patients with NPC. In 2009,
16 patients with treatment-naïve World Health
Organization histological grade III, stage II (n = 2), III
(n = 6), and IVB (n = 8) NPC were treated with the non-
selective CDK inhibitor seliciclib [51]. However, the use
of seliciclib in clinical trials was displaced by the subse-
quent development of specific inhibitors to CDK4/6
such as palbociclib. However, palbociclib use may even-
tually lead to drug resistance [66, 67]. Therefore, we ex-
amined whether palbociclib-resistant NPC cells would
remain vulnerable to cisplatin treatment and observed
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the acquisition of a new cell cycle pathway independent
of RB phosphorylation (Fig. 6a). Cyclin A expression,
which indicates proliferation, could be maintained at a
high level in these cells even under the treatment of pal-
bociclib. Cyclin E1 overexpression was also observed in
palbociclib-resistant NPC43 cells. A previous study iden-
tified E2F activation via the cyclin E–CDK2 axis as a fac-
tor that reverses the inhibition of CDK4/6 and enables
cell cycle progression from the G1 to the S phase [67].
NPC cells may use a similar mechanism to develop re-
sistance to palbociclib. Importantly, these palbociclib-
resistant NPC cell lines remained sensitive to cisplatin
(Fig. 6e), suggesting that this platinum-based drug could
still be used to treat patients who develop resistance to
palbociclib.
Despite the promising use of palbociclib as a thera-

peutic option for NPC, irradiation and concurrent cis-
platin chemotherapy will remain the first-line treatment
options for most primary cases until the benefits of pal-
bociclib can be demonstrated in clinical trials of recur-
rent or metastatic NPC patients. Cisplatin is also used in
salvage chemotherapeutic regimens for the treatment of
recurrent tumors and even palliative regimens for the
treatment of metastases, as approved targeted therapies
for NPC are not available [3]. Accordingly, we sought to
verify whether palbociclib would effectively target
cisplatin-resistant NPC cell lines. In our study, palboci-
clib could effectively suppress the growth of cisplatin-
resistant NPC43 cells (Fig. 6g). In summary, cisplatin
and palbociclib could each potentially be used to treat
patients who have developed resistance to the other
drug.

Conclusions
In conclusion, palbociclib effectively induced cell cycle
arrest and growth suppression in NPC models derived
from primary, recurrent and metastatic tumors. The
addition of SAHA further potentiated the inhibitory ef-
fect of palbociclib. In contrast, the concurrent use of cis-
platin and palbociclib is not recommended. NPC cells
that developed tolerance to palbociclib remained sensi-
tive to cisplatin, and vice versa. Together, our work pro-
vides relevant information for the planning of clinical
trials and applications of palbociclib-involved regimens
for the treatment of NPC.

Supplementary Information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13046-020-01763-z.

Additional file 1: Figure S1. IC50 values of palbociclib in different
cancers as adapted from the Genomics of Drug Sensitivity in Cancer
database [31] A. A mean Day-3 palbociclib IC50 of 35.7 μM was calculated
from 770 cell lines corresponding to 32 types of cancer. The Day-3 IC50 of
palbociclib was 49.2 μM in 26 head and neck cancer cell lines.

B. Comparison of the Day-3 IC50 values of palbociclib for our NPC cell
lines and those included in the databank. Figure S2. Quantification of
protein expression in western blots of Fig. 1e. The grayscale value of each
band in Fig. 1e was detected using MyImage software. The protein bands
were normalized to the corresponding GAPDH level in each cell line and
then compared with the normalized level in the control group. Figure
S3. Cytostatic effect of palbociclib in three-dimensional cultures of NPC
cell lines. Cells were allowed to form spheroids and treated with palboci-
clib at various doses. Three-dimensional spheroids of (A) C666–1 and (B)
C17 NPC cells were grown in ultra-low attachment plates. The viability of
spheroids was examined using the Cell Titer Glo assay. Dose–response
curves were plotted for NPC spheroids after treatment with palbociclib
for 3 and 5 days. Western blot analysis indicated the significant downreg-
ulation of RB (Ser780) phosphorylation and cyclin A expression in spher-
oids treated with palbociclib at concentrations greater than 0.2 μM.
Figure S4. Expression of p16, RB, and cyclin D1 in NPC xenografts grown
in mouse models. Although p16 was undetectable in all NPC models, RB,
and cyclin D1 were detectable at various levels in all models. Figure S5.
Comparison of the inhibitory effect of palbociclib on the growth of differ-
ent xenografts in mice. The tumor growth curves (upper panel), final
tumor volumes (lower left panel), and final tumor growth inhibition
(lower right panel) of all xenografts in Fig. 2 are summarized to enable a
comparison of drug efficacy. Figure S6. Enlarged IHC images of tissues
as shown in Figure 2c. Figure S7. Analysis of Ki-67 expression cells in
tumor sections. A. Whole-tumor sections were subjected to immunohis-
tochemical analysis for Ki-67 and scanned using a Vectra Polaris imager.
The images were imported into the Pheno-Chart 13 analysis program
and divided into numerous 466 μm× 349 μm regions. B. Within each re-
gion, the software automatically compartmentalized each cell according
to the nuclear stain. Blue spots represent the hematoxylin-stained nuclei,
and brown spots represent the Ki-67–positive cells. C. After pooling all
the data from each analyzed region, the percentage of Ki-67–positive
cells was calculated as the number of positive DAB-stained cells / total
number of tumor cells × 100%. Figure S8. Inhibition of NPC metastasis
by palbociclib. Each NOD/SCID mouse was injected with 106 C666–1 cells
via the tail vein, and treatment was initiated 10 days later. A. All control
mice developed NPC metastases in the lungs; in contrast, only one of
four mice in the palbociclib treatment group developed lung metastases.
In addition, the metastatic nodules in the lungs of the control group
were larger than those in the lungs of the affected treatment group
mouse. B. Solid tumor nodules in the control group lung tissues are indi-
cated by blue arrows. C. Hematoxylin-eosin (H&E) staining of representa-
tive tumors from each treatment group. The tumor nodules among the
air sacs in the lungs are indicated by blue arrows. D. Higher magnification
of the H&E-stained slides reveals the densely packed tumor cells next to
the air sacs in the lung tissues of control group mice. Figure S9. En-
larged IHC images of tissues as shown in Fig. 4b. Figure S10. Suppres-
sion of metabolic activity in Xeno23 tumors after combined treatment
with palbociclib and SAHA. Micro-PET/MRI scans of Xeno23-bearing mice
reveal the suppressed metabolic activity in tumors treated with palboci-
clib + SAHA. The mice received vehicle or combined treatment for 17
days. Figure S11. Co-treatment with palbociclib and SAHA did not pro-
mote cell differentiation or apoptosis relative to palbociclib or SAHA
monotherapy. NPC43 cells were treated with 15-μM palbociclib or 5-μM
SAHA alone or in combination for 6 or 24 h. The levels of proteins related
to cell cycle, differentiation, and apoptosis in the treated cells were exam-
ined by western blotting. Figure S12. Lack of prominent activation of
the EBV lytic cycle in NPC cells subjected to palbociclib or SAHA mono-
therapy or combination treatment. RNAscope was used to detect the ex-
pression of BZLF1 (which encodes the early lytic protein, Zta) in C666–1
tumors isolated from mice in the control and treatment groups. Five ran-
dom regions were selected from the slides corresponding to each treat-
ment group. The numbers of cells that harbor positive signals for BZLF1
RNA were calculated using inForm analysis software. The numbers of
positive BZLF1 hybridization signal were comparable between the tumors
from all control and treatment groups. Fewer than 1% of all cells in the
analyzed tumor areas were positive for BZLF1, indicating that EBV lytic re-
activation was not a major factor in the cell death induced by the drug
treatments. Figure S13. Assessment of autophagic flux and viability in
NPC43 and C17 cells in response to palbociclib and SAHA monotherapy
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and combined treatment. A. Analysis of autophagic flux in NPC43 and
C17 cells treated with palbociclib, SAHA, or palbociclib + SAHA and the
autophagic flux inhibitor chloroquine (CQ, 25 μM) for 24 h. B. Bar chart of
the fold changes in LC3-II in treated cells relative to the vehicle control as
shown in Fig. A. C. Viability of NPC43 and C17 cells in response to the
conditions described in A. Figure S14. Knockdown of the autophagy-
related proteins BECN1 and ATG5 partially reversed the cytotoxic effects
of palbociclib and SAHA in NPC cells. A. NPC43 cells were transfected
with siRNAs specific for BECN1 or ATG5 and then treated with palbociclib
and SAHA for 24 h. Cell viability was tested using a resazurin assay. B.
Knockdown of ATG5 and beclin-1 protein expression after transfection
with corresponding siRNAs was verified by western blotting. The normal-
ized grayscale values corresponding to the protein band intensities are
marked in red above the bands. Figure S15. Assessment of the autoph-
agy levels in NPC43, C666–1 and C17 cell lines by visualizing the autoph-
agic vacuoles with GFP-LC3II. The number of autophagic vacuole as
indicated by the expression of GFP-LC3-II were counted and represented
in the bar charts. Increased autophagic flux in cells treated by palbociclib
(15 μM) and SAHA (5 μM) for 24 h was observed.
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