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ABSTRACT
◥

Dormant cancer cells that survive anticancer therapy can lead to
cancer recurrence and disseminated metastases that prove fatal in
most cases. Recently, specific dormant polyploid giant cancer cells
(PGCC) have drawn our attention because of their association with
the clinical risk of nasopharyngeal carcinoma (NPC) recurrence, as
demonstrated by previous clinical data. In this study, we report
the biological properties of PGCC, including mitochondrial altera-
tions, and reveal that autophagy is a critical mechanism of PGCC
induction.Moreover, pharmacologic or genetic inhibition of autop-
hagy greatly impaired PGCC formation, significantly suppressing
metastasis and improving survival in a mouse model. Mechanisti-
cally, chemotherapeutic drugs partly damagedmitochondria, which
then produced low ATP levels and activated autophagy via the

AMPK-mTOR pathway to promote PGCC formation. Analysis of
the transcriptional and epigenetic landscape of PGCC revealed
overexpression of RIPK1, and the scaffolding function of RIPK1
was required for AMPK-mTOR pathway-induced PGCC survival.
High numbers of PGCCs correlated with shorter recurrence time
and worse survival outcomes in patients with NPC. Collectively,
these findings suggest a therapeutic approach of targeting dormant
PGCCs in cancer.

Significance: Pretreatment with an autophagy inhibitor before
chemotherapy could prevent formation of therapy-induced dor-
mant polyploid giant cancer cells, thereby reducing recurrence and
metastasis of nasopharyngeal carcinoma.

Introduction
Although the majority of patients with nasopharyngeal carcino-

ma (NPC) do not present with overt metastases at diagnosis, a

significant number succumb to disseminated disease years after the
successful treatment of the primary tumor (1). Thus, late NPC
recurrence may be the result of rare and elusive dormant cancer
cells hiding in specialized niches being reactivated by specific
signals (2). The concept of cancer dormancy has been described
for the most common solid and hematologic cancers; however, the
dormant cancer cells in NPC remain largely uncharacterized (2, 3).
Due to their crucial role in recurrence and metastasis, it is impor-
tant to develop proper models and approaches to study NPC
dormancy in order to prevent disease relapse (4).

Although many factors contribute toward cancer cell dormancy,
recent studies have demonstrated that cancer therapy can induce
cellular dormancy (5, 6). Indeed, therapy-induced dormancy has been
shown to lead to durable proliferation arrest, resulting in the formation
of polyploid giant cancer cells (PGCC; refs. 7–9), which are a unique
subpopulation of cancer cells that contribute toward the heterogeneity
of solid tumors (6, 7, 10). Unlike regular-sized diploid cancer cells,
PGCCs display distinct morphologic features, including a large cyto-
plasmic area and a high genomic content contained within a single
highly enlarged nucleus or multiple nuclei (7, 9, 11, 12). Despite being
present in low numbers, the frequency of PGCCs increases markedly
after exposure to hypoxia and therapeutic interventions such as
radiotherapy and chemotherapies (12–14). In addition, PGCCs can
give rise to daughter cells (regular-sized and ploidy) via asymmetric
cell divisions like splitting, budding, and bursting, which usually occur
during the division of low-level eukaryotes, plants, and viruses (7). In
the past decade, studies have reported that PGCCs persist in multiple
types of cancer (glioma, breast, ovarian, colon, melanoma, lung, and
renal) and contribute toward cancer maintenance, metastasis, and
chemoresistance (8, 11, 14–23). However, little is known about the
mechanisms underlying PGCC formation.

In this study, we attempted to investigate the role of autophagy in
PGCC formation as well as the underlying mechanisms. Furthermore,
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we validated our findings using a highly relevant clinical orthotopic
model of imageable NPC and used clinical data to determine the
relationship between PGCC number and patient recurrence and
outcomes. Together, our findings suggest that autophagy inhibition
prevents therapy-induced dormant PGCC formation and thereby
prevents NPC metastasis.

Materials and Methods
Human NPC specimens

Tissue samples were collected from pathologically confirmed cases
of NPC at the Affiliated Hospital of Nantong University according to
approval by its ethics committee (Institutional Review Board number:
2020-L160). All patients provided informed consent and had not
received any cancer therapies prior to the biopsy. Tissue microarrays
were performed by Outdo Biotechnology to examine the number of
PGCCs. Detailed clinicopathologic features of the patients are listed in
Supplementary Table S1.

Cell culture and PGCC formation
The human NPC cell lines 5–8F and CNE-2 were gifted from

the Sun Yat-Sen University (Guangzhou, Guangdong, China) and
Xiang-Ya School of Medicine (Changsh, Hunan, China) and were
routinely tested for Mycoplasma. The cells were maintained in RPMI
1640 (Biological Industries; 01–100–1ACS) with 10% FBS (Biological
Industries; 04–001–1ACS) as described previously (24). The CNE-2
cell line was recently authenticated using short tandem repeat
analysis (25).

At 80% confluence, cells were treated with 150 ng/mL paclitaxel
(Nanjing Luye Pharmaceutical Co., Ltd) for 18 hours and then allowed
to recover for 6 to 7 days in regular medium (replaced every 3 days) for
PGCC formation. At 9 to 10 days, the PGCCs generated daughter cells
via asymmetric cell division.

Animal procedures
The in vivo experiments were approved by the Committee on the

Ethics of Animal Experiments of Nantong University (RDD number:
S20200323–040). All mouse experiments were conducted according to
NIHGuidelines and were approved by the Administration Committee
of Experimental Animals, Jiangsu Province, China [Approval ID:
SYXK (SU) 2007–0021].

Orthotopic NPC xenografts were established using 6-week-old
BALB/c mice. Briefly, mice were subjected to deep anesthesia with
chloral hydrate (4% solution, 400 mg/kg) and positioned in a stereo-
tactic frame in a supine position. The mouth was held open with the
tongue pulled aside and 50-mLPBS containing 2� 106 CNE-2 cells was
injected just distal and lateral to the hard palate using a 1 mL sterile
syringe. Drug treatment was started 4 days after injection. NPC tumor
metastases away from the orthotopic site and orthotopic tumor growth
were monitored twice a week using bioluminescence imaging (BLI)
with an IVIS Lumina Series III (Caliper Life Sciences).

Scoring for PGCCs
For cultured cells and tissue sections, nucleus areameasurement was

performed with Zen and Image J software as described previously (26).
If the nuclear area exceeded 350 mm2 in size, it was defined as a PGCC.

Immunofluorescence, Western blot, and IHC
The assays for immunofluorescence (IF), Western blot, and IHC

were performed as described previously (27) using the antibodies listed
in Supplementary Table S2.More details are provided in Supplemental

Methods. Full Western blot images are shown in Supplementary
Fig. S1.

RNA sequencing and bioinformatics analysis
RNA sequencing (RNA-seq) and bioinformatics analysis were

conducted by GENEWIZ. Briefly, after total RNA had been extracted,
qualified, and quantified, next-generation sequencing libraries were
prepared according to the manufacturer’s instructions. RNA-seq was
conducted on an Illumina HiSeq instrument (Illumina) according to
the manufacturer’s instructions (28). Clean data were analyzed using
Hisat2 and HTSeq softwares, while the DESeq2 Bioconductor package
was used for differential expression analysis.

Transfection and transduction
Transfection was performed as described previously (25) using

ATG5–short hairpin RNA (shRNA) plasmids from Shanghai Gene-
chem. Tandem monomeric red fluorescent protein (RFP)-GFP–
tagged LC3 (Shanghai Genechem, tfLC3) was used to determine
autophagic flux, as described previously (24).

Evaluation of mitochondrial morphology, function, and
mitophagy

Tomeasuremitochondrial content andmitochondrialmorphology,
cells were incubated with 200 nmol/L MitoTracker green mitochon-
drial probe (Cell Signaling Technology, #9074) for 30minutes at 37�C,
collected, and live-imaged immediately using a confocal microscope
(Leica Microsystems, TCS SP-5). Mitochondrial volume and length
were analyzed using the ImageJ software.

For the JC-1 assay, cells were stained using an MMP assay kit
(Abcam, ab113850) according to the manufacturer’s instructions.

Cellular ATP levels were measured using an ADP/ATP ratio assay
kit (Bioluminescent; Abcam, ab65313) according to the manufac-
turer’s instructions. Briefly, 100 mL of the reaction mix was added to
obtain the background luminescence (data A). The cells were then
incubated with 50 mL of nucleotide-releasing buffer for 5 minutes at
37�C and transferred into luminometer 96-well plates to be read (data
B). “Data B – data A” refer to the ATP measurements. The samples
were then read again to measure ADP levels (data C) before 10 mL of
1� ADP converting enzyme was added for 2 minutes and the samples
were read one final time (data D). The ADP/ATP ratio was calculated
as: ADP/ATP ratio ¼ [data D – data C]/[data B – data A].

pMitoTimer plasmid was a gift from Zhen Yan (Addgene plasmid
#52659; RRID: Addgene_52659). The pCHAC-mt-mKeima plasmid
was a gift from Richard Youle (Addgene plasmid #72342; RRID:
Addgene_72342; ref. 29). After 36 hours of transfection, live cell
imaging was done using a confocal microscope.

Transmission electron microscopy
Transmission electron microscopy was performed by Nova Bio-

technology as described previously (24).

Cleavage under targets and tagmentation and assay for
transposase-accessible chromatin using sequencing for PGCCs
and CNE-2 cells

Cleavage under targets and tagmentation (CUT&Tag) assay for the
enhancer histone mark H3K27ac were conducted and analyzed by
DIATRE Biotechnology and using NovoNGS CUT&Tag 2.0 High-
Sensitivity Kit (for Illumina; Novoprotein Scientific Inc., catalog no.
N259-YH01–01A), as described previously (30).

Assay for transposase-accessible chromatin using sequencing
(ATAC-seq) for the PGCCs and CNE-2 cells was performed and
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analyzed by Guangzhou Epibiotek Co., Ltd as described (31). Libraries
were quantified with Bioptic Qsep100 Analyzer (Bioptic lnc.) and the
paired-end were sequenced with read lengths of 150.

Data and materials availability
RNA-seq, CUT&Tag, and ATAC-seq data in this study are depos-

ited in the NCBI SRA database with the accession of PRJNA731027.

Quantification and statistical analysis
Statistical analysis was performed using the GraphPad Prism 6 and

SPSS 17.0 software. Details of the statistical analyses performed for
different data are shown in each figure legend. P values of < 0.05 were
considered significant.

Results
PGCCs display distinct morphologic feature

It was reported that PGCCs can be induced fromnormal cancer cells
by the hypoxia-mimetic agent CoCl2 (7) or paclitaxel (9).When tumor
cells were exposed to paclitaxel (15–150 ng/mL), cell death increased
with paclitaxel concentration (Supplementary Fig. S2A). We used the
maximum concentration of paclitaxel to ensure that the majority of
tumor cells were killed (Supplementary Fig. S2A), and this concen-
tration was far above the IC50 value (Supplementary Fig. S2B). The
experimental design is shown inFig. 1A. Similar with previous reports,
from the first day after paclitaxel exposure, the diploid cells began to
die and the surviving cells entered the PGCC cell cycle. After recovery
for 7 days, only a few cells survived to generate PGCCs (Fig. 1B andC;
Supplementary Fig. S2C–S2E). For the next 3 days, the PGCCs
remained dormant; however, some small daughter cells began to bud
10 days after paclitaxel treatment (Fig. 1B and C; Supplementary
Fig. S2C–S2E). As the time spent in recovery culture increased, many
smaller daughters’ cells were generated via burst-like cell divisions in a
short period of time (more than 12 hours; Fig. 1B and C; Supple-
mentary Fig. S2C–S2E). The quantification of PGCC numbers were
shown in Supplementary Fig. S2F.

Consistent with previous reports from Liu’s reports (7, 9), the
PGCCs displayed distinct morphologic features, characterized by a
large cytoplasmic region, high genomic content contained (Fig. 1B;
Supplementary Fig. S2C–S2E) within multiple nuclei (Supplementary
Fig. S2G), and polyploid population (Supplementary Fig. S2H–S2J). In
addition, LIVE/DEAD viability analysis revealed that the dormant
PGCCs were alive (Supplementary Fig. S2K), while b-galactosidase
staining showed that although the PGCC bodies were not senescent,
the area with budding daughter cells displayed a senescent phenotype
(Supplementary Fig. S2L). Furthermore, paclitaxel treatment altered
the cell cycle by sharply decreasing the number of cells in the G0-G1
phase and increasing in G2-M (Supplementary Fig. S2M). Moreover,
cyclin E expression was higher in the PGCCs and cyclin B1 was
dramatically lower, whereas no obvious change was observed in cyclin
D1 and CDK8 (Supplementary Fig. S2N). Therefore, we concluded
that PGCCs are a specific cell type that contribute toward the hetero-
geneity of solid tumors.

PGCCs survive paclitaxel treatment by removing damaged
mitochondria

Mitochondria are essential bioenergetic and biosynthetic organelles
that are critical for adaptation to changes in their environment, such as
nutrient depletion and cancer treatments. Therefore, we examined
mitochondrial morphology and function by assessing mitochondrial
volume and shape (elongated/fragmented) using MitoTracker. We

found that PGCCs displayed a significantly higher mitochondrial
volume than the control cells (Fig. 1D–F). Notably, the interconnected
network structure of mitochondria in regular cells dispersed into
fragmented units after exposure to paclitaxel for 18 hours; however,
the structure recovered over time, indicating that PGCCsmay respond
to cancer treatments to remove damaged mitochondria (Fig. 1D–G).
In addition, mitochondrial membrane potential (MMP), an important
parameter of mitochondrial function, was measured by JC-1 staining.
Increased number of unhealthy “green”-labeled lowmembrane poten-
tialmitochondriawere observed in paclitaxel treatment cells compared
with that in the controls; such unhealthy mitochondria was partly
rescued in PGCCs (Fig. 1H and I).

Mitophagy is the selective form of autophagy that is devoted to the
selective sequestration and degradation of damaged mitochondria.
Therefore, MitoTimer labeling was used to visualize mitochondrial
turnover real-time in living cells. MitoTimer is a mitochondrial
matrix-targeting Timer fluorescent protein that irreversibly changes
its emitted fluorescence from green to red over time. As expected, cells
exposed to paclitaxel for 18 hours and PGCCs induced less “Red”
mitochondria accumulation than the control cells, supporting more
mitochondrial turnover (Fig. 1J and K). Furthermore, we measured
mitophagic flux by employing live-cell imaging of mitochondria-
matrix targetedKeima (mt-Keima). The red color ofmt-Keima protein
increased when mitophagy activation and delivery of mitochondria to
lysosomes. Dramatically increased red fluorescence was found in the
cells exposed to paclitaxel for 18 hours and PGCCs, indicating
mitophagy activation and delivery of mitochondria to lysosomes
(Fig. 1L and M). Next, mitophagy levels were evaluated by IF
costaining for TOM20 (mitochondrial marker) and LC3 (autophagy
marker), indicated a marked increase in mitophagy activation in
PGCCs (Fig. 1N and O). PINK1/Parkin signaling has been reported
to play an important part in mitophagy. An increased expression of
PINK1, Parkin, and mitophagy adapter OPTN in PGCCs were
observed (Fig. 1P and Q). Therefore, these findings indicate that
PGCCs survive paclitaxel treatment by removing damaged mitochon-
dria via significant mitophagy induction.

Autophagy inhibition prevents dormant PGCC formation
A total of 9610 differentially expressed genes (DEGs) were detected

(Fig. 2A and B) though RNA-seq, indicating that considerable altera-
tions in gene expression occur when PGCCs are generated. Next, we
produced a network of the DEGs by performing genetic cosimilarity
analysis to identify gene pairs, and the high-ranking correlated gene
pairs within clusters were then enriched for shared pathway annota-
tions. As expected, we identified functional modules related to path-
ways such as autophagy, the cell cycle, MAPK, mTOR, and AMPK
(Fig. 2C). Notably, PGCCs showed a marked increase in the expres-
sion of autophagy-related genes (ATG) and LC3B (Fig. 2D–F). Since
cisplatin-based chemotherapy is the most frequently used clinical
treatment for NPC, we also examined the effects of cisplatin on PGCC
formation. The frequency of PGCCs increased markedly after 2 weeks
of cisplatin treatment (Supplementary Fig. S3A and S3B) and high
levels of autophagy were observed in cisplatin-induced PGCCs (Sup-
plementary Fig. S3C–S3E).

Next, we investigated the functional importance of autophagy
activation in PGCC formation by treating NPC cells with Earle
balanced salt solution (EBSS; an autophagy activator) or 10 mmol/L
chloroquine (an autophagy inhibitor) prior to paclitaxel exposure for
PGCC formation (Fig. 2G). We found that autophagy activation
markedly increased PGCC induction, consistent with the significant
autophagosome and autolysosome accumulation observed, whereas
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Figure 1.

Morphologic characteristics, mitochondrial morphology, and function analysis of PGCCs. A, Experimental design for PGCC induction and daughter cell generation
in vitro. B, Light phase contrast microscopy images of cells at the indicated time points. Arrow, themononuclear daughter cells. C, The CCK8 assayswere performed
tomeasure cell proliferation. O.D., optical density.D,Mitochondrial morphologywas visualized using MitoTracker. E and F,Mitochondrial volume/cell wasmeasured
in three fields per group, with three independent replicates. a.u., arbitrary units.G,Mitochondrial lengthwasmeasured in five fields per group, with three independent
replicates. H, Confocal microscopy of mitochondrial membrane potential change with JC-1. Red puncta, maintained mitochondria; green puncta, depolarized
mitochondria. I,Thequantification of JC-1 results. J,Mitochondrial turnover visualized byMitoTimer transfection and labeling.K, Thehistogramshows the ratiometric
quantification of three independent experiments of 30 cells per group. R:G, red:green. L, Fluorescent images of cells transfected with plasmidmt-Keima (mitophagy
reporter). M, Quantification of average fluorescence intensity, with three independent replicates of 30 cells per group. N, IF costaining of TOM20 and LC3. Blue,
nucleus; red, TOM20; green, LC3. O, Quantification of the percentage of yellow area. P, Western blot analysis. Q, Gray value analysis of Western blot. All data
represent the mean � SEM of at least three independent experiments. P values were calculated using one-way ANOVA. �, P < 0.05; �� , P < 0.01; ��� , P < 0.001;
���� , P < 0.0001; NS, not significant. PTX, paclitaxel.
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Figure 2.

Autophagy is activated in PGCCs and promote PGCC formation. A, DEGs were identified using three independent RNA-seq experiments. B, Upregulated and
downregulated DEGs. C, DEG genetic cosimilarity map. Representative pathways enriched in A cluster are shown on the diagonal axis (FDR < 1%). TS, topology
similarity. D,Western blot analysis of autophagy-related genes levels. E, Gray value analysis of Western blot. F, Left, IF detection of endogenous LC3 puncta. Right,
total number of endogenous LC3 puncta per cell (Student t test). G, Experimental design for investigating the role of autophagy in PGCC formation. H, Left,
representative light microscopy images of PGCC formation. Right, quantification of PGCC number (one-way ANOVA). I, Detection of autophagic flux using the
mRFP-GFP-LC3 reporter. J, Autophagic flux analysis (two-way ANOVA). K, IF detection of endogenous LC3 puncta. L, Quantification of average fluorescence
intensity per cell (one-way ANOVA). M, Interference efficiency was detected by Western blot in cells transfected with lentiviral ATG5-shRNA or mock vector.
N, Representative light microscopic images of PGCC formation. O, Quantification of PGCCs number using Student t test. All data represent the mean � SEM of
three independent experiments. P values were calculated using one-way ANOVA or Student t tests or two-way ANOVA. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001;
���� , P < 0.0001. a.u., arbitrary units; CQ, chloroquine.
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inhibiting autophagy significantly decreased chemotherapy-induced
PGCC formation (Fig. 2H–L). Similar results were observed in NPC
cells following ATG5 knockdown (Fig. 2M–O).

Chemotherapy drugs induce PGCC formation by activating
autophagy via the AMPK-mTOR pathway

To elucidate the molecular mechanism driving the dependence of
PGCC formation on autophagy, we verified the modulation of

previously reported autophagic signaling pathways (32); for this,
firstly, we examined changes in AKT/MAPK/AMPK/mTOR expres-
sion. As expected, the negative modulators of autophagy p-AKT
and p-mTOR were downregulated in PGCCs and the positive
modulator p-AMPK was upregulated (Fig. 3A); however, p-MEK,
a negative modulator of autophagy, was also upregulated in PGCCs,
indicating that PGCC formation does not depend on the MAPK
pathway (Fig. 3A).

Figure 3.

Autophagy activation promotes PGCC formation by activating AMPK-mTOR signaling. A, Left, Western blot analysis. Right, gray value analysis. B, Left, rescue
experimentswith PGCC formation. Right, quantification of PGCCs number. C, Left, rescue experiments with PGCC formation. Right, quantification of PGCCs number.
D, Relative mitochondrial ATP production and cellular ADP:ATP ratio. E, Schematic overview. F, Western blot analysis. G, Gray value analysis of Western blot.
H, Endogenous LC3 puncta were detected using IF. I, Quantification of average fluorescence intensity per cell (one-way ANOVA). J, Rescue experiments for PGCC
formation using AMPK-mTOR signaling inhibitors. K,Quantification of PGCC number. All data represent themean� SEM of at least three independent experiments.
P values were calculated using one-way ANOVA. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001; NS, not significant. CQ, chloroquine.

Autophagy Activation Promotes the Formation of PGCCs

AACRJournals.org Cancer Res; 82(5) March 1, 2022 851



Next, we investigated the relative contributions of these pathways
to PGCC formation. AMPK activation (AICAR) or suppression
(BML-275) significantly affected PGCC formation, whereas activating
(SC-79) or inhibiting (MK2206) AKT activity failed (Fig. 3B and C),
suggesting that autophagy-dependent PGCC formation is the result of
AMPK-mTOR pathway activation.

We then examined how the AMPK-mTOR pathway was acti-
vated. LKB1 and STR1, that were previously reported upstream of
AMPK, were observed to have no significant changes (Fig. 3A).
Since mitochondria can be damaged by chemotherapy treatments,
we further detected and found that PGCCs displayed significantly
lower ATP production and a high ADP:ATP ratio, which reflects
the cellular energy requirement and can be sensed by the intracel-
lular sensor AMPK (Fig. 3D). Consequently, we hypothesized that
chemotherapy drugs can damage mitochondria, which then pro-
duce lower ATP levels and activate autophagy via the AMPK-
mTOR pathway to promote PGCC formation (Fig. 3E). To test
this hypothesis, we performed rescue experiments. Suppressing
AMPK activity reduced PGCC formation and autophagy; however,
this phenotype was abolished following mTOR inhibition by rapa-
mycin (Fig. 3F–K).

Preventing PGCC formation via autophagy inhibition reduces
NPC metastasis in vivo

Our findings suggest that chemotherapy drugs can induce dormant
PGCC formation by activating autophagy, thus contributing toward
NPC recurrence and metastasis. Therefore, we determined whether
inhibiting autophagy prior to chemotherapy can eliminate NPC
metastasis by preventing PGCC formation.We used a highly clinically
relevant imageable NPC orthotopic mouse model that allowed us to
approximate tumor metastasis and the response to chemotherapeutic
agents in patients. Luciferase-tagged CNE-2 cells were orthotopically
injected into the nasopharynx of nude mice (Fig. 4A and B) according
to the NPC orthotopic procedures and treatment strategies shown in
Supplementary Fig. S3A and Fig. 4C. After injection, the tumors were
monitored before being collected and analyzed 25 days postinjection.
Tumors cotreated with BML-275 and cisplatin (BML-275 pretreat-
ment 1 day before cisplatin treatment, followed by cotreatment with
BML-275 and cisplatin) displayed inhibited PGCC formation
(Fig. 4D) and decreased autophagy (Fig. 4E and F). In addition, levels
of autophagy significantly correlated with the number of PGCCs in
tumors (Fig. 4G).

The NPC tumor metastasis away from the orthotopic site was
also monitored, and the patterns of metastasis were recorded
(Fig. 4H and I). The mice without chemotherapy had the highest
incidence of metastatic dissemination, with the majority of metas-
tases occurring in the lungs and spine. Notably, although the rate of
metastasis was reduced following cisplatin treatment, some mice
displayed metastatic dissemination after the successful treatment of
the primary orthotopic tumor. Importantly, no metastases were
observed in mice that received BML-275 and cisplatin cotreatment,
which was also associated with the best survival rate and lowest
metastasis rate (Fig. 4J and K). To make sure whether the reduced
NPC metastasis via targeting autophagy is responsible for the
difference in PGCCs number, two groups of different number of
PGCCs were directly injected into the nasopharynx and subcuta-
neous of nude mice, respectively. The mice with more PGCCs
transplantation had the higher metastatic dissemination rate (Sup-
plementary Fig. S3F and S3G), poor survival rate (Supplementary
Fig. S3H) and the larger transplantation tumor volume (Supple-
mentary Fig. S3I and S3J). In addition, similar results were observed

when pretreated mice with hydroxychloroquine (autophagy inhib-
itor) instead of BML-275 (Supplementary Fig. S4A–S4I).

Upregulated RIPK1 acts as a scaffold to prevent PGCC death via
the AMPK-mTOR pathway

Based on the above results, autophagy-dependent PGCC formation
is the result of AMPK-mTOR pathway activation. We wanted to
ascertain whether epigenomic alterations play critical roles in pro-
moting PGCC survival by driving expression of specific genes, as
PGCCs may remain dormant in patients for a long time. To map the
enhancer landscape of the PGCC genome, the CUT&Tag sequencing
(CUT&Tag-seq) assay was performed for the enhancer histone mark
H3K27ac and the open chromatin regions were assessed by theATAC-
seq as well as RNA-seq for DEGs (Fig. 5A–C). The data revealed
categories of peaks that are either specific to or shared between the
PGCC and normal CNE-2 cells. Overall, we identified that 2,125
CUT&Tag peaks were PGCC-specific and 1,222 peaks were CNE-
2–specific (Fig. 5B and D). Meanwhile, 12,658 ATAC-seq peaks were
identified to be PGCC-specific and 27,284 peaks were CNE-2–specific
(Fig. 5C and D). Furthermore, statistical analysis of the RNA-seq,
CUT&Tag, and ATAC-seq data revealed that 101 transcriptionally
activated genes identified by RNA-seq were mapped to the PGCC-
specific CUT&Tag and ATAC-seq peaks (Fig. 5E–G). Among the
101 activated genes, the expression level of receptor-interacting
protein kinase 1 (RIPK1), which is reported to be related to
autophagy (33), was markedly increased to seven-fold in the PGCCs
(Supplementary Table S3).

Previous studies reported that RIPK1 regulates two opposite
cell fates through kinase-dependent and -independent mechanisms
(34–36). As a scaffold, RIPK1 inhibits cell apoptosis and necrop-
tosis though various signaling pathways. As a kinase, RIPK1
paradoxically induces cell death modalities. To evaluate the role
of RIPK1 in determining the cell fate of PGCCs, we detected the
expression of pS166 RIPK1, as RIPK1 autophosphorylation on
Ser166 is responsible for low levels of RIPK1 enzymatic activi-
ty (35). Remarkably, although RIPK1 in the PGCCs was over-
expressed, the Ser116 phosphorylation was markedly inhibited
(Fig. 5H–J and N). As recent studies have demonstrated that
p38 and its substrate MK2 play essential roles in inhibiting RIPK1
kinase activation by directly phosphorylating RIPK1 at S320/
S321 (34, 37), we sought to determine the expression of the p38-
Ser320/S321 axis. The levels of p-p38 and Ser320/S321 phosphor-
ylation was increased in PGCCs in response to TNF (Fig. 5H, K–N),
which were consistent with the inhibited enzymatic activity.
Therefore, rescue experiments were performed to investigate the
contributions of the RIPK1 scaffold to AMPK-mTOR–mediated
PGCC survival. We observed that activating AMPK activity failed
to promote PGCC survival and autophagy once RIPK1 was
knocked down (Fig. 5O–U). Additionally, the prodeath and autop-
hagy inhibition role of RIPK1 siRNA was abolished following
mTOR inhibition by rapamycin (Fig. 5O–U). Collectively, these
findings indicate that transcriptionally activated RIPK1 acts as a
scaffold, rather than a kinase, to prevent PGCC death via the
AMPK-mTOR pathway.

PGCC number is a valuable biomarker prior to NPC therapy
Since there are factors besides therapeutic intervention, like

hypoxia, that contribute toward PGCC formation, we confirmed
the presence of PGCCs, defined as cells with irregularly giant or
multiple nuclei, in NPC tissue microarrays from 286 patients who
did not receive any cancer therapies (Fig. 6A and B). Statistically,
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the number of PGCCs was higher in patients with lymph node
metastases, distant metastases, and advanced clinical stage
(Fig. 6C–E). In addition, the number of PGCCs was significantly
higher in recurrent specimens and even higher in specimens from
patients who developed distant recurrent metastasis (Fig. 6F),
indicating that high PGCC levels correlate with NPC recurrence.

Finally, we performed Pearson correlation analysis to confirm
that patients with higher numbers of PGCCs exhibited shorter
recurrence times (Fig. 6G). PGCC number was defined as low
(<6) or high (≥6) using the X-tile Software, and patients with a high
PGCC number were found to display a higher recurrence rate (P <
0.0001; Fig. 6H) and worse clinical outcomes (P ¼ 0.0002; Fig. 6I).

Figure 4.

AMPK inhibition with BML-275 before chemotherapy prevents metastasis and increases survival rate by preventing PGCC formation. A, Illustration of the
tissue details for nasopharyngeal orthotopic implantation. B, Histology of nasopharyngeal orthotopic tumors. Left, gross observation. Right, hematoxylin
and eosin staining for tumor locations (dotted black line). C, Schematic of the detailed treatment strategy. D, Left, hematoxylin and eosin analysis of PGCC
number in tumor tissues. Arrow, representative PGCC. Right, quantification of PGCC number (one-way ANOVA). E, IHC analysis of tumor LC3 and P62
expression. F, Quantification of IHC staining (one-way ANOVA). G, Pearson correlation between LC3/P62 expression and PGCC number (linear regression).
H, Pattern of NPC metastasis. I, Whole-body BLI was used to track tumor metastasis from the orthotopic site. J and K, Kaplan–Meier analysis was used to
compare overall survival (J) and overall metastasis (log-rank test; K). All data represent the mean � SEM of at least three independent experiments. P values
were calculated using one-way ANOVA. ���� , P < 0.0001; NS, not significant.
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Figure 5.

RIPK1 acts as a scaffold to promote PGCC survival by the AMPK-mTOR pathway. A–C, Volcano plot showing the log2-fold change (FC) vs.–log10 (P value) of
differential mRNA expression (A), H3K27ac enrichment (B), and ATAC enrichment (C) identified between PGCCs and CNE-2 cells. Significantly up or down are
selected according to P < 0.05. D, Heatmap of H3K27ac and ATAC signals at sites unique for PGCCs and CNE-2 cells. Signal density measured�1 kb from the center
regions is defined as tag density/bp. E, Venn diagram. F and G, H3K27ac CUT&Tag-seq signals (F) and ATAC-seq signals (G) at RIPK1 loci. H,Western blot analysis.
I–M,Gray value analysis ofWestern blot.N, IF costaining in PGCCs and regular CNE-2 cells.O, Interference efficiencywas detected byWestern blot. P, Experimental
design for investigating the role of autophagy in PGCC survival. Q, Rescue experiments for PGCC survival. R, Quantification of PGCC number. S, PGCCs viability
analysis via LIVE/DEADViability assay. Scale bars, 50 mm. T, Endogenous LC3 punctawere detected using IF.U,Quantification of average fluorescence intensity per
cell (one-way ANOVA). All data represent the mean� SEM of at least three independent experiments. P values were calculated using one-way ANOVA. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001; NS, not significant. a.u., arbitrary units; mRNA-seq, mRNA sequencing; PTX, paclitaxel.
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Figure 6.

Presence and clinical significance of PGCCs in NPC. A, Representative hematoxylin and eosin staining of typical PGCCs in NPC tissue sections. B, Representative
image of PGCCs in NPC tissue microarrays. C–F, PGCC number in different clinical stages (C), lymph node metastases (D), distant metastases (E), and
recurrence (F). G, Pearson correlation between recurrence time and PGCC number (linear regression). H and I, Kaplan–Meier analysis was used to compare
overall recurrence (H) and overall survival (log-rank test; I). All data represent the mean � SEM of at least three independent experiments. P values were
calculated using one-way ANOVA. �, P < 0.05; ��� , P < 0.001; ���� , P < 0.0001; NS, not significant.
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This finding was confirmed using another cohort with 67 patients
from our hospital (Supplementary Fig. S5A–S5E). Together, these
data suggest that PGCC number is a valuable biomarker for
predicting future metastases, recurrence, recurrence time, and
patient survival prior to NPC therapy.

Discussion
The majority of recurrence and disseminated metastatic events

are caused by the reactivation of dormant cancer cells (38). Unfor-
tunately, the study of dormancy has been limited by a lack of
suitable models that appropriately recapitulate this stage of meta-
static spread as well as techniques to track and visualize dormant
cancer cells (39). During dormancy, cancer cells are thought to enter
a state of “temporary mitotic arrest” (39, 40). According to this
theory, we confirmed that therapy-induced PGCCs are dormant as
they undergo cell cycle arrest. Unlike conventional dormant cancer
cells, PGCCs display similarities to diapause, a dormant stage of
suspended embryonic development triggered by stress and unfa-
vorable environmental conditions (41–43).

Like traditional dormant cancer cells, when dormant PGCCs are
reactivated, countless small daughter cells are generated via burst-
like divisions in a very short period of time (8). Importantly, we
found that daughter cells budding from PGCCs may cause dissem-
inated metastases because of their markedly decreased adhesion,
which allows them to be shed easily from the primary site, data not
shown. The clinical risks of dormant PGCCs in future metastases
and recurrence were further clarified using clinical data from 286
patients with NPC.

This study is the first to report the successful induction and
culture of PGCCs from NPC cell lines with paclitaxel or cisplatin.
Paclitaxel is essential for stabilizing microtubules, inhibition of
mitosis, ultimately leading to cancer cell death (44). Cytotoxicity
of cisplatin is mainly due to interaction with DNA and thus
inducing genomic DNA damage (45). Although paclitaxel and
cisplatin are both widely used chemotherapeutic agents, the
mechanisms that induce PGCCs may be widely different. Paclitaxel
may induce PGCCs through arresting cells in G2–M phases, while
cisplatin through DNA damage and DNA repair. Consistent with
previous studies of PGCCs from other cancer cells, NPC-PGCCs
displayed distinct morphologic features, including a high genomic
content, cell cycle arrest, and special cell division types (7). What’s
more, stem-like properties and selectively turning off protein
translation were observed in NPC-PGCCs, data not shown.
Although mitochondria have been reported to participate in cellular
adaptation to environmental changes, this is the first study to report
significant alterations in mitochondrial morphology and function in
PGCCs, including a significant increase in mitochondrial volume
and lower ATP production. In addition, our results suggest that
cancer treatment leads to significant structural mitochondrial dam-
age that recovers over time because of the activation of mitophagy,
which removes damaged mitochondria and replaces them with
newly formed healthy ones. Our data provide new insights into
the clinical application of mitochondria-related therapies targeting
dormant cancer cells.

Autophagy plays a complex and context-dependent role in cancer
as it can both abolish tumorigenesis and protect cancer cells by
providing a cellular rescue mechanism under adverse condi-
tions (46). Studies of dormant cancer cells have identified that the
maintenance of a dormant state depends on autophagy (28, 47, 48).
Our findings are consistent with those of recent studies, confirming

that autophagy is activated in dormant PGCCs; however, few
studies have investigated autophagy induction in dormant cancer
cells (49). Our data based on transcriptomic data revealed that
autophagy-dependent PGCC formation was the result of AMPK-
mTOR pathway activation. AMPK levels and activity are reported
upregulation in dormant breast cancer cells and that its pharma-
cologic or genetic inhibition promotes the clearance of residual
dormant breast cancer cells (48). Our study also elucidated the role
of autophagy and AMPK activation in PGCC formation and
highlighted the potential for the development of effective therapies
targeting autophagy to either prevent or eradicate therapy-induced
PGCC formation and prevent clinical disease relapse.

Despite numerous preclinical trials having demonstrated that
autophagy could be targeted as a potential cancer therapy, no drugs
designed to modulate autophagy have yet been FDA-approved to
treat NPC (50). Our extended follow-up of the NPC orthotopic
mouse model cotreated with an autophagy inhibitor (hydroxychlor-
oquine or BML-275) and cisplatin confirmed the therapeutic effi-
cacy of autophagy inhibition against PGCC formation, since we
repeatedly observed a significant decrease in NPC tumor metastasis
and the highest survival rate in these mice. Moreover, our data
highlight that treatment “timing” (i.e., the right order for the right
treatment) should be an important consideration in precision
medicine and therapeutic development. Furthermore, our findings
indicate that pretreatment with an autophagy inhibitor before
chemotherapy could maximize the therapeutic index.

Therefore, we future elucidated the epigenetic reprogramming
mechanisms underlying dormancy induction and maintenance in
PGCCs. Our data from the H3K27ac CUT&Tag-seq and ATAC-seq
and the subsequent experiments suggest that transcriptionally acti-
vated RIPK1 acts as a scaffold to promote PGCC survival via the
AMPK-mTOR pathway. This study is the first to report the protective
role of RIPK1 in dormant cell survival, which offers a unique oppor-
tunity for targeted dormant PGCC therapies.

Overall, this study provides compelling evidence for the vital role
of autophagy in the induction of dormant PGCCs and demonstrates
clinical risks in patient recurrence, and outcomes. Moreover, our
findings suggest that therapeutic approaches to inhibit autophagy
before chemotherapy could prevent dormant PGCC formation
responsible for metastasis and ultimately improve the survival rate.
Our findings may facilitate future study of cancer treatments.
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