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Abstract 

Background: Recently years have seen the increasing evidence identifying that OXPHOS is involved in 
different processes of tumor progression and metastasis and has been proposed to be a potential therapeutical 
target for cancer treatment. However, the exploration in oxidative phosphorylation-mediated 
chemoresistance is still scarce. In our study, we identify exosomal transfer leads to chemoresistance by 
reprogramming metabolic phenotype in recipient cells. 
Methods: RNA sequencing analysis was used to screen altered targets mediating exosome transfer-induced 
chemoresistance. Seahorse assay allowed us to measure mitochondrial respiration. Stemness was measured by 
spheroids formation assay. Serum exosomes were isolated for circ_0001610 quantification. 
Results: The induced oxidative phosphorylation leads to more stem-like properties, which is dependent on 
the transfer of exosomal circ_0001610. Exosome transfer results in the removal of miR-30e-5p-mediated 
suppression of PGC-1a, a master of mitochondrial biogenesis and function. Consequently, increased PGC-1a 
reshapes cellular metabolism towards oxidative phosphorylation, leading to chemoresistance. Inhibition of 
OXPHOS or exosomal si-circ_0001610 increases the sensitivity of chemotherapy by decreasing cell stemness 
in vitro and in vivo. 
Conclusion: Our data suggests that exosomal circ_0001610-induced OXPHOS plays an important role in 
chemoresistance and supports a therapeutical potential of circ_0001610 inhibitors in the treatment of 
oxaliplatin-resistant colorectal cancer by manipulating cell stemness. 
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Background 
Colorectal cancer is one of the leading causes of 

cancer-related death, which is highly influenced by 
metabolic reprogramming [1]. Glycolysis is a 
hallmark of cancer, rewiring energy metabolism to 
fuel cell growth and division and even modifying 
tumor microenvironment for immune escape [2,3], 
with oxidative phosphorylation (OXPHOS) previ-
ously being observed to be dysfunctional and 
regarded as a protective factor in several cancer types 
[4-6]. Indeed, enhancement of OXPHOS Inhibition, 
due to mutations or decrease in number of 
mitochondrial DNA (mtDNA), has been observed in a 
range of cancers and associated with poor prognosis 
[4,7,8]. However, OXPHOS is recently identified as an 
emerging contributor of tumorigenesis and tumor 
progression [7,9-11]. Especially, the bioenergetic 
demand of colorectal cancer is more dependent on 
OXPHOS than that of other cancer types, emphasizing 
the important roles of OXPHOS in colorectal cancer 
[12]. Notably, cancer stem cells are characterized by 
increased OXPHOS function [13]. For instance, 
OXPHOS promotes the growth and metastatic 
potential of colorectal cancer stem cells [14,15]. 
Consequently, OXPHOS inhibitors targeting complex 
I or complex III of the mitochondrial electron 
transport chain have also been proved to restrain 
tumor progression [16,17]. Thus, OXPHOS becomes a 
promising treatment target of colorectal cancer [18]. 

PPARγ coactivator 1α (PGC-1a) is a master of 
OXPHOS, stimulating mitochondrial biogenesis that 
is metabolically more oxidative and less glycolytic in 
nature [19,20]. Cumulative evidence has identified the 
strong correlation between PGC-1a expression and 
tumor growth, metastasis and drug resistance [21,22]. 
For instance, loss of PGC-1a reduces the risk of 
azoxymethane-induced colon carcinogenesis in mice 
model [19]. Compared to primary tumor cells, 
circulating tumor cells exhibited high levels of 
PGC-1a-mediated OXPHOS [22]. Moreover, PGC-1a- 
mediated OXPHOS increase is a key player 
contributing to the resistance to the first-line 
chemo-therapeutic drugs (oxaliplatin and 5-FU) in 
colorectal cancer [21]. Most importantly, PGC-1a has 
also shown its close involvement in regulating stem 
cells [23,24]. It is reported to maintain intestinal stem 
cells by increasing OXPHOS activity and decreasing 
cellular levels of reactive oxygen species [24]. 
Furthermore, cancer stem cells demonstrate their 
dependency on PGC-1a-induced mitochondrial 
OXPHOS [23,25], which leads to tumor relapse [26]. 
Collectively, these data highlight the potential 
connection between PGC-1a-induced stemness and 
drug resistance in cancer. 

In this study, we show that increased OXPHOS 

activity induced by the transfer of circular RNAs in 
exosomes results in chemoresistance of recipient cells 
in colorectal cancer. Specifically, exosomal 
circ_0001610 collected from oxaliplatin-resistant cell 
model leads to the decreased drug sensitivity in 
recipient cells by upregulating PGC-1a-dependent 
OXPHOS activity. Consequently, inhibitor of circ_ 
0001610 or loss of PGC-1a reverses the resistant 
phenotype in recipient cells after exsosomal transfer. 
Further analysis reveals that the upregulated PGC-1a 
due to the decrease of miR-30e-5p contributes to drug 
resistance by inducing stem-like phenotypes, 
including the overexpression of stemness markers 
and the increased potential of sphere formation. 
Finally, we show increased exosomal circ_0001610 
and decreased exosomal miR-30e-5p in circulation 
and overexpressing PGC-1a expression in tumor 
samples of chemotherapy non-responsive CRC 
patients compared to that of chemotherapy respon-
sive CRC patients. Taken together, our study suggests 
a novel mechanism by which increased OXPHOS 
induced by exosomal transfer can result in 
chemotherapy-resistance by promoting stem-like 
properties. Hopefully, this finding can provide a new 
target for patients unresponsible to chemotherapy. 

Methods 
Clinical specimens 

25 colorectal tissue resection and matched blood 
samples were collected from colorectal cancer patients 
before neoadjuvant chemotherapy in Peking 
University Third Hospital. Patient's informed consent 
forms were signed by all patients. Experiments were 
approved by Peking university Third Hospital 
Medical Science Research Ethics committee and 
performed in accordance with the principle of the 
Helsinki Declaration II. Information of the human 
cohorts is provided in Supplementary Table 1. 

Cells and drugs 
Human colorectal cancer cell lines DLD1 and 

HCT15 were acquired from ATCC. Resistant cell lines 
DLD1/oxaliplatin (DLD1R) and HCT15/oxaliplatin 
(HCT15R) were established by culturing with 
constant high oxaliplatin concentration to parental 
cells for over 12 months. These resistant cell lines were 
kept in the lab with oxaliplatin and experiments on 
resistant cell lines were performed after culturing in 
the medium without oxaliplatin for at least 2-3 weeks. 
All colorectal cells were maintained at 37°C with 5% 
CO2 in RPMI (Gibco, USA) supplemented with 10% 
FBS (Gibco, USA) and 1% Penicillin/streptomycin 
(Gibco, USA) and free of mycoplasma throughout the 
study. Oxaliplatin, GW4869 and Gboxin were 
purchased from Sigma, USA. 
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Conditioned medium and Cell viability assay 
Deep Blue Cell ViabilityTM Kit (BioLegend, USA) 

was used for cell viability assay. DLD1, DLD1R, 
HCT15 and HCT15R cells were cultured in complete 
medium for 48 h and the supernatant (conditioned 
medium, CM) was collected. DLD1 or HCT15 were 
cultured with CM or exosomes isolated from CM for 
48 h and then tested for cell viability. Briefly, 5,000 
cells were reseeded into 96-well plates and incubated 
overnight. Then, different dose of oxaliplatin was 
added and incubated for 48 h. Deep Blue Cell 
ViabilityTM Kit was added to each well at 1:10 volume 
ratio and the plates were incubated at 37 °C for 3 h 
before detection. The optical density (OD) was 
measured at 450 nm, and the 50% maximum 
inhibitory concentration (IC50) of the oxaliplatin was 
calculated from the OD value. 

Cell proliferation assay 
DLD1 or HCT15 were cultured with CM for 48 h 

and then seeded in 96-well plates with the density of 
2500 cells per well. After cultured for 1, 2 or 3 days, 
Deep Blue Cell ViabilityTM Kit was added to each well 
at 1:10 volume ratio and the plates were incubated at 
37 °C for 3 h before detection. 

EdU Staining 
DLD1 or HCT15 were cultured with CM for 48 h 

and then seeded in 24-well plate with the density of 
1×104-2×104 cells per well. The EDU assay was 
performed by Cell-Lighetm EDU Apollo488 In Vitro 
Kit (RiboBio, China) according to the manufacturer’s 
protocol. 

Exosome purification and validation 
Exosomes from serum were isolated using an 

exosome isolation kit (Thermo Fisher, USA). Exo-
somes from CM were purified by ultracentrifugation 
as previous describe [27]. Briefly, cells were incubated 
in exosome-free medium for 48 h and the supernatant 
was centrifuged at 2,000 g for 70 min and then 10,000 
g for 20 min. Exosomes were pelleted via 110,000 g, 
120 min ultracentrifugation. The exosome pellet was 
washed in PBS and then resuspended in PBS after 
centrifugation at 110,000 g for additional 60 min. 
Exosomes were characterized by electron microscopy, 
nanoparticle tracking analysis (NTA) and western 
blot. For NTA, exosomes were suspended in PBS and 
then injected into the sample loading chamber at 
room temperature (RT). The number and size of 
exosomes were tracked using a Nanosight NS 300 
system (Malvern Technology, UK). Data was analysed 
using the NTA analytical software (version 2.3).  

PKH26 Staining 
PKH26 Red Fluorescent Cell Linker Kits (Sigma, 

US) was used for lipid bilayer labelling. Exosomes 
were first resuspended in diluent C and then mixed 
with the dye solution. After incubating the cell/dye 
suspension for 5 min with periodic mixing, serum was 
added to stop the staining. After washed twice with 
PBS, stained exosomes were added into cell medium 
and co-incubated for 4 h before standard confocal 
imaging. 

3D multicellular tumor sphere formation assay 
1,000 vital cells were added into a low-attached 

96 well plate (Corning, USA) and then centrifuged at 
500 g for 10 min to form spheroids. DLD1 spheroids 
were formed after 24 h of seeding and HCT15 
spheroids were formed after 48 h of seeding.  

Mammosphere formation assay 
Cells (1 × 103) were plated in each well of an 

ultralow 6-well attachment plate (Corning, USA) with 
DMEM-F12 (Gibco, USA) in serum-free medium, 
supplemented with EGF (Peprotech, UK) at 10ng/ml 
final concentration.  

Western blotting  
Proteins from cells and tissues were extracted 

using RIPA buffer (Solarbio, China) and then 
separated by SDS-PAGE. After proteins were trans-
ferred to polyvinyldifluoride membranes (Millipore, 
USA), 5% non-fat milk was used for blocking. 
Membranes were incubated overnight at 4 °C with 
anti-Oct-4 (1:1000, 2750S), anti-PGC-1α (1:1000, 2178S) 
(both from Cell Signaling Technology, USA), 
anti-Nanog (1:1000, ab109250) anti-TSG101 (1:1000, 
ab83) (both from Abcam, UK), anti-CD81 (1:1000, 
YT5394, Immunoway, USA), and anti-GAPDH 
(1:5000, 60004-1-Ig, Proteintech, USA). After incu-
bated with peroxidase-conjugated secondary 
antibody (1:3000; Agilent Technologies, USA) for 2 h 
at RT, the blots were imaged using a chemi-
luminescence kit (Millipore, USA). 

RNA sequencing 
The RNA-Seq experiments were performed by 

Novogene (Beijing, China). Briefly, total RNA from 
CRC cells was isolated using TRIzol reagent 
(Invitrogen, USA), and cDNA was synthesized using 
Superscript II reverse transcriptase (Invitrogen, USA) 
and random hexamer primers. For the data analysis 
provided by Novogene, base calls were performed 
using CASAVA. Reads were aligned to the genome 
using the split read aligner TopHat (v2.0.7) and 
Bowtie2, using default parameters. HTSeq was used 
to estimate abundance (Table S3 and S4). 
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Metabolism assays 
The Oxygen Consumption Rate (OCR) were 

measured using a Seahorse XF Cell Mito stress test Kit 
(Agilent, USA) on a Seahorse Extracellular Flux 
(XF-96) analyser (Seahorse Bioscience, USA) 
according to the manufacturer’s protocol. Briefly, 3 × 
104 cells were seeded in 96-well plates and cultured 
overnight. After washed with XF media, cells were 
incubated in a CO2-free incubator at 37°C for 2 h prior 
to loading. Afterwards, classical modulators of ETC 
(electron transport chain) were used to analyze 
mitochondrial function, including 5 µM oligomycin, 3 
µM FCCP, 1 µM antimycin A and rotenone. 

Intracellular ATP measurement 
An ATP Detection Kit (Beyotime Biotechnology, 

China) was used for the measurement of intracellular 
ATP level. Briefly, 2 × 104 cells were seeded in six-well 
plates. After adding 200ul of lysis buffer to the cells, 
the plate was placed on ice for 30 min. The 
supernatant was then collected after the 
centrifugation (12,000 g at 4°C for 5 min). 100 µl of 
ATP detection working solution was then added to 
the supernatant and incubated for 5 min at RT. 20 µl of 
samples or standard were added to the detection 
tubes and relative light unit (RLU) value was detected 
using a Chemiluminometer. 

RNA extraction and quantitative RT-PCR 
RNA isolation, reverse transcription, and 

real-time qPCR were performed as previously 
described [27]. miRNA was extracted using the 
miRNeasy Mini Kit (Qiagen, USA) for cell 
line-derived samples and the miRNeasy 
Serum/Plasma Kit for patients-derived samples 
(Qiagen, USA). U6 snRNA was used as an internal 
control for miRNAs and GAPDH for the circ_0001610 
and PPARGC1A mRNA. To standardize 
exosome-miRNAs, syngeneic cel-miR-39-3p (20 
fmol/µl, Qiagen, USA) was added during RNA 
extraction. The primer sequences used in RT-qPCR 
are as follows: 

5′-TCTGAGTCTGTATGGAGTGACAT-3′ 
(PPARGC1A, sense), 

5′-CCAAGTCGTTCACATCTAGTTCA-3′ 
(PPARGC1A, anti-sense),  

5′-TGTTCGTCATGGGTGTGAAC-3′ (GAPDH, 
sense), 

5′-ATGGCATGGACTGTGGTCAT-3′ (GAPDH, 
anti-sense), 

5′-CTCGCTTCGGCAGCACA-3′ (U6, sense),  
5′-AACGCTTCACGAATTTGCGT-3′ (U6, 

anti-sense), 
5′-GTCTCCCAGAUAAUGCG-3′ (miR-30e-5p, 

sense), 

5′-CGTTCAGGGTCC-3′ (miR-30e-5p, anti- 
sense), 

5′-GGGCTGAAGAAATCCATGAC-3′ 
(circ_0001610, sense), 

5′-TGAGATTCGAGGCCTTCTGT-3′ 
(circ_0001610, anti-sense). 

Plasmids, oligonucleotides and cell 
transfection 

Lentiviruses to overexpress circ_0001610 were 
purchased from GenePharma (Shanghai, China). 
si-circ_0001610, si-NC, miR-30e-5p inhibitors and 
negative control (NC) were purchased from RiboBio, 
China. Transient transfection of RNA was performed 
using Lipofectamine 3000 (Thermo Fisher, USA) 
according to the manufacturer's protocol. Briefly, cells 
(2×105) were seeded on 6-well plates one day before 
transfection with 25 pmol RNAs using 7.5 µl 
Lipofectamine. 

CRISPR-CAS9 genome engineering  
PPARGC1A knockouts in CRC cells were 

accomplished using the Edit-R CRISPR/Cas9 gene 
engineering protocol (Horizon, UK). All reagents 
were from Horizon, UK. Cells were transfected in a 
6-well plate with crRNA (CM-005111-01-0002 and 
CM-005111-02-0002): tracrRNA (U-002005-05) 
transfection complex and Cas9 mRNA (CAS11860), 
using DharmaFECT Duo Transfection Reagent 
(T-2010-02). After 48 h, single cells were sorted and 
cultured in 96-well plates. Western blot and 
quantitative RT-qPCR assays were used for 
identifying successful clones after 3-6 weeks. 

Bioinformatics analysis 
The miRNA target was predicted using 

TargetScan (http://www.targetscan.org/vert_72/), 
DIANA TOOLS (http://diana.imis.athena-innovation 
.gr/DianaTools/index.php?r=site/page&view=softw
are), miRWalk (Home - miRWalk (uni-heidelberg.de)) 
and miRDB (https://mirdb.org/). Interactions 
between miRNA and circRNA were analyzed via 
STARBASE v3.0 (http://starbase.sysu.edu.cn/). 

Luciferase Reporter Assay  
The PCR-amplified fragment containing the 

3'-UTR of human PPARGC1A or the sequence of 
hsa_circ_0001610 was inserted into pmirGLO reporter 
vector (Promega, USA). 100 ng firefly plasmid, 1 ng 
Renilla plasmid and 100 ng mimics, inhibitors, or NC 
RNAs were transfected into 5×104 293T cells using 
Lipofectamine 3000. Luciferase activity was measured 
after 48 h using the Luciferase Reporter Assay Kit 
(Promega, USA). 
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RNA pull-down 
Dynabeads™ Streptavidin Trial Kit (Invitrogen, 

USA) was used for RNA pull down assay. 
Biotinylated miR-30e-5p and its negative controls 
(GenePharma, China) were transfected into 293T cells 
respectively. Cells were then lysed, and the 
supernatant was collected after centrifugation. 
DynaMag™ Magnet was prepared according to the 
manufacturer's protocol and co-incubated with the 
supernatant at RT for 30 min. After three times 
washes, the beads were resuspended in TRIzol 
reagent for RNA identification. Quantitative RT-PCR 
was used to analyse the abundance of circ_0001610 
and PPARGC1A mRNA. 

Immunohistochemistry (IHC)  
Tumor tissues were fixed with 4% 

paraformaldehyde, embedded in paraffin as previous 
describe [28] and stained with anti-PGC-1α (1:200, 
66369-1-IG, Proteintech), anti-Oct-4 (1:800, 2750S, cell 
signaling technology), and anti-Nanog (1:800, 
ab109250, Abcam). The images were calculated based 
on H-score. The H-score is calculated as the sum of the 
percentage of staining multiplied by an ordinal value 
corresponding to the intensity level (0 = none, 1 = 
weak, 2 = moderate, 3 = strong). Thus, the H-score 
ranged from 0 to 300, indicating no staining to diffuse 
intense staining. 

Tumor xenograft 
Five-week-old male BALB/c nude mice 

(~19-20g) were purchased from SPF (Beijing) 
Biotechnology Co., Ltd. and kept under specific 
pathogen-free conditions.  

In order to study whether exosomal circ_0001610 
is associated with oxaliplatin resistance in vivo, tumor 
xenografts were established in nude mice by injecting 
2×106 DLD1 or DLD1R cells into several mice 
subcutaneously. After 14 days, serum was collected, 
and exosomes were isolated to measure expression 
levels of exosomal circ_0001610.  

DLD1 cells were treated with circ_0001610 
lentivirus or circ_0001610 control lentivirus and then 
used to implant subcutaneous tumors in nude mice to 
construct the circ_0001610-positive group, and control 
group of the mouse xenograft model (n = 5 
mice/group). When the transplanted tumor grew to 
approximately 50 mm3, nude mice in each group were 
treated with 8 mg/kg oxaliplatin every 4 days for a 
total of 12 days (4 cycles).  

si-NC and si-circ_0001610 were transfected into 
293T cells to investigate the combined effects of 
oxaliplatin and exosomal si-circ_0001610. 293T cells 
were then incubated for 48 h in exosome-free 
medium. Exosomes were purified from CM. Tumor 

xenografts were established in nude mice by injecting 
2×106 DLD1R cells as mentioned above, using 10 mice 
in total. Tumor volumes were calculated using the 
formula: tumor volume (mm3) = 0.5×ab2 (a and b are 
the longest and shortest tumor diameters, respect-
ively). When tumor sizes reached 50 mm3, mice were 
randomly divided into two groups for treatment. The 
groups exo-si-NC and exo-si-circ_0001610 received 
s.c. injections around the tumors every 2 days for a 
total of 12 days. From the same starting time, 
oxaliplatin was injected intraperitoneally every 4 days 
for a total of 12 days at the same time. Tumors were 
collected 2 days after the last treatment. The process of 
drug administration was performed in a double- 
blinded manner. All animal experiments were 
approved by Ethics Review Committee of Shenzhen 
Longgang ENT Hospital on Laboratory Animal Care 
(No.2023-0001).  

Statistical analysis  
The Cancer Genome Atlas (TCGA) (https:// 

www.genome.gov/Funded-Programs-Projects/Canc
er-Genome-Atlas) was used to analyse the correlation 
between oxidative phosphorylation and stemness in 
colorectal cancer. All quantitative data are presented 
as mean ± standard deviation (SD) and were analysed 
using GraphPad Prism 7.0. Two-way ANOVA was 
used to evaluate multiple independent groups. 
Spearman’s rank-order correlation was used to 
determine the correlation. The means of the two 
datasets were compared using paired t-tests. P-value 
< 0.05 was considered as statistically significant. 

Results 
Exosomes derived from oxaliplatin-resistant 
cells cause oxaliplatin resistance and stem-like 
phenotype in recipient cells 

To investigate the underlying mechanism of 
oxaliplatin resistance, we initially established 
oxaliplatin-resistant cell models after culturing 
parental cells with constant high oxaliplatin 
concentration over 12 months (Figure S1A). As a 
result, two resistant cell models were built, including 
DLD1-OXAR (DLD1R) and HCT15-OXAR (HCT15R) 
cell models. As shown in Figure S1B, DLD1R and 
HCT15R exhibited decreased drug sensitivity (using 
IC50 as readout) compared to their corresponding 
parental cell models. Similar to our previous work 
[27], the recipient cells (sensitive cells) exhibited 
decreased drug sensitivity to oxaliplatin when 
co-cultured with conditioned medium from resistant 
cells (DLD1R or HCT15R) than conditioned medium 
from corresponding sensitive cells (DLD1 or HCT15) 
(Figure 1A). Further, to investigate whether these 
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effects were dependent on the cell types, we collected 
the CM from resistant cells, which were different from 
their parental ones, to treat the recipient cells (for 
example, CM derived from DLD1R/HCT15R to 
HCT15/DLD1, respectively). Correspondingly, the 
results showed the similar effects, suggesting that the 
transfer of drug resistance was not cell 
type-dependent. This result highlights the existence of 
the transfer of chemo-resistance within different 
subtypes of tumor cells independent of specific cell 
types, potentially resulting in the wide-spreading 
drug resistance effects (Figure S1C). It is reported that 
exosomes are one of the most important 
message-transferring pathways to mediate therapy 
resistance [29]. To determine the role of exosomes in 
this observation, we applied GW4869, an inhibitor 
used for blocking exosome generation [30], to 
pre-treat resistant cells before collecting conditioned 
medium. Strikingly, the induced drug resistant 
phenotype in recipient cells was remarkably 
compromised under exosomes secretion-inhibited 
condition (Figure 1B). On this basis, we hypothesized 
that exosomes from conditioned medium were 
responsible for transferring drug resistance in 
recipient cells. To further verify this hypothesis, we 
isolated conditioned medium-derived exosomes by 
ultracentrifuge method. Exosomes identity was 
confirmed by 1) transmission electron microscope 
analysis demonstrating the classic exosome 
morphology (cup-shaped form), ranging from 30 to 
150 nm in size (Figure 1C); 2) nanoparticle particle 
tracking analysis (NTA), combined with a Nanosight 
system, showed that the modal size of the vesicles 
was around 100 nm without much contamination of 
larger vesicles (Figure 1D); 3) immune-blotting 
analysis successfully stained the samples with 
exosome-specific markers ( both TSG101 and CD81) 
(Figure 1E).  

Next, we tested whether exosomes can be 
successfully transferred to recipient cells. Exosomes 
from conditioned medium of resistant cells were 
labelled with the fluorescent tracer PKH26 and then 
co-cultured with recipient cells. Strong red 
fluorescence (PKH26) was observed in the cytoplasm 
of recipient cells visualized by confocal microscopy, 
indicating that exosomes released from donor cells are 
capable of being up taken by recipient cells (Figure 
1F). To confirm the requirement of exosomes in 
mediating drug resistance, more assays were then 
performed to provide direct evidence. We treated 
sensitive cells with exosomes collected from resistant 
(Res-exos, including DLD1R-exo or HCT15R-exo) or 
sensitive cells (Sen-exos, including DLD1-exo or 
HCT15-exo) and observed significant higher viability 
of recipient cells in the presence of varies doses of 

oxaliplatin when co-cultured with Res-exos than with 
Sen-exos (Figure 1G). In light of the key role of cancer 
stem cells in chemotherapy resistance [31-33], we 
speculated stemness may account for exosome- 
mediated oxaliplatin resistance in our system. By 
using 3D spheroids as an in-vitro model [34], we 
observed Res-exos treatment enhanced the efficiency 
of sphere formation of recipient cells (Figure 1H). 
Consistently, the results also showed the recipient 
cells treated with Res-exos presented higher 
expression of stemness-associated markers, including 
Oct4 and Nanog (Figure 1I). Notably, cell 
proliferation and EdU assays showed that treatment 
of sensitive cells with Res-exos led to increased 
proliferative capacity compared to treatment with 
Sen-exos (Figure S1D-E). Collectively, these data 
illustrated that the transfer of exosomes mediated 
chemoresistance in recipient cells by promoting 
stem-like properties. 

Exosomes transfer chemoresistance by 
enhancing oxidative phosphorylation 
(OXPHOS) activity 

To understand the underlying mechanism, we 
collected recipient cells after incubation with 
exosomes for next-generation sequencing. Gene set 
enrichment analysis (GSEA) demonstrated a strong 
enrichment of oxidative phosphorylation genes in 
recipient cells in the presence of Res-exos (Figure 2A, 
Figure S2). It is interesting as oxidative phospho-
rylation has recently been identified to be critical for 
cancer stemness and drug resistance [35,36]. We next 
validated sequencing data by assessing the alteration 
of OXPHOS activity and cellular ATP levels [37]. As 
expected, our results suggested that Res-exos - treated 
cells exhibited a higher respiration rate and increased 
ATP levels (Figure 2B-C). Thus, these results 
demonstrated Res-exos induced the activation of 
OXPHOS in recipient cells. Notably, we observed the 
significantly positive correlation between stemness 
score and oxidative phosphorylation score from 
TCGA-CRC analysis (Figure 2D). 

To establish whether the induced OXPHOS is 
responsible for drug resistance and increased 
stemness in our system, Gboxin, reported as a small 
molecule specifically inhibiting OXPHOS, was 
exploited for subsequent analyses [37,38]. Indeed, 
Gboxin treatment decreased respiration rate and 
cellular ATP levels of sensitive cells co-cultured with 
Res-exos in both cell lines (Figure 2E-F), confirming its 
capacity of OXPHOS blockade. Further analysis 
revealed Gboxin treatment led to compromised drug 
resistance and spheres-forming ability induced by 
Res-exos (Figure 2G-H). Accordingly, the expression 
of stemness-associated markers was downregulated 
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by Gboxin in the presence of Res-exos treatment 
(Figure 2I). All together, these results provided the 
evidence that increased oxidative phosphorylation 

mediated Res-exos-induced oxaliplatin resistance and 
cell stemness. 

 

 
Figure 1. Chemo-resistant cell-derived exosomes (Res-exos) transfer drug resistance by promoting stem-like phenotype in colorectal cancer. (A) Assessment of cell viability of 
recipient cells after treated with conditioned medium (CM) from either sensitive (DLD1 and HCT15) or resistant cells (DLD1R and HCT15R); (B) Assessment of cell viability of 
recipient cells after treated with CM from sensitive CRC cells, resistant CRC cells or resistant CRC cells pre-treated with GW4869 (10 µM); (C) Exosomes visualized by 
transmission electron microscope (scale bar, 100 nm); (D) Nanoparticle tracking analysis (NTA) size profile of exosomes isolated from CM; (E) Western blot of exosome-specific 
markers (CD81 and TSG101) of collected exosomes; (F) Visualization of internalization of fluorescently labelled exosomes (PKH26) in CRC cells after 48h of incubation by 
Confocal microscopy; (G) Assessment of cell viability of recipient cells after treated with either Res-exos or Sen-exos; (H) Analysis of Sphere-formation of recipient cells after 
treated with either Res-exos or Sen-exos; (I) Western blot of OCT4, Nanog and GAPDH in recipient cells after treated with either Res-exos or Sen-exos. *p < 0.05; ****p < 
0.0001. Numerical data represent mean± S.D. based on three independent experiments, and the immunoblots are representative of three replicates. 
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Figure 2. Res-exos transfer the stemness-mediated chemo-resistance by inducing oxidative phosphorylation. (A) Enrichment of oxidative phosphorylation signaling pathway by 
Gene set enrichment analysis (GSEA) analysis; (B) Assessment of oxygen consumption rate (OCR) of recipient cells after treated with either Res-exos or Sen-exos; (C) 
Assessment of cellular ATP levels of recipient cells after treated with either Res-exos or Sen-exos; (D) Analysis of the correlation between oxidative phosphorylation score and 
stemness index in TCGA-COAD dataset; (E-I) Assessment of OCR (E), intracellular ATP measurement (F), cell viability (G), sphere-formation (H) and stemness marker (OCT4 
and Nanog) expression in recipient cells after treated with Res-exos with/ without Gboxin (200 nM). *p < 0.05; **p < 0.01; ***p < 0.001. Numerical data represent mean± S.D. 
based on three independent experiments, and the immunoblots are representative of three replicates. 

 

PGC-1a masters OXPHOS increase and 
associated drug resistance 

Next, we sought to investigate the molecular 
mechanism. In colorectal cancer, forty-two 

OXPHOS-related genes were differentially expressed 
between tumor and normal samples, with 8 genes 
showing prognostic value [39]. Combined with our 
sequencing data, we identified that one target, 
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PPARGC1A, was significantly upregulated in 
recipient cells treated with Res-exos (Figure 3A). 
PGC-1a (encoded by PPARGC1A) is a master of 
OXPHOS and has been proved to promote 
chemoresistance and stemness in colorectal cancer 
[21,23]. Therefore, we questioned whether PGC-1a 
mediated the induced OXPHOS activity and 
associated drug resistance. Firstly, we tested the 
expression level of PGC-1a in different cell models 
and found increased level of PGC-1a in resistant cells 
than sensitive cells (Figure S3A). Then, we confirmed 
the increased expression of PGC-1a in recipient cells 
incubated with Res-exos than with Sen-exos (Figure 
S3B-C). Moreover, knocking-out of PGC-1a in 
recipient cells reduced the increased respiration rate 
and cellular ATP levels by Res-exos transfer (Figure 
3B-C, Figure S3D). In accordance with OXPHOS 
alteration, loss of PGC-1a removed the effects of 
Res-exos transfer in terms of drug sensitivity (Figure 
3D) and stemness properties (Figure 3E-F, Figure 
S3E-F). To further extrapolate the utilization of 
PGC-1a as a biomarker for the prediction of clinical 
treatment, tumor samples (pre - chemotherapy) were 
collected from 25 patients with available clinical 
outcome data (Table S1). Remarkably, we observed 
higher expression of PGC-1a in tumor samples from 
non-responders (Progressive Disease (PD)/ Stable 
Disease (SD)) than responders ((Complete Response 
(CR)/ Partial Response (PR)) (Figure 3G-H, Figure 
S3G). 

The regulation of PGC-1a is dependent on 
circ_0001610/ miR-30e-5p axis 

We further explored whether the alteration of 
miRNAs resulted in the dysregulation of PGC-1a 
since miRNAs can repress the expression of target 
mRNAs by directly inducing instability and has been 
widely studied in drug resistance [40,41]. Bioinfor-
matics analysis predicted two candidates can target 
PPARGC1A mRNA, with miR-30e-5p exhibiting 
higher Context++score percentile than miR-214-3p (76 
vs. 61) (Figure 4A, Figure S4A). More analyses 
exhibited the binding between miR-30e-5p and 
PPARGC1A 3′-UTR mRNA (Figure 4B), which is 
highly conserved across different species (Figure S4B). 
Especially, miR-30e-5p potential has been reported to 
be a tumor suppressive regulator, inhibiting tumor 
cell growth, invasion and cancer stemness [42] and 
observed to be downregulated after Res-exos 
treatment (Figure 4C). Accordingly, we tested the 
abundance of miR-30e-5p and observed lower levels 
of miR-30e-5p in resistant cells than that in sensitive 
cells (Figure S4C). Thus, we focused on miR-30e-5p in 
the subsequent analyses. To confirm the capacity of 
miR-30e-5p to bind PPARGC1A 3′ -UTR mRNA, 

luciferase reporter assay was performed. The results 
showed that the relative luciferase activity was 
massively inhibited with co-transfection of 
miR-30e-5p mimics, but significantly increased after 
co-transfected with miR-30e-5p inhibitors (Figure 4D). 
However, the interactive effects were abolished when 
treated with a plasmid carrying a mutated sequence 
(Figure 4D). Furthermore, we transfected tumor cells 
with miR-30e-5p inhibitors, which showed satisfied 
transfection efficiency (Figure S4D). As expected, 
compared to control group, we observed increased 
PGC-1a expression at both protein and mRNA levels 
when transfected with miR-30e-5p inhibitors, respect-
ively (Figure S4E and F), suggesting that miR-30e-5p 
is capable of regulating PGC-1a expression. Further 
analysis showed that the compromised effects on 
Res-exos-induced OXPHOS and drug resistance were 
largely recapitulated by miR-30e-5p inhibitors 
treatment. However, miR-30e-5p inhibitors-mediated 
effects were abolished in PGC-1a-KO cell models 
(Figure S4G-J). Moreover, the expression of 
miR-30e-5p was analysed in the same set of clinical 
tumour samples and was observed to be highly 
expressed in responders than non-responders (Figure 
S4K). Consistently, miR-30e-5p levels have been 
shown to be negatively correlated with PPARGC1A 
expression (Figure S4L), highlighting the close 
association between miR-30e-5p and PGC-1a. To be 
noted, the effects of miR-214-3p were also tested. Cell 
viability assay showed that miR-214-3p inhibitors 
treatment rescued the effects on Res-exos-induced 
drug resistance in DLD1 cells, but to a lesser extent. 
Moreover, the loss of miR-214-3p showed no obvious 
effect in HCT15 cells, which suggested that the role of 
miR-214-3p was inconsistent across different 
colorectal cancer cell lines in regulating PGC-1a 
expression (Figure S4M-N). Collectively, even though 
miR-214-3p may play a modest role in drug 
resistance, miR-30e-5p is the key one in our system, 
confirming that oxaliplatin resistance is mainly 
mediated via miR-30e-5p. 

Circular RNAs (circRNA) are a class of 
non-coding RNAs, with strong potency to bind and 
sequestrate miRNAs [43]. Since circRNAs can be 
packaged into exosomes and mediate intercellular 
communication within tumor microenvironment [44]. 
We then determined whether the increased drug 
resistance is due to the transfer of exosomal circRNAs. 
Bioinformatic analysis identified circ_0001610 as a 
potential player in our system for two reasons. Firstly, 
it is one of circRNAs that can absorb miR-30e-5p by 
starBase analysis; secondly, it is part of cancer 
stemness signature [45] (Figure 4E, Table S2). Notably, 
circ_0001610 has been identified to promote tumor 
progression and drug resistance in various cancer 
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types [46]. Expectedly, the binding between 
circ_0001610 and miR-30e-5p was confirmed by RNA 
pull-down assay, showing increased capture of 
circ_0001610 by biotin miR-30e-5p compared to 
biotin-NC (Figure 4F). Moreover, the binding between 

miR-30e-5p and PPARGC1A mRNA was also 
confirmed (Figure 4F). Further analysis by luciferase 
assay exhibited compromised binding effects when 
mutations were introduced in the sequences of 
binding sites (Figure 4G-H).  

 

 
Figure 3. Res-exos transfer promotes oxidative phosphorylation by upregulating PGC-1a expression. (A) Investigation of OXPHOS-related genes after Res-exos transfer. Left 
venn diagram: analysis of overlapped genes between OXPHOS-related genes and DEGs from TCGA between colorectal cancer samples and normal samples. Eight genes were 
further selected after Univariate Cox regression analysis39. Right venn diagram: analysis of overlapped genes shared by the above selected eight genes and DEGs of RNA 
Sequencing data (DLD1 and HCT15); (B-F) Assessment of OCR (B), cellular ATP levels (C), cell viability (D) sphere-formation (E) and the expression of OCT4, Nanog and 
GAPDH (F) in Parental, non-target control (NTC) and PGC-1α-KO (PKO) cells after 48h of treatment with Res-exos; (G-H) Assessment of PGC-1α expression levels in CRC 
tumor tissues by IHC (G) and qRT-PCR (H). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Numerical data represent mean± S.D. based on three independent experiments, 
and the immunoblots are representative of three replicates. 
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Figure 4. PGC-1a expression is regulated by circ-0001610/ miR-30e-5p axis. (A) Prediction of miRNAs targeted at PPARGC1A by bioinformatic analysis; (B) Predicted binding 
sites of miR-30e-5p within the 3’UTR of PPARGC1A mRNA; (C) Measurement of miR-30e-5p expression in recipient cells after treatment with either Res-exos or Sen-exos; (D) 
Investigation of direct binding between miR-30e-5p and the PPARGC1A 3′-UTR using luciferase reporter assay; (E) Analysis of overlapped targets between circRNAs which can 
directly adsorb miR-30e-5p (starBase) and circRNAs mediating treatment-resistant stemness phenotype45; (F) Detection of the relative level of circ_0001610 and PPARGC1A 
mRNA after transfection with either biotin-NC or biotin-miR-30e-5p in 293T cells by RNA oull-down assay; (G) Prediction of binding sites between miR-30e-5p and 
circ_0001610; (H) Assessment of direct recognition of circ_0001610 by miR-30e-5p using luciferase reporter assay. **p < 0.01; ***p < 0.001; ****p < 0.0001. Numerical data 
represent mean± S.D. based on three independent experiments, and the immunoblots are representative of three replicates.  

 

Exosomal transfer of circ_0001610 resulted in 
increased PGC-1a and stemness phenotype by 
supressing miR-30e-5p 

We subsequently tested the abundance of 
circ_0001610 in different cell models and found out 
that the levels of circ_0001610 were higher in resistant 
cells than in sensitive cells (Figure 5A). The similar 
trend was observed in cell-derived exosomes, namely 
circ_0001610 was more enriched in Res-exos than in 
Sen-exos (Figure 5B). Moreover, recipient cells 
demonstrated significantly upregulated levels of 
circ_0001610 after incubation with Res-exos, 
suggesting high rate of exosomal circ_0001610 uptake 

by recipient cells (Figure 5C). However, the increased 
circ_0001610 in recipient cells was remarkably 
compromised after pre-treating resistant cells with 
GW4869 before collecting exosomes, indicating the 
upregulation of circ_0001610 in recipient cells was 
induced by exosomes (Figure 5C). Furthermore, the 
treatment of cell-secreted Res-exos collected after 
circ_0001610 knockdown by siRNA, with knocking- 
down efficiency verified by qPCR (Figure 5D), 
eliminated the suppressive expression of miR-30e-5p 
in recipient cells (Figure 5E), which further led to 
decreased expression of PGC-1a (Figure 5F), 
confirming exosomal transfer of circ_0001610 exerting 
the impacts on miR-30e-5p/PGC-1a axis. In 
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accordance, we also observed that knock-down of 
exosomal circ_0001610 can compromise the induced 
oxidative phosphorylation, stemness properties and 
even chemoresistance compared to control group 
(Figure 5G-K), emphasizing the essential role of 
exosomal circ_0001610 in mediating stemness and 
oxaliplatin resistance. The detectability of circRNAs in 
liquid biopsy (including serum or plasma) endows 
themselves with the strong potential as powerful 
diagnostic and prognostic biomarkers [47]. On this 
basis, we collected matched serum samples from these 
25 patients for exosome extraction. Obviously, qPCR 
analysis demonstrated higher expression of circ-
_0001610 in serum exosomes from chemo-resistant 
patients (PD/SD) than from chemo-sensitive counter-
parts (CR/PR) (Figure 5L), revealing the prognostic 
potential of circulating exosomal circ_0001610 in 
colorectal cancer. Moreover, the expression level of 
exosomal circ_0001610 is positively correlated with 
PPARGC1A expression (Figure 5M). Taken together, 
our data confirmed exosomal circ_0001610 confers 
chemoresistance in recipient cells. 

Treatment of exosomal si-circ_0001610 
sensitizes the response to Oxaliplatin in vivo 

To investigate the effects of circulating exosomal 
circ_0001610 on chemoresistance in vivo, we 
established DLD1 and DLD1R xenografts by injecting 
tumor cells in nude mice (see materials and methods 
for details). After two weeks, serum exosomal 
circ_0001610 was measured and observed to be 
markedly increased in DLD1R xenograft mice than 
DLD1 xenograft mice (Figure S5A). Further, to verify 
the effects of circ_0001610 on oxaliplatin resistance in 
vivo, xenograft models were established (see materials 
and methods for details). Circ_0001610 overexpres-
sion (circ_0001610 OE) group showed a lower 
sensitivity to oxaliplatin and an increase in tumor 
growth rate and volume (Figure S5B-C). qRT-PCR 
confirmed the high expression levels of circ_0001610 
in circ_0001610 OE tumor tissues (Figure S5D). These 
data confirmed that circ_0001610 could induce 
chemoresistance in vivo. It is clear that exosomes 
belong to a class of nanoparticles, which are useful 
tools as cancer therapeutics [48]. Thus, we sought to 
understand the therapeutic effects of exosomal 
si-circ_0001610 by using tumor-implanted mice. 14 
days after DLD1R cells were implanted in nude mice 
when tumor is just visible, we isolated exosomal 
si-circ_0001610 or negative control from 293T cells 
and treated tumor-bearing mice with systemic 
injections of oxaliplatin (i.p.) combined with isolated 
exosomes (exosomal si-circ_0001610 or negative 
control) around the tumor (Figure 6A). Afterwards, 7 

cycles of exosome treatment and 4 cycles of 
oxaliplatin treatment were conducted in additional 
two weeks (Figure 6A). Serum exosomes and tumor 
tissues were then analysed, and the data confirmed 
decreased circ_0001610 levels in serum exosomes and 
increased miR-30e-5p levels in tumor tissues after 
injection of exosomal si-circ_0001610 (Figure 6B, C). 
Moreover, we measured the size of tumors every 3 
days and observed that the suppression of 
circ_0001610 reduced the tumor burden clearly, 
indicating that exosomal si-circ_0001610 can sensitize 
the chemotherapy response of resistant models in vivo 
(Figure 6D, E). Additionally, we performed assays to 
test the molecular relevance. By both immune-blotting 
(Figure 6F) and immunohistochemistry staining 
(Figure 6G), decreased expression of PGC-1a and 
stemness markers was observed in tumors with 
exosomal si-circ_0001610, confirming the regulation 
of stemness by exosomal circ_0001610. In summary, 
these in vivo findings confirmed the contribution of 
circ_0001610/miR-30e-5p/PGC-1a axis to chemothe-
rapy resistance in colorectal cancer. 

Discussion 
Cellular metabolism has been well-known to 

regulate cancer progression and drug sensitivity, thus 
making it new therapeutic strategies [22,49,50]. Even 
though cancer cells preferentially use glycolysis, 
oxidative phosphorylation has recently attracted more 
attention in the community as a therapeutic target due 
to its important roles in tumorigenesis and drug 
resistance [11,36,51]. Of note, OXPHOS has been 
confirmed to maintain and promote the function of 
cancer stem cells by providing required metabolic and 
energy needs [36]. Indeed, convincing evidence 
demonstrate that cancer stem cells promote the 
tumorigenesis, metastasis and drug resistance even 
though they just account for a small subpopulation in 
colorectal cancer [52-54]. However, the understanding 
of the role of OXPHOS-induced stemness in 
chemoresistance is still elusive. In this study, our data, 
for the first time, revealed increased mitochondrial 
OXPHOS activity endowed recipient cells with 
decreased drug sensitivity to chemotherapy after 
exosomal circRNAs transfer from drug resistant cells, 
highlighting a novel mechanism regarding the 
crosstalk among tumorous subpopulations in the 
heterogenous tumor microenvironment (Figure 7). 
Thus, this study, consistently, emphasizes the 
contribution of the interplay between different 
subgroups in the cancer prognosis by modulating 
cellular metabolic patterns [55,56]. 
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Figure 5. Exosomal circ_0001610 is responsible for Res-exos-mediated chemo-resistant phonotype. (A-C) Assessment of circ_0001610 expression by qRT-PCR analysis in 
sensitive and resistant cells (A), in exosomes collected from sensitive and resistant cells (B), in recipient cells after treatment with Sen-exos or Res-exos or Res-exos pre-treated 
with GW4869 (10 µM) (C). (D) Verification of the efficiency of si-circ_0001610 in recipient cells after Res-exos treatment with pre-transfection of si-NC or si-circ_0001610; (E) 



Theranostics 2023, Vol. 13, Issue 14 
 

 
https://www.thno.org 

5070 

Measurement of miR-30e-5p expression in recipient cells after Res-exos treatment with pre-transfection of si-NC or si-circ_0001610; (F-K) Assessment of PGC-1a expression 
(F), OCR (G), cellular ATP levels of sensitive cells (H), cell viability (I), sphere-formation (J) and the expression of stemness markers (Oct4 and Nanog) (K) in recipient cells after 
Res-exos treatment with pre-transfection of si-NC or si-circ_0001610; (L) Measurement of exosomal circ_0001610 in serum samples of patients with different responses to 
chemotherapy (n=25); (M) Analysis of the correlation between exosomal circ_0001610 and PPARGC1A expression in 25 CRC clinical samples. *p < 0.05; **p < 0.01; ***p < 
0.001; ****p < 0.0001. Numerical data represent mean± S.D. based on three independent experiments, and the immunoblots are representative of three replicates. 

 
Figure 6. Systemically injected exosomes pre-loaded with si-circ_0001610 sensitizes the response to oxaliplatin in vivo. (A) Diagram depicting the in vivo experimental design; 
(B) Measurement of the expression levels of circ_0001610 in serum exosomes from mice by qRT-PCR; (C) Measurement of the expression levels of miR-30e-5p in tumor tissues 
from mice by qRT-PCR; (D) Images of tumors in mice (n = 10) after treatment with siNC-exo or si-circ_0001610-exo; (E) Quantification of tumor volumes in mice after 
treatment with siNC-exo or si-circ_0001610-exo; (F) Assessment of the expression levels of PGC-1α and stemness markers in tumors; (G) IHC analysis of PGC-1α and stemness 
markers in tumors. *p < 0.05; ***p < 0.001.  

 
Exosomes are one type of extracellular vesicles 

with ~100 nm in size, signalling among different cells 
[27,56]. Several components within exosomes can 
show significant effects by transferring messages 
between tumor cells/ immune cells/ fibroblasts and 
tumor cells/ immune cells/ fibroblasts [57], including 
exosomal genomic DNA [58], mRNA [59], miRNA 
[60], circRNA [61] and even proteins [62]. Transfer of 
these biologically functional molecules can change the 
properties of the recipient cells by manipulating the 
downstream signalling [63]. For example, exosomal 

miRNAs have been established to mediate 
tumorigenesis and drug resistance [27,64,65]. Our 
previous work identified horizontal transfer of 
exosomal miR-181b-5p leads to doxorubicin resistance 
by inhibiting the expression of p53 and cellular 
senescence in breast cancer [27]. CircRNAs are 
another class of non-coding RNAs and exosomal 
circRNA (exo-circRNA) released from oxaliplatin- 
resistant colorectal cancer cells has previously been 
shown to confer sensitive cells more resistant to 
oxaliplatin by regulating glycolytic state, suggesting 
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circRNAs play essential roles in the promotion of 
resistance to oxaliplatin in colorectal cancer [61]. 
Consistently, our present study also shows exosomes, 
instead of soluble factors, are the main messengers 
effectively exerting effects on the recipient cells for 
changes in terms of cellular phenotypes and drug 
sensitivity in colorectal cancer. 

Here, we now show that oxaliplatin-resistant 
(OXAR) - secreting exosomal circRNA can be 
up-taken by recipient cells, which leads to increased 
OXPHOS activity and more stem-like phenotype. 
Mechanistically, we found exo- circ_0001610 helps to 
stabilize PPARGC1A mRNA by competing with 

miR-30e-5p and thus increase the protein level of 
PGC-1a, which further promotes the increased level of 
oxidative phosphorylation. PGC-1a is a main 
regulator of OXPHOS and has been well studied in 
cancer with controversial roles [66]. It has been clearer 
that PGC-1a is indispensable in cancer stemness and 
drug resistance [23,67-69]. Accordingly, PGC-1a 
overexpression in recipient cells switches them to a 
state with higher oxidative phosphorylation activity, 
which facilitates the production of stem-like cells and 
increased oxaliplatin resistance. Notably, due to the 
dual roles of PGC-1a in cancer, the modulation of 
PGC-1a in treating drug resistance should be more 

 
Figure 7. Schematic diagram of the role of exosomal circ_0001610 in transferring an oxaliplatin-resistant phenotype in colorectal cancer. 
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specific. Several tools could be potentially applied, 
including nanoparticles, which has shown great 
efficacy in specifically targeting tumor cells [70-72]. 
Moreover, loss of PGC-1a reversed miR-30e-5p- 
mediated chemo-sensitizing effects. Further In vivo 
experiments have also been performed to verify the 
effects of exo- circ_0001610/miR-30e-5p/PGC-1a axis. 
Inhibitors of exo- circ_0001610 decreased PGC-1a 
expression, resulting in the restriction of tumor 
growth and prolonged survival. Additionally, 
detection of both cellular and exosomal circRNA 
showed more abundance in resistant cells than 
corresponding sensitive cells. 

Importantly, previous studies have proved that 
the transfer of exosomal circ_0001610 is capable of 
decreasing the sensitivity to treatment. For instance, 
the expression of circ_0001610 was increased in the 
grade 3 endometrial cancer (EC) [73]. The loss of 
circ_0001610 repressed the progression of EC [74], 
suggesting that circ_0001610 acts as a tumor- 
promoting factor. Moreover, TAM-derived exosomal 
circ_0001610 diminished the efficacy of radiotherapy 
in endometrial cancer cells [46]. These studies suggest 
the role of circ_0001610 in reducing therapeutic 
sensitivity. Our clinical analysis confirmed higher 
concentration of exo- circ_0001610 in circulation was 
associated with significant poor response to 
oxaliplatin-based chemotherapy by analysing 25 
patient circulating samples. This observation is 
consistent with previous studies, suggesting the 
reasonability of proposing circulating exosomal 
circ_0001610 as a potential prognostic biomarker in 
colorectal cancer [75]. Due to the development of 
powerful technologies, including nanotechnology and 
the combination of exosomes and RNA interference 
[76,77], it is foreseeable to use circ_0001610 as a target 
for the establishment of treatment regimen. 

Taken as a whole, our data demonstrate the 
exosomal circRNA transfer leads to stem-like 
phenotype by modulating cellular metabolism in the 
recipient cells. This study provides insight into 
metabolic shifts in sensitive cells to promote chemo-
therapy resistance, and also suggests circ_0001610 as a 
potential target for treating patients who fail to benefit 
from chemotherapy. 

Supplementary Material  
Supplementary figures and tables. 
https://www.thno.org/v13p5057s1.pdf  

Acknowledgements  
Funding 

This work was supported by National Key R&D 
Programmes (NKPs) of China (2022YFC3601800 to 

Mingzhu Yin); The Shenzhen Municipal Government 
Research Projects (No. JCYJ20210324111810028 to 
Guanglin Zhou); The China Scholarship Council 
Award (No. 201806010012 to Jinhai Deng, No. 
202006940028 to Teng Pan); National Natural Science 
Foundation of China (NSFC) (No. 82201988 to Lulu 
Cao); Hunan Provincial Natural Science Foundation 
of China (2023JJ60491 to Jinhai Deng).  

Author contributions  
Jinhai Deng and Teng Pan have contributed 

equally to this work. Guanglin Zhou, Zaoqu Liu and 
Mingzhu Yin supervised this work. Conceptuali-
zation, resources, and project administration were 
done by Jinhai Deng, Teng Pan and Mingzhu Yin; 
Methodology, software, formal analysis, investiga-
tion, data curation and visualization were done by 
Jinhai Deng, Teng Pan, Chunxin Lv, Lulu Cao, Lifeng 
Li, Xingang Zhou, Gang Li, Huanxin Li, Jose M 
Vicencio, Yihan Xu, Fengxiang Wei and Yazhou 
Wang. Writing – original draft and writing – review & 
editing were done by Jinhai Deng, Teng Pan and 
Mingzhu Yin. All the authors reviewed and edited the 
manuscript. The authors reviewed and approved the 
final manuscript. 

Ethics approval and consent to participate  
The study was conformed to the principles of the 

Declaration of Helsinki and authorized by the 
Medical Science Research Ethics Committee of Peking 
university Third Hospital and Hospital and Ethics 
Review Committee of Shenzhen Longgang ENT 
Hospital on Laboratory Animal Care. 

Consent for publication  
We have obtained consent to publish from the 

participants to report individual patient data. 

Availability of data and material  
The datasets generated during and/or analysed 

during the current study are available from the 
corresponding author on reasonable request. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Nenkov M, Ma Y, Gaßler N, Chen Y. Metabolic Reprogramming of Colorectal 

Cancer Cells and the Microenvironment: Implication for Therapy. Int J Mol 
Sci. 2021; 22(12): 6262. 

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 
2011; 144(5):646-674. 

3. Ganapathy-Kanniappan S. Linking tumor glycolysis and immune evasion in 
cancer: Emerging concepts and therapeutic opportunities. Biochim Biophys 
Acta Rev Cancer. 2017; 1868(1):212-220. 

4. Gaude E, Frezza C. Tissue-specific and convergent metabolic transformation 
of cancer correlates with metastatic potential and patient survival. Nat 
Commun. 2016; 7:13041. 



Theranostics 2023, Vol. 13, Issue 14 
 

 
https://www.thno.org 

5073 

5. Frederick M, Skinner HD, Kazi SA, Sikora AG, Sandulache VC. High 
expression of oxidative phosphorylation genes predicts improved survival in 
squamous cell carcinomas of the head and neck and lung. Sci Rep. 2020; 
10(1):6380. 

6. Luo Y, Ma J, Lu W. The Significance of Mitochondrial Dysfunction in Cancer. 
Int J Mol Sci. 2020; 21(16):5598. 

7. Ashton TM, McKenna WG, Kunz-Schughart LA, Higgins GS. Oxidative 
Phosphorylation as an Emerging Target in Cancer Therapy. Clin Cancer Res. 
2018; 24(11):2482-2490. 

8. Yu M. Generation, function and diagnostic value of mitochondrial DNA copy 
number alterations in human cancers. Life Sci. 2011; 89(3-4):65-71. 

9. Viale A, Corti D, Draetta GF. Tumors and mitochondrial respiration: a 
neglected connection. Cancer Res. 2015; 75(18):3685-3686. 

10. Weinberg F, Hamanaka R, Wheaton WW, Weinberg S, Joseph J, Lopez M, et al. 
Mitochondrial metabolism and ROS generation are essential for 
Kras-mediated tumorigenicity. Proc Natl Acad Sci U S A. 2010; 
107(19):8788-8793.  

11. Pollak M. Targeting oxidative phosphorylation: why, when, and how. Cancer 
Cell. 2013; 23(3):263-264. 

12. Sun X, Zhan L, Chen Y, Wang G, He L, Wang Q,et al. Increased mtDNA copy 
number promotes cancer progression by enhancing mitochondrial oxidative 
phosphorylation in microsatellite-stable colorectal cancer. Signal Transduct 
Target Ther. 2018; 3:8.  

13. Xu Y, Xue D, Bankhead A 3rd, Neamati N. Why All the Fuss about Oxidative 
Phosphorylation (OXPHOS)?. J Med Chem. 2020; 63(23):14276-14307. 

14. Ek F, Blom K, Selvin T, Rudfeldt J, Andersson C, Senkowski W, et al. Sorafenib 
and nitazoxanide disrupt mitochondrial function and inhibit regrowth 
capacity in three-dimensional models of hepatocellular and colorectal 
carcinoma. Sci Rep. 2022; 12(1):8943. 

15. Liu S, Zhao H, Hu Y, Yan C, Mi Y, Li X, et al. Lactate promotes metastasis of 
normoxic colorectal cancer stem cells through PGC-1α-mediated oxidative 
phosphorylation. Cell Death Dis. 2022; 13(7):651. 

16. Ge C, Wang Y, Feng Y, Wang S, Zhang K, Xu X, et al. Suppression of oxidative 
phosphorylation and IDH2 sensitizes colorectal cancer to a naphthalimide 
derivative and mitoxantrone. Cancer Lett. 2021; 519:30-45. 

17. Molina JR, Sun Y, Protopopova M, Gera S, Bandi M, Bristow C, et al. An 
inhibitor of oxidative phosphorylation exploits cancer vulnerability. Nat Med. 
2018;24(7): 1036-1046. 

18. Sica V, Bravo-San Pedro JM, Stoll G, Kroemer G. Oxidative phosphorylation as 
a potential therapeutic target for cancer therapy. Int J Cancer. 2020; 
146(1):10-17. 

19. Bhalla K, Hwang BJ, Dewi RE, Ou L, Twaddel W, Fang HB, et al. PGC1α 
promotes tumor growth by inducing gene expression programs supporting 
lipogenesis. Cancer Res. 2011; 71(21):6888-6898. 

20. Liang H, Ward WF. PGC-1alpha: a key regulator of energy metabolism. Adv 
Physiol Educ. 2006; 30(4):145-151. 

21. Vellinga TT, Borovski T, de Boer VC, Fatrai S, van Schelven S, Trumpi K, et al. 
SIRT1/PGC1α-Dependent Increase in Oxidative Phosphorylation Supports 
Chemotherapy Resistance of Colon Cancer. Clin Cancer Res. 2015; 
21(12):2870-2879. 

22. LeBleu VS, O'Connell JT, Gonzalez Herrera KN, Wikman H, Pantel K, Haigis 
MC, et al. PGC-1α mediates mitochondrial biogenesis and oxidative 
phosphorylation in cancer cells to promote metastasis. Nat Cell Biol. 2014; 
16(10):992-15. 

23. Sancho P, Burgos-Ramos E, Tavera A, Bou Kheir T, Jagust P, Schoenhals M, et 
al. MYC/PGC-1α Balance Determines the Metabolic Phenotype and Plasticity 
of Pancreatic Cancer Stem Cells. Cell Metab. 2015; 22(4):590-605. 

24. Zhou Y, Lu T, Xie T. A PGC-1 tale: healthier intestinal stem cells, longer life. 
Cell Metab. 2011; 14(5):571-572. 

25. Nimmakayala RK, Rauth S, Chirravuri Venkata R, Marimuthu S, Nallasamy P, 
Vengoji R, et al. PGC1α-Mediated Metabolic Reprogramming Drives the 
Stemness of Pancreatic Precursor Lesions. Clin Cancer Res. 2021; 
27(19):5415-5429. 

26. Viale A, Pettazzoni P, Lyssiotis CA, Ying H, Sánchez N, Marchesini M, et al. 
Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial 
function. Nature. 2014; 514(7524):628-632. 

27. Zhao S, Pan T, Deng J, Cao L, Vicencio JM, Liu J, et al. Exosomal transfer of 
miR-181b-5p confers senescence-mediated doxorubicin resistance via 
modulating BCLAF1 in breast cancer. Br J Cancer. 2023; 128(4):665-677. 

28. Zhou X, Liang T, Deng J, Ng K, Li M, Lv C, et al. Differential and Prognostic 
Significance of HOXB7 in Gliomas. Front Cell Dev Biol. 2021; 9:697086. 

29. Steinbichler TB, Dudás J, Skvortsov S, Ganswindt U, Riechelmann H, 
Skvortsova II. Therapy resistance mediated by exosomes. Mol Cancer. 2019; 
18(1):58. 

30. Essandoh K, Yang L, Wang X, Huang W, Qin D, Hao J, et al. Blockade of 
exosome generation with GW4869 dampens the sepsis-induced inflammation 
and cardiac dysfunction. Biochim Biophys Acta. 2015; 1852(11):2362-2371. 

31. Cho YH, Ro EJ, Yoon JS, Mizutani T, Kang DW, Park JC, et al. 5-FU promotes 
stemness of colorectal cancer via p53-mediated WNT/β-catenin pathway 
activation. Nat Commun. 2020; 11:1, 11(1), 1–13. 

32. Zhao J. Cancer stem cells and chemoresistance: The smartest survives the raid. 
Pharmacol Ther. 2016; 160:145-158. 

33. Visvader JE, Lindeman GJ. Cancer stem cells in solid tumours: accumulating 
evidence and unresolved questions. Nat Rev Cancer. 2008; 8(10):755-768. 

34. Zhang H, Wang M, He Y, Deng T, Liu R, Wang W, et al. 
Chemotoxicity-induced exosomal lncFERO regulates ferroptosis and stemness 
in gastric cancer stem cells. Cell Death Dis. 2021; 12(12):1116. 

35. Chen C, Hao X, Lai X, Liu L, Zhu J, Shao H, et al. Oxidative phosphorylation 
enhances the leukemogenic capacity and resistance to chemotherapy of B cell 
acute lymphoblastic leukemia. Sci Adv. 2021; 7(11):eabd6280. 

36. Nayak AP, Kapur A, Barroilhet L, Patankar MS. Oxidative Phosphorylation: A 
Target for Novel Therapeutic Strategies Against Ovarian Cancer. Cancers 
(Basel). 2018; 10(9):337. 

37. Jin P, Jiang J, Zhou L, Huang Z, Qin S, Chen HN, et al. Disrupting metformin 
adaptation of liver cancer cells by targeting the TOMM34/ATP5B axis. EMBO 
Mol Med. 2022; 14(12):e16082. 

38. Shi Y, Lim SK, Liang Q, Iyer SV, Wang HY, Wang Z, et al. Gboxin is an 
oxidative phosphorylation inhibitor that targets glioblastoma. Nature. 2019 
Mar; 567(7748):341-346. 

39. Wang C, Cui G, Wang D, Wang M, Chen Q, Wang Y, et al. Crosstalk of 
Oxidative Phosphorylation-Related Subtypes, Establishment of a Prognostic 
Signature and Immune Infiltration Characteristics in Colorectal 
Adenocarcinoma. Cancers (Basel). 2022; 14(18):4503. 

40. Ma J, Dong C, Ji C. MicroRNA and drug resistance. Cancer Gene Ther. 2010; 
17(8):523-531. 

41. Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Damgaard CK, et al. 
Natural RNA circles function as efficient microRNA sponges. Nature. 2013; 
495(7441):384-388. 

42. Laudato S, Patil N, Abba ML, Leupold JH, Benner A, Gaiser T, et al. 
P53-induced miR-30e-5p inhibits colorectal cancer invasion and metastasis by 
targeting ITGA6 and ITGB1. Int J Cancer. 2017; 141(9):1879-1890. 

43. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, et al. Circular 
RNAs are a large class of animal RNAs with regulatory potency. Nature. 2013; 
495(7441):333-338. 

44. Wang Y, Liu J, Ma J, Sun T, Zhou Q, Wang W, et al. Exosomal circRNAs: 
biogenesis, effect and application in human diseases. Mol Cancer. 2019; 
18(1):116. 

45. Inalegwu A, Cuypers B, Claesen J, Janssen A, Coolkens A, Baatout S, et al. 
Fractionated irradiation of MCF7 breast cancer cells rewires a gene regulatory 
circuit towards a treatment-resistant stemness phenotype. Mol Oncol. 2022; 
16(19):3410-3435. 

46. Gu X, Shi Y, Dong M, Jiang L, Yang J, Liu Z. Exosomal transfer of 
tumor-associated macrophage-derived hsa_circ_0001610 reduces 
radiosensitivity in endometrial cancer. Cell Death Dis. 2021; 12(9):818. 

47. Kristensen LS, Jakobsen T, Hager H, Kjems J. The emerging roles of circRNAs 
in cancer and oncology. Nat Rev Clin Oncol. 2022; 19(3):188-206. 

48. Aqil F, Gupta RC. Exosomes in Cancer Therapy. Cancers (Basel). 2022; 
14(3):500. 

49. Pemovska T, Bigenzahn JW, Srndic I, Lercher A, Bergthaler A, César-Razquin 
A, et al. Metabolic drug survey highlights cancer cell dependencies and 
vulnerabilities. Nat Commun. 2021; 12(1):7190. 

50. Faubert B, Solmonson A, DeBerardinis RJ. Metabolic reprogramming and 
cancer progression. Science. 2020; 368(6487):eaaw5473. 

51. Yuan Y, Ju YS, Kim Y, Li J, Wang Y, Yoon CJ, et al. Comprehensive molecular 
characterization of mitochondrial genomes in human cancers. Nat Genet. 2020; 
52(3):342-352. 

52. Hervieu C, Christou N, Battu S, Mathonnet M. The Role of Cancer Stem Cells 
in Colorectal Cancer: From the Basics to Novel Clinical Trials. Cancers (Basel). 
2021; 13(5):1092. 

53. Yang L, Shi P, Zhao G, Xu J, Peng W, Zhang J, et al. Targeting cancer stem cell 
pathways for cancer therapy. Signal Transduct Target Ther. 2020; 5(1):8. 

54. Walcher L, Kistenmacher AK, Suo H, Kitte R, Dluczek S, Strauß A, et al. 
Cancer Stem Cells-Origins and Biomarkers: Perspectives for Targeted 
Personalized Therapies. Front Immunol. 2020; 11:1280. 

55. Zheng X, Ma Y, Bai Y, Huang T, Lv X, Deng J, et al. Identification and 
validation of immunotherapy for four novel clusters of colorectal cancer based 
on the tumor microenvironment. Front Immunol. 2022; 13:984480. 

56. An Z, Flores-Borja F, Irshad S, Deng J, Ng T. Pleiotropic Role and Bidirectional 
Immunomodulation of Innate Lymphoid Cells in Cancer. Front Immunol. 
2020; 10:3111. 

57. Robbins PD, Morelli AE. Regulation of immune responses by extracellular 
vesicles. Nat Rev Immunol. 2014; 14(3):195-208. 

58. Takahashi A, Okada R, Nagao K, Kawamata Y, Hanyu A, Yoshimoto S, et al. 
Exosomes maintain cellular homeostasis by excreting harmful DNA from 
cells. Nat Commun. 2017; 8:1-14. 

59. Guo J, Zhou F, Liu Z, Cao Y, Zhao W, Zhang Z, et al. Exosome-shuttled 
mitochondrial transcription factor A mRNA promotes the osteogenesis of 
dental pulp stem cells through mitochondrial oxidative phosphorylation 
activation. Cell Prolif. 2022; 55(12):e13324. 

60. Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ, Lötvall JO. 
Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism 
of genetic exchange between cells. Nat Cell Biol. 2007; 9(6):654-659. 

61. Wang X, Zhang H, Yang H, Bai M, Ning T, Deng T, et al. Exosome-delivered 
circRNA promotes glycolysis to induce chemoresistance through the 
miR-122-PKM2 axis in colorectal cancer. Mol Oncol. 2020; 14(3):539-555. 

62. Wang X, Huang J, Chen W, Li G, Li Z, Lei J. The updated role of exosomal 
proteins in the diagnosis, prognosis, and treatment of cancer. Exp Mol Med. 
2022; 54(9):1390-1400. 



Theranostics 2023, Vol. 13, Issue 14 
 

 
https://www.thno.org 

5074 

63. Yang E, Wang X, Gong Z, Yu M, Wu H, Zhang D. Exosome-mediated 
metabolic reprogramming: the emerging role in tumor microenvironment 
remodeling and its influence on cancer progression. Signal Transduct Target 
Ther. 2020; 5(1):242. 

64. Milman N, Ginini L, Gil Z. Exosomes and their role in tumorigenesis and 
anticancer drug resistance. Drug Resist Updat. 2019; 45:1-12. 

65. Yang Q, Zhao S, Shi Z, Cao L, Liu J, Pan T, et al. Chemotherapy-elicited 
exosomal miR-378a-3p and miR-378d promote breast cancer stemness and 
chemoresistance via the activation of EZH2/STAT3 signaling. J Exp Clin 
Cancer Res. 2021; 40(1):120. 

66. Mastropasqua F, Girolimetti G, Shoshan M. PGC1α: Friend or Foe in Cancer?. 
Genes (Basel). 2018; 9(1):48. 

67. Tan Z, Luo X, Xiao L, Tang M, Bode AM, Dong Z, et al. The Role of PGC1α in 
Cancer Metabolism and its Therapeutic Implications. Mol Cancer Ther. 2016; 
15(5):774-782. 

68. Luo X, Liao C, Quan J, Cheng C, Zhao X, Bode AM, et al. Posttranslational 
regulation of PGC-1α and its implication in cancer metabolism. Int J Cancer. 
2019; 145(6):1475-1483. 

69. Yun CW, Han YS, Lee SH. PGC-1α Controls Mitochondrial Biogenesis in 
Drug-Resistant Colorectal Cancer Cells by Regulating Endoplasmic Reticulum 
Stress. Int J Mol Sci. 2019; 20(7):1707. 

70. Liu Q, Zhang X, Zhang J. Exosome-Based Nanoplatforms: The Emerging Tools 
for Breast Cancer Therapy. Front Oncol. 2022; 12:898605. 

71. Yao Y, Zhou Y, Liu L, Xu Y, Chen Q, Wang Y, et al. Nanoparticle-Based Drug 
Delivery in Cancer Therapy and Its Role in Overcoming Drug Resistance. 
Front Mol Biosci. 2020; 7:193. 

72. Raj S, Khurana S, Choudhari R, Kesari KK, Kamal MA, Garg N, et al. Specific 
targeting cancer cells with nanoparticles and drug delivery in cancer therapy. 
Semin Cancer Biol. 2021; 69:166-177. 

73. Ye F, Tang QL, Ma F, Cai L, Chen M, Ran XX, et al. Analysis of the circular 
RNA transcriptome in the grade 3 endometrial cancer. Cancer Manag Res. 
2019; 11:6215-6227. 

74. Wang B, Lu Y, Feng E. hsa_circ_0001610 knockdown modulates 
miR-646-STAT3 axis to suppress endometrial carcinoma progression. J Gene 
Med. 2021; 23(6):e3337. 

75. Xie Y, Li J, Li P, Li N, Zhang Y, Binang H, et al. RNA-Seq Profiling of Serum 
Exosomal Circular RNAs Reveals Circ-PNN as a Potential Biomarker for 
Human Colorectal Cancer. Front Oncol. 2020; 10:982. 

76. Yong T, Zhang X, Bie N, Zhang H, Zhang X, Li F, et al. Tumor exosome-based 
nanoparticles are efficient drug carriers for chemotherapy. Nat Commun. 
2019; 10(1):3838. 

77. Bondhopadhyay B, Sisodiya S, Alzahrani FA, Bakhrebah MA, Chikara A, 
Kasherwal V, et al. Exosomes: A Forthcoming Era of Breast Cancer 
Therapeutics. Cancers (Basel). 2021; 13(18):4672. 

 


