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Abstract. Mitochondria serve a vital role in cellular homeo‑
stasis as they regulate cell proliferation and death pathways, 
which are attributed to mitochondrial bioenergetics, free 
radicals and metabolism. Alterations in mitochondrial func‑
tions have been reported in various diseases, including cancer. 
Colorectal cancer (CRC) is one of the most common metastatic 
cancer types with high mortality rates. Although mitochon‑
drial oxidative stress has been associated with CRC, its specific 
mechanism and contribution to metastatic progression remain 
poorly understood. Therefore, the aims of the present study 
were to investigate the role of mitochondria in CRC cells with 
low and high metastatic potential and to evaluate the contri‑
bution of mitochondrial respiratory chain (RC) complexes in 
oncogenic signaling pathways. The present results demon‑
strated that cell lines with low metastatic potential were 
resistant to mitochondrial complex I (C‑I)‑mediated oxidative 
stress, and had C‑I inhibition with impaired mitochondrial 
functions. These adaptations enabled cells to cope with higher 
oxidative stress. Conversely, cells with high metastatic poten‑
tial demonstrated functional C‑I with improved mitochondrial 
function due to coordinated upregulation of mitochondrial 
biogenesis and metabolic reprogramming. Pharmacological 
inhibition of C‑I in high metastatic cells resulted in increased 
sensitivity to cell death and decreased metastatic signaling. 
The present findings identified the differential regulation of 
mitochondrial functions in CRC cells, based on CRC meta‑
static potential. Specifically, it was suggested that a functional 
C‑I is required for high metastatic features of cancer cells, and 

the role of C‑I could be further examined as a potential target 
in the development of novel therapies for diagnosing high 
metastatic cancer types.

Introduction

Mitochondria are the bioenergetic and metabolic hubs of 
the cell, and are harbor sites of free radical generation (1). 
Free radicals can regulate cellular signaling pathways and 
contribute to cellular proliferation and death mechanisms (2). 
Changes in mitochondria, such as respiration impairments, 
oxidative stress and metabolic alterations, affect these 
signaling pathways and are associated with various diseases, 
including cancer (3). In cancer, mitochondrial contribution is 
variable and dependent on the type of cancer, genetic factors, 
tissue origin and other unknown factors (4). In mitochondria, 
respiratory chain  (RC) complexes are large multi‑subunit 
inner membrane structures that facilitate electron transfer, 
ATP production via oxidative phosphorylation (OXPHOS) and 
reactive oxygen species (ROS) generation. Since ROS levels 
act as signaling molecules to activate cellular pathways, exces‑
sive ROS levels can cause oxidative damage and contribute 
to oncogenic signaling for cancer development (5). Previous 
studies have reported that oxidative stress is a mitigating factor 
in metastasis, and the threshold of oxidative stress is crucial in 
enhancing or decreasing metastatic potential (6,7). From the 
metabolic perspective, while cancer cells are highly glycolytic 
(Warburg effect), it is now evident that reprogramming of 
metabolic pathways serves a critical role in proliferation of 
cancer cells (8). However, the contribution and role of RC in 
metabolic reprogramming in cancer progression are yet to be 
fully elucidated.

Among the five types of mitochondrial RC complexes, mito‑
chondrial complex I (C‑I; NADH: Ubiquinone oxidoreductase) 
is the largest and most prolific ROS producing site, and has 
been implicated in cancer progression (9‑14). C‑I alterations are 
involved in mitochondrial dysfunction in different cancer types, 
including lung, liver, prostrate breast and colon cancer (14). 
While the specific role of C‑I in promoting or suppressing tumors 
remains unknown, it largely depends on cancer types and the 
experimental system (15). Since metastatic processes involve cell 
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migration, invasion and proliferation at distal sites, C‑I‑mediated 
changes could serve an important role in regulating metastatic 
signaling (16). Hence, it is imperative to understand how different 
RC complexes regulate proliferative pathways and contribute 
to these pathways at different stages of neoplastic transforma‑
tions. Such studies are clinically relevant in targeting specific 
RC complexes, as well as combining therapeutic approaches to 
specific metastatic conditions and tumor types.

Colorectal cancer (CRC) is the fourth most common type 
of cancer with high incidence (6.1%) and mortality (5.8%) rates 
across all cancers worldwide according to global cancer statis‑
tics 2018 (17). Although mitochondrial alterations have been 
associated with CRC metastasis, the functionality of different 
RC complexes, contribution of oxidative stress and the role of 
metastatic signaling in CRC remain unknown. Therefore, it is 
clinically relevant to identify therapeutic targets.

The current study aimed to identify specific changes in 
RC complexes, as well as their contribution to mitochon‑
drial dysfunctions and metabolism in metastatic CRC cells. 
Using CRC cells with low and high metastatic potentials, the 
present study aimed to investigate the effect of RC inhibition 
on cell survival, mitochondrial functions and contribution to 
metastatic signaling pathways.

Materials and methods

Cell culture. Established CRC cell lines (low metastatic, 
HT‑29 and HCT‑15; high metastatic, HCT‑116 and COLO‑205) 
were used in the current study. These authenticated cell lines 
were purchased from the national repository at National 
Centre for Cell Sciences Pune, and early passage cultures 
were used for performing all the experiments. Cell culture 
reagents, including growth media, FBS and antibiotics were 
purchased from HiMedia Laboratories LLC. HT‑29, HCT‑15 
and COLO‑205 cells were maintained in RPMI‑1640 medium, 
while HCT‑116 cells were maintained in McCoy's growth 
medium. The medium was supplemented with 10% FBS and 
1% antibiotic‑antimycotic solution, and cells were grown at 
37˚C with 95% humidity in incubator maintaining 5% CO2.

In  vitro tumorigenesis assay. Tumorigenic potential was 
determined using soft agar colony‑forming assay (10). Briefly, 
a bottom layer containing 0.4% agar, 1X growth media and 
10% FBS was prepared in 60‑mm culture dishes. An overlay 
media, containing 1,000 cells in 0.3% agarose, 1X growth 
media and 10% FBS, was added to each plate in triplicate. The 
cells were incubated for 3‑4 weeks at 37˚C in a humidified 
CO2 incubator and given fresh media every 4th day. Colony 
formation was observed after 3 weeks of plating; bright field 
images (at 10x magnification) were captured using the CMOS 
camera application in ChemiDoc Imaging system (Bio‑Rad 
Laboratories, Inc.). Clones were counted and quantified as 
relative colony‑forming units between CRC cells.

Transwell cell migration assay. The migratory capacity 
of metastatic cells was measured by their ability to invade 
through extracellular matrix (ECM), following a previously 
described protocol (12). Cells (~5,000) were plated in tripli‑
cates in 8‑µm pore‑sized cell culture inserts (BD Labware; 
BD Biosciences) and supplemented with media without serum. 

These cell inserts were positioned in 12‑well plates containing 
media with 10% FBS, followed by incubation for 12‑16 h at 
37˚C in a 5% CO2 incubator. Migration of cells was visualized 
by staining the cells with Hema 3 staining following manufac‑
turer's instructions (Thermo Fisher Scientific, Inc.) and images 
were captured at 100x  magnification using a microscope 
(Nikon Eclipse TE2000; Nikon Corporation). Total number 
of stained and migrated cells were counted, and calculated as 
relative migration units between CRC cells.

Cell viability measurements. A total of ~5x105 cells/ml were 
seeded in triplicates in 12‑well plates in culture medium and 
incubated at 37˚C for 24 h. Cells were treated with different 
agents at multiple concentrations [rotenone, 0.05‑200 µM; 
paraquat, 0.025‑20 mM; antimycin, 0.25‑20 µM; oligomycin, 
5‑100  µM; H2O2, 0.025‑2  mM; N‑acetyl cysteine  (NAC), 
5 mM; all purchased from Sigma‑Aldrich) followed by 24 h 
incubation at 37˚C. Cell viability assay was performed by 
staining the cells with trypan blue (0.4%) for 3 min at room 
temperature and counting by haemocytometer. Bright field 
images of cells were captured at x100 magnification.

Blue native gel electrophoresis and C‑I activity assay. Blue 
native poly acrylamide gel electrophoresis (BN‑PAGE) was 
performed following optimized protocol as published previ‑
ously (18). Cultured cells were harvested and centrifuged (at 
100 x g for 5 min at room temperature), and the pellet was 
re‑suspended in 0.5 ml ice‑cold HB buffer (50 mM KPO4; 
pH:  7.4; 1  mM EDTA; 2.5%  glycerol; 250  mM sucrose) 
containing protease inhibitor cocktail (Sigma‑Aldrich). Cells 
were disrupted using a dounce homogenizer at 4˚C for 5 min 
and enriched for mitochondria via differential centrifugation 
at 4˚C (initial spin at 500 x g for 5 min where the superna‑
tant was removed, and respun to pellet the mitochondria at 
10,000 x g for 5 min). The mitochondrial pellet was washed 
twice and re‑suspended in a final protein concentration of 
2‑5 mg/ml in HB buffer. Optimal solubility of mitochondrial 
super‑complexes was achieved using optimized concentration 
of 8 mg digitonin/mg of protein in HB buffer without EDTA. 
The samples were incubated on ice for 20 min in a coomassie 
blue solution (5% coomassie blue G‑250 in 750 mM 6‑amino‑
caproic acid) to a ratio of 1:30 v/v. The supernatant (total of 
80 µg protein) was then run on a 3‑12% Native PAGE (Novex 
Bis‑Tris gel) for 4 h at 80 V and 4˚C in the buffer provided 
by the supplier (Invitrogen; Thermo Fisher Scientific, Inc.), 
to resolve the mitochondrial complexes, and the resulting 
gels were stained with Bio‑safe coomassie R‑250 (Bio‑Rad 
Laboratories, Inc.) for 30 min at room temperature.

In parallel, a similarly run gel without staining was 
used for the gel activity assay for C‑I following a previously 
published protocol (19). Both the stained and activity gels were 
scanned and analyzed using ImageJ software (version 1.8.0; 
National Institutes of Health), to determine the relative band 
intensities, which were normalized with total mitochon‑
drial protein levels and calculated as fold change relative to 
HT‑29 bands. Equal loading (80 µg) of mitochondrial protein 
was confirmed by running a similar aliquot of mitochondrial 
extract on a separate 12% denaturing gel and western blotting 
with mitochondrial voltage‑dependent anion channel protein 
(cat. no 4661, Cell Signaling Technology, Inc.).
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Western blotting. Protein samples were extracted using 
RIPA buffer (Cell Signaling Technology, Inc.) and the 
concentration of protein was determined using a BCA 
Protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). The 
samples (30 µg) were electrophoresed on 12% SDS‑PAGE 
at 120 V for 2 h. The resolved proteins were transferred on 
PVDF membrane and blocked with 5% non‑fat dry milk in 
TBS‑0.5% Tween‑20 (TBS‑T) for 1 h at room temperature. 
The membrane was incubated with primary antibodies at 
dilution of 1:1,000, overnight at 4˚C following manufacturer's 
instructions (Cell Signaling Technology, Inc.). The antibodies 
against pAKT‑Thr (308) (cat. no. 13038), p‑AKT‑Ser (473) 
(cat. no. 4060), total AKT (cat. no. 4691), Actin (cat. no. 4970), 
HIF1‑α (cat.  no.  36169), cMyc (cat.  no.  18583), GAPDH 
(cat. no. 5174), SOD1 (cat. no. 37385), Beclin‑1 (cat. no. 3495) 
and ATG5 (cat. no. 12994) were purchased from Cell Signaling 
Technology, Inc. The membrane was washed thrice with 
TBS‑T and then incubated with anti‑rabbit IgG horseradish 
peroxidase‑conjugated secondary antibody (cat. no. 7074; Cell 
Signaling Technology, Inc.) at 1:5,000 dilution. Specific bands 
were detected using super signal west pico‑chemi‑luminescent 
substrate kit (Thermo Fisher Scientific, Inc.) and imaged on 
a ChemiDoc Imaging system (Bio‑Rad Laboratories, Inc.). 
Experiments were performed twice or thrice, and one of the 
representative images was analyzed for densitometry using 
ImageJ (version 1.8.0; National Institutes of Health).

Mitochondrial functional analysis.
Reactive oxygen species measurement. To measure cellular 
ROS levels, cell‑permeant 2',7'‑dichlorodihydrofluorescein 
diacetate (H2‑DCFDA) dye was used as per manufacturer's 
instructions (Invitrogen; Thermo Fisher Scientific, Inc.). Briefly, 
1x106  live cells were re‑suspended in Hank's buffered salt 
solution (HBSS) with H2DCFDA (10 µM) and Hoechst‑33342 
(10 µg/ml), and incubated at 37˚C for 15 min. Cells were then 
washed, centrifuged at 100 x g for 5 min at room temperature 
and the resulting pellet was re‑suspended in PBS. The fluores‑
cence intensity was measured using HT‑BioTek fluorescence 
plate reader at Excitation/Emission (Ex/Em): 495/529 nm for 
H2DCFDA and 350/497 nm for Hoechst‑33342 at 37˚C.

To measure mitochondrial superoxide levels, mitochon‑
drial specific superoxide indicator dye MitoSOX™ Red 
(Invitrogen; Thermo Fisher Scientific, Inc.) was used. Equal 
number of cells (1x106) were re‑suspended in HBSS buffer 
with MitoSOX™ Red (5 µM) and Hoechst‑33342 (10 µg/ml), 
and incubated at 37˚C for 15 min. Cells were washed, and 
the fluorescence (MitoSOX™ Red; Ex/Em, 510/580 nm) was 
measured using HT‑BioTek fluorescence plate reader. Relative 
values for both measurements were calculated after normal‑
izing with Hoechst‑33342 fluorescence. All the experiments 
were performed in triplicates, and the results are presented as 
relative mean fluorescence intensity.

ATP measurement. Total ATP content was measured using 
luciferase‑based ATP determination kit according to manu‑
facturer's instructions (Invitrogen; Thermo Fisher Scientific, 
Inc.). For ATP measurement, 1x106  cells were harvested, 
centrifuged at 100 x g for 5 min at room temperature and 
re‑suspended in 100 µl buffer (25 mM Tris; pH 7.4; 150 mM 
EDTA). The re‑suspended cells were boiled at 100˚C for 

5 min, followed by centrifugation at 10,000 x g for 5 min 
at room temperature. The supernatant was collected, added 
to the luciferin‑luciferase mixture and luminescence was 
measured in BioTek Synergy HT Multi‑detection Microplate 
reader. The ATP concentration was determined using a stan‑
dard ATP/luminescence curve ranging from 0.001‑10 mM 
ATP, normalized to total protein and calculated as relative fold 
change between CRC cells.

Mitochondrial Membrane Potential (MMP) measurement. 
Similar to ATP measurement, 1x106 cells were incubated with 
200 nM MMP indicator dye tetra‑methyl‑rhodamine methyl 
ester perchlorate (TMRM) for 15 min at 37˚C. Cells were 
washed and counterstained with Hoechst‑33342 (10 µg/ml) for 
5 min at 37˚C. Fluorescence was recorded for TMRM (Ex/Em, 
540/575 nm) using a fluorescence plate reader. Relative values 
for both measurements were calculated after normalizing to 
Hoechst‑33342 fluorescence. All experiments were performed 
in triplicates, and the results are presented as relative mean 
fluorescence intensity.

Mitochondrial DNA (mtDNA) copy number measurement. 
Total DNA was isolated from 1x106 CRC cells using DNeasy 
kit (Qiagen China Co., Ltd.). A total of 20 ng of DNA was 
used for quantitative PCR (qPCR) for mtDNA copy number 
determination using the Fast  SYBR Green Master mix 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) on a 
7900HT Fast Real‑Time PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.. The steps were as follows: 95˚C 
For 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C 
for 1 min. Quantitation of mtDNA copy number relative to 
nuclear DNA was done by amplifying mtDNA (human tRNA 
leucine1, transcription terminator and 5S‑like sequence), 
and nuclear reference gene (18s ribosomal DNA) as previ‑
ously described (20). The primer sequences were: mtDNA 
(Human‑tRNA leucine 1, transcription terminator and 5S‑like 
sequence), forward: 5'‑CACC​CAA​GAA​CAG​GGT​TTG​T‑3' 
and reverse: 5'‑TGG​CCA​TGG​GTA​TGT​TGT​TAA‑3'; nDNA 
(18s ribosomal DNA), forward: 5'‑TAG​AGG​GAC​AAG​TGG​
CGT​TC‑3' and reverse: 5'‑CGC​TGA​GCC​AGT​CAG​TGT‑3'. 
Relative mtDNA copy number was calculated with normaliza‑
tion to the nuclear DNA (18s ribosomal DNA) copy number 
using 2‑ΔΔCq method (21).

Reverse transcription‑quantitative PCR (RT‑qPCR). For gene 
expression studies, RNA was isolated from 1x106 non‑treated 
cells or treated with rotenone (100 µM)/paraquat (10 mM) 
for different time points (0, 3, 6 and 12 h), using RNeasy kit 
(Qiagen China Co., Ltd.). A total of 1 µg RNA was reversed 
transcribed into cDNA using the QuantiTect Reverse 
Transcription kit (Qiagen China Co., Ltd.) at 42˚C for 15 min, 
and 95˚C for 3  min. Subsequently qPCR was performed 
using Fast SYBR Green Master mix following similar PCR 
conditions as aforementioned. The list of primers used for 
RT‑qPCR of the various genes (PGC1‑α, TFAM, β‑actin, 
AKT‑1, HIF‑1α, cMyc, Survivine, SLC2A1, CA‑9, VEGF) is 
presented in Table SI with relevant references (22‑25). In addi‑
tion, qPCR of C‑I subunit genes was performed using mtDNA 
encoded ND‑1,‑2,‑4, ‑4L and  ‑6 gene primers as reported 
by Salehi et al (26). Relative gene expression of target genes 
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was normalized to β‑actin expression (reference gene) using 
2‑ΔΔCq method (21).

Statistical analysis. Graphs were prepared and analyzed using 
GraphPad Prism 5 software (GraphPad Software, Inc.). Data 
in graphs are presented as the mean ± SEM. Experiments were 
performed at least thrice with ≥3 replicates for each condition. 
Morphological images were representative of ≥3 independent 
experiments with similar results. Significant statistical differ‑
ences were measured using unpaired Student's t‑test or one‑way 
ANOVA followed by Dunnett's post hoc test for comparisons 
between treatment and control groups or by Tukey's test for 
comparisons among multiple groups. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Properties of cell lines. To study the role of mitochondrial 
functions in the metastatic potential of CRC cells, low 
metastatic HT‑29 and high metastatic HCT‑116 CRC lines 
were used. To confirm whether these cells demonstrate 
their respective cancer properties, the tumorigenic and 
metastatic potentials were examined using soft agar and 
Transwell assays, respectively (Fig. 1). Results of soft agar 
assay indicated that HCT‑116 cells formed ~3.8‑fold higher 
numbers of clones on soft agar compared with HT‑29 cells 
(Fig. 1A and B). Similarly, Transwell assay results identified 
that the number of cells that migrated through the ECM 
matrix were ~2.3‑fold higher in HCT‑116 cells compared with 
HT‑29 cells (Fig. 1C and D). Thus, these assays confirmed 
the tumorigenic and metastatic potentials of both cells, 
indicating HT‑29 cells as low tumorigenic and metastatic, 

with HCT‑116 cells as highly tumorigenic and metastatic in 
nature.

Resistance to C‑I inhibition in low metastatic cells. In mito‑
chondria, C‑I and Complex III (C‑III) are considered as the 
major producers of superoxide anions among RC complexes, 
and inhibition of these complexes results in an increased 
mitochondrial oxidative stress  (27‑29). The present study 
investigated the effect of mitochondrial oxidative stress via 
pharmacological inhibition of these complexes by measuring 
cellular viability of metastatic cells. Rotenone is a C‑I inhibitor 
that acts by blocking the transfer of electrons from iron‑sulfur 
centers in C‑I to ubiquinone, which results in the inhibition of 
OXPHOS, limited ATP production and increased free radical 
production (30). Similarly, antimycin‑A is a C‑III inhibitor 
that binds to the quinone reduction site of C‑III, leading to 
increased superoxide production  (31). Cells were treated 
with different concentrations of rotenone and antimycin‑A 
to measure the effect of C‑I and C‑III inhibition on cellular 
viability, respectively. It was found that both HT‑29 and 
HCT‑116 cells were tolerant to lower concentrations of rote‑
none (0‑20 µM). However, at >20 µM concentration, HCT‑116 
cells demonstrated increased sensitivity and cell death, while 
HT‑29 cells had resistance up to 200 mM (Fig. 2A and B). 
With regards to antimycin, both cell lines exhibited a similar 
trend of declined viability at ≥5 µM (Fig. 2C and D).

Since electron transfer via RC complexes is associated with 
ATP production, the effect of ATP synthase [Complex‑V (C‑V)] 
inhibition using oligomycin was examined. Oligomycin is an 
inhibitor of C‑V that functions by inducing conformational 
change in the F0 subunit and impairs binding with substrate 
at the catalytic sites, leading to ATP depletion  (32). Both 

Figure 1. Tumorigenic and metastatic potential of colorectal cancer cells. (A) Soft agar assay was performed to measure the tumorigenic potential of cells. 
The colonies were imaged and counted after 3 weeks, and representative images of one of the three experiments are shown. (B) Total number of colonies were 
counted and represented as relative colony units. (C) Cell migration was analyzed using Transwell assay (triplicate/line), and cells that migrated to the lower 
surface were stained and imaged. Scale bar, 50 µm. (D) Number of cells migrated and stained was counted and represented relative migration units. ***P<0.001 
vs. HT‑29 cells.
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HT‑29 and HCT‑116 cell lines demonstrated similar sensitivity 
to C‑V inhibition, with decreased viabilities at ≥15 µM oligo‑
mycin concentrations (Fig. 2E and F). Overall, in response to 
different RC inhibitors, low metastatic HT‑29 cells had signifi‑
cant resistance towards rotenone treatment compared with 
high metastatic cells, indicating possible C‑I abnormalities.

Resistance of low metastatic cells to C‑I inhibition was 
assessed via repeatedly measuring cell viability after paraquat 
treatment, another C‑I inhibitor. Paraquat is reduced by C‑I to 
form paraquat cation radicals, which react with oxygen to form 
superoxide (28). C‑I inhibition was similar in both the inhibitors 
(rotenone and paraquat); HT‑29 cells were resistant to higher 
concentration of paraquat compared with HCT‑116 cells, and 
could tolerate concentrations up to 20 mM without decreasing 
cell viability (Fig. S1). Thus, the investigation of RC inhibitors 
on cell viability suggested that low metastatic HT‑29 cells were 
tolerant to higher concentrations of C‑I inhibitors (Rotenone and 
paraquat) compared with high metastatic cells, which indicated 
a compromised or non‑functional C‑I in HT‑29 cells.

Upregulated C‑I and mitochondrial functions in high meta‑
static cells. In order to investigate potential differences in C‑I 
functionality between low and high metastatic cells that may 
contribute to their sensitivity to C‑I inhibition, C‑I assembly and 
activity were analyzed using BN‑PAGE and C‑I in‑gel activity 
assay, respectively. These measurements were performed in 
the isolated mitochondria from low and high metastatic cells. 
BN‑PAGE results demonstrated an enhanced C‑I assembly via 
increased expression of C‑I specific band in HCT‑116 cells, 
while its corresponding band was almost absent in HT‑29 cells 
(Fig. 3A and C). Similarly, functional activity of assembled 
C‑I was higher in HCT‑116 compared with HT‑29 cells as indi‑
cated by increased staining of C‑I band in C‑I specific in‑gel 
activity assay (Fig. 3B and D). Equal loading of mitochondrial 
preparation for BN‑PAGE/in‑gel assay from these cells was 
confirmed by western blotting of similar aliquot with mito‑
chondrial marker protein VDAC as loading control (Fig. 3E).

To assess whether this upregulation of C‑I was a common 
feature in other high metastatic cells, two different CRC 

Figure 2. Effect of mitochondrial respiratory chain inhibitors on cell viability. (A) HT‑29 and (B) HCT‑116 cells were treated with varying concentrations 
of the Complex I inhibitor rotenone (0.05‑200 µM) for 24 h. (C) HT‑29 and (D) HCT‑116 cells were treated with varying concentrations of the Complex III 
inhibitor antimycin (0.25‑20 µM) for 24 h. (E) HT‑29 and (F) HCT‑116 cells were treated with varying concentrations of the Complex V inhibitor oligomycin 
(5‑100 µM) for 24 h. Bright field images of cells were captured at x100 magnification, and representative images for control and treatment are provided to 
indicate morphological changes at the highest concentration for various inhibitors. Cellular viability was measured via trypan Blue staining and calculated 
relative to non‑treated cells. *P<0.05, **P<0.01 and ***P<0.001 vs. 0 µM of rotenone/antimycin/oligomycin.
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cells, HCT‑15 and COLO‑205, with low and high metastatic 
potential, respectively (33), were used. C‑I functionality was 
determined by measuring the gene expression profile of 
mtDNA encoded C‑I genes. mtDNA encodes seven C‑I subunit 
genes (ND‑1, ‑2, ‑3, ‑4, ‑4L, ‑5 and ‑6) (13), and RT‑qPCR 
analysis was performed to detect the mRNA expression of 5 of 
these subunit genes (except ND‑3 and ND‑5 genes) in meta‑
static cells. Significantly higher expression levels of C‑I genes 
were identified in high metastatic COLO‑205 cells, compared 
with low metastatic HCT‑15 cells (Fig. S2A), which confirmed 
C‑I upregulation in high metastatic cells.

C‑I is the major entry point for electrons in electron 
transfer chain, and its inhibition may cause changes in free 
radicals and mitochondrial functions (10,12). Therefore, to 
investigate the status of mitochondrial functions in these cells, 
ROS, mitochondrial superoxides, ATP and MMP levels were 
measured in HT‑29 and HCT‑116 cells. Total ROS levels were 
measured using H2DCFDA, which remains non‑fluorescent 
until oxidized to the highly fluorescent 2',7'‑dichlorofluores‑
cein radicals. Compared with HT‑29 cells, HCT‑116 cells 
had significantly lower levels (~0.76‑fold lower) of total ROS 
(Fig.  4A). Furthermore, mitochondrial superoxide levels 
were measured using indicator dye MitoSOX™ Red, which 
is oxidized by mitochondrial superoxides. While a decrease 
in mitochondrial superoxide levels was observed in HCT‑116 
cells, it was not significantly different compared with HT‑29 
cells (Fig. 4B). Measurement of total ATP in these cells identi‑
fied a ~0.36‑fold significantly higher ATP content in HCT‑116 
compared with HT‑29 cells (Fig. 4C). However, there was no 
significant difference in MMP levels (Fig. 4D). Similar changes 
in mitochondrial functions were observed when examined in 
additional CRC cells (Fig. S2B).

Therefore, the results suggested that C‑I assembly and 
activity were worse in low metastatic cells, while C‑I was 
upregulated in high metastatic cells, which may contribute 

to improved mitochondrial functions, such as decreased 
oxidative stress, increased ATP levels and enhanced cellular 
proliferation.

Increased sensitivity to oxidative stress in high metastatic 
cells. Various chemotherapeutic agents can induce cell death 
in tumor cells via generation of oxidative stress. To further 
evaluate whether the metastatic potential of CRC cells depends 
upon changes in C‑I and mitochondrial functionality via their 
response to higher oxidative stress, their susceptibility towards 
a general oxidative stress agent, H2O2, was examined. H2O2 
is a well‑studied oxidative stress‑inducing agent, where tran‑
sient exposure triggers apoptosis in a variety of mammalian 
cells (34‑37). Thus, low and high metastatic cells were treated 
with varied concentration of H2O2, and their viability was 
measured (Fig. 5A and B). In HT‑29 cells, no significant cell 
death was observed from 0.025‑0.5 mM H2O2 concentrations; 
a significant decrease in viability was observed at ≥1 mM 
(Fig. 5B). Compared with HT‑29, HCT‑116 cells demonstrated 
a higher sensitivity to H2O2‑induced cell death at ≥0.1 mM; 
with a ~0.40‑fold viability at 0.25 mM, and <0.05‑fold viability 
at ≥0.5 mM concentrations of H2O2 (Fig. 5A and B).

The general antioxidant NAC was used in combination with 
H2O2, and cellular viability was measured to examine whether 
the cells differed in their response to recovery after oxida‑
tive stress. Inhibitory concentrations of H2O2 for HT‑29 cells 
(1‑1.5 mM H2O2) and for HCT‑116 cells (0.25‑0.5 mM H2O2) 
were used with or without 5 mM NAC, and cellular viability was 
measured. It was identified that, with regards to HT‑29 cells, 
antioxidant treatment significantly restored the viability, while 
HCT‑116 cells demonstrated only partial recovery at the given 
inhibitory concentrations (Fig. 5C and D). Therefore, these 
results suggested that low metastatic cells were more tolerant 
to higher oxidative stress, and high metastatic cells were more 
sensitive to oxidative stress‑induced cell death.

Figure 3. Mitochondrial C‑I assembly and activity analysis. (A) BN‑PAGE was performed in the isolated mitochondrial preparation of cultured cells. (B) C‑I 
activity was measured using in gel C‑I activity assay. Relative band intensities of C‑I on (C) BN‑PAGE and (D) in‑gel assay were quantitated using ImageJ 
and normalized with total mitochondrial protein loaded (80 µg). (E) Equal loading of mitochondrial proteins is shown by immunoblotting results of an aliquot 
of the same samples used for BN‑PAGE/in‑gel assay, with mitochondrial marker protein VDAC. C‑, complex; VDAC, Voltage‑dependent anion channel; 
BN‑PAGE, Blue native polyacrylamide gel electrophoresis.
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Figure 4. Functional status of mitochondria in colorectal cancer cells. Cells (~1x106) were used for mitochondrial functional analysis. (A) Total ROS levels were 
measured via staining with 2',7'‑dichlorodihydrofluorescein diacetate, and (B) mitochondrial superoxide levels were measured using MitoSOX™ Red staining 
followed by measurement on fluorescence plate reader. In both cases, cells were counterstained with Hoechst‑33342 and used for normalization. (C) Total 
cellular ATP content was measured in cells with a luciferase‑based ATP detection kit, and normalized with total protein levels. (D) MMP was measured after 
tetramethylrhodamine methyl ester perchlorate staining and normalization using Hoechs‑33342 reading. *P<0.05. ns, not significant; ROS, reactive oxygen 
species; MMP, Mitochondrial Membrane Potential.

Figure 5. Effect of oxidative stress on cellular viability. (A) HT‑29 and (B) HCT‑116 cells were treated with varying concentrations of H2O2 for 24 h, and 
viability was measured using trypan blue staining. The relative fold changes in the viability was calculated considering control as 1 and compared with 
viability of cells at different H2O2 concentrations. Representative bright field images are provided for non‑treated and 0.5 mM H2O2 treated cells. Similarity, the 
effect of antioxidant (NAC: 5 mM) on (C) HT‑29 and (D) HCT‑116 cell survival, with or without the H2O2 at given concentrations, was measured and compared 
with their non‑treated control. Representative images indicate the recovery of cells after NAC treatment. Scale bar, 50 µm. **P<0.01 and ***P<0.001 vs. 0 mM 
H2O2/at indicated H2O2 concentrations without NAC. NAC, N‑acetyl cysteine.
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Elevated mitochondrial biogenesis in high metastatic cells. 
HCT‑116 cells had increased C‑I function and relatively 
improved mitochondrial functionality, such as lower levels 
of ROS and higher ATP levels, compared with HT‑29 cells 
(Figs. 3 and 4A), suggesting an association between effective 
C‑I activity and proliferative signaling pathways, which may 
contribute to tumor aggressiveness. To understand how high 
metastatic cells maintain a functional C‑I, it was evaluated 
whether high metastatic cells upregulate the compensatory 
pathway of mitochondrial biogenesis.

Measurement of mtDNA copy number is an important 
aspect of mitochondrial biogenesis and reflects the mito‑
chondrial requirements for cellular function (38). Peroxisome 
proliferator‑activated receptor γ coactivator α (PGC1‑α), is 
a major regulator of the mitochondrial biogenesis, which 

stimulates transcription of numerous mitochondrial genes 
via mitochondrial transcription factor  A (TFAM), a key 
regulator in mtDNA replication and transcription (39). The 
present study measured mtDNA copy number and mito‑
chondrial biogenesis markers to determine mitochondrial 
requirements during metastasis (Fig. 6A). It was found that 
HCT‑116 cells had higher mtDNA copy numbers compared 
with HT‑29 cells (Fig. 6A‑a). RT‑qPCR analysis also identi‑
fied significantly higher expression levels of mitochondrial 
biogenesis markers (PGC1‑α and TFAM) in HCT‑116 cells 
compared with HT‑29 cells (Fig. 6A‑b and c), indicating an 
increase in mitochondrial numbers and biogenesis. Similarly, 
enhanced mitochondrial copy number, biogenesis and tran‑
scription were observed in other high metastatic cell lines 
(Fig. S2C).

Figure 6. Analysis of mitochondrial biogenesis and signaling pathways. (A) Mitochondrial biogenesis was measured via mtDNA copy number and mRNA 
expression of mitochondrial biogenesis markers. (A‑a) Changes in mtDNA copy number were determined using the SYBR green qPCR method. mRNA expres‑
sion levels of (A‑b) mitochondrial biogenesis marker PGC1‑α and (A‑c) TFAM were analyzed using reverse transcription‑quantitative PCR. (B) Immunoblotting 
was performed to analyze the expression levels of p‑AKT (Ser 478 and Thr 308), HIF1‑α, cMyc, GAPDH, SOD1, Beclin‑1 and ATG5. Values represent relative 
band intensities of protein that were measured by densitometry, normalized with actin loading control and presented as relative to HT‑29. p‑AKT (Ser 478 
and Thr 308) proteins were normalized with total AKT as well as actin, and other proteins were normalized with β‑actin as loading control. *P<0.05 and 
**P<0.01. p‑, phosphorylated; HIF1‑α, hypoxia inducible factor 1 subunit α; SOD1, superoxide dismutase 1; ATG5, autophagy related 5; PGC1‑α, Peroxisome 
proliferator‑activated receptor γ coactivator α; TFAM, mitochondrial transcription factor A; mtDNA, mitochondrial DNA.
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Investigation of metastatic signaling based on metastatic 
potential. HT‑29 cells had relatively higher levels of p‑AKT 
at both Ser473 and Thr308 residues compared with HCT‑116 
cells (Fig.  6B). However, HCT‑116 cells had upregulated 
expression levels of HIF1‑α, cMyc, GAPDH, the antioxidant 
enzyme SOD1 and autophagy markers (Beclin‑1 and ATG5), 
compared with HT‑29 cells (Fig. 6B).

The gene expression levels of marker proteins of major 
pathways, such as oncogenic signaling (AKT‑1), hypoxia 
(HIF1‑α) and metabolic reprogramming (cMyc and GAPDH), 
were further examined using RT‑qPCR analysis, along with 
the HIF1‑α target genes SLC2A1, Survivin, CA‑9 and VEGF 
in these cells. All these markers, (except AKT‑1), were found 
to be significantly upregulated in HCT‑116 cells compared 
with HT‑29 cells, indicating their involvement in metastatic 
progression in these cells (Fig. 7A‑G).

Pharmacological inhibition of C‑I in high metastatic cells 
blocks metastatic signaling. It was observed that metastatic 
HCT‑116  cells demonstrated a functional C‑I and phar‑
macological inhibition of  C‑I, and these cells had higher 
sensitivity to C‑I‑induced cell death compared with HT‑29 cells 
(Figs. 2B and S1B). It was hypothesized that C‑I  recovery 
may serve an important role in the transition to the metastatic 
stage by enhancing metastatic signaling. Thus, the effect of 

C‑I inhibition on metastatic signaling in high metastatic cells 
was also studied. HCT‑116 cells were treated with inhibitory 
concentration of rotenone (100 µM), and early time points 
(0, 3, 6 and 12 h) were selected for measuring gene expression 
profile of metastatic pathways. It was identified that rotenone 
treatment significantly decreased the mRNA expression levels 
of AKT‑1, HIF1‑α, cMyc, SLC2A1, Survivin, GAPDH, CA‑9 
and VEGF compared with non‑treated controls (Fig. 8A‑G). In 
addition, paraquat treatment in these cells with similar condi‑
tions resulted in a similar pattern of decreased gene expression 
levels of these markers, as compared with the control group 
cells (Fig. S3A‑G).

These results suggested that the functional C‑I was restored 
or re‑activated in high metastatic cells to maintain or activate 
oncogenic and metastatic signaling. Moreover, it was indicated 
that pharmacological inhibition of C‑I in high metastatic cells 
resulted in a decrease in these signaling pathways leading 
to cell death, thus implicating C‑I as a therapeutic target for 
highly metastatic conditions.

Discussion

Cancer metastasis includes the migration, invasion and 
survival of cancer cells in the circulation, followed by their 
proliferation at distal sites (40). Moreover, this is a highly 

Figure 7. Gene expression profiling of oncogenic and metastatic marker genes. mRNA expression levels of (A) AKT‑1, (B) HIF1‑α, (C) cMyc, (D) Survivin, 
(E) SLC2A1, (F) CA‑9 and (G) VEGF genes were analyzed using SYBR green‑based reverse transcription‑quantitative PCR. Results are presented as the fold 
change in the mRNA expression relative to HT‑29. *P<0.05, **P<0.01 and ***P<0.001. HIF1‑α, hypoxia inducible factor 1 subunit α; SLC2A1, solute carrier 
family 2 member 1; CA‑9, carbonic anhydrase‑9.
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Figure 8. Effect of C‑I inhibition on metastatic signaling. HCT‑116 cells were treated with rotenone (100 µM) for indicated time points, and RNA was used for 
reverse transcription‑quantitative PCR. mRNA expression levels of (A) AKT‑1, (B) HIF1‑α, (C) cMyc, (D) Survivin, (E) SLC2A1, (F) CA‑9 and (G) VEGF 
genes were analyzed using SYBR green dye. Fold changes were calculated relative to non‑treated control at 0 h. *P<0.05 and ***P<0.001. HIF1‑α, hypoxia 
inducible factor 1 subunit α; SLC2A1, solute carrier family 2 member 1; CA‑9, carbonic anhydrase‑9.

Figure 9. Schematic presentation of the major conclusion of the current study. Functionally compromised C‑I leads to increased oxidative stress, mito‑
chondrial dysfunction and oncogenic activation. Together these contribute to the adaptation of cancer cells against oxidative stress in the early metastatic 
phase. Subsequently, metabolic reprogramming and increased mitochondrial biogenesis with C‑I recovery may contribute to enhanced metastatic activity. 
C‑, complex.
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complex process in which cancer cells modify their meta‑
bolic requirements for growth and proliferation to achieve 
metastasis (41). It has been proposed that mitochondria are 
implicated in the malignant transformation of healthy cells 
mainly by three major mechanisms: i) By generating ROS or 
oxidative stress, which may cause oncogenic mutations and 
activation of oncogenic signaling (42); ii) reprogramming of 
mitochondrial metabolic pathways, leading to accumulation 
of onco‑metabolites (43); and iii) resistance to mitochondrial 
permeability transition‑driven cell death (44). Among these 
mechanisms, oxidative stress has been examined extensively, 
and several studies have reported that oxidative stress serves 
a major role in malignant transformation of primary tumors 
and enhances their metastatic potential (6,7,16). However, the 
precise role of ROS is debatable as the threshold levels of ROS 
vary between cancer cell types, cancer cell responses and 
signaling mechanisms to ROS insults.

Mitochondrial RC complexes, mainly C‑I and C‑III, are 
involved in generating the majority of free radicals from 
mitochondria  (27,29). Thus, it is important to understand 
the specific changes in these RC complexes, as well as their 
contribution in altering the mitochondrial functions and 
associated signaling pathways. Since CRC rapidly progresses 
to metastatic phase, the present study used CRC cells with 
different metastatic potential as in  vitro model systems. 
The current report investigated the effect of mitochondrial 
stress on respiratory complexes, to understand the functional 
changes in these complexes and their contribution in meta‑
static signaling.

The metastatic properties of CRC cells were validated 
in vitro, and it was demonstrated that HCT‑116 cells were 
more aggressive and metastatic in nature compared with 
HT‑29 cells. Although healthy colon cells would be a more 
appropriate choice for comparison with low and high metas‑
tasis, due to non‑availability of these cells and the present 
focus on comparing low and high metastasis, a known pair 
of low (HT‑29) and high metastatic cells (HCT‑116) were 
selected for the current study. The response of these cells 
towards mitochondrial RC inhibition and their adaptability of 
higher oxidative stress were investigated.

Since ROS are generated by leakage of electrons from 
RC complexes, the present study examined the effect of 
RC inhibition primarily via C‑I and C‑III, which are major 
contributors of mitochondrial oxidative stress‑induced cell 
death in mammalian cells (27,29). Low metastatic HT‑29 cells 
were found to be more resistant to C‑I inhibition compared 
with HCT‑116 cells, suggesting a higher threshold for 
C‑I mediated oxidative stress in low metastatic conditions. 
These findings were further corroborated by increased toler‑
ance and improved adaptation to additional oxidative stress 
by low metastatic cells, as evidenced by their resistance to 
higher concentrations of H2O2 and significant recovery after 
antioxidant treatment compared with other cells. In general, 
increasing oxidative stress beyond the threshold in cancer cells 
has been key for current cancer therapeutics to induce targeted 
cancer cell death (45). However, in multiple types of tumors, 
including prostate, melanoma and breast cancer, the increased 
metastatic ability of tumor cells is positively associated with 
their intracellular ROS levels (46), and exogenous treatment of 
ROS can enhance certain stages of metastasis (47). The present 

results suggested a higher tolerance to oxidative stress in low 
metastatic conditions compared with in high metastatic condi‑
tions. Furthermore, inducing apoptosis by enhancing oxidative 
stress may not be an effective strategy in early stages, as it 
may significantly enhance cytotoxicity in healthy cells and 
contribute to detrimental outcomes.

Previous studies have reported that partial impairment of 
C‑I due to heteroplasmic mtDNA mutation in C‑I subunit gene 
increases tumorigenic potential via ROS‑mediated oncogenic 
activation (10,12). An inhibitory effect on tumorigenesis is 
observed when these C‑I defects are severe during conditions 
of homoplasmic mtDNA mutations in the same C‑I subunit 
gene (10). Moreover, other studies on nuclear encoded C‑I 
subunits or assembly proteins revealed that these C‑I associ‑
ated proteins act as tumor suppressors  (48‑50). However, 
there is no consensus on the role of C‑I subunits, as several 
findings observed the upregulation of these proteins in 
tumor samples (51,52), which may be due to their differential 
involvement during metastatic process (15). The present study 
demonstrated that C‑I sassembly and activity were inhibited 
in low metastatic cells compared with high metastatic cells, 
indicating that inhibited C‑I may limit the cellular ability for 
rapid metastatic transformations. Analysis of mitochondrial 
functions demonstrated that low metastatic cells with C‑I inhi‑
bition had increased ROS levels and decreased ATP levels.

The metastatic process involves cell proliferation at 
distal sites, adaptation to low oxygen environment, meta‑
bolic reprogramming and activation of cellular recycling 
machinery; thus, the contribution of different component of 
these signaling pathways in metastatic cells was investigated. 
Mitochondrial alteration, specifically activated via C‑I defects, 
is associated with activation of AKT, which inhibits apoptotic 
proteins, leading to cell survival in stressed conditions (10,53). 
The current study further identified that increased phosphory‑
lation of AKT in low metastatic conditions may provide a 
survival advantage, specifically to oxidatively‑stressed and 
energy‑deprived cells, acting as an adaptive response. This 
finding was in line with previous reports, which suggested 
that AKT upregulation is an early event in colon carcinogen‑
esis and is more common in sporadic cases compared with 
microsatellite instability‑high colon cancer cases  (54,55). 
AKT is differentially regulated in CRC, and specifically, the 
AKT‑1 isoform has opposite and inhibitory effect on metas‑
tasis compared with other isoforms (56). In the current study, 
the mRNA expression profiling of AKT‑1 and immunoblot‑
ting results indicated that low metastatic cells demonstrated 
increased oncogenic AKT signaling compared with high 
metastatic cells. Thus, it was hypothesized that while this 
enhanced AKT signaling may contribute to local cellular 
proliferation and cellular adaptation of low metastatic cells 
to high oxidative stress, it may be insufficient for metastatic 
progression. In addition, this process may involve metabolic 
alterations and activation of angiogenic pathways for adapta‑
tion to microenvironment at distal sites. High metastatic cells 
had increased mitochondrial biogenesis to restore C‑I and 
mitochondrial functions, and C‑I and mitochondrial functions 
were compromised during early metastasis, as observed in low 
metastatic cells.

Similarly, during metastatic transformation, cells experi‑
ence low oxygen levels, and therefore, stabilize hypoxia 
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inducible transcription factors, such as hypoxia inducible 
factor 1 subunit α (HIF1‑α), which activates several downstream 
targets, including the glucose transporter solute carrier family 2 
member 1 (SLC2A1) (57), Survivin for anti‑apoptosis (58) and 
angiogenic factors, such as carbonic anhydrase‑9 (CA‑9) (59) 
and VEGF (60), which are associated with tumor invasion 
and metastasis. The cMyc oncogene, an important transcrip‑
tion factor, is a key regulator of mitochondrial biogenesis and 
targets 100s of mitochondrial genes (61). Oncogenic activation 
of cMyc is reported to increase biosynthetic and respiratory 
capacity, and contribute to upregulating glycolytic and mito‑
chondrial metabolism for enhanced metastatic potential (61). 
Although mitochondrial biogenesis and HIF1‑α expression are 
inversely related in certain cancer types, a positive correlation 
between these factors has also been revealed during cMyc acti‑
vation and confers metabolic advantages to tumor cells, which 
tend to exist in a hypoxic microenvironment (62). The present 
study observed a synergistic role of mitochondrial biogenesis, 
cMyc and HIF1‑α in high metastatic cells that may explain 
the restoration of C‑I expression and activity, decreasing ROS 
levels and partially improving ATP levels, thus indicating 
their role in enhancing metastatic activity. Furthermore, gene 
expression analysis identified the upregulation of HIF1‑α 
targeted genes, such as the glucose transporter SLC2A1, the 
anti‑apoptotic protein Survivin and the metastatic markers, 
VEGF and CA‑9, suggesting a metabolic reprogramming 
mechanism in high metastatic cells that may contribute to their 
aggressiveness.

The current study demonstrated a direct association of 
C‑I functions in metastatic signaling, as inhibition of C‑I in 
high metastatic cells resulted in a decrease in oncogenic and 
metastatic signaling, leading to a decline in cellular viability. 
Therefore, the results highlighted the role of functional C‑I 
in the survival of high metastatic cells. Highly metastatic 
cells demonstrate aggressive features and can survive under 
harsh environments, including oxidative stress (63), and the 
current study observed elevated levels of the antioxidant 
enzyme SOD1, which is known to scavenge cytoplasmic 
free radicals (64). This partly explains the lower levels of 
ROS in high metastatic cells compared with low metastatic 
cells. In addition, the upregulation of the autophagy‑indicator 
proteins Beclin‑1 and ATG5 was found in high metastatic 
cells. Autophagy has reported to serve an important role 
in different stages of metastasis (65). Specifically in CRC, 
autophagy exerts a pro‑active effect as revealed by increased 
expression of Beclin‑1 (66) and inhibition of ATG5, which 
results in an inhibitory effect on tumorigenesis both in vitro 
and in vivo  (67). Therefore, upregulation of these proteins 
in high metastatic cells indicates a positive contribution of 
autophagy in metastasis, possibly by enhanced clearance 
of damaged mitochondria via mitophagy, but this requires 
further investigation.

There are certain limitations to the present study, including 
the lack of investigation into the specific components of these 
signaling pathways associated with C‑I functionality and the 
absence of in vivo experiments. The effect of complex  IV 
(C‑IV) inhibition, could not be determined due to potential 
hazard and regulatory restriction on the use of C‑IV inhibitor 
potassium cyanide. The upregulation of autophagy proteins 
indicated the role of autophagy in metastasis. However, the 

role of selective clearance of mitochondria via mitophagy 
requires further investigation. Therefore, additional studies 
are required to identify molecular mechanism of C‑I targeting 
molecules and their potential use in developing effective thera‑
pies for highly fatal metastatic cancer types.

In conclusion, the present study demonstrated that, during 
early metastasis, impairments in C‑I may contribute to 
enhanced ROS levels, which may lead to cellular adaptation 
via activation of cell survival pathways (Fig. 9). In a state of 
high metastasis, cells may be reprogrammed via a coordinated 
upregulation of mitochondrial biogenesis and cMyc to restore 
C‑I and the overall mitochondrial functions required for their 
aggressive features. The current results also suggested that 
threshold levels of ROS depend on C‑I activity and the level 
of metastasis. Therefore, these should be considered when 
selecting therapies for cancer, as the threshold and adaptation 
for oxidative stress are different in early and late phases of 
metastasis, and can change the outcome of the disease after 
pro‑ or anti‑oxidant therapies. Moreover, a functional role of 
C‑I was identified, and suggested C‑I as a potential therapeutic 
target for highly metastatic cancer types that are otherwise 
resistant to chemotherapy.
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