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Abstract: Mitochondria play leading roles in initiation and progression of colorectal cancer (CRC). Proteogenomic 
analyses of mitochondria of CRC tumor cells would likely enhance our understanding of CRC pathogenesis and re-
veal new independent prognostic factors and treatment targets. However, comprehensive investigations focused on 
mitochondria of CRC patients are lacking. Here, we investigated global profiles of structural variants, DNA methyla-
tion, chromatin accessibility, transcriptome, proteome, and phosphoproteome on human CRC. Proteomic investiga-
tions uncovered greatly diminished mitochondrial proteome size in CRC relative to that found in adjacent healthy 
tissues. Integrated with analysis of RNA-Seq datasets obtained from the public database containing mRNA data of 
538 CRC patients, the proteomic analysis indicated that proteins encoded by 45.5% of identified prognostic CRC 
genes were located within mitochondria, highlighting the association between altered mitochondrial function and 
CRC. Subsequently, we compared structural variants, DNA methylation, and chromatin accessibility of differentially 
expressed genes and found that chromatin accessibility was an important factor underlying mitochondrial gene 
expression. Furthermore, phosphoproteomic profiling demonstrated decreased phosphorylation of most mitochon-
dria-related kinases within CRC versus adjacent healthy tissues, while also highlighting MKK3/p38 as an essential 
mitochondrial regulatory pathway. Meanwhile, systems-based analyses revealed identities of key kinases, transcrip-
tional factors, and their interconnections. This research uncovered a close relationship between mitochondrial dys-
function and poor CRC prognosis, improve our understanding of molecular mechanism underlying mitochondrial 
linked to human CRC, and facilitate identifies of clinically relevant CRC prognostic factors and drug targets.
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Introduction

Colorectal cancer (CRC) is the fourth dead- 
liest type of cancer worldwide. It kills nearly 
900,000 people each year and accounts for 
10% of all cancer deaths [1]. Although new 
promising treatments, such as targeted and 
immune therapies, have become available in 
recent years [2, 3], the CRC mortality rate still 
exceeds 40% per year [4], with approximately 
50% of patients experiencing recurrence and 

distant metastasis during disease progression 
[5]. Thus, a better understanding of the mole- 
cular basis of CRC is needed for promoting 
practical therapeutics and diagnosis.

As vital eukaryotic organelles, mitochondria 
play critical roles in CRC initiation and deve- 
lopment [6-8]. In early-stage CRC, metabolic 
changes resulting from mitochondrial deple- 
tion are at the foundation of cellular transfor-
mation [6, 9]. Simultaneously, tumor develop-
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ment requires reactivation of mitochondrial 
functions to support cell proliferation and 
metastasis [6]. At present, mitochondria have 
attracted attention as potential drug targets 
due to their indispensable roles in energy gen-
eration, apoptosis, and metabolism [8]. Not- 
ably, proteogenomic profiling of mitochondria 
would provide valuable information to facilitate 
discovering new cancer treatment targets and 
understanding molecular mechanisms under- 
lying the occurrence and progression of CRC 
[10-12]. However, such comprehensive investi-
gations in human are lacking.

In this study, we conducted a multiplatform 
omics-based analysis of mitochondria in cells 
of cancerous and adjacent non-cancerous tis-
sues of CRC patients (n = 6-8) to obtain original 
data to reveal CRC-based differences with 
respect to structural variants, DNA methyla-
tion, chromatin accessibility, as well as pro-
teomic and phosphoproteomic profiles. Using 
our original data combined with RNA-Seq data-
sets of CRC patients (n = 538) obtained from 
The Cancer Genome Atlas (TCGA), relationships 
were uncovered between mitochondrial char-
acteristics and CRC patient outcomes. Further- 
more, we identified key transcriptional factors 
and kinases, as well as their functional inter-
connectivity with possible relevance to the reg-
ulation of mitochondrial activities.

Materials and methods

Patients 

Patients with primary CRC admitted to 
Shenzhen People’s Hospital who had under-
gone surgical resection without prior radiother-
apy or chemotherapy were eligible for inclusion 
in this study. Patients with hereditary CRC were 
excluded. Gastroenterologists graded each 
case based on pathologic analysis. Clinical 
information, pathological features, and treat-
ment information were obtained from patients’ 
electronic medical records. All study partici-
pants were informed and signed informed con-
sent forms after they were told that their par-
ticipation was voluntary. This project was ap- 
proved by the ethical committee of Shenzhen 
People’s Hospital (LL-KY-2019213).

Protein extraction and digestion 

Tissues of CRC patients were collected using a 
previously reported method [13]. In short, tu- 

mor tissues removed from CRC patients were 
collected within 1 hour after surgery. Both 
tumor and normal adjacent tissues were ob- 
tained from the colon segment, with normal 
adjacent colorectal mucosa harvested at a dis-
tance of 5 cm from the tumor. Samples were 
placed in liquid nitrogen for at least 3 hours 
then were stored at -80°C. Tissue samples fro-
zen in liquid nitrogen were ground into powder 
then were mixed with four volumes of lysis buf-
fer containing 8 M urea and 1% protease inhibi-
tor cocktaiI (Merck Millipore, 156535140). The 
resulting mixture was sonicated three times on 
ice using a high-intensity ultrasonic processor 
(Scientz, China) then the debris was removed 
via centrifugation at 12,000 × g at 4°C for 10 
min. Finally, the supernatant was collected and 
the protein concentration was determined 
using a BCA kit (P0011-1, Beyotime, China) 
according to the manufacturer’s instructions. 
The protein-containing sample was then incu-
bated with 5 mM dithiothreitol at 56°C for 30 
min then was mixed with 11 mM iodoacetamide 
and incubated at room temperature in dark-
ness for another 15 min. Next, 100 mM TEAB 
was added to reduce the urea concentration to 
less than 2 M. Then, the mixture was incubated 
with trypsin at a 1:50 ratio for 12 h for the first-
round digestion, followed by incubation with a 
1:100 ratio of trypsin for 4 h for the second-
round digestion.

LC-MS/MS analyses

LC-MS/MS analyses were conducted using a 
standard protocol [14]. The timsTOF Pro, a 
quadrupole time-of-flight mass spectrometer 
with a modified nano-electrospray ion source 
(Bruker Daltonics, MA, USA), was used for all 
experiments and was run using a parallel accu-
mulation-serial fragmentation (PASEF) mode. 
Tryptic peptides were dissolved in 0.1% formic 
acid (solvent A), directly loaded onto a home-
made reversed-phase analytical column (15-
cm length, 75-μm i.d. for proteomic analyses 
and 25-cm length, 100-μm i.d. for phosphopro-
teomic analyses). Proteomic analysis was con-
ducted as follows: for the first 70 min, the sol-
vent gradient was increased from 6% to 24% by 
addition of solvent B (98% acetonitrile with 
0.1% formic acid) then increased again from 
24% to 35% over 14 min, further increased to 
80% over 3 min, then maintained at 80% for an 
additional 3 min. For phosphoproteomic analy-
sis, the gradient was increased gradually over 



Mitochondrial molecular changes and human colorectal cancer

2895 Am J Cancer Res 2021;11(6):2893-2910

50 min from 2% to 22% by addition of solvent B 
(acetonitrile with 0.1% formic acid) then was 
increased again from 22% to 35% over 2 min, 
then increased to 90% over 3 min, then was 
maintained at 90% for 5 min. All steps were 
implemented using a constant flow rate of 450 
nL/min using a nanoElute UPLC system (Bruker 
Daltonics). Next, peptides were transferred to a 
glass capillary tube and processed using tim-
sTOF Pro mass spectrometry using an applied 
electrospray voltage of 1.6 kV. Precursors and 
fragments were measured and analyzed using 
the TOF detector, with MS/MS scanning con-
ducted across the range of 100 to 1700 m/z. 
Precursors with charge states from 0 to 5 were 
selected for fragmentation, 10 PASEF-MS/MS 
scans were acquired per cycle, and dynamic 
exclusion was set to 30 s.

MS/MS data were analyzed using the Maxqu- 
ant software package (v1.6.6.0). The reference 
database Homo_sapiens_9606_SP_201911- 
15 (20380 sequences) was used, and a reverse 
library was added to calculate the false positive 
rate caused by random matching. In addition, 
common contamination libraries were added to 
the database to eliminate the influence of con-
taminating proteins from the results. The meth-
od of enzyme digestion was set to Trypsin/P, 
and the number of missed sites was set to 2. 
The minimum peptide length was set to 7 
amino acid residues, and the maximum modifi-
cation number of peptides was set to 5. Mass 
tolerances for precursor ions in the first search 
and main search were each set to 20 PPM, and 
for fragment ions was set to 0.02 Da. The alkyl-
ation of cysteine was set as a fixed modifica-
tion, and the variable modification was set to 
methionine oxidation (for phosphoproteomic 
analysis, carbamidomethyl on Cys was select-
ed as the fixed modification, while oxidation of 
Met, acetylation of N-termini of proteins, and 
phosphorylation of Ser, Thr, Tyr residues were 
regarded as variable modifications). Finally, the 
false discovery rate (FDR) and peptide-spec-
trum match (PSM) were set to 1%.

Protein annotation and functional enrichment

The UniProt-GOA database was used for Gene 
Ontology (GO) annotation with InterProScan (an 
algorithm based on protein sequences). For 
Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway annotation, identified proteins 
were primarily annotated using KAAS v.2.0 

(KEGG online tool), then KEGG mapper V2.5 
was used to assign proteins to KEGG pathways. 
Finally, subcellular enrichment was performed 
using WoLFPSOR v.0.2 software.

TCGA data 

Level 3 RNA-Seq datasets of 51 healthy people 
and 647 CRC patients were downloaded from 
the TCGA database, followed by the removal of 
data from subjects with unknown survival 
times. Ultimately, a total of 538 sample data 
files were included in the study by initially merg-
ing single files into a matrix file. Next, gene 
names were converted from Ensembl IDs to 
gene symbols based on Ensembl database 
documentation then datasets of healthy sub-
jects and CRC patients were extracted from the 
symbol matrix. The R package module “surviv-
al” v.2.4.2 was used for both survival analyses 
and progression-free survival analyses (PFS) 
using a log-rank method. Independent prognos-
tic factor (IPF) genes were screened using Cox 
regression analysis.

Assay to detect transposase-accessible chro-
matin based on high throughput sequencing 
(ATAC-Seq)

The ATAC-Seq procedure was performed follow-
ing a standard reported approach [15]. In short, 
tissues were digested to yield single cells, and 
50,000 cells were collected for the next step. 
After cells were broken open by the addition of 
lysis buffer (0.1% IGEPAL CA-630, 3 mM MgCl2, 
10 mM NaCl, 10 mM Tris-HCl, pH 7.5), samples 
were centrifuged at 500 g at 4°C for 10 min 
then supernatants were removed, and remain-
ing debris was suspended in reaction buffer 
(2.5 μl of Tn5 transposase and 1 × TD buffer in 
50 μl total) followed by incubation at 37°C  
for 30 min. Next, DNA was purified using a  
MinElute Reaction Cleanup Kit (QIAGEN, 
51306). DNA libraries were generated using 
the TruePrep™DNA Library Prep Kit V2 for 
Illumina (Vazyme Biotech, TD501/TD502/
TD503), and library quality was verified via real-
time PCR tests using the StepOnePlus™ Real-
Time PCR System. Lengths of inserted frag-
ments were measured using the HS 2100 
Bioanalyzer (Agilent). The resulting high-quality 
library was sequenced using the HiSeq X Ten 
sequencing platform (Illumina) based on 150-
bp paired-end reads. Raw results were stored 
in FASTQ format, including base sequences and 
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corresponding quality control information. 
Clean data obtained by removing low-quality 
and adaptor-contaminated reads, then reads 
were mapped to the corresponding reference 
genome using Bowtie2. The results were vis- 
ualized using Integrative Genomics Viewer 
(IGV), and peaks within open regions of the 
genome were called using MACS2.

Whole genome bisulfite sequencing (WGBS) 

High-quality DNA was prepared using a SMRT- 
bell Express Template Prep Kit 2.0 (Pacific 
Bioscience, 100-938-900); 1 μg of DNA was 
used for library construction. C-T conversion 
was achieved using the EZ DNA Methylation-
Gold™ Kit (ZYMO research, D5005). After 
library construction was complete, a Qubit 2.0 
fluorometer (Qubit) was employed for prelimi-
nary DNA quantification then the library insert 
size range was determined using a 2100 
Bioanalyzer (Agilent). Subsequently, real-time 
PCR assays conducted with the StepOnePlusTM 
Real-Time PCR System were performed to mea-
sure the effective concentration of the library 
(> 10 nM). Finally, the validated library was 
sequenced using the HiSeq X10 sequencing 
platform (Illumina), which generated paired-
end 150-bp reads.

Long-read whole genome sequencing

High-quality DNA was obtained as described 
above. A g-TUBETM (Covaris, 520079) was 
used to break the DNA into fragments of 
lengths ~20 kb that were then enriched using 
magnetic beads (Pacific Bioscience, 100-317-
100). After adding stem-loop joints to DNA  
fragments, the new-created fragments went 
through a second round of screening. Sub- 
sequently, the resulting DNA was annealed to 
primer then sequences were synthesized using 
DNA polymerase (Pacific Bioscience, 101-731-
100). DNA quality was evaluated using a 2100 
Bioanalyzer (Agilent) then the validated library 
was sequenced to generate paired-end 150-bp 
reads using the Hiseq X10 sequencing platform 
(Illumina).

Statistical analyses

T tests were used to determine the significance 
of differential mRNA, protein, and phosphoryla-
tion analyses. Fisher’s exact tests were used to 

evaluate the significance of enrichment results. 
Cox regression analyses were performed on 
expression datasets to obtain p values of risk 
scores for the IPFs. P values < 0.05 were con-
sidered significant.

Availability of data and materials

Mass spectrometry proteomics and phospho-
proteomics data have been unloaded and 
deposited into the ProteomeXchange Consor- 
tium through the PRIDE partner repository as 
entries designated PXD021314 and PXD02- 
1318. Data of ATAC-Seq, WGBS, and long-read 
whole-genome sequencing results obtained in 
this study have been unloaded and deposited 
into the Sequence Read Archive (SRA) with 
accession to PRJNA693028. All script codes 
have been uploaded as Supplementary Mate- 
rials.

Results

Proteome-transcriptome analyses revealed 
mitochondrial inactivation in human CRC that 
was strongly associated with patient prognosis 

To understand the association between mito-
chondrial proteogenomic alterations in CRC 
patients, intestinal epithelial tissues of CRC 
patients were collected then were subjected to 
multiplatform analysis that included assess-
ments of structural variants, DNA methylation, 
chromatin accessibility, and determinations  
of proteomic and phosphoproteomic profiles 
(Figure 1A). Samples of CRC tumor tissues and 
adjacent normal tissues were surgically ob- 
tained from colonic adenocarcinoma patients 
(n = 8), including four patients with early-stage 
(I-II) CRC and four patients with late-stage (III-
IV) CRC (Table 1). Samples from two patients of 
each disease stage were pooled then tested.

First, to reveal differentially expressed mito-
chondrial proteins, we conducted label-free 
proteomic experiments using a high-throughput 
timsTOF Pro platform. As a result, a total of 
1093 differentially expressed genes based on 
comparisons between CRC tissues and normal 
adjacent tissues were identified, of which 496 
were up-regulated and 597 were down-regulat-
ed in CRC tissues (fold change > 1.5, P < 0.05) 
(Figure S1). Next, we annotated the 1093 genes 
based on GO, KEGG, and subcellular location 
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analyses. Surprisingly, the top eight identified 
cellular components were all associated with 
mitochondria, including inner mitochondrial 
membrane protein complex, respiratory chain 
complex, mitochondrial respiratory chain, mito-
chondrial protein complex, respiratory chain, 
oxidoreductase complex, NADH dehydroge-
nase complex, and mitochondrial respiratory 
chain complex I (Figure 1B). Moreover, the top 

three pathways that were most altered in CRC 
tissues relative to adjacent normal tissues 
were all relevant to mitochondria, including  
oxidative disease, Parkinson’s disease, and 
Alzheimer’s disease (Figure S2) [16]. In addi-
tion, subcellular analyses revealed that expres-
sion-altered proteins exhibited more mitochon-
drial proteins than other organelles (27% of all 
differentially expressed proteins) (Figure 1C). 

Figure 1. Transcriptome-proteome analyses demonstrated that mitochondrial dysfunctions were highly relevant 
to CRC patient outcomes. (A) Schematic overview of this study. (B) GO and (C) subcellular enrichment of differen-
tially expressed genes. (D) 164 of 192 differentially expressed mitochondrial proteins were down-regulated in CRC. 
Genes with fold change > 1.5 were regarded as differentially expressed genes. (E) Heat map showing protein levels 
of 11 IPFs in normal adjacent tissues and CRC tissues after protein levels were analyzed via proteomic analyses. “N” 
indicates normal adjacent tissues and “C” indicates cancer tissues. (F) Subcellular enrichment of CRC-associated 
IPFs revealing that 45.5% of IPFs were mainly localized within mitochondria.
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Next, after enumeration of all mitochondrial 
proteins with altered expression, 164 of 192 

survival (OS) rate and 203 of these genes  
identified as IPFs (Table S1). Next, after identi-
fying IPFs among these 203 IPFs that overlap- 
ped with our proteomic results, we ultimately 
identified 11 CRC-associated IPFs (Figure 1E). 
Subcellular analyses revealed that among the 
11 IPFs, mitochondrial proteins were the most 
common, accounting for 45.5% (Figure 1F). 
These results demonstrate that expression of 
mitochondrial genes had not only undergone 
extreme changes in CRC cells versus adjacent 
healthy cells, but that mitochondrial alter- 
ations were closely linked to poor CRC patient 
prognosis. 

Characterization of proteogenomic changes 
underlying mitochondrial impairments in CRC 
patients 

The abovementioned investigations suggest 
that mitochondria play important roles in CRC 
development and subsequently influence CRC 
patient outcomes. Thus, a proteogenomic pic-
ture of mitochondria would facilitate screening 
efforts for discovery of drug targets, while also 
enhancing our understanding of CRC pathogen-
esis. Therefore, we analyzed our original data 
to characterize global structural variants (n = 
6), DNA methylation alterations (n = 6), chroma-

Table 1. The characteristics of eight CRC patients in 
our study

I-II III-IV
Age ≤ 65 0 (0.0%) 1 (12.5%)

> 65 4 (50.0%) 3 (37.5%)
Type Adenocarcinoma 4 (50.0%) 4 (50.0%)
Sex Male 1 (12.5%) 3 (37.5%)

Female 3 (37.5%) 1 (12.5%)
T-stage T1 1 (12.5%) 0 (0.0%)

T2 0 (0.0%) 0 (0.0%)
T3 2 (25.0%) 1 (12.5%)
T4 1 (12.5%) 3 (37.5%)

N-stage N0 4 (50.0%) 0 (0.0%)
N1 0 (0.0%) 4 (50.0%)
N2 0 (0.0%) 0 (0.0%)

M-stage M0 4 (50.0%) 1 (12.5%)
M1 0 (0.0%) 3 (37.5%)

Location Ascending colon 2 (25.0%) 1 (12.5%)
Sigmoid colon 1 (12.5%) 3 (37.5%)
Appendix colon 1 (12.5%) 0 (0.0%)

Chemotherapy Yes 0 (0.0%) 0 (0.0%)
No 4 (50.0%) 4 (50.0%)

Table 2. The characteristics of 538 CRC pa-
tients from TCGA  

Type Patients 
Fustat Alive 431 (80.1%)

Dead 107 (19.9%)
Age ≤ 65 232 (43.1%)

> 65 306 (56.9%)
Sex Male 254 (47.2%)

Female 284 (52.8%)
Stage I 95 (17.7%)

II 208 (38.7%)
III 149 (27.6%)
IV 86 (16.0%)

T-stage T1 17 (3.2%)
T2 92 (17.1%)
T3 372 (69.1%)
T4 57 (10.6%)

M-stage M0 452 (84.0%)
M1 86 (16.0%)

N-stage N0 313 (58.2%)
N1 128 (23.8%)
N2 97 (18.0%)

proteins were found to be down-regula- 
ted in CRC tissues (85.4%) (Figure 1D). 
According to previous reports, the collec-
tive reduction of mitochondrial proteins in 
CRC tissues relative to normal tissues 
reflected decreased mitochondrial activi-
ties [6, 9]. Notably, the large loss of mito-
chondrial proteins in CRC tissues versus 
healthy tissues highlights the essential 
role of mitochondrial dysfunction in CRC.

In order to explore the association bet- 
ween mitochondrial factors and CRC pa- 
tient outcomes, we searched the public 
database for IPF genes among differen-
tially expressed mRNAs between CRC 
patients and healthy subjects. First, tran-
scriptomic datasets and survival data of 
538 CRC patients (Table 2) and 51 heal- 
thy people were downloaded from TCGA, 
then differentially expressed genes, sur-
vival-related genes and the IPFs were  
analyzed. As a result, 16115 genes were 
found to be differentially expressed in  
CRC versus healthy patients, with 537 
genes found to be associated with overall 
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tin accessibility differences (n = 6), and phos-
phoproteomic alterations (n = 8) of CRC pa- 
tients relative to controls (Table S1). Subse- 
quently, 67 and two nuclear-coding mitochon-
drial genes (NCMGs) were shown to have struc-
tural variants in non-exonic and exonic regions, 
respectively (Figure 2A); promoters of eight and 
18 NCMGs were shown to be hyper- and hypo-
methylated, respectively (Figure 2B); chromatin 
accessibility levels of 146 and 49 NCMGs were 
increased and decreased, respectively (Figure 
2C); mRNAs of 469 and 234 NCMGs were up-
regulated and down-regulated, respectively 
(Figure 2D); proteins of 28 and 164 NCMGs 
were up-regulated and down-regulated, respec-
tively (Figure 2E); nine and seven NCMGs were 
hyper- and hypo-phosphorylated, respectively 
(Figure 2F). As is well known, structural vari-
ants, DNA methylation of promoters, and alter-
ations of chromatin accessibility influence 
mRNA transcription, prompting us to use Venn 
analyses to discover differentially expressed 
genes with these types of genomic or epigene-
tic changes. The results demonstrated that 
among 66 genes with structural variants, 
expression levels of 39 genes were altered 
(59.1%) (Figure 2G). Among 24 genes with 
altered methylation, expression levels of nine 
genes were altered (37.5%) (Figure 2H). For 
190 genes with altered chromatin accessibility, 
expression levels of 127 genes were altered 
(66.8%) (Figure 2I), thus implying that chroma-
tin accessibility was strongly linked to expres-
sion of NCMGs. Moreover, we investigated 
effects of the genomic and epigenetic altera-
tions on OS-evaluated NCMGs. Among 537 
survival-relevant genes pinpointed in foregoing 
studies, 33 genes were NCMGs. As shown in 
Figure 2J, 2K, no distinct structural variants or 
DNA methylation modifications were found in 
33 OS-related NCMGs, although five genes dis-
played altered chromatin accessibility, includ-
ing TFB1M, CHDH, MIPEP, PYCR2, and LARS2 
(Figure 2L). This result suggests that effects of 
altered chromatin accessibility of NCMGs in 
CRC patients were closely tied to patient sur-
vival. In addition, phosphorylation of PAICS at 
Ser27 was found to be up-regulated (Figure 
2M).

Comprehensive analyses disclosed essential 
transcriptional factors involved in regulation of 
mitochondria in CRC 

As is well known, transcriptional factors regu-
late transcription of genes. In the abovemen-

tioned results, mRNAs of large numbers of 
NCMGs were shown to be altered in CRC, 
prompting us to investigate whether their 
upstream transcriptional factors were also 
improperly modified, as detected via proteoge-
nomic- or epigenetic-level analysis. First, we 
identified all experimentally confirmed tran-
scriptional factors downloaded from the hTFtar-
get database and discovered a total of 511 
transcriptional factors for the 703 differentially 
expressed NCMGs (Table S1). Because tran-
scriptional factors regulate transcription by 
binding to DNA sequence motifs, we primarily 
investigated motifs of the 511 transcriptional 
factors by searching global chromatin accessi-
bility of the two groups.

As a result, the chromatin accessibility of CRC 
samples was dramatically decreased, with an 
average peak number of 361,364 (normal) vs. 
43,038 (CRC), ratio = 8.40 (Figure S3). Subse- 
quently, we found that binding motifs of SP1, 
SP2, KLF5 and GLIS1 were inaccessible in CRC 
patients, but they regulated 75.6%, 86.8%, 
82.9% and 91.9%, respectively, of all the down-
regulated NCMGs. Meanwhile, binding sites for 
JUN were more accessible in the CRC group 
and potentially regulated 90.0% of 469 up-
expressed NCMGs (Table S1; Figure 3A-D). 
Next, we also examined protein levels (Figure 
3E) and phosphorylation levels (Figure 3F) of 
the 511 transcriptional factors. As a result, 
SUMO2, NKFB2, FOXK1, PML, STAT1, STAT2, 
YAP1, CDX2, HSF1, OGT, DDX5, YY1, XRN2 
showed increased protein levels (Figure 3E); of 
these, NFKR2, YAP1, and YY1 targeted 88.5%, 
59.1%, and 48.4% of up-regulated NCMGs, re- 
spectively (Figure 3G). Meanwhile, CRBE1, SM- 
ARCA4, YAP1, PRKDC, FOXK1, XRN2, MYH11, 
ARRB1, CBX3, ARID1A, LMNB1, HCFC1, RING1 
exhibited changed phosphorylation levels 
(Figure 3F), and CREB1, ARID1A, CDK12, and 
LMNB1 targeted 96.3%, 72.4%, 69.7%, and 
67.7%% of differentially expressed NCMGs 
(Figure 3H). Ultimately, we checked for overlap-
ping transcriptional factors of the above three 
analyses, and found YAP1, STAT2, XRN2, and 
FOXK1 were discovered within two omics-ba- 
sed analyses. The intersection results implied 
that these transcription factors might have 
greater relevance to CRC mitochondrial dysreg-
ulation than did other transcription factors 
(Figure 3I, 3J). Taken together, these results 
highlight key transcriptional factors likely in- 
volved in CRC-associated mitochondrial dys-
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Figure 2. Proteogenomic alterations of NCMGs in CRC patients. (A) 
Unique structural variants (SVs), (B) DNA methylations, (C) acces-
sible chromatin peaks, (D) mRNAs, (E) proteins, and (F) phosphory-
lation of NCMGs in CRC. Venn analyses of (G) the different SVs, (H) 
DNA methylations, (I) accessible chromatin peaks, and the differen-
tially expressed mRNAs of NCMGs. Venn analyses of (J) the different 
SVs, (K) DNA methylations, (L) accessible chromatin, (M) phosphory-
lation, and the survival-relevant NCMGs.
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Figure 3. Multiplatform analyses disclosing key transcriptional factors that potentially regulate NCMGs in human 
CRC. Transcriptional factors of NCMGs reflected by binding motifs in (A) normal and (B) CRC tissues, and the propor-
tion of potentially targeted differentially expressed NCMGs of all the (C) down-regulated or (D) up-regulated NCMGs. 
Potential transcriptional factors of NCMGs were altered on (E) the protein level and (F) phosphorylation level, and 
the proportion of potentially targeted differentially expressed NCMGs of all the (G) up-regulated or (H) all altered 
NCMGs. (I) Venn analyses of the transcriptional factors listed in (A, B and E). (J) Venn analyses of transcriptional 
factors listed in (E and F).

function, including GLISI, JUN, NFKR2, CREB1, 
YAP1, STAT2, XRN2, and FOXK1.

Phosphoproteomic investigations uncovered 
potential key roles of p38 in mitochondrial ac-
tivities in CRC and revealed networks among 
key kinases and transcriptional factors

To explore posttranslational modifications of 
mitochondrial proteins with potential impacts 
on protein activities, we examined eight CRC 
samples via phosphoproteomics analysis. The 
results showed that phosphorylation of 164 
proteins was up-regulated and of 284 proteins 
was down-regulated, while 188 phosphoryla-
tion sites were up-regulated and 399 were 
down-regulated (Figure 4A). Through KEGG 
enrichment analysis of up-regulated proteins, 
pathways associated with bacteria were 
enriched and found to be altered to the great-
est degree (Figure 4B), suggesting that bacte-
rial inflammation was associated with CRC in 
this study, as previously reported for CRC 
patients [17, 18]. Notably, subcellular enrich-
ment analysis revealed that nuclear proteins 
exhibited the greatest changes in the CRC 
group (Figure 4C) and accounted for 53% of all 
differentially phosphorylated proteins, thus 
suggesting that nuclear proteins changed dra-
matically during carcinogenesis. Meanwhile, we 
observed that 18 mitochondrial proteins were 
distinctively phosphorylated in CRC samples 
(Figure 4D), as depicted within a network of 
mitochondrial and other proteins undergoing 
phospho-modification (Figure 4E). Importantly, 
MCODE calculations revealed the closely-tied 
module in the above network, in which mito-
chondrial protein ARCN1 was found (Figure 4F). 

Due to the fact that kinases are relevant to the 
phosphorylation of proteins, we screened 23 
kinases that were differentially phosphorylated 
and found that 16 kinases were associated 
with mitochondrial regulation (Table S1). After 
scoring these kinases using the Cytoscape 
plug-in cytoHubba to assess their importance, 
we identified the top ten central kinases as 
MAPK14, EGFR, PTK2, PTK2B, PAK1, RIPK1, 

MAP2K3, PRKCD, PRKDC, and GSK3B (Figure 
5A-C). 

Notably, all of these kinases exhibited down-
regulated phosphorylation. Additionally, phos-
phorylation of p38 (MAPK14) and its specific 
upstream kinase MKK3 (MAP2K3) were both 
down-regulated [19], suggesting that this path-
way was inhibited in CRC. Due to the fact that 
we had observed a dramatic alteration of 
nucleoproteins in CRC (Figures S3, 4C) and a 
high association between chromatin accessibil-
ity and patient survival (Figure 2I, 2L), we spec-
ulated that upstream genes regulating mito-
chondrial functions were at least partially regu-
lated through chromatin modification. There- 
fore, we searched for genes involved in modifi-
cation of both mitochondria and chromatin 
(DNA replication, transcription, epigenetic mod-
ification, and chromatin remodeling) among  
all phosphorylation-altered CRC genes. Subse- 
quently, differential phosphorylation of 15 ge- 
nes was discovered (Figure 5D), with MAPK14 
and GSK3B found in this group (Figure 5D). 
Because p38 was singled out in two phosphor-
ylation analyses while having the highest score, 
down-regulation of phosphorylation of p38 at 
Y182 might be an important factor underlying 
decreased mitochondrial activities observed in 
patients with bacteria-associated CRC (Figure 
5E, 5F). Next, we mapped proteins linked to 
p38 from the total pool of all identified differen-
tially-phosphorylated genes (Figure 5G), and 
conducted the network of kinases and tran-
scriptional factors shown in Figure 5H.

Notably, phosphorylation of RPTOR, an indis-
pensable component of the mTORC1 complex, 
was significantly reduced at Ser863 (Figure 
5D). This site had been previously reported to 
be involved in kinase activity and influence 
mTORC1 complex activity [20]. Meanwhile, sev-
eral other reports have shown that RPTOR defi-
ciency leads to decreased mitochondrial activi-
ty in T cells [21], suggesting that RPTOR plays 
an essential role in mitochondrial regulation. 
Intriguingly, RPTOR deficiency triggers tumor 
initiation in mice with colitis, implying that 

http://www.ajcr.us/files/ajcr0125036suppltab1.xlsx
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RPTOR or the mTORC1 complex act as suppres-
sors during early-stage CRC [22]. Therefore, we 
further analyzed RPTOR phosphorylation at 

Ser863 during different CRC stages and found 
significantly reduced phosphorylation of RPTOR 
Ser863 during CRC initiation, with phosphoryla-

Figure 4. Phosphoproteomic investigations revealing distinctive phosphorylation modifications of mitochondrial pro-
teins and interconnectivity among them. (A) Distinct phosphorylation modifications in CRC mitochondria detected 
via the phosphoproteomic analyses. (B) KEGG and (C) subcellular enrichment analyses of differentially expressed 
genes. (D) Unique phosphorylation of NCMGs in CRC patients. Genes with a fold change > 1.5 were regarded the 
differentially expressed genes. Networks of (E) phosphorylation-modified mitochondrial proteins with other proteins, 
and (F) the most closely-related group.
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tion gradually increasing during tumor develop-
ment (Figure S4A). Thus, down-regulation of 
phosphorylation of RPTOR Ser863 might pro-
mote cellular transformation of CRC. Moreover, 
results we obtained from stage I-II CRC tumor 
sample phosphoproteome analysis revealed 
decreased phosphorylation of Ser1261 of 
mTOR, an upstream kinase that phosphorylat-
ed RPTOR Ser863 (Figure S4B) [23]. Mean- 
while, phosphorylated mTOR Ser2448 was 
found to be completely absent in CRC (Figure 
S4C), a result that aligned with previous stu- 
dies showing this residue to be relevant to 
RPTOR binding linked to malignancy [24, 25]. 
Furthermore, we investigated protein levels of 
RPTOR and MTOR using our own proteomic 
analyses and proteomic datasets representing 
91 CRC patients that were obtained from the 
Tumor Characterization Program Proteogeno- 
mic Tumor Atlas of the Clinical Proteomic  
Tumor Analysis Consortium (CPTAC). Conse- 
quently, expression of RPTOR and MTOR were 
not significantly different between normal and 
CRC groups (Figure S5). We also obtained pro-
tein expression and phosphorylation results  
for proteins downstream of mTORC1, including 
4E-BP1 and S6K. We found that 4E-BP1 was 
not expressed in normal and CRC tissues,  
while S6K was expressed at a slightly higher 
level in CRC but was not phosphorylated in  
CRC or normal groups. Therefore, these results 
indicate that inhibition of the mTORC1 pathway 
may occur in some patients and may have a 
role in promoting tumor initiation. 

Discussion

In this study, proteomic analyses of eight 
human samples obtained from CRC tumors of 
patients at different CRC stages revealed that 
of all proteomes of organelles we studied, mito-
chondrial proteomes were altered most dra-
matically. Subsequent analysis of our original 
data combined with data of transcriptomic 
datasets obtained from the TCGA database led 
to identification of all mitochondria-associated 
IPFs with prognostic value for prediction of CRC 

patient outcomes. In addition, multiplatform 
analyses comparing mitochondrial alterations 
in CRC tissues versus healthy tissues included 
assessments of CRC-associated structural 
variants, DNA methylation changes, and chro-
matin accessibility differences, as well as 
results of proteomic and phosphoproteomic-
based analyses (of mRNA, protein, phosphory-
lation and their interconnecting network) and 
alterations of vital transcriptional factors and 
kinases. Ultimately, the results demonstrated 
an association between mitochondrial dysregu-
lation and CRC (Figure 6).

Currently over 50% of CRC patients are at risk 
of metastasis and recurrence, but no genetic 
prognostic biomarkers exist for use in identify-
ing high-risk patients to guide development of 
appropriate treatment regimens [5]. Without 
treatment, the median survival time of CRC 
patients is only 5-10 months [5]. Reassuringly, 
multiplatform investigations combined with 
bioinformatics analyses may facilitate screen-
ing of potential prognostic genes to reveal fac-
tors with clinical value [10-12]. In our study,  
five potentially useful prognostic mitochon- 
drial genes were discovered: HIGD1A, CHDH, 
SLC25A24, SUCLG2, and TIMP1. Notably, we 
found that expression levels of HIGD1A, 
SLC25A24, and SUCLG2 decreased from colitis 
stage and continuously decreased with pro-
gression of disease from early to middle to late 
stages of CRC. Thus, these three genes might 
serve as CRC prognostic markers for use dur- 
ing all disease stages.

Due to mitochondrial roles that drive tumori-
genesis, drugs targeting mitochondrial func-
tions have attracted the attention of many 
researchers [26, 27]. The mitochondria-target-
ing drug ABT-199 (a BCL2-specific agent) has 
received Food and Drug Administration (FDA) 
approval for use in treatment of chronic/small 
lymphoblastic leukemia. However, ABT-737 (a 
BCL2/Bcl-XL dual inhibitor) as a CRC treatment 
has been tested in preclinical trials, with no 
FDA-approved drug yet in clinical use [26, 27]. 

Figure 5. p38 as one of the central kinases potentially modulating mitochondrial activity in CRC patients. (A) Phos-
phorylation, (B) scores, and (C) networks of the differentially phosphorylated mitochondria-related kinases in CRC. 
(D) Phosphorylation of genes relevant to mitochondrial regulation and chromatin remodeling. (E) Venn analyses of 
genes listed in (A and D), with MAPK14 (p38) and GSK3B highlighted. (F) The pathway MKK3/p38 that regulates mi-
tochondria in CRC. (G) Proteins directly linked to p38 and their network. (H) The network containing linkages among 
kinases, transcriptional factors, and differentially phosphorylated genes in CRC. “N” represents normal tissues and 
“C” represents cancer tissues. Genes with a fold change > 1.5 were regarded as differentially expressed genes.
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Therefore, screening to detect CRC-related 
mitochondrial genes, exploration of mecha-
nisms whereby they induce CRC disease patho-
genesis, and development of drugs targeting 
these mitochondrial genes are needed. In this 
project, we researched mitochondria-asso- 
ciated genes using a multiplatform analysis 
approach that included assessments of DNA, 
mRNA, and protein, as well as of epigenetic 
modifications and of potentially pathogenic 
mitochondrial genes, including HIGD1A, SLC2- 
5A24, SUCLG2, CHDH, TFB1M, CHDH, MIPEP, 
PYCR2, LARS2, and PAICS. Possible mecha-
nisms underlying abnormal mitochondrial gene 
expression or associated modifications were 
also explored. The results we obtained provide 
insights into mechanisms underlying CRC dis-
ease and provide a theoretical basis to guide 
the development of gene therapy and treat-
ment drugs.

As key organelles in eukaryotic cells, mitochon-
dria are exclusively important for energy gener-
ation, metabolism, cell cycle processes, apop-
tosis, and microenvironmental adaptation. Our 
knowledge of mitochondrial links to cancer 
dates back to the 1850s, when the “Warburg 
hypothesis” declared tumor cells as possible 

results of aerobic glycolysis [6, 7]. To date, 
mitochondria have been recognized as both 
activators and inhibitors of carcinogenesis, 
depending on cancer stage and disease con-
text [28-30]. In some tumors, numbers of mito-
chondria are elevated, such as in breast and 
thyroid cancers; however, in other tumors re- 
duced numbers of mitochondria are observed, 
such as in colon, liver and lung cancers [6, 7, 
30-32]. Notably, carcinogenic and cancer-sup-
pressive pathways have both been found 
upstream of mitochondrial pathways, including 
those involving the mTOR oncogenic complex 
and suppressor p53, respectively [31]. In CRC 
pathogenesis, mitochondrial activities are 
impaired at early tumor initiation [6, 9], with 
subsequent changes in the metabolic microen-
vironment promoting cellular transformation 
and tumor development. By contrast, late-
phase CRC cells require functioning mitochon-
dria for survival, due to their requirements for 
energy to power cell proliferation. From our pro-
teomic and phosphoproteomic results, we ob- 
served that 85.4% of differentially expressed 
NCMGs were down-regulated, and lower levels 
of phosphorylation of the top ten mitochondria-
regulated kinases that possibly led to repres-
sion of these pathways. Taken together, these 

Figure 6. Graphical abstract of this research. Through a multi-omics study of human CRC tissues, we depicted mito-
chondrial alterations on distinct molecular levels and identified the information stream from DNA to RNA to protein 
to patient prognosis while also revealing potentially crucial regulatory transcriptional factors, kinases, and connec-
tive networks among them.
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results demonstrate that a dramatic loss of 
mitochondrial functions during CRC.

In addition, we found that human cells regulate 
transcription at various levels, including via 
opening or closing binding motifs on DNA, and 
modulating protein synthesis and phosphoryla-
tion levels of transcriptional factors. Indeed, we 
speculate that genes that are modulated via 
multiple levels of regulation are likely to play 
important roles in disease development. Based 
on this speculation, we uncovered potentially 
crucial transcription factors that participate in 
mitochondrial activities, such as YAP1, STAT2, 
XRN2, and FOXK1. Among them, YAP1 is well-
known for its effects on metabolism and mito-
chondrial biogenesis [33, 34], but the roles of 
STAT2, XRN2, and FOXK1 in mitochondrial func-
tions have not been fully studied. Previous 
reports have indicated that mutated STAT2 
caused mitochondrial elongation observed in 
CRC tumor cells [35]. Notably, our research 
demonstrated higher STAT2 expression levels 
and greater numbers of its DNA binding motifs 
in CRC cells than in healthy cells, which implied 
that more STAT2 might be needed by CRC cells 
as compared to healthy cells.

In this study, we observed decreased phos-
phorylation of p38 at Thy 182 in CRC patient 
cells; this result is notable, since proteomic an- 
alyses have pinpointed p38 as the key kinase 
involved in mitochondrial regulation. As a ser-
ine/threonine kinase, p38 plays an important 
central role in regulating the cascade of cellular 
responses triggered by extracellular stimuli, 
such as pro-inflammatory cytokines or physical 
stress, thereby directly activating downstream 
transcriptional factors. In fact, p38 substrates 
include a wide range of proteins that include 
approximately 200 to 300 proteins [36]. With 
regard to CRC, it has been found that the p38 
pathway plays dual roles in tumorigenesis, act-
ing as a suppressor of cell proliferation, while 
activating metabolism, invasion, and angiogen-
esis [36]. Previous studies have shown that 
activation of p38 is positively involved in mito-
chondrial biogenesis and mitochondria-depen-
dent apoptosis [37-40]. In normal tissues p38 
promotes mitochondrial biogenesis that de- 
pends on cGMP-dependent induction [37], 
while in cancers, p38 initiates mitochondria-
related transcription through partial phosphor-
ylation of PGC-1α [38]. Meanwhile, MKK3 acts 
as a specific upstream kinase of p38 and has 

been reported to participate in mitochondrial 
modulation, as evidenced by the fact that 
MKK3-deficient mice exhibit mitochondrial dys-
function [41]. Consistent with these findings, 
our investigations here demonstrated that p38 
inactivation was potentially associated with 
mitochondrial loss in CRC.

Interestingly, we found lower levels of phos-
phorylation of RPTOR at Ser863 and mTOR at 
Ser1261 and Ser2448, as had been reported 
previously in a large study of CRC samples with 
microsatellite instability (MSI) [12]. More spe-
cifically, the activity of mTORC1 appeared to be 
down-regulated in our CRC patient samples, in 
spite of the fact that about 50% of cancer 
patients have been shown to exhibit activated 
mTORC1 [42-44]. For a long time, RPTOR and 
mTORC1 were widely considered to be tumor 
promoters [45-47], prompting studies explor-
ing the potential efficacy of mTORC1 inhibitors 
for use in tumor therapy. However, limited effi-
cacy has been found for any single agent [48-
50]. For example, in a rapalog evaluation study, 
only 1 of 28 patients experienced a positive 
response to treatment [50, 51]. As revealed by 
our experiments, natural inhibition of mTORC1 
activity observed in some CRC patients may 
align with results showing moderate efficacy  
of mTORC1 antagonists as observed in clinical 
trials. Notably, several recent studies have re- 
vealed a tumor-suppressive role for mTORC1 
during the initial stage of cancer in that inacti-
vation of mTORC1 led to cellular transforma- 
tion in mice with colitis [22, 52], while a RPTOR 
deficiency induced hepatocarcinogenesis in 
mice [51]. Therefore, suppression of mTORC1 
activity via treatment of CRC patients with in- 
hibitors may not impair tumors and may even 
accelerate carcinogenesis in some cases. Clini- 
cally, antagonists of mTORC1, such as rapamy-
cin, have been widely used to achieve immuno-
suppression after organ transplantation [53, 
54]; however, our research suggests that use 
of mTORC1 inhibitors for immunosuppression 
or cancer treatment should be customized to 
each patient, and it may not be applicable to 
patients with enteritis and hepatitis.

In summary, we discovered that mitochondria 
function as vital organelles during tumorigene-
sis and are strongly tied to CRC patient progno-
sis. Moreover, we provided the first survival-
related proteogenomic depiction of mitochon-
dria in human CRC, with roles of regulatory 
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genes in mitochondrial activity and connectivity 
among them also described. These findings 
would enhance our knowledge of mitochondrial 
roles in CRC pathogenesis and progression and 
would facilitate discovery of new biomarkers 
and target genes with clinical value. 
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Figure S1. The differentially-expressed genes in CRC patients. (A) The histogram and (B) volcano plot showed 496 
up-regulated and 597 down-regulated genes in CRC analyzed by proteomic investigations (Fold change > 1.5, P < 
0.05). “C” indicated CRC tissues, and “N” indicated adjacent normal tissues. n = 8. 

Figure S2. KEGG pathway enrichment proclaimed that mitochondria-relevant pathways were intensely related to the 
development of CRC.
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Figure S5. The protein levels of RPTOR and MTOR in CRC. The protein expression was analyzed through the datasets 
downloaded from the Tumor Characterization Program (Proteogenomic Tumor Atlas) database (CPTAC). 

Figure S3. The accessible chromatin was massively decreased in CRC patients. The landscape of open chromatin 
of (A) adjacent normal and (B) CRC tissues. n = 6. 

Figure S4. The phosphorylation of RPTOR and MTOR was down-regulated in early-phase CRC patients. (A) The phos-
phorylation of RPTOR at Ser863 and (B) MTOR at Ser1261 at different stages of CRC. “M” indicated III-IV patients 
with systemic metastases. nI-II = 4; nIII-IV = 2; nM = 2. (C) The phosphorylation of MTOR at Ser2448 in the normal and 
CRC tissues. n = 8.


